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Abstract In k0-NAA the modified Høgdahl convention is

used for the description of the activation by neutrons. In

this convention Q0, the ratio between the resonance integral

and thermal cross section, is modified to account for non-

ideal behavior of the neutron epithermal flux. For this

correction an effective resonance energy, Eres, is needed. In

this work Q0 and Eres are calculated using neutron capture

cross section data from the nuclear database ENDF/B-

VII.1. The results are compared with k0-nuclear data.

Special attention was given to new Q0’s and Eres’s for non-

1/v nuclides to be used in the extended Høgdahl

convention.

Keywords Extended Høgdahl � Westcott � Review �
Effective resonance energy � Resonance integral �
ENDF/B-VII.1

Introduction

In the k0-method for neutron activation analysis [1–4] the

nuclear parameters for activation using epithermal neutrons

are Q0 (resonance integral divided by cross section at

v = 2200 m/s) and effective resonance energy, Eres. These

parameters take into account the resonances in the capture

cross section distribution and were mostly calculated using

nuclear cross-section data. Most of them were calculated

30 years ago [5]. Often it was mentioned ‘‘re-determination

desired’’ [1] or for Eres ‘‘should be adequately refined and

updated’’ [5]. In this work the latest nuclear datafile ENDF/

B-VII.1 [6] was used for the calculations. Besides recal-

culating the existing Q0 values, also new Q0 values were

calculated for non-1/v nuclides for which the resonances

extend to the thermal energy region and thus also affect the

resonance integral in due to epithermal neutrons below the

Cd cut-off energy. The latter data is of importance for use

in the extended Høgdahl convention [7].

Theory

Neutrons used for activation analysis are typically pro-

duced in a nuclear reactor; they can be divided into three

groups based on their energy, see Fig. 1. The fission pro-

cess in the reactor produces fast neutrons. The typical

energy is 0.7 MeV with an energy distribution that can be

described by a Watt distribution. These neutrons are slo-

wed down by moderation resulting in an epithermal spec-

trum with a 1/E flux distribution. When completely slowed

down the neutrons are called thermal neutrons and the

energy spectrum follows a Maxwell–Boltzmann distribu-

tion centered at the local neutron temperature. A more

accurate description is given by Trkov [8]. The present

paper is based on the principles and assumptions made in

the currently used k0-literature.

The k0-formula for the calculation of element concen-

trations is based on the Høgdahl convention that divides the

neutron flux into two regimes, the thermal region and the

epithermal region. For practical experimental reasons the

division is made by covering the samples using 1 mm of

cadmium and filtering the thermal neutrons, see Fig. 2.

Cadmium absorbs or reflects essentially all neutrons that

have an energy lower than the Cd ‘‘cut-off’’ energy, ECd

that is taken to be 0.55 eV. The fast or fission neutrons are
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not taken into account separately from the epithermal

neutrons. The neutron spectrum is characterized by the

ratio of thermal (sub Cd) to epithermal flux, f.

The epithermal flux is ideally following a 1/E distribu-

tion but in practical situations it follows a 1/E1?a distri-

bution. The flux distribution characteristic parameters f and

a (describing the non-ideal epithermal flux) are reactor and

channel specific. In Fig. 3 an overview is given of all

reactors and channels used in the early years of the k0

research [1]. It is clear that there is a correlation between

f and a. Closer to the core, there are more epithermal

neutrons compared to thermal (lower f) and the spectrum is

closer to 1/E (a near zero); farther away, or more moder-

ated, the epithermal flux deviates more from 1/E.

The activation by (n,c) reactions depends on the prob-

ability of capturing a neutron and is described by the

energy dependent cross section of a target nuclide. A

typical cross section distribution is given in Fig. 4.

For most of the nuclides used for neutron activation the

cross section follows a 1/v distribution in the thermal

energy region and shows resonances in the epithermal

energy flux region. The 1/v behavior in the thermal region

makes the activation, relative to a 1/v monitor, independent

of the neutron density energy distribution or neutron tem-

perature. Typically the 1/v-cross section is described as

r(v) = r(v0)�v0/v or r(E) = r(E0).HE0/HE, where v0 is

2200 m/s which corresponds to a temperature of 293.59 K

or an energy of 0.0253 eV. Non 1/v nuclides show reso-

nances in the thermal energy region as well as in the

epithermal region.

