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Abstract

The effect of the neutron strength function
uncertainties on the calculated values of the
seIf -snielding factors and energy dependence of
the total and capture !|U cross-sections in the
unresolved resonance region are investigated.

In actual calculations of the physical characteristics of

nuclear reactors it is common practice to use group cross-

sections to represent the interaction of neutrons with matter.

As a rule, such cross-sect ions are taken from specially prepared

sets of group constants [1,2]. Nowadays, the preparation of

group constants consists in the reprocessing of information on

the interaction of neutrons with nuclides which are stored in

evaluated neutron data files [3,5]. The information used in this

procedure consists of detailed descriptions of the energy

dependence of cross-sections, resolved resonance parameters,

averaged resonance parameters in the unresolved resonance region,

etc. . .

Inasmuch as FU is the most important fuel material of fast

reactors, the knowledge of its group cross-sections is most

important in the = 1 to 100 KeV energy region where one observes

the neutron spectrum maximum, and which comprises approximately

one third of the total number of capture events in the core of a

fast reactors. For ij8U, this energy region is the region of

unresolved resonances. The only experimental data available in

this energy region consist of cross-sections averaged over a

given spectrum, as well as transmission and self -shielding

functions for various sample thicknesses and temperatures.

In calculations, the group cross-section a,, for the

reaction (n,x) in the energy group g, at a material temperature e

, calculated by using a background cross-section at

(parametrizing the dilution by other components of the medium) is



expressed as follows

where ax, is the cross-section for the (n,x) reaction at

infinite dilution (independent of the temperature of the

medium); and

ftl[9,at) is the resonance self-shielding factor for

that reaction (which is determined by the interpolation

of f-factors as a function of 8 and a, [1]).

According to the request list for nuclear data [6], the

accuracy requirements for 23BU cross-sections in the = 1 to 100

KeV energy range are as follows: 1 to 2 percent for atot and 1 to

3 percent for CTcap. However, current evaluations [7,8] show that

the existing accuracies for these cross-sections are far from

being satisfied: for atot they are approximately 5% and for ac,p

they range from 1% to 3%. It must be noted that the values of

these reaction cross-sections are determined by measurements, so

that the achievement of the required uncertainties depends

primarily on the development and improvement of experimental

techniques and measurement methods. The cross-section self-

shielding factors fx, in the region of unresolved resonances, on

the other hand, are determined as a rule with the aid of

theoretical models. These calculations require the following

average resonance parameters-, the average neutron width r'n and

the average radiation width I"T, the average level spacing Di, and

the potential scattering radius Ri (for each 238U nuclear level

and for a neutron angular momentum 1).

The following accuracies are required for resonance self-

shielding factors of the radiative capture cross-section [6]:

= 2%-3% for f c,j( 300°K, a0) in the pertinent region of a0 for fast

reactors (i.e., 10 barns < a0 < 100 barns) and is approximately

7% for the Doppler broadening self-shielding factors:

O 0 ) = f c v<e i fo 0)- fcap(Q2,a0) - 7 %

However, these requirements have not yet been fulfilled [9]



The accuracy requirement for the total cross-section self-

shielding factor which steins from the need to have an accurate

description of the neutron leakage from the reactor is not too

high

for f m ( CT0 > 10 barns) * 10%

and for A"" ( CT0 > 10 barns) = 30%

The accuracies of calculated cross-section self-shielding

factors have been evaluated in earlier works [1,10] devoted to

the evaluation of average nlU cross-sections and resonance

parameters. The average resonance parameters obtained by the

authors of these earlier works were calculated on the basis of

the method of "maximum likelihood" using experimental information

on average cross- sections. The accuracies of cross-section

self-shielding factors calculated in this manner proved to be

quite high: = 1.5% for fCd[l and = 3.0% for ftM .

In this work, an attempt was made to evaluate the accuracies

of tt{9rai.) and ^tt(9, a,) on the basis of other considerations,

namely on the assumption of existing uncertainties in the values

of resonance parameters.

UNCERTAINTY IN THE AVERAGE RESONANCE PARAMETERS

As indicated above, in order to calculate the self-shielding

factors for the cross-section fM, it is necessary to know the

average values of the following resonance parameters:

rn' , TT, D, and R,. It turns out that the influence of these

parameters on the calculated value of fM is not the same. As

shown in references [10] and [11], the major constituent of the

cross-section self-shielding effect in the energy region of

interest consists of the self-shielding of the cross-section for

the interaction of neutrons with nuclei which have an orbital

angular momentum of 1=0 (S-wave), in other words the ability to

predict self-shielding cross-sections is limited by uncertainties

in ones knowledge of the neutron strength function Sn° = rn°/D.

