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The absolute total cross sections for I1p and pp sca ttering below 1000 MeV are determined based on partial-wa ve 
analyses (PWA s) of nucleon-nucleon scattering data. These cross sec ti ons are compared with the most rece nt ENDF/B 
and JENDL data files, and the Nijmegen PW A. Systematic dev iations from the ENDF/B and JENDL e valuations are 
found to ex ist in the low-energy region. Compar ison of the lip eva luation with the result of mos t recent np total and 
di fferential cross sec ti on measu rements will he di scussed. Resu lts of th ose measurements were not used in the evaluation 
database. A co mpari son was do ne to check a quality of e valuat ion and its capabiliti es to predict ex per imental 
observables. xcellent agreement was found between the new expe rimental data and our PWA predictions. 
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1. INTRODUCTION 

Nucleon-nucleon scattering is the simplest two-body 
reaction that allows an examination of di fferent nuclear 
interacti on models. Progress in the de velopment of nuclear 
model s is linked to the availability of high-quality data. The 
np scaltering is also used as a primary standard in meas u­
rements of neutron-induced nuclear reactions [ I]. Its cross 
section is used in determining the flux of incoming 
neutrons. 

This informati on is important in many applications, 
such as astrophysics, the transmutation of nuclear waste, 
energy generation, and the conceptual des ign of an 
innovative nuclear reactor being carri ed out in the course of 
the Generation IV initiative r2]. The increasing qualit y of 
neut ron-induced nuclear reaction measurements requires a 
high-quality standard for IIp cross sections, reproducing 
total lip cross sections with an accuracy of I % or better for 
energies below 20 MeV [I] and [3]. The need for neutron 
data above 20 MeV up to hundreds of mega-e lectron-volts 
with accuracy better than 10% [3J leads to the requirement 
of cross-secti on data for the I1fJ reference reaction with 
uncertainties at the few percent level. 

" Deceased 

An extensive database exi sts for nucleon-nucleon scat­
terin g, with measurements from laboratories world wide. 
These data sets, from the va rious laboratories, have dit'fe­
rent stati stical and systema tic uncertainties that must be 
taken into account when combined into a single fit. At 
present , there are several evaluations of the rip cross 
sections below 20 MeV. Perhaps most widely known are the 
ENDF/8 l4] and JENDL [5] nuclea r data fil es. An R-matrix 
anal ys is of the nucleon-nucleon system [6] was used in the 
course of the ENDF/8 evaluation of np cross secti ons, 
whereas in the JENDL np cross-section evaluation, a 
method based on phase-shi fl data [7,8] was used . 

Here, we will concentrate on total lip and pp cross 
sections determined on the basis of recent energy dependent 
(global) fits SP07 [9], LEOS [1 0] and associated single­
energy solutions (SESs) riO] from the George Washington 
CGW) Data An alys is Center [II] . Precise measurement s 
collected over many years have helped to isolate discre­
pancies between di fferent ex periments and have conllibuled 
to a good description of nucleon-nucleon scattering at the 
level of both observa bles and amplitudes. 

In Sec. 11, we comment on the np anel pp data that are 
available in the GW database and that have been used in this 
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anal ysis. In Sec. II I, we gi ve a brief overview of the method 
used to fit data and extract amplitudes. Then, in Sec. I V, we 
presen t total np and pp cross sections determined on the 
basis of both global and SES results. In Sec. V, evaluated 
predictions compare with recent experimental data. Finally, 
in Sec. VI, we summarize our findings. 

2. DATABASE 

The GW fit to nucleon-nucleon elastic scaltering data 
covers an energy range up to 1300 MeV (for lip data) and 
3000 MeV (for pp data). The np analysis was restricted to 
1300 MeV because of a lack of high-energy data. The full 
database includes all available unpolarized and polarized 
measurements. A number of fits, from the GW group and 
others, are available through the online SAID facility [I I]. 

The latest evolution of the SAID database is 
summarized in [10]. At present it contains 12,693 (24,916) 
data points for np (Pp) interactions. 

Not all of the available data have been used in each fit. 
Some data with very large X2 contributions have been 
excluded. Redundant data are also excluded. Polarized 
measurements with uncertainties >0.2 are not included as 
they have little intluence on GW fits. A complete 
description of the database, and those data not included in 
GW fits, is available from the authors r I I] . 

3. PARTIAL-WAVE ANALYSIS 

Simultaneous fits to the full database are possible 
within the formalism used and described in seven previous 
GW analyses, which are regularly updated online; the full 
bibliography can be found in [10] . The observables are 
represented in terms of partial-wave amplitudes, using a 
Chew-Mandelstam K-matrix approach, which incorporates 
the effect of an Nil channel on the nucleon-nucleon 
scattering process. By parameterizing the K-matrix 
elements as functions of energy, data up to 3000 MeV can 
be filled simultaneously (both pp and np, with a 1300-MeV 
limit for IIp). In general, GW PWAs have attempted to 
remain as model-independent as possib le. 