Q0(a)

The activation by epithermal neutrons is described by a

resonance integral, I0. In the k0-method, the activation term

for 1/E epithermal neutrons is described using Q0, which is

the ratio between the resonance integral I0 and r0. For an

ideal 1/E epithermal spectrum and for a non-ideal

epithermal flux distribution, 1/E1?a, the integral is given

as:

Fig. 1 Typical schematic neutron spectrum of a nuclear reactor

Fig. 2 Division in thermal and epithermal flux in the Høgdahl

convention by irradiating under a 1 mm Cd-cover

Fig. 3 Flux parameters for reactors and channels used in the early

years of k0 [1], the trend line equals a = 0.135 log(f)-0.175

Fig. 4 Typical cross section distribution for (n,c) activation and

neutron energy distribution

220 J Radioanal Nucl Chem (2016) 309:219–228

123



I0 ¼
Z1

ECd

rðEÞ 1

E
dE or I0ðaÞ ¼

Z1

ECd

rðEÞ Ea
a

E1þa
dE; ð1Þ

where Ea is an arbitrary energy which can be omitted if the

energies are taken in eV. Since the epithermal flux distri-

bution is channel dependent it is necessary to have an

analytical expression for I0(a) related to I0. To achieve this,

the concept of effective resonance energy, Ēres, was

developed. Ēres represents ‘‘the energy of a single virtual

resonance which gives the same resonance activation rate

as all the resonances for the isotope’’ [5]. The resonance

cross section integral is separated into a fraction that is

determined by the cross sections for the resonances only

I00ðaÞ, and a fraction that is determined by the 1/v cross

section:

I00ðaÞ ¼ I0ðaÞ �
Z1

ECd

r0

ffiffiffiffiffiffiffiffiffiffiffi
E0=E

p Ea
a

E1þa
dE

¼ I0ðaÞ �
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E0=ECd

p
r0

ð1 þ 2aÞEa
Cd

¼ I0ðaÞ �
0:429r0

ð1 þ 2aÞ0:55a
:

ð2Þ

If we define that the resonances are comprised in one

peak at effective resonance energy, Ēres, it simply follows

from Eq. 1 that:

�EresðaÞ ¼ Ea

I00ðaÞ
I00

� ��1=a

: ð3Þ

I00ðaÞ can be numerically evaluated from evaluated

neutron cross-section data files like ENDF/B- VII.1. It must

be emphasized that the resulting resonance energy depends

on a. This dependence can be approximated by [5]:

EresðaÞ ¼ �Erese
�pa: ð4Þ

The effect of this a dependence as well as the effect of

uncertainty in Ēres on the final results was found to be small

and only one effective resonance energy is used [11].

In the ‘‘modified’’ Høgdahl convention, the expression for

Q0(a) can now be written for a 1/E1?a flux distribution by

combining Eqs. (2) and (3) and dividing by r0, resulting is:

Q0ðaÞ ¼
Q0 � 0:429

�Ea
res

þ 0:429

ð1 þ 2aÞ0:55a

� �
Ea
a: ð5Þ

The complete k0-formula [1–4] using a modified Høg-

dahl convention is written as:

qaðlg=gÞ ¼
Np=tc

SDCW

� �
a

Np=tc
SDCw

� �
m

� 1

k0;mðaÞ
� Gth;mf þ Ge;mQ0;mðaÞ
Gth;af þ Ge;aQ0;aðaÞ

� ep;m
ep;a

� 106; ð6Þ

with q is the mass fraction of analyte, a, m the analyte and

co-irradiated monitor, f the thermal to epithermal flux ratio,

Gth, Ge the thermal and epithermal self-shielding factors.

The effect of differences in nuclear data on the con-

centration can, if self-shielding is not relevant, be calcu-

lated using:

q2

q1

¼ f þ Q0;1ðaÞ
f þ Q0;2ðaÞ

ð7Þ

Q0’s for non-1/v nuclides

Non-1/v nuclides are called this way because their cross

section for (n,c)-reactions is not following a 1/v distribution

in the thermal energy region as most nuclides do.