The magnitude of the uncertainty in the quantity Sn° can be

seen in Fig.l, which shows the experimental values of the neutron
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strength function determined by individual authors, as well as

values adopted by various libraries of evaluated neutron data for
231U. It can be seen that the values of the quantity Sn° lie in

the interval ranging from 0.9xl0"4 to 1.2xl0"4. The following

observation can be made regarding the uncertainties of the other

average resonance parameters:

- the experimental value of the Sn' function (p-wave) ranges

from 1.4x10"' in reference [13] to 2.89xl0"4 in reference [18];

- the neutron strength function Sn
2 for d-waves has an even

broader spread: in the JENDL-2 library the value for this

quantity is 1.0xl0"4, while reference [7] reports a value of
-4

3.0x10' ;

- the potential scattering radius Ro varies from 8.9 fermi

in the ENDF/B-5 library to 9.44 fermi in refrence [15];
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- the radiative strength function Sy is known to a high

degree of accuracy: from (10. 3 + 0. 6 ) 10* in reference [17] to

11.75x10* in ENDF/B-5.

It can be seen from this example that of all the average

resonance parameters used in the calculation of the quantity f,,,

the neutron strength function Sn° and the radiative strength

function Sy are known to the highest degree of accuracy. The

other resonance parameters exhibit a much broader scatter, and

with the exception of the potential scattering radius, they do

not require as high a degree of accuracy in the energy range of

interest.

CALCULATION OF THE CROSS-SECTION SELF-SHIELDING FACTORS

Based on the premise that the uncertainty in the neutron

strength function has a maximum effect on the resonance self-

shielding, six values of this quantity were chosen as a first

step, namely Sn° = 0.9, 1.0, 1.1 and 1.2xl0"
4, considered to be

most plausible, as well as two less likely, extreme values,

namely Sn° = 0.8 and 1.5xl0"
4. The other average resonance

parameters used in the calculation of the resonance self-

shielding effect were then computed with the aid of the EVPAR

program [19]. These parameters were then calculated so that the

values of the total cross-section aux and the radiative capture

cross-section acap fell within the bounds of their existing

uncertainties. The average resonance parameters calculated in

this manner are given in the Table below. In addition, the

following quantities were calculated for each set of parameters:

- self-shielding factors for the total ftot(e,ao) and capture

fCd[l(e,a0) cross-sections for 8 = 300°K and for dilution cross-

sections ranging from a0 = 0 barn (when the resonance self-

shielding effect is at a maximum) to a0 = 10
5 barns (when the

resonance structure is completely masked by the cross-section

structure of the other nuclides in the medium);

- corresponding Doppler broadening effect on the self-

shielding of the cross-sections (n,x) at higher temperatures:



o) -fx(300K,ao)

A2
x(a o) = o o) - f o

These values were computed using the program PPP GRUKON [20]

Sets

P/P

1

2

3

4

5

6

of

1

1

2

0

1

2

0

1

2

0

1

2

0

1

2

0

1

2

Average Resonance

S»', 10 '

1.65

1.46

0. 90

1.82

1. 77

1.00

2.00

2. 11

1. 10

2. 18

2. 41

1. 20

2. 37

2. 73

1. 50

3. 16

3. 35

Parameters

S t \ 10 4

8.75

11 . 40

13. 30

8. 55

11. 30

12. 10

8. 34

11. 30

11. 10

8. 17

11. 40

10. 20

8.00

11. 50

7. 42

7. 79

12.80

for n BU

R, , f ermi

4. 59

9. 24

9. 53

5.00

9. 24

9. 38

5. 40

9. 24

9. 22

5. 74

9. 24

9.06

6.09

9. 24

8. 48

5.82

9. 24

CALCULATION RESULTS AND DISCUSSION

The energy dependences of the total cross-section atot, the

radiative capture cross-section acap and their corresponding

relative values (where the value of Sn° = 1.1x10"' was taken as

the basis), obtained by using different sets of average resonance

parameters, are shown in Fig.2. It can be seen that the

radiative capture is reproduced very well for all sets of

parameters, incurring variations not exceeding =3%. Although the
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Fig.2. Total cross-section and radiative capture cross -section
for 23IU for different values of the neutron strength function.

- S°=0.8-10~4n
S =1.0-10 ; S =1. 1-10 ;

total cross-section diverged more for the various sets of average

resonance parameters than in the case of acap, its values do not

exceed the bounds of experimental accuracy of =4%.

A similar behavior can also be observed for the cross-

section self-shielding factors. Thus, the quantity fcap can be

calculated reliably using any of the resonance parameter sets.

