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Preface 

The following document is an update of the 1991 NEANDC/INDC Nuclear Standards File 
[INDC(SEC)-1011 to indicate the status and extension of cross section standards for the I0B(n,a) 
reaction in the energy region below 20 MeV; and the H(n,n), 235U(n,f), 238U(n,f), and 209Bi(n,f) 
reactions for selected energy regions above 20 MeV. The work on the I0B(n,a) reaction was 
motivated by the need to improve the database for this standard which has many discrepant data 
sets and to extend the energy range over which it can be used as a standard. For the other 
reactions new data have been measured which motivate a review of these cross sections. Since 
the 199 1 publication, there has been considerable interest in standards for neutron energies above 
20 MeV neutron energy. Efforts to provide the standards at these higher energies were the focus 
of activities by the INDC Standards Subcommittee, under the chairmanship of Henri Conde. 
This work led to a specialists meeting on neutron cross section standards for the energy region 
above 20 MeV which was held in Uppsala, Sweden in 1991 which provided the foundation for 
the present update. In this report there are extensions in energy above 20 MeV to the existing 
235U and 23%U fission cross section standards. Also it has been recommended that the 2%i fission 
cross section be included as a new standard for the energy region above 20 MeV. This cross 
section which has a large effective threshold (above 20 MeV) is especially useful for high 
neutron energy dosimetry applications. 

For the n-p and 'Q(n,a) cross sections, the status of the standards and recommendations for 
improving them are given. For the fission standards, numerical tabulations are also given. The 
standards data sets which are available can be accessed via ftp using the address, iaeand.iaea.or.at 
and the username, standards. All uncertainties shown in this report are standard deviations. 

The objective of this publication is to provide concise and readily usable reference 
guidelines for essential nuclear standards quantities for a variety of basic and applied endeavors. 
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Introduction 

The majority of basic and applied nuclear data measurements are made relative to reference 
standards. It is essential that these standards be well defined, clearly referenceable and easily 
available. This update to the INDC/NEANDC nuclear standards file provides such standard- 
reference quantities in a manner not otherwise available. 

In order to improve the accuracy and consistency of experimental results it is recommended 

that standards tabulated in this report be adopted for all measurements, and 

a that when converting relative measured values to cross section values the 
numerical values given herein be employed. 

These recommendation will facilitate future evaluation work and ease later renormalizations 
when improved standard-reference information becomes available. 

The narrative summaries consist of concise and up-to-date statements delineating nuclear 
reference standards judged of importance. These statements were prepared by selected 
specialists who outlined the contemporary status (including shortcomings) and suggested 
possible avenues toward improvement. The statements explicitly support the accompanying 
numerical tabulations and set forth other important nuclear standards not amenable to 
straightforward numerical tabulation. 
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The H(n,n) Cross Section in the 20 MeV to 350 MeV Range 

Introduction 

Absolute measurements of neutron-induced cross sections are difficult to perform, since the 
absolute fluence of a neutron beam cannot easily be measured. This is contrary to charged 
particle-induced reactions where, e.g., the proton beam intensity can be determined by measuring 
the beam current. On the other hand, the neutron total cross section can be determined to high 
accuracy (better than 1 %) by a measurement of the sample-in to sample-out ratio, without 
knowledge of the absolute beam intensity. Such a simply measured cross section does not exist 
for protons. 

For hydrogen, the differential elastic scattering cross section can be directly related to the 
total cross section, since no other channels of importance are open below the pion production 
threshold at about 280 MeV (the capture and Bremsstrahlung cross sections are very small). The 
pion production channel can be neglected up to about 350 MeV, at which it contributes only 
0.5 % to the total cross section. The total cross section is known from several measurements 
(e.g., refs. [1,2]) to within 1 % for the energy region considered here. 

The differential H(n,n) cross section has been used as a standard relative to which other 
neutron emission cross sections, e.g., elastic or inelastic scattering, have been measured in the 
several MeV region. It has furthermore been used as a standard for neutron fluence measure- 
ments, most often by detection of the recoil proton with a telescope detector. The first case 
corresponds to detection of the scattered neutron at small angles, while the latter is associated 
with large angle scattering in the center-of-mass system. Thus, a good knowledge of the angular 
distribution in both hemispheres is desired for this reaction. Since the most important use of this 
cross section is for neutron fluence measurements, precision data at the backward angles are 
especially required. 

The H(n,n) standard 

In 1991 the differential H(n,n) cross section was for the first time accepted by the 
NEANDCLNDC as a primary standard for cross section measurements in the 20 MeV to 
350 MeV range [3]. To that end the VL40 phase-shift solution of Arndt et al., at Virginia 
Polytechnic Institute and State University (VPI&SU) was adopted as the best source for 
numerical values [4]. VL40 is an energy-dependent partial-wave representation of combined 
(pp + np) elastic scattering data below 400 MeV. Above 350 MeV it was, however, felt that the 
inelastic cross section is no longer negligible. VL40 was determined by fitting a number of 
parameters to the existing pp and np database of about 2000 and 3000 data points, respectively. 
No uncertainties are given for the VL40 cross sections, but in ref. [3] they were+ estimated to 
rise from a level of around 1 % at energies below 50 MeV to a "few" percent at higher energies. 



The cross sections obtained from the VL40 solution can be accessed through the Scattering 
Analysis Interactive Dial-in system (SAID) at VPI&SU through telnet: vtinte.phys.vt.edu with 
login PHYSICS and password QUANTUM. A users guide can be found via WWW on 
http://nn-online.phys.vt.edu/-CAPS/ 

New data and recently discovered problems 

Since 1991 new precision data at 96 and 162 MeV have come from the Svedberg 
Laboratory in Uppsala [5,6]. These data tend to be steeper than previous data in the very 
backward direction, i.e., 150" to 180°, and prompted the Uppsala group to perform a detailed 
study of the world H(n,n) database [7]. It was then discovered that there were severe 
discrepancies between data sets, both with respect to the shape of the angular distributions and 
to the normalization of the data. 