These nuclides are originally not analyzed in the k0-

method using the Høgdahl activation convention but

through the Westcott convention [9]. The main difference

between the two methods is that the split up in epithermal

and thermal flux is different. For non-1/v behavior in the

thermal energy region Westcott introduced a nuclide

specific g(Tn)-factor. This factor is an integral similar to the

resonance integral, based on the assumption that the neu-

tron distribution follows Maxwell’s law for one neutron

temperature.

Recently the ‘‘Extended’’ Høgdahl convention was

introduced that allows analyzing non-1/v nuclides as well

[7]. It was argued and proven that only at the expense of a

small loss of accuracy this rather simple extension will

work very well:

qaðlg=gÞ ¼
Np=tc

SDCW

� �
a

Np=tc

SDCw

� �
m

� 1

k0;mðaÞ

� Gth;mf þ Ge;mQ0;mðaÞ
Gth;afgaðTNÞ þ Ge;aQ0;aðaÞ

� ep;m
ep;a

� 106: ð8Þ

The virtue of this method is that all the old reactor

parameters can be used and no recalibration is needed. The

neutron temperature can be measured using a Lu-monitor

but as well by using the reading of the moderator tem-

perature. g(Tn) factors for all k0-nuclides were recently

reviewed and calculated using the ENDF/B VII.1 data file

[10]. A difficulty in implementing the ‘‘Extended’’ Høg-

dahl convention was caused by the fact that no Q0’s were

available.

In the Westcott convention the epithermal nuclear acti-

vation parameter called s0 is also based on the resonance

integral. The integration starts at a much lower energy in

order to take into account all epithermal neutrons that

extend to well below 0.55 eV, see Fig. 5. This is different
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from the Høgdahl convention for which the integration

starts at the Cd cut-off or 0.55 eV. Another major differ-

ence is the fact that in the Westcott convention the 1/v

component is omitted from the resonance integral.

For a 1/v nuclide the relation between Q0 and s0 is given

as [9]:

s0 ¼
ffiffiffiffiffiffiffiffi
4T

pT0

r
ðQ0 � 0:429Þ ð9Þ

In the case of non-1/v nuclides the transformation is

somewhat more difficult since the cross section distribution

in this region is dominated by resonances [9]:

s0 ¼
ffiffiffiffiffiffiffiffi
4T

pT0

r
ðQ0;total � gbÞ; ð10Þ

where Q0,total is based on the integral over the total

epithermal energy region, g is Westcott’s ‘‘g-factor’’ and

b (*1.17) is the 1/v total resonance integral.

Westcott did a thorough investigation on the epithermal

neutron energy distribution at low energies. He found a few

different options to describe the measured epithermal flux

distributions. He finally opted for a simplified distribution

similar to the monotonic cut-off function as used for the

Cd-transmission. He found based on the D4(E) function an

effective cut-off energy, lkTn, with l = 3.7 as a good

approximation for a heavy water or a graphite moderator

and l = 2.1 for a water moderated reactor. Taking this into

account, Q0,total refers to the resonance integral over the

whole epithermal energy region, starting at lkTn.

Since the integration of Q0 normally starts at 0.55 eV

the major resonance peak of for instance Lu-176 is left out

of the integral, see Fig. 5. For the extended Høgdahl con-

vention, in order to account for the activity produced by

neutrons in this energy region, this extra integral area has

to be taken into account and added to the normal Q0. For

1/v nuclides the cross section in the low energy region of

the epithermal spectrum still follows the 1/v cross section

distribution. In order to be equivalent with the Høgdahl

convention for 1/v nuclides it is proposed in this work to

add for non-1/v nuclides only the non-1/v area in the region

between lkTn and 0.55 eV. This extra part of Q0, which

now depends on l and Tn or on reactor type and neutron

temperature, is called in this work Ql;Tn
að Þ. For 1/v

Fig. 5 Epithermal flux lower energy spectrum and non-1/v cross

section data

Fig. 6 Q0(a) from ENDF/B VII.1 fitted using Eq. 5 for the determi-

nation of Eres and compared to data from the k0-database [11]

Fig. 7 The ratio between the resonance energies from this work and

the k0-database is shown in the left graph (Ce-140 is outside graph

range) and the right hand graph shows the effect on the concentration

for an irradiation in a channel with f = 32.3 and a = 0.03
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nuclides Ql;Tn
að Þ = 0. These Extended Q0

0s, including

Ql;Tn
að Þ for non-1/v nuclides, can be treated in the same

way as normal Q0’s for the Høgdahl convention, including

the adjustment for a with resonance energies using Eq. 5.

