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NEUTRON CROSS SECTIONS AND THEIR UNCERTAINTIES OBTAINED FROM NUCLEAR SYSTEMATICS*
S. Pearlsteln

Brookhaven National Laboratory
Upton, New Yolk 11973

Previously, neutron cross sections In the HeV range for nuclei ranging In Z from 21
through 41 were calculated uiing a hybrid emplrlcal-atatlstlcal aodel code THRESH. The
formulism Includes level density, Coulomb barrier, and competing reaction effects and
has been useful In the prediction of unmeasured cross sections or normsIiced to point
measurement! to generate complete excitation curves. Reaction data up to 20 KzV In the
Z range 21 through 83 are used to refine the model and extend Its range of validity. A
least squares fitting technique optimizes the choice of parameters with the resulting
matrix usei to determine parameter uncertainties and correlations. Fitted cross sections
and thilr calculated uncertainties sre compared with measurements and quoted error*. A
range of uncertainty la assigned to predicted cross sections.

(Neutroris; cross section; nuclear model)

Introduction

Nuclear models can be used to provide physical
Insight to nuclear reaction mechanisms and to supple-
ment experimental Information that Is either Incom-
plete or discrepant while also yielding data in con-
tinuous form. The nuclear model parameters can be
adtuated so that the calculations agree with good
experimental data thereby extending the validity of
the model but due to the spread cf experimental data
the nuclear model results will also have a range oi
uncertainty. The nuclear model code THHESIT has been
Improved and used to fii. (n,2n), (n,p), and (n,or)
data In the nuclear charge range 21 through 83.

The THRESH code calculates (n,particle) reaction!
In the MeV range using a hybrid empirical-statistical
model but the results are not expected to be accurate
in detail. No discrete level Information Is used and
de-excitation of the compound nucleus by photon
emission Is Ignored. Approximate formulas for com-
ponents of the reaction mechanism are employed.
In fact, only Z and A of the target nucleus Is re-
quired as Input although the calculated binding
energies and any of 13 stored parameters may be over-
ridden by the user if desired. The code has been very
useful In evaluations of neutron cross lections for
primary and secondary par'.lcle emission in the energy
range to 20 MeV mainly because of the scarcity of
experimental, data and the detailed Information re-
quired as input by other nuclear model codea.

Cross Section Svatematica

The 14 MeV croas sections appear to vary In a
aystematic way v/lth the neutron asymmetry parameter

H-Z
8 " N+Z • (1)

The (n,2n) reaction has been studied by several
authors3' S>*'B with the premise that the channe
emitting neutrons a

premise that the channel for
is in ratio to the nonelastlc

n,«
cross section a according to the following formula

(2)

It la therefore not surprising that the remainder
of the nonelsstlc croas section channels leading to

charged particle emission are expected to vary ex-
ponentially with a according to

c
n.P

o
ne

n.A

e p and (3)

(4)

•Research supported by U.S. Energy Research and
Development Administration.

for (n,p) and9(n,a) reactions respectively. Several
authors >7>e' have propoaed exponential formula* for
the (n,p) and (n,<v) cross sections at 14 MeV as de-
scribed in Table I. There are significant difference*
among the proposed formulae that suggest It would be
difficult to describe 14 MeV cross section! for
•sitting charged particles by * alatple exponential
formula.

Typical (n,p) cross section excitation curves are
•horn schematically a* a function of energy and s In
Figure 1. For small s, tending to describe a light
nucleus with a small Coulomb barrier, (n.p) cross
section haa already peaked below 14 MeV and 1* de-
creasing due Co competing reaction* that are ener-
getically possible. At Intermediate valuea of a, for
the croas section peak occura at about 14 MeV. ?or
large valuea of s, Indicating a heavy nucleus with a
high Cou?jmb barrier, the 14 MeV croas section occurs
between threshold and the peak and is strongly de-
pendent on barrier penetration charscterlstics. Thus
14 MeV cross sections aanple widely different reaction
phenomena and do not lend themselves to a few param-
eter fit. On the other hand the magnitude of the
reaction channel which Is approached by the peak cross
section appears to vary systematically with a which
serves ss a slmpl* Indicator of a coapctlon between
neutron and charged particle emission.

Fitting Procedure

The cross section at energy E can be calculated

using a nuclear model code with M parameter* P

Oo(E) - f (P^P,—-P M, En) (5)

Denoting chi-square for N data point* D of weight W

n-1 n n



and creating a Taylor expansion about <f , determined
from an Initial set of parameter guesses, leads to the

following minimiration of X* with respect to P.