The existing data seem to fall into two main "families" with respect to the angular shape. 
The first one is dominated by the Bonner data [8], which have a flattish angular distribution at 
backward angles. The second one, which includes the data from Uppsala, as well as the Hiirster 
data from Paul-Schemer-Institute [9], have a steeper angular shape. Unfortunately, the Hiirster 
data are missing in Arndt's database, and thus the backward cross section is mainly determined 
by the Bonner data. Another problem is that if the Bonner data contain a systematic error, it 
would affect the entire result since the large amount of data give a high weight and correlations 
are not taken into account in the Arndt procedure. It is not possible today to judge which family, 
if any, is the correct one, and therefore these findings should not lead to a change of the existing 
standard. However, attention has to be paid to the fact that the uncertainties might be larger than 
previously assumed, especially close to 180". 

The discovered discrepancies are illustrated in figures 1, 2, and 3 which show the 
differential H(n,n) cross section at around 100, 160 and 320 MeV. As can be seen, the two 
families of data diverge more and more when approaching 180". 

The direct relation between the total cross section and the differential scattering cross 
section mentioned above requires, however, that the full angular distribution be measured. This 
is realistically not the case. In fact most data are taken in the backward hemisphere, i.e., 120" 
to 1 SO0, by detection of the energetic recoil proton. Therefore, most data below 300 MeV are 
given as relative cross sections only. Above 300 MeV the simultaneously measured reaction 
n + p - d +.no is most often used for normalization. Since this reaction is as difficult to measure 
as the np scattering, cross sections are derived from the isospin-related p + p - d + x' reaction 
by correcting for Coulomb effects and multiplying by a factor of 0.5 to take the assumption of 
isospin invariance into account. This cross section has, however, undergone dramatic changes 
over the years. Also if only the most recent data (after 1975) are considered, the spread is of the 
order of & 10 %, which probably reflects the uncertainty that should be assigned to the average 
of these data. In addition, the methods used to convert the p + p - d + x' cross section to that of 
the corresponding n + p reaction is only correct to first order. Niskanen and Vestama [I 01 have 



recently estimated the magnitude of isospin symmetry breaking effects for this case. They find 
that at 300 MeV, i.e., just above the threshold, the higher order correction is about +10 %, 
whereafter it falls to about -3 % at 500 MeV, and then rises rapidly up to about +7 % at 
600 MeV. 

The conclusion from this is that for most angular distribution data no normalization is given 
below 300 MeV, and above that it is uncertain to the 10 % to 15 % level. As a consequence, 
Arndt in his analysis uses a floating normalization for all differential data, which instead are 
normalized to his phase-shift solution. At an early stage this solution was, however, affected by 
the uncertain normalization of the data, although it is an average over many data sets. The 
normalization is performed by a x2 minimization procedure, which in case of large shape 
discrepancies could lead to inconsistencies between the differential data and the total cross 
section, since the solid angle element vanishes at 0" and 180". Therefore, it seems urgent that 
a few measurements be performed to high precision on an absolute scale, which means either that 
most of the angular distribution has to be covered for a reliable normalization to the total cross 
section, or the data have to be measured with a tagged neutron beam. The first method has been 
chosen by the Uppsala group by extending the previous data at 96 MeV and 162 MeV down to 
about 70°, which gives a normalization uncertainty at the two energies of about 1.5 % and 2.3 %, 
respectively [11,12]. The second method is being used in a precision study at the Indiana 
University Cyclotron Facility [I 31, where the backward-angle cross section will be measured at 
190 MeV using a tagged neutron beam produced at the cooler ring. 

Conclusions and recommendations 

In spite of all the difficulties and inconsistencies discovered in the H(n,n) database, we 
recommend that the VL40 results continue to serve as the primary cross section standard in the 
energy range 20 MeV to 350 MeV. There is no firm basis for changing the standard until most 
of the questions raised have been resolved. In addition, more recent phase-shift solutions from 
Arndt give similar cross sections to those of the VL40 results, since not much new data have 
been added after 199 1. 

One should, however, assign to this standard somewhat larger uncertainties than previously 
assumed. To our judgement, the uncertainties could be as large as k10 % close to 180" in the 
energy region above 100 MeV, which essentially corresponds to the deviations between the 
different data sets. Considering these large discrepancies between the data close to 1 80°, it might 
be more favorable to use the cross section at 150" instead. Here the data do not differ so much. 
and a recoil detector can easily be positioned at an angle of 15 " in the laboratory system. Below 
100 MeV the database is scarce, especially in the backward hemisphere. Therefore more data 
are needed, both to improve future phase-shift solutions and to give a better possibility for 
estimating the uncertainties. 

Moreover, since no judgement of the quality of the experimental data is made in Arndt's 
procedure, he should be encouraged to include also the published data above 200 MeV from PSI 
in the backward hemisphere [9]. As soon as the more recent and more extensive additional data 



set from PSI is released [14], this should also be included. The recent measurement now under 
analysis by Ullmann [15] of the ratio of the 170" and 140" cross sections should also be taken 
into account. 

To facilitate the use of VL40 as a standard for the community, pointwise data in 5" steps 
from 20 MeV to 350 MeV are included in the IAEANDS standards file. This file can be 
accessed via ftp using the address, iaeand.iaea.or.at and the usemame, standards. 

Concern was expressed regarding a cross section standard at energies higher than 350 MeV, 
which are of importance for some upcoming applications. Arndt has other phase-shift solutions 
that extend up to over 1 GeV, but the problem is that there are updates made four times a year, 
with slight changes in the cross section as a result. It is therefore important that experimentalists 
using the H(n,n) cross section for normalization at high energies numerically give the value of 
the reference used, for possible later adjustment. A solution to this problem might be to use the 
JENDL High Energy File, which is available in ENDFB-VI format and is well documented [ I  61. 

Finally, we would like to encourage experimentalists to perform more precision 
measurements of this cross section, which is so important from a fundamental point of view, as 
well as for many applications. We here point out the excellent opportunities that would open up 
if the planned 1.5 GeV proton linac of the Neutron Science Research Center at JAERI is built. 
With dedicated experimental equipment, this facility would be capable of giving answers to the 
open questions. 
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Fig. 1 Measurements of the differential H(n,n) cross section near 100 MeV compared with 
the VL40 solution of Arndt [3]. 
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Fig. 2 Measurements of the differential H(n,n) cross section near 160 MeV compared with 
the VL40 solution of Arndt [3]. 