In fitting the data, systematic uncertainty has becn used 
as an overall normali zation factor for angular distributions. 
With each angular distribution, we associate the pair (X,ex): 

a normalization constant (X) and its uncertainty (ex). The 
quantity ex is generally associated with the systematic 
uncertainty (if known). The modified X2 function, to be 
minimized , is then given by 

= I( XBi - Bicxp:2 + (~)2 
i ei ex 

(I) 

Here the subscript i labels data points within the distri­
bution, (J/'I' is an individual measurement, ()i is the calcula­
ted value, and ej is the statistical uncertainty. For total cross 
sections and excitation data, we have combined statistical 
and systematic uncertainties in quadrature. Renormalization 
freedom significantly improves GW best-fit resu lts. [n the 
global solution SP07 [9] xl/data is 21,49611 2,693 for np and 
44,463/24,916 for pp. 

Starting from thi s global fit, we have also generated a 
series of SES results. Each SES is based on a "bin" of 
scattering data spanning a narrow energy range. A total of 
43 SESs havc been generated, with central energy values 
ranging from S to 2830 MeV and bin widths varying from 2 
to 7S MeV. In generating the SES, a linearized energy 
dependence is taken over the energy range, reducing the 
number of searched parameters. A systematic deviation 
between the SES and global fits can be an indication of 
missing structure in the global fit (or possibly problems with 
a particular data set). An error matrix is generated in the 
SES fits, which can be used to estimate the overall 
uncertainty in the global fit. Further details on the global 
and SES fit results are given in [9] and [10] . 

4. TOTAL np AND pp CROSS SECTIONS 

IsO\'ector and isosca lar partial-wave amplitudes, deter­
mined through the PWA, have been used to generate total 
np and pp cross sections. Also generated was a low-energy 
fit to 2S MeV, LE08, which searches 19 parameters, scat­
tering length a, and effective range r for three 5 waves and 
13 leading parameters for 5, P, and D waves. LE08 results 
in a xl/data = 696/391 for pp and 627/631 for np. The 
numerical data for LE08 can be found in [10] or retrieved 
from the SA 1 D [II]. Errors for LE08 have been generated 
from the error matrix and require some comments. 

In the region below 2S MeV, there are numerous total 
cross-sec tion measurements for I1p but not for pp, which is 
hindered by large Coulomb effects. As a result , the np error 
estimates are more reasonable. Those quoted for pp are far 
too small (lower limits) in the threshold region. 

For the region above 2S MeV, the SES errors give a 
more accurate estimate of the uncertainty in our cross 
sections. The amplitudes found in GW fits to 1000 MeV 
have remained stable for many years against the addition of 
new measurements. Sufficient observables exist for a direct 
amplitude reconstruction at many energies, and we have 
com pared GW amplitudes to those found in this way in [9]. 

As cross sections change rapidly with energy, we have 
chosen to display the agreement between various fits in 
terms of ratios. This gi ves a clear picture of the overall 
consistency and reveals cases where systematic deviations 
are present. The ratios of SES values to the global fit SP07, 
below 20 MeV, are displayed in Fig. la . Also plotted is a 



band showing the ratio of LE08 to SP07 determinations or 
the np cross sec tion. As expected, this band more closely 
reproduces the np SES, plotted as single points with error 
bars, than the 3000-MeV fit SP07. Deviations are within 1% 
for the np determinations and within 2% for pp. 

In Fig. I b, we plot ratios of SP07 and SES, for both np 
and pp cases, to the Nijmegen PWA predictions [12]. The 
low-energy Nijmegen total pp cross sections are systemati­
cally above SP07 (-2'k or less) while np cross sections 
agree with SP07 at better than the 0.3% leve l. 
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Fig. 1. Ralios of 10la l lip and pp cross sections below 20 MeV. 
Horizontal bars give the energy binning of SES. (a) Single-energy 
to energy-dependent SP07 [91 ratios are plolled . IIp (pp) results are 
shown as solid (open) circles. The band represe nts Ihe rat io of 
LE08 to SP07 for Ihe lip case. (b) SES (solid circles for lip and 
open circles for pp) and SP07 (solid line for np and dash-dolled 
line for pp) divided by Nijmegen PWA predictions [I2J are plOllCd. 
The band represents the ratio of LE08 10 Nijmegen PWA for the np 
case 

In Fig. 2, we plot ratios of the GW np fits with the 
ENDF/8-VII.O [4] and JENDL-3.3 [5] nuclear data files. A 
slightly better agreement is found with JENDL than with 
ENDF/8. The ENDF/8 result is systematically below SP07 
and the Nijmegen fit [12], but the maximal deviation is only 
1%. SP07 and JENDL agree at the 0.5 % level over most of 
the region below 20 MeV. 