B » N 30

Equation 7 represent* the normal equations Co be
solved simultaneously for a least squares fitting of
the data. The matrix equation of the form

A . dP - (S)

is solved by inverting the A matrix to yield the
column matrix dP, whose elements are the increment* to
the trial parameters P.

pi • p° + dpk <»>
The process is repeated with the help of acceleration
techniques until the solution has converged.

The uncertainties in the cross lections are ex-
pressed by the following equation.

where

(dPfc. N-M

(10)

(11)

and the correlation C. t between parameters dP. and

dP£ 1P

C., - .p
k ./ S 1 (12)

k* or. 'dr.

deficiencies of the model in the calculation of
threshold effects and excitation of particular alatea.

Some specific cases for the (n,or) reaction ate
shown In Table III. The two measurements tor the b lV
(n,a) cross sections differ by a factor of 2 1/2
despite the assignment of small uncertainties. The
results of the adjusted THKESH calculations have a
45% uncertainty but aupport the aeasurement of
Levkowakl . For slallar reasons the Sato results ace
preferred over the measurements of other author* for
*B2n, Br, snd Br. These are a few examples of
how the uncertainties in the cross sections obtained
from nuclear model fitting of experimental data can
ba helpful In the selection of preferred values froa
aaong diacrepant measurement!.
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For 14 HeV (n,2n) data an evaluation l o con-
sisting or 98 nuclidea and for (n,p) data a 132
nucllde evaluation1 were used for fitting. For 14
MeV (n,<v) data the experloental results of sevsral
authors7'9'12'13'1*'16 consisting of 90 data points
for 66 nuclides was used. Energy dependent data for
several nuclides were taken from the ENDF/B-TV library
for cases where it could be ascertained that the
evaluations were based on measured data.

Results

The V"<*e of uncertainties indicated by equation
10 is *ho. :a Table II. Included 1* the estimated
10% uncertainty In the nonelastlc cross section. In
30 to 50 percent of the cases the measured data lie
outside the range of its fitted cross section and
estimated uncertainty. For hea'ry nuclides the (n,2n)
cross section approaches the nonelastic cross section
whose error dominates the uncertainty the (n,p) and
(n,a) cross sections are small and often highly un-
certain.

The results of using the generalized parameters
obtained from the least squares fitting of experi-
mental data co fit the BSFe (n,p) cross section is
shown in Figure 2. The EHDF/B-IV data are based on
measurements. The agreement between calculation and
experiment is Improved by particularizing the param-
eters to the 6BFe (n,p) cross section. However, the
calculation doits not agree near threshold due to
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Table I

14 MEV SYSTMATICS

-25 2 ^

a *''* m-z Bayhurat 1961

O - 0.60 (N-Z)ae ' 6 Z' 8 mt , a „ - 0.70« Z B H+2
n,p n,w

Bavllk 1971

-45
W-Z-L

0 „ - 45.2 Choudhuty 1971

-33
N+Z

- O.73e

-33
n.or

• O
• 0.29a

M-2
K+Z

n«
Uvkomkl 1971

Table I I

RANGE OF UNCERTAINTIES (W

'.O3-.OS . 0 5 - . 10

20-50 10

20-25 20-30
25 25-40

tH-Z

.10-.15

10

20-40
30-60

• 15-.20*

10

30-150
40-150

EXAMPLES or

Reaction g |

" v (n,o) U

"Zn <n,or) 6.«

1

• ""Br in,ot) 6

"Br (n.or) 3.6

Table III

n r s b jm MSASITOD usvat

mp MaatuTcaastf

* » 43 * 4
18 ± 3

* l .» 15 * 2.S
« ± 0 . J
9 * 1

± 2 20 ± 2
10.B * 0.7

15 * 3
± 1.4 19 ± 2

3.7 * 0.3
7 ± 1

Chattarja*
Uvknrakl
Qutla
tato
Lavkowakl
Vanuaopala
Sato
Uvkowfkl
Vanufopala
Sato
Uvkowikl

1963
1971
1971
1971
1971
1971
1971
1971
1971
1971
1971

s*Fa(n,p) CROSS SECTION

0.12

O.IO

0.06

0.04

0.02

o ENDF/B-JE „
— THRESH-AOJOSTEO TO 9*F«(olp)»-
— THRESH-STANDARD RARAMETERS

Figure 1