Fig. 3 Measurements of the differential H(n,n) cross section near 320 MeV compared with 
the VL40 solution of Arndt [3]. 
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The l0B(n,a)'Li Cross Section 

The recommended reference data for I0B(n,a) in the 1991 Nuclear Standards File are 
actually the ENDFB-VI evaluated cross section data. The main concern expressed in the 
1°B(n,a) summary of that document was the small uncertainties of the evaluated data file [I]. 
Furthermore, there are indications [2] from an analysis of spectrum integrated cross sections from 
benchmark fast reactor neutron fields that this cross section should be increased in the energy 
region above 50 keV relative to the ENDF evaluation. 

The I0B(n,a) standards have received considerable attention as a result of their relatively 
poor database and the problems they caused in the ENDFB-VI standards evaluation process. 
An interlaboratory collaboration, which later became a subgroup of the Working Party on 
International Nuclear Data Measurement Activities, of the Nuclear Energy Agency Nuclear 
Science Committee was formed to provide a mechanism for improving these cross sections. 
Working groups or task forces such as these have been very successful in the past at resolving 
data problems. The '%(n,a) subgroup has representatives fiom the measurement, evaluation and 
user communities. Its objective is -to have several laboratories collaborate on programs to 
improve the database relevant to an evaluation of the I0B(n,a) standard cross sections. There has 
been an appreciable effort at a number of major laboratories located in the USA and Europe on 
the IOB(n,a) cross section problem since the formation of this subgroup. Work has been done on 
the branching ratio, the 1°B(n,a,y) cross section, the total neutron cross section, the differential 
cross section for the I0B(n,a)'Li reaction, and the 1°Be(p,n) reaction. These measurements can 
be effectively utilized in helping to define the I0B(n,a) cross sections when used in an R-matrix 
analysis. Such an analysis can use neutron total, scattering and reaction cross sections for 'OB; 
as well as additional measurements such as angular distributions, polarization and charged- 
particle studies involving the "B compound nucleus to define the parameters needed to 
accurately calculate the I0B(n,a) cross sections. 

Status of Recent and Ongoing Measurements: 

Branching Ratio Measurements 

Measurements of the 'OB branching ratio, the ratio of the lo B(n,ao) to the 'O B(n,q ) cross 
sections, provide direct information on the ratios of the '%(n,a) cross section standards. Weston 
and Todd [3] measured the branching ratio from 20 keV to 1000 keV neutron energy at the 
ORNL LINAC (ORELA) facility. In figure 1, these data are compared with the ENDF/B-VI 
evaluation. The measurements are 10 % to 30 % low in the 100 keV to 600 keV energy region 
compared with the ratios calculated from the ENDF/B-VI cross sections. The data agree with 
ENDFB-VI at the lowest and highest energies of the experiment. The error bars represent one 
standard deviation total uncertainties. In view of the large differences observed in ref. [3], new 
branching ratio measurements are planned at IRMM by Hambsch using a Frisch gridded 
ionization chamber. Such measurements also offer the possibility of getting information 
concerning the angular distribution. 



IoB(n,a, y) Measurements 

In a NISTIORNL collaboration, measurements [4] were made at the ORELA facility of the 
shape of the I0B(n,a,y) cross section from 0.3 MeV to 4.0 MeV neutron energy. The cross 
sections which were obtained, normalized to the ENDFB-VI evaluation over the region from 
0.2 MeV to 1 MeV, agree with the ENDFB-VI evaluation below 1.5 MeV. However, above 
1.5 MeV they differ as much as 40 % from the ENDFB-VI evaluation. The interest in extending 
the I0B(n,aly) standard to higher neutron energies and confirming the results obtained at the 
ORELA facility led to a NISTLANL collaborative measurement [5] at the WNR facility at 
LANL. The data cover the range from 300 keV to 20 MeV. Preliminary results compared with 
the ORELA data and the ENDFB-VI evaluation are shown in figure 2. The agreement with the 
ORELA experiment above 1 MeV confirms the discrepancy with ENDFB-VI in the energy 
region above 1.5 MeV. In this figure, the experimental data were normalized to the ENDFB-VI 
evaluation for the energy region below 1 MeV to facilitate comparison of the measurements and 
evaluation. 

An additional measurement [6] made by this same collaboration at the ORELA facility 
extended the cross section to lower energies so that better normalization of shape measurements 
could be made. The measurement covered the neutron energy range from 10 keV to 1 MeV. The 
preliminary results normalized to the ENDFB-VI evaluation over the region from 10 keV to 
20 keV are shown in figure 3. These data are lower than the ENDFB-VI shape by about 5 % in 
the region above 100 keV. A number of other experiments listed in ref. [S] show a similar result. 
Using the normalization established from the measurements would require that the Schrack data 
in figure 2 be reduced by 5 %. 

Total Cross Section Work 

Many earlier measurements of the 'OB total neutron cross section have been affected by the 
quality of the transmission samples being used and difficulties with backgrounds. Three new 
measurements have been made of this cross section with special concerns about the quality of 
the samples and evaluation of backgrounds in an effort to improve the I0B(n,a) standards. 
Brusegan et al. [7] have reported preliminary measurements of the I0B total cross section made 
at the IRMM LINAC (GELINA) facility. Data were presented for the energy region from 80 eV 
to about 100 keV. The 'OB results agree with the ENDFB-VI evaluation below 10 keV to within 
half a percent, but are high by up to 7 % in the energy range from 10 keV to 100 keV. Additional 
data are under analysis which will improve the present results and extend them to higher 
energies. Also presented in ref. [7] are preliminary measurements made of the 'OB total cross 
section at the IRMM 7 MV Van de Graaff facility by Crametz and Wattecamps [8]. The 
measurements were made using a white source over the energy region from 1.5 MeV to 18 MeV. 
The 'OB results agree with ENDFB-VI at the higher energies within the uncertainties. The data 
are slightly low at the lowest energies compared with ENDFB-VI. Further work is in progress 
with monoenergetic neutrons in the energy range from 0.2 MeV to 2 MeV at this facility. 