For S/ = 0.8x10"*, the maximum spread in the data exceeds *1%

only slightly (see Fig.3, which shows the energy dependence of

the absolute and relative values of f caD( 300K,0) and the
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Fig.3. Self-shielding factors for the radiative capture cross-
section and the corresponding Doppler effects for a0 = 0 barns:
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corresponding quantity Acatl(0). The effect of Doppler broadening

on the radiative capture cross-section self-shielding is

reproduced very well in the lower end of the energy range, where

the maximum scatter is approximately 10%. The divergence of

these values increases at higher energies, where even the

magnitude of the absolute values of the broadening become small.

In this energy region the values of the cross-section self-

shielding factors approach unity; Doppler broadening (like the

difference between two closely-lying values) becomes a very

sensitive factor in the accuracy of the calculation of the

fI((9,a,), which is calculated to an accuracy of two to three

decimal points.

As the dilution cross-section a0 increases, the scatter of

the reconstituted values of fCap(
0/ao) calculated with the various

sets of resonance parameters becomes smaller. Thus, for

a0 = 100 barns, the divergence in the values of f csp ( 300K, 10 ) is

approximately 1%, and for ACap it is -3%.

The value of the total cross-section self-shielding factor,

however, is strongly dependent on the resonance parameter set

used in the calculation (see Fig.4). The divergence in the

values of ftot for a0 = 0 barns varies from 30% in the lower

energy region to =5% in the upper energy region. As the value of

the dilution cross-section o0 increases this divergence

decreases; for CT0 = 10 barns, the scatter is approximately 15%,

and for

a0 = 10 barns it is =10%. Fig.4 shows that for a a0 value of 10

barns, Doppler broadening is also strongly dependent on the

resonance parameter set used. The divergence in the relative

values do not change significantly with the increase in the value

of the dilution cross-section CT0 .

The difference in the behavior between the total and

radiative capture cross-section self-shielding factors can be

explained by the nature of these two individual processes. The

radiative capture process is described primarily by p-wave

parameters, while the total interaction is described by s-wave

parameters. However, as it has already been mentioned above, the

contribution of the p-wave to the cross-section self-shielding
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Fig.4. Self-shielding factor for the total cross-section and
corresponding Doppler broadening effects for a0 = 10 barns:
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S°n = 1.2x10"
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effect is considerably smaller than that of the s-wave.

Furthermore, the additional ST parameter is included in the

calculation of the radiative capture self-shielding effect [10]

at a point where the sensitivity coefficient of f,ot to the change

in the value of the SY parameter is equal to zero.

The analysis described above took into account calculational

results based on all sets of resonance parameters, including

those based on the extreme values of Sri° = 0.8xl0"
4 and 1.5xl04.

The observed divergence becomes much smaller if one ignores these

two extreme cases. Consequently, it can be deduced that the

existing uncertainties in the neutron strength function Sn° have

a weak influence on the calculated radiative capture cross-

section sel f-shielding factor fcap(0,ao); on the other hand, the

value of the total cross-section self-shielding factor ftot(0,ao)

does depend on the value of Sn°, but its accuracy requirements

are satisfied by the existing uncertainties in Sn° .

The question is, what is the reliability of the evaluated

cross - sections and of the average resonance parameters in the

energy region of unresolved resonances? With regard to the

radiative capture cross-section, the recently observed tendency

in the decrease of its values [21,22] seem to indicate that early

experimental measurements of the radiative capture cross-section

evidently included systematic errors. One such error arises as a

result of the incorrect consideration of multiple scattering of

neutrons in the sample [23].

The total cross-section is determined by extrapolating the

observed cross-section aobs(n) = -ln(Tn)/n (where n is the

sample thickness and Tn the transmission parameter) to a zero

sample thickness. The difficulties in such a procedure can be

judged from Fig.5, which shows a plot of experimental values and

calculated curves of aotis(n) at an energy of *7 keV. Inasmuch as

the value of the neutron strength function Sn° is derived from

the lower region of the aobs(n) curve, the uncertainties in the

experimental data in that region do not allow an accurate

determination of the Sn° quantity. Therefore, if a more accurate

value of the neutron strength function is desired, it is

essential to have reliable experimental transmission function
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Fig. 5. The dependence of aob, on sample
thickness, where

0.93xl04

1.1x10'
1.5x10 4

1 - calculation with Sn°
2 - calculation with Sn°
3 - calculation with Sn°

9 - data from Ref.[24]
* - data from Ref.[25]
x - data from Ref.[26]

data for n-»0 as input for such an analysis rather than relying on

the values of extrapolated cross-sections.
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