For 1/v nuclides this small part of the resonance integral,

between lkTn and 0.55 eV, Q1=m;l;Tn
að Þ (Eq. 11), is included

in the thermal activation when using the Høgdahl conven-

tion. Q1=m;l;Tn
að Þ causes the differences in results between

Høgdahl and the Westcott convention as found in Ref [7].

Q1=v;Tn
ðaÞ ¼ 1

r0

ZECd

lkTn

r0

ffiffiffiffiffi
E0

E

r
1

E1þa
dE

¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E0=lkTn

p
ð1 þ 2aÞðlkTnÞa

� 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E0=ECd

p
ð1 þ 2aÞEa

Cd

ð11Þ

which makes Q1/v,2.1,20 �C(0) = 0.952, Q1/v,3.7,20 �C(0) =

0.611, Q1/v,2.1,100 �C(0) = 1.345, Q1/v,3.7,100 �C(0) =

0.493.

Table 1 Effective resonance energies (in eV) based on ENDF/B-VII.1 data compared with k0-database [11]

Nuclide Eres Eres Unc. Eres TW Nuclide Eres Eres Unc. Eres TW Nuclide Eres Eres Unc. Eres TW

F-19 44,700 11,175 35,516 Y-89 4300.0 344.0 12,250 Nd-148 236 13.9 255.2

Na-23 3380.0 371.8 2057.6 Nb-93 574.0 45.9 685.3 Nd-150 173 20.8 181.4

Mg-26 257,000 33,410 257,000 Zr-94 6260.0 250.4 10,713 Gd-152 16.7 4.2 161.8

Al-27 11,800 696.2 10,011 Ru-96 776.0 124.2 1117.3 Sm-152 8.5 0.1 8.2

Si-30 2280.0 9.1 2483.1 Zr-96 338.0 7.1 327.7 Eu-153 5.8 0.2 8.0

Cl-37 13,700 1918.0 20,231 Mo-98 241.0 48.2 224.5 Sm-154 142 9.9 162.7

Ar-40 31,000 7750.0 2.0 Mo-100 672.0 94.1 760.2 Gd-158 48.2 3.9 40.6

K-41 2960.0 210.2 9813.2 Ru-102 181.0 7.1 313.2 Tb-159 18.1 2.7 19.4

Sc-45 5130.0 872.1 0.42 Rh-103 1.45 0.01 1.3 Gd-160 480 34.1 608.8

Ca-48 1.33E6 0.33E6 1.33E6 Ru-104 495.0 50.0 602.7 Dy-164 224 11.0 4.4

Cr-50 7530.0 828.3 18,230 Ag-107 38.5 1.9 53.2 Ho-165 12.3 0.4 12.1

Ti-50 63,200.0 2528.0 45,585 Pd-108 39.7 2.0 39.0 Tm-169 4.8 0.1 4.9

V-51 7230.0 289.2 4493.8 Ag-109 6.1 0.1 5.8 Er-170 129 3.0 136.3

Mn-55 468.0 51.5 367.3 Pd-110 950.0 85.5 1293.4 Hf-174 29.6 2.1 368.7

Fe-58 637.0 152.9 450.4 Sn-112 107.0 3.0 131.9 Yb-174 602 48.2 0.4

Co-59 136.0 6.9 121.7 In-113 6.4 1.0 6.7 Lu-175 16.1 0.8 15.0

Cu-63 1040.0 49.9 1187.6 Cd-114 207.0 39.3 245.6 Yb-176 412 21.0 519.5

Ni-64 14,200.0 1704.0 10,543 In-115 1.6 0.0 1.5 Hf-178 7.9 2.0 7.8

Zn-64 2560.0 256.0 2211.6 Sn-116 128.0 4.0 157.6 Hf-179 16.2 1.9 18.2

Cu-65 766.0 130.2 625.6 Sb-121 13.1 0.5 12.7 Hf-180 115 7.0 143.2