Measurements were also made by Wasson et al. [9] at ORELA of the I0B total cross section. 
The neutron energy region covered by this work extended from 20 keV to 20 MeV. The 'OB total 
cross section measurements agree with the ENDFB-VI evaluation for neutron energies greater 



than about 2 MeV, but are lower by as much as about 4 % between 600 keV and 2 MeV and are 
greater by as much as about 5 % below 600 keV. A comparison of the three new 1°B total cross 
section measurements is shown in figure 4. There is generally good agreement among these 
measurements within the uncertainties. 

Angular Distribution Measurements 

Measurements have been made by Haight of the angular distribution of a particles from the 
'%(n,a) reaction at the WNR facility at LANL [lo]. Data for this experiment were obtained for 
the energy range from about 1 MeV to 6 MeV. The angular distribution was measured at 
laboratory angles of 30°, 60 ", 90°, and 135 " using a thin (3800 A) 1°B film as a target. For this 
experiment, the u groups are not resolved so the angular distribution includes the contribution 
from both of the groups. The data from this experiment are now undergoing analysis. Further 
work has recently been done to reduce the backgrounds for this experiment. This is allowing the 
experiment to be repeated using only the energy detector so that data can be obtained to lower 
charged- particle energy. It may even be possible to obtain useful data on the 7Li angular 
distribution. New measurements are also being made with an ionization chamber containing a 
l0B deposit. 

Charged-Particle Data 

Measurements have begun by Massey at Ohio University of the 1°Be(p,n) reaction [I I]. The 
data that have been obtained are excitation functions at 0" in the laboratory system for proton 
energies from 1.5 MeV to 4.0 MeV. Full angular distributions are expected in fiuther work. The 
results of this work will provide data in the region of interest for the R-matrix analysis of the "B 
system. 

Summary 

Though many of the experiments are preliminary, the lower I0B(n,a,y) cross section, the 
lower branching ratio and the higher total cross section indicate a discrepancy in the hundred keV 
energy region in one or more of the measurements reported here. 

Changes in the evaluated I0B(n,a) cross sections resulting from the measurements made 
since the ENDF/B-VI evaluation will be estimated. The impact on the I0B(n,a) standard will be 
estimated from R-matrix analyses by Gerry Hale, the ENDF/B-VI evaluator for this cross section. 
using the above mentioned data sets which should be finalized by the middle of 1997 by the 
subgroup working to improve this cross section. 

The ENDF/B-VI evaluation was performed by a comprehensive process which involved 
R-matrix evaluations for "B and 7Li which were combined with the results of a simultaneous 
evaluation. The database for the "B and7 Li measurements were divided between the two 
evaluation techniques. It will not be possible to do a complete evaluation in this manner for this 



investigation. Instead, the relative change resulting from the recent measurements will be 
determined by comparing two R-matrix evaluations; one using the entire 'OB database used in 
the ENDFB-VI evaluation and a second using that database plus the recent measurements. 
Recently point-wise evaluations of the I0B(n,a) cross section and the 'OB total cross section were 
done by Kafala [12] using the neutron database only. The l0B(n,a1y) cross section was not 
evaluated. These evaluations included the most recent data however they are somewhat limited 
in that neither R-matrix nor simultaneous evaluation techniques were employed. For the total 
cross section, the most recent measurements [7-91 have been weighted heavily in this evaluation 
so the changes compared with ENDF/B-VI are generally consistent with that expected based on 
figure 4. There are also significant differences compared with the ENDFB-VI evaluation for the 
'OB(n,a) standard cross section. 

New recommendations for the 'OB standard cross section are forthcoming. 
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Fig. 1 Measurements of the branching ratio of 'OB cross sections by Weston and Todd [3] 
compared with the ENDFIB-VI evaluation. 
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The 209Bi(n,f) Cross Section 

Introduction 

The 2%i fission cross section is a useful standard in the neutron energy region above about 
50 MeV for the following reasons: 

a) the excitation h c t i o n  has a threshold of about 25 MeV which eliminates the influence of 
low energy neutrons; 

b) there is a smooth variation of the cross section with neutron energy which makes it 
insensitive to neutron energy resolution; 

c) 209Bi is monoisotopic and a non-radioactive material. It is therefore easy to transport and 
handle. 

Until recently only quite old data for the 209Bi(n,f) cross section near 20-25 MeV were 
available. On the other hand an evaluation of the 209Bi(n,f) cross section was made on the basis 
of a 209Bi(p,f) cross section evaluation by Fukahori and Pearlstein [I], with the assumption that 
the 209Bi(p,f)/ 209 Bi(n,f) cross section ratio is energy independent and is equal to 2. This 
evaluation is included in the ENDF/B-VI High Energy File. 

Recently new experimental data became available. The goal of the present report is to 
suggest a revision of the ENDF/B-VI High Energy File based on these new experimental data 
as well as on a recent parameterization of the 209Bi(p,f) cross section. 

Status 

Investigations of the neutron induced fission reaction in the intermediate energy region were 
started in the late forties and early fifties (Kelly, 1948 [2]; Reut, 1950 [3], Goldanski, 1955 [4]). 
The experimental equipment at that time did not allow high accuracy to be achieved. 
Consequently the data have large systematic errors due to the very wide and poorly known 
incident neutron energy spectrum, uncertainties in the beam monitoring, etc. The data obtained 
were more of a qualitative character. 

A unique measurement of the subthreshold 2%i(n,f) cross section was made by Vorotnikov 
et al. [5] near 20 MeV. Due to the very small values of the 2"%i(n,f) cross section in this energy 
region, the uncertainties are rather high (about 50%), but these data can serve to approximately 
show the trend of the 209Bi(n,f) cross section in the low energy region up to the fission threshold. 

In 1992 measurements of the (n,f) cross sections of heavy nuclei were started at the The 
Svedberg Laboratory in a collaboration between Uppsala University and the V.G. Khlopin 
Radium Institute. The (n,f) cross section measurements are carried out using time-of-flight 
techniques. The fission events are registered by means of non-traditional solid state fission 
chambers with thin-film breakdown counters (TFBC) for fission fragment detection. Recently 



absolute '%i(n,f) cross sections and 20%i(n,f)/L3v(n,f) cross section ratios were measured at 45, 
73,96, 135 and 162 MeV [6-81. At 135 MeV and 162 MeV the normalization of the 209Bi(n.f) 
data was made using the H(n,n) cross section as a standard [6-81. The rest of the data points were 
normalized using the 238U(n,f) cross section data set of Lisowski et al. [9]. The accuracy of the 
absolute results is 13% and 10% at 135 MeV and 162 MeV, respectively. The accuracy of the 
relative measurements is about 10% in the 73 MeV to 162 MeV region and about 1 3% at 
45 MeV. 