''''' ''''' 
(a, Ib, , ., 10' . 

a ~ 
<ii ' 00 ~ ...... 
c: I . SE S ... - SP07 .00 

- LEOB 
r "':"'~ -J 
~LEOB 

i ' 

098 0518
0 0 • " " '" 12 16 20 

E, MeV E. MeV 

Fig. 2. Ratio of totalnp cross sections below 20 MeV. Horizontal 
bars give the energy binning of SES. (a) Single-energy and SP07 
[9J fits divided by thc ENDF/B [4J results are plolled . Thc band 
gives a ratio of LE08 to ENDF/B. (b) The same for JENDL [51 
evaluated data 

At higher energies (up to 1000 MeV), ratios of the grid 
of SES to SP07 differ from unity by <3% (Fig. 3a). Above 
180 Me V, SA ID np cross sections are larger than 
JENDUHE [5J by up to 5% (Fig. 3b). 
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Fig. 3. Ratios of tota l lip and pp cross seclions between 20 and 
1000 MeV. (a) SES to SP07 [9J ratios are plolled. (b) lip SES and 
SP07 divid ed by JENDL [5] results are plolled 

5. COMPARISON WITH RECENT DATA 

To evaluate a quality of data predictions of obtained 
PWA solutions, a comparison was done with new data, 
which were not included in the analysed database to the 
moment of the last analysis. Fig. 4a presents our global 
solution SP07 [9] and SES predictions for the np total cross 
section in the energy range from 8 to 500 MeV along with 
experimental data measured at the LANL [1 3]. Fig. 4b 
displays a ratio of experimental cross section [13] to those 
from the SP07 solution. One can see an excellent agreement 
of PWA prediction and experimental observable. Max imal 
di screpancy is nearly I %. The X2 per data point calculated 
including experimental systematic etTors is about 0.4 for 
dataset [l 3]. 
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Fig. 4. Totalnp cross sections in the energy range from 8 to 500 
MeV. (a) SP07 [9] and SES prediclions are plolled along with 
experimemal data [13J. (b) Data [13] divided by the SP07 fit are 
plolted. 

Another example of PWA prediction capabilities came 
from very recent data for angular distribution in np scatter­
ing obtained at Ohio Univers ity at a neutron energy of 14.9 
MeV [14). These data al so were not used in our analysis. 
Fig. 5 shows result of the low-energy fit LE08 for I1fJ elastic 
scattering angular distribution at En = 14 .9 MeV in compa­
rison with the two normalization versions (detail s can be 
found in [14]) of experimental data [14] . Also results of the 
ENDFIB- VILO [4] and JENDL-3.3 [5] evaluations are 
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plotted. Again one can see an excellent agreement of PWA 

predicted and experimental angular distribution within 

stated experimental errors. The JENOL-3.3 evaluation does 

not describe well the backward scattering angle data. 
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Fig. 5. The LE08 prediction for np scallering angular distribution 
at 14.9 MeV compared with recent experimental data [141. Also 
plotted are ENDFIB- VIl .O [4] and lENDL-3.3 [5] evaluations 

6. SUMMARY AND CONCLUSIONS 

We have generated fits to describe the total I1p and pp 

scattering cross sections below 1000 MeV. These fits have 

been both energy dependent (SP07, LEOS) and single 

energy (analyzing narrow bins of data). The uncertainties 

associated with our total np cross sections below 20 MeV 

are clearly < I %. The agreement between SP07, JENOL-3.3, 

and the Nijmegen analysis suggests an uncertainty of 0.5% 
or less. A comparison with ENOF/B-VII.O shows deviations 

of J % or less. Errors on the LEOS solution, while obtained 

using a well-defined method, are lower bounds as they do 

not account for systematics effects. 

For the pp cross sections, uncertainties are larger (e.g. 

Fig_ I), and systematic disagreements are evident in com­

parisons with the Nijmegen PW A. The main problem stems 

from a lack of relevant pp data at low energies. Here also, at 
low energies, the various determinations agree at the 

few-percent level. 

The PWA prediction capabilities checked by compari­

son with recent experimental data for both total cross 

section and angular distribution, which were not used in our 

analysis. Excellent agreement was found . 

The advantage of the GW parameterization is its 

smooth energy dependence and coverage from threshold to 

high energies. We also have the capability to modify the 

GW fits to either generate SES centered on a pal1icular 

energy or produce lower-energy fits when a specific energy 

region is of interest. We will continue to update both GW 

energy-dependent solutions and SESs as the new 

measurements become a vaiJable. 
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