At two neutron energies (45 and 73 MeV) simultaneous measurements of the 
209Bi(n,f)/238U(n,f) relative cross section were carried out with the same neutron beam using a 
double Frisch gridded ionization chamber [lo]. Good agreement with the above mentioned data 
was obtained. 

All the absolute data and the evaluation from the ENDFIB-VI High Energy File are 
presented in figures 1 a and 1 b in semilogarithmic and logarithmic scales, respectively, in order 
to better display the different energy regions and data sets. Since these data may be difficult to 
obtain for the user community, they are given in Tables 1 through 4. Recently the 
209Bi(n,f)f135U(n,f) cross section ratio was measured by Staples et al. [ l  11 in the energy region 
from about 30 MeV to 450 MeV at the white neutron source at LANL. The data were 
normalized using the LANL 235U(n,f) cross section [9]. At higher energies (above 168 MeV) a 
constant value of the 235U(n,f) cross section was used. The preliminary results are in good 
agreement with the data fiom refs. [6-8,101 within the stated errors. 

One can see from figure 1 that the ENDFB-VI evaluation of the 209Bi(n,f) cross section 
made by Fukahori and Pearlstein [I] lies 20 to 50% higher than the experimental data. It should 
be noted that the evaluation did not take into account the data of Vorotnikov et al. [5]. The 
evaluation needs to be revised. This should be done based on all published experimental 
209Bi(n,f) cross section data and the recent parameterization of the '09Bi(p,f) cross section [12]. 

Also shown in figure 1 is the '09Bi(p,f) parameterization of Prokofyev et al. [12]. This 
parameterization applies to a much larger energy range than is shown in this figure. The 
following general conclusions can be made from comparative analysis of the *09Bi @,f) and the 
*09Bi(n,f) data: 

1. The 209Bi(p,f) cross section lies systematically higher than the '09Bi(n,f) one at all energies, 
due to the higher value of the fissionability parameter (Z2/A) of the compound system and 
the negligibly small influence of the Coulomb barrier for protons. 

2 .  Both the 209Bi(p,f) and 209Bi(n,f) cross sections increase with incident particle energy up to 
about 400 MeV. 

3. The 209Bi(p,f)/L09Bi(n,f) cross section ratio changes with neutron energy and above about 
300 MeV it approaches 2. Figure 2 shows the energy dependence of this ratio deduced from 
experimental data [4-8, 121 as well as a fit to the dependence [13]. 



In figure 1, a parameterization of the 209Bi(n,f) cross section is presented (solid curve). It 
was obtained using the 209Bi(p,f) parameterization [12] and the fit to the 209Bi(p,f)/209Bi(n,f) ratio 
[13] shown in figure 2. This parameterization is also presented in Table 5. 

Recommendations 

The existing experimental 209Bi(n,f) cross section database is not yet sufficiently complete. 
To make an accurate evaluation of the 209Bi(n,f) cross section, new experimental results are 
needed as well as new model calculations. Meanwhile it is recommended that the 
parameterization given in figure 1, as well as in Table 5, be used. Both a tabulation and 
analytical fits to the data are given in the table. The uncertainties on this parameterization are 
about 50 % at neutron energies from 20 MeV to 40 MeV; from 13 % at 40 MeV to 10 % at 
160 MeV; and about 30 % above 169 MeV. 
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Fig. 1 Measurements of the 209Bi(n,f) cross section compared with pararneterizations and the 
ENDFB-VI evaluation. For clarity the same data are shown with a semilogarithmic scale 
(Fig. la) and a logarithmic scale (Fig. lb). 



Fig. 2 The 209Bi(p,f)/Z09Bi(n,f) cross section ratio deduced from experimental (n,f) and @,f) 
databases compared with the Eismont et al. parameterization [13]. 
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Table 1.  209Bi(n,f) Cross Section Data of Goldanski et al. [4] 

Table 2. 209Bi(n,f) Cross Section Data of Vorotnikov et al. [5] 

Energy 
(MeV) 

120 
2 10 
315 
3 80 

Table 3. 209Bi(n,f) Cross Section Data of Smirnov et al. [6-81 

'Jn f 

(mb) 

3 8 
7 7 
89 
95 

- 

Uncertainty 
(%) 

30 
30 
30 
3 0 

*The uncertainties do not include those of the 238U(n,f) standard. 

Table 4. 209Bi(n,f) Cross Section Data of Tutin er al. [I 01 

Energy 
(MeV) 

18.0 
21.7 
22.6 
23.3 

Energy 
(MeV) 

4 5 
73 
96 

135 
162 

*The uncertainties do not include those of the 238U(n,f) standard. 

(Jnr 
(mb) 

<0.00003 
0.00025 
0.0007 
0.00 1 5 

'Jnf 

(mb) 

2.0 
15 
25 
40 
5 3 

Energy 
(MeV) 

4 5 
73 

Uncertainty 
(%I 

60 
5 0 
5 0 

Uncertainty 
(%I 
13 * 
1 O* 
8* 

12.5 
10 

'Jni 

(mb) 

1.8 
13.9 

Uncertainty 
(%I 

9* 
14* 



Table 5. 209Bi(n,f) Cross Section Evaluation - Recommended Reference Data 
a = exp(-108.7 + 50(lnE) - 5.6(lnE)') for neutron energies from 20 MeV to 73 MeV. 
a = 100(1 - exp(-0.006(E - 45))) for neutron energies from 73 MeV to 1000 MeV. 

Energy a 
(MeV) (mb) 

Energy a 
(MeV) (mb) 

Energy a 
(MeV) (mb) 



Table 5. 2wBi(n,f) Cross Section Evaluation - Recommended Reference Data (Continued) 
u = exp(-108.7 + 5O(LnE) - 5.6(lnE)') for neutron energies from 20 MeV to 73 MeV. 
u = 100(1 - exp(-0.006(E - 45))) for neutron energies from 73 MeV to 1000 MeV. 

Energy u Energy u Energy 
(MeV) (mb) (MeV) (mb) (MeV) 



The 23SU Fission Cross Section 

Introduction 

The 235U fission cross section is a good standard over the energy range 100 keV to 20 MeV 
and higher (up to hundreds of MeV) because: 

a) the fission process has a high Q-value; 

b) the cross section is of reasonable magnitude at all energies of interest; 

c) 235U is very suitable for use in fission chambers of different types. Fission foils can be 
assayed to high accuracy and 235U has a long half life thus minimizing pulse pile-up and 
handling problems. 

Recent results of measurements of the 235U(n,f) cross section in the energy range above 
20 MeV allow this standard to be extended to higher energies. 

Status 

The 235U(n,f) cross section in the 15 MeV to 20 MeV energy range 

Recent measurements of the 235U(n,f) cross section [I-31 suggest that the ENDF/B-VI 
evaluation is in error in the energy region above 15 MeV neutron energy. In figure 1, these data 
are shown. Poenitz [4] has estimated the impact of measurements made since the ENDFIB-VI 
evaluation, but before 1992, on an evaluation of the 235U(n,f) cross section. Figure 2 shows the 
percentage change that would occur if those measurements were added to that used in the 
ENDF/B-VI evaluation process. The data of Lisowski [3] are not included in this analysis. 

The 235U(n,f) cross section above 20 MeV 

Measurements of the 235U(n,f) cross section in the intermediate energy region (above 
-20 MeV) were started in the fifties [5-61. Until recently only these two data sets were 
published. Experimental equipment at that time did not allow one to achieve results with high 
accuracy. The data obtained were more qualitative in character. In the late eighties new 
experiments were started at the LANL intense neutron source, WNR, which has a white neutron 
spectrum extending up to about 800 MeV. Measurements of the 235U(n,f) cross sections were 
carried out at this facility [2,3,7-91. Time-of-flight techniques were used to cover the neutron 
energy range from 3 MeV to about 200 MeV. The neutron fluence monitoring was carried out 
with the use of plastic scintillators [7,8] as well as proton recoil spectrometers [2,3]. The 
measurements of the shape of the 235U(n,f) cross section relative to the hydrogen scattering cross 
section were normalized to the very accurately known value of the 235U(n,f) cross section near 
14 MeV. The fission events were detected by means of multiplate fission ionization chambers. 



Figure 3 shows the final results of the 235U(n,f) cross section measurements of Lisowski 
et al. [9] for the energy range from 20 to 200 MeV. The data of Goldanski et al. [5] and 
Pankratov [6] are also presented in figure 3. One can see that there are considerable 
discrepancies between the data sets of Pankratov [6] and Lisowski et al. [3]. The measurement 
of Goldanski et al. [5] at 120 MeV is in good agreement with the Lisowski data. 

Total uncertainties of the Lisowski et al. data are 2 % (at 30 MeV to 50 MeV), 3 % (at 
50 MeV to 80 MeV), 4 % (at 80 MeV to 120 MeV) and 5 % (at 120 MeV to 200 MeV). The 
uncertainties include both statistical and systematic errors of the measurements and calculations 
of the efficiencies of the neutron fluence monitors. They do not include the uncertainty in the 
H(n,n) standard cross section. For this experiment the hydrogen scattering measurements were 
made at a center-of-mass scattering angle of 150" so the uncertainties in the hydrogen scattering 
cross section at back angles are largely removed. 

Comments and Recommendations 

Since the Lisowski 235U(n,f) cross section data set above -20 MeV is practically the only 
experimental data available, it is necessary to be sure that it is sufficiently reliable. The 
experimental data above 20 MeV were normalized to the very accurate data on the 235U(n,f) cross 
section at - 14 MeV neutron energy. As can be seen from the figure, the 235U(n,f) cross section 
decreases above about 30 MeV and then, near - 150 MeV, reaches approximately a constant 
value. According to recent qualitative comparisons of (p,f) and (n,f) cross sections for heavy 
nuclei carried out by Eismont et al. [lo] the (p,f)/(n,f) cross sections ratios of heavy nuclei 
become constant at energies above -1 50 MeV, and their values are different for different nuclei. 
On the other hand, recent detailed analyses of the existing (p,f) databases [11,12] have shown 
that the 235U(p,f) cross sections of actinidei3[ f?: U Th) decrease steadily with 
increasing incident proton energy above -50 MeV up to 30 GeV. In figure 3 a parameterization 
of the 235U(p,f) cross section data [12] is shown. One can see from the figure that the energy 
dependence of the 235U(n,f) cross section represented by the data of Lisowski et al., is not 
inconsistent with the slope of the 235U(p,f) cross section within the experimental errors. However. 
final conclusions require further analyses of the experimental 235U(p,f) database as well as further 
measurements of the 235U(n,f) cross sections in the higher energy range. It is also necessary that 
new 235U(n,f) cross section results be obtained at high neutron energies using other independent 
experimental techniques. One possibility would be to make measurements with 
quasimonoenergetic neutron sources. 

The Lisowski data has been internally evaluated at LANL for use at the WNR facility. 
Since the 235U(n,f) cross section is a very important standard at high neutron energies, it is 
recommended that the values of this cross section used at that facility be used until new 
evaluations of the cross section are available. These values are given in Table 1. Also given in 
this table are analytical fits to the tabular data which agree with them to about 0.1%. Since these 
data are based on the Lisowski measurements, the total uncertainties are about 2 % (for 30 MeV 
to 50 MeV), 3 % (for 50 MeV to 80 MeV), 4 % (for 80 MeV to 120 MeV) and 5 % (for 120 MeV 
to 200 MeV). They do not include the uncertainty in the H(n,n) standard cross section. 
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Fig. 1 Recent measurements of the 235U(n,f) cross section compared with the ENDFIB-VI 
evaluation. 

Fig. 2 The change in an evaluated 23sU(n,f) cross section as a result of new experimental data 
obtained since the ENDFB-VI evaluation and before 1992. 
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Table 1. The 235U(n,f) cross section above 20 MeV - Recommended Reference Data 

a = C a(N)EN-' 
20.00 MeV < E < 22.259 MeV; a(1) = 42.7166, a(2) = -7.62357, a(3) = 0.538579, 

a(4) = -0.01 70663, a(5) = 2.05374E-04 
22.259 MeV < E < 26.15 MeV; a(1) = 1162.3369, a(2) = -272.40531, a(3) = 26.499823, 

a(4) = -1.3679508, a(5) = 0.039538964, 
a(6) = -6.0695972E-04, a(7) = 3.8673095E-06 

26.15 MeV < E < 62.95 MeV; a(1) = -2.02908, a(2) = 0.521 141, a(3) = -0.0257918, 
a(4) = 6.44748E-04, a(5) = -8.77333E-06, 
a(6) = 6.1 8946E-0, a(7) = - 1.77344E- 10 

62.95 MeV < E < 134.1 MeV; a(1) = 1.40538, a(2) = 0.0301 602, a(3) = -6.04041 E-04, 
a(4) = 4.09073E-06, a(5) = -9.27097E-09 

134.1 MeV < E < 200.0 MeV; a(1) = 1.46724, a(2) = -9.71941E-05 

Energy 
(MeV) 

20.5 
21.0 
21.5 
22.0 
22.5 
23.0 
23.5 
24.0 
24.5 
25 .O 
25.5 
26.0 
26.5 
27.0 
27.5 
28.0 
28.5 
29.0 
29.5 
30.0 
30.5 
31.0 
31.5 
32.0 
32.5 
33.0 
33.5 
34.0 
34.5 
35.0 
35.5 

Energy 
(MeV) 

36.0 
36.5 
37.0 
37.5 
38.0 
38.5 
39.0 
39.5 
40.0 
40.5 
41.0 
41.5 
42.0 
42.5 
43.0 
43.5 
44.0 
44.5 
45.0 
45.5 
46.0 
46.5 
47.0 
47.5 
48.0 
48.5 
49.0 
49.5 
50.0 
51.0 
52.0 

Energy 
(MeV) 

53.0 
54.0 
55.0 
56.0 
57.0 
58.0 
59.0 
60.0 
61.0 
62.0 
63.0 
64.0 
65.0 
66.0 
67.0 
68.0 
69.0 
70.0 
71.0 
72.0 
73 .O 
74.0 
75 .O 
76.0 
77.0 
78.0 
79.0 
80.0 
81 .O 
82.0 
83 .O 

Energy 
(MeV) 

84.0 
85.0 
86.0 
87.0 
88.0 
89.0 
90.0 
91.0 
92.0 
93 .O 
94.0 
95.0 
96.0 
97.0 
98.0 
99.0 
100.0 
1 10.0 
120.0 
130.0 
140.0 
150.0 
160.0 
170.0 
180.0 
190.0 
200.0 



The 238U(n,f) Cross Section 

Introduction 

The 238U fission cross section is a useful standard in the MeV energy region for the 
following reasons: 

a) the excitation function has a threshold near 1 MeV which eliminates the influence of low 
energy neutrons; 

b) there is a smooth variation of the cross section with neutron energy which makes it 
insensitive to the neutron energy resolution; 

c) it has a relatively large cross section which facilitates measurements of neutron fluence; 

d) the availability of well developed fission chambers of different types and data-handling- 
techniques increase the reliability of those measurements. 

Status 

The 23sU(n,f) cross section in the 15 MeV to 20 MeV energy range 

Recent measurements of the 235U(n,f) cross section and the 238U(n,f)/L3sU(n,f) cross section 
ratio [I-61 suggest that there should be a change in the 238U(n,f) cross section between 15 MeV 
and 20 MeV compared with the ENDFIB-VI evaluation. In figure 1, recent measurements of 
Lisowski et a1.[4], Merla et al. [5] and Winkler et al. [6] are shown. The impact of 
measurements made since the ENDFB-VI evaluation, but before 1992, on an evaluation of the 
238U(n,f) cross section has been determined by Poenitz [7]. Figure 2 shows the percentage change 
that would occur if the data from these experiments were added to that used in the ENDFIB-VI 
evaluation process. The change in the cross section is effected by new measurements of the 
238U(n,f) cross section as well as new data which are correlated to that cross section. The data 
of Lisowski et al. [4] are not included in that analysis. 

The 238U(n,f) cross section above 20 MeV 

Measurements of the 238U(n,f) cross section in the intermediate energy region (above 
20 MeV to 30 MeV) were started in the 1950's [8-111. Until recently only a few data sets were 
published. The experimental equipment used in the earliest measurements did not allow one to 
achieve high accuracy; the data obtained were more qualitative in character. 

Measurements of the 238U(n,f)/ 235U(n,f) cross section ratio were carried out at the 
LAMPFIWNR facility by Lisowski et al. [I-41. Time-of-flight techniques were used to cover 
the neutron energy range fkom 0.8 to about 400 MeV. The fission events were detected by means 
of multiplate fission ionization chambers. Simultaneous with these measurements, the shape of 



the 235U(n,f) cross section was determined from the fission rate id3fhe U deposits and 
measurements of the neutron fluence with proton recoil spectrometers. The 235U(n,f) cross 
section was normalized to the very accurately known value of the 235U(n,f) cross section at 
14 MeV. 

A few series of 238U(n,f)/235U(n,f) cross section ratio measurements were carried out at the 
white neutron spectrum facility "GNEIS" in Gatchina (St. Petersburg Institute of Nuclear 
Physics, Russia) [12,13]. Time-of-flight techniques were used to cover the neutron energy range 
from 0.5 to about 200 MeV. The fission events were detected by means of a multiplate fission 
ionization chamber. 

In 1992 measurements of the (n,f) cross sections of heavy nuclei were started at the 
quasimonoenergetic neutron beam facility at the The Svedberg Laboratory in a collaboration 
between Uppsala University and the V.G. Khlopin Radium Institute. 50 MeV to 160 MeV 
neutrons were produced by the 7Li(p,n) reaction. The neutron spectrum has a full energy peak, 
containing about 30-50 % of the neutrons, and an almost constant tail of lower energy neutrons. 
An important advantage at this facility is the availability of a unique magnet proton recoil 
spectrometer "LISA" which allows information to be obtained about the neutron spectrum and 
the neutron fluence based on the H(n,n) standard cross section. The (n,f) cross section 
measurements are carried out using time-of-flight techniques. The fission events are registered 
by means of non-traditional solid state fission chambers with thin-film breakdown counters 
(TFBC) for fission fragment detection. Recently the absolute 238U(n,f) cross section was 
measured at 1 3 5 and 1 62 MeV [ 1 4- 1 61. 

In figure 3 the final 238U(n,f)/23sU(n,f) cross section ratio data obtained by Lisowski et al. [3] 
is presented as well as the most recent preliminary data set obtained at the "GNEIS" facility [13]. 
It can be seen that the data sets are in agreement in the neutron energy range 20 MeV to 
200 MeV within the stated errors. The general conclusion from the analysis of the 
238U(n,f)/235U(n,f) cross section ratio is that it becomes constant at neutron energies above about 
100 MeV. As was shown in ref. 131, the same trend is observed for other uranium isotopes also. 

238U(n,f) cross section data were obtained by Lisowski et al. [2,4] from their ratio 
measurements and their determinations of the 235U(n,f) cross section. Figure 4 shows the final 
data set of Lisowski et al. [4] for neutron energies above 20 MeV as well as the results of the 
measurements of Smirnov et al. at Uppsala ( 1  35 and 160 MeV) [15-161, the results of Goldanski 
et al. [8] (120*40 MeV and 380*40 MeV) and part of the data of Pankratov [9] from 20 MeV 
to 37 MeV. These two latter data sets should be considered only as very qualitative. They are 
discrepant with respect to the rest of the data. 

The uncertainties shown in figure 3 for the data of Lisowski et al. [4] are purely statistical. 
The total uncertainties of the data obtained at the Uppsala facility [15-161 are about 10 %, of 
which the main part (8 %) is the sum of the errors connected with the measurement of the 
neutron fluence and the neutron beam profile. 

One can see from the figure that the data obtained by different groups using completely 
different experimental techniques [4,15] are in good agreement within the experimental errors. 



Comments and Recommendations 

It is necessary to be sure that the data sets presented above are sufficiently reliable. The 
238U(n,f) cross section data above 20 MeV obtained in ref. [4] were obtained fiom absolute 
measurements of the 238U(n,f)/23'U(n,f) cross section ratio combined with measurements of the 
235U(n,f) cross section normalized to the very accurate data at 14 MeV neutron energy. The data 
at 135 MeV and 162 MeV obtained in ref. [I 51 were normalized to the H(n,n) scattering cross 
section. The agreement between these data and those of Lisowski et al. [4] is very important and 
supports their reliability. On the other hand, as is seen from the figure, the 238U(n,f) cross section 
decreases above 20 to 30 MeV and then, near about 150 MeV, reaches an approximately constant 
value. According to a recent qualitative comparison of (p,f) and (n,f) cross sections for heavy 
nuclei carried out by Eismont et al. [17] the (p,f)/(n,f) cross section ratios of heavy nuclei become 
constant at energies above 150 to 200 MeV, and the values are different for different nuclei. A 
recent detailed analysis of the existing (p,f) database [18-191 has shown that the (p,f) cross 
section of actinides (23sU, 238U and232 Th) decreases steadily with increasing incident proton 
energy from above 50 to 100 MeV up to 30 GeV. In figure 4 a representation of the 238U@,f) 
cross section data [19] is shown. One can see that the energy dependence of the 238U(n,f) cross 
section represented by the data of Lisowski et al., does not disagree with the slope of the (p,f) 
cross section, if the total uncertainties of these 238U(n,f) cross section data are taken into account, 
including the uncertainties in the 235U(n,f) cross section relative to which this cross section was 
measured. However, to make a final conclusion, fkrther analyses of the experimental 238U(p,f) 
database as well as further measurements of the 238U(n,f) cross section in the higher energy range 
are necessary. Until a proper evaluation of the cross section is available, it is recommended that 
the cross section ratio of Lisowski et al. [4] be used. These data are given in Table 1. Also given 
in Table 1 are analytical fits to the cross section which can be used to calculate the cross section 
at arbitrary energies. In Table 2 the 238U(n,f) cross sections are given. These cross sections were 
calculated fiom the tabular ratio data given in Table 1 and the tabular U5U(n,f) cross section data 
given in Table 1 of the section on the 235U(n,f) standard. The total uncertainties are about 2 % 
(for 30 MeV to 50 MeV), 3 % (for 50 MeV to 80 MeV), 4 % (for 80 MeV to 120 MeV) and 5 % 
(for 120 MeV to 200 MeV). They do not include the uncertainty in the H(n,n) standard cross 
section. 
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Fig. 1 Recent measurements of the 238U(n,f) cross section compared with the ENDFIB-VI 
evaluation. 

Fig. 2 The change in an evaluation of the 238U(n,f) cross section as a result of new experimental 
data obtained since the ENDFIB-VI evaluation and before 1992. 
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Fig. 3 Recent measurements of the 238U(n,f)/235U(n,f) cross section ratio above 20 MeV neutron 
energy. 



Fig. 4 Measurements of the 238U(n,f) cross section compared with the 238U(p,f) 
parameterization of ProkofLev [19] 



Table 1 238U(n,f)/235U(n,f) cross section ratio above 20 MeV 

- Recommended Reference Data - 
R = C a(N)EN-' for 20 MeV < E < 30 MeV; a(1) = -1.8415050, a(2) = 0.29048799, 

a(3) = -0.010901993, a(4) = 1.376143 1E-04 
R =A(1-exp(-Em)) + C(l-exp(-ED)) for E > 30 MeV; A = 0.81 19, B = 13.88724, 

C = 0.09563, D = 30.65851 

Energy Ratio Energy Ratio Energy Ratio Energy Ratio 
(MeV) (MeV) (MeV) (MeV) 



Table 2. The '38U(n,f) cross section above 20 MeV - Recommended Reference Data 

Energy a Energy a Energy a Energy a 
(MeV) (b) (MeV) (b) (MeV) (b) (MeV) (b) 
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