Zn-68 590.0 59.0 575.4 Sn-122 424.0 59.4 478.8 Ta-181 10.4 0.6 8.9

Zn-70a 17.0 4.3 – Sb-123 28.2 1.8 28.7 Re-185 3.4 0.1 3.3

Ga-71 154.0 18.5 159.8 Sn-124 74.2 5.2 67.3 W-186 20.5 0.2 19.9

Ge-74 3540.0 279.7 8766.4 I-127 57.6 2.3 58.1 Re-187 41.1 1.6 52.9

Se-74 29.4 1.2 28.6 Ba-130 69.9 3.5 78.5 Os-190 114 2.1 821.4

As-75 106.0 36.0 111.3 Te-130 2950.0 209.5 6837.3 Ir-191b 1.1 0.2 1.2

Ge-76 583.0 22.7 665.7 Ba-132 143.0 35.8 190.3 Os-192 89.7 3.6 651.0

Se-76 577.0 46.2 5181.2 Cs-133 9.3 1.0 9.0 Ir-193 2.2 0.2 2.2

Br-79 69.3 6.2 74.0 Ba-138 15,700 502.4 5293.6 Hg-196 93.5 0.1 4.2

Br-81 152.0 14.0 155.7 La-139 76.0 3.0 83.8 Au-197 5.7 0.4 5.4

Sr-84 469.0 32.8 776.2 Ce-140 7200.0 1296.0 22E6 Pt-198 106 3.0 119.9

Rb-85 839.0 50.3 1229.9 Pr-141 296.0 12.1 445.1 Hg-202 1960 161 10,108

Sr-86 795.0 15.9 816.6 Ce-142 1540.0 1848.0 3232.7 Th-232 54.4 0.5 62.8

Rb-87 364.0 10.9 399.6 Nd-146 874.0 51.6 1475.1 U-238 16.9 0.2 16.3

a No corresponding data in ENDF/B-VII.1
b From Ref [3]
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The extended Q0’s are temperature dependent like s0’s

and make the extended Høgdahl convention nearly as

accurate as the Westcott convention.

Results

The trapezoidal numerical integration method was used to

calculate Q0ðaÞ’s using Eq. 12 for all nuclides in the k0-

database [11] based on the lin–lin cross-section data for

(n,c)-capture as found in ENDF/B-VII.1. From these

results Q0’s and resonance energies were derived. The

upper level, E1, of the integral 2 MeV was used.

Q0 ¼ 1

r0

ZE1

ECd

rðEÞ 1

E
dE and

Q0ðaÞ ¼
1

r0

ZE1

ECd

rðEÞ 1

E1þa
dE

ð12Þ

Table 2 Q0’s based on integrated ENDF/B-VII.1 data compared with k0-database [11]

Nuclide Q0 Q0 Unc. Q0 TW Nuclide Q0 Q0 Unc. Q0 TW Nuclide Q0 Q0 Unc. Q0 TW

F-19 2.20 0.55 1.67 Y-89 5.93 0.14 0.66 Nd-148 5.08 0.13 6.17

Na-23 0.59 0.15 0.58 Nb-93 7.35 0.20 8.57 Nd-150 12.30 0.10 15.05

Mg-26 0.64 0.16 0.47 Zr-94 5.31 0.18 6.31 Gd-152 0.77 0.12 0.74

Al-27 0.71 0.18 0.54 Ru-96 26.50 0.93 24.79 Sm-152 14.40 0.30 14.43

Si-30 1.11 0.07 5.42 Zr-96 251.60 2.52 225.85 Eu-153 5.66 1.42 3.95

Cl-37 0.69 0.17 0.45 Mo-98 53.10 3.35 50.28 Sm-154 4.30 0.30 4.35

Ar-40 0.63 0.16 0.42 Mo-100 18.80 0.75 19.39 Gd-158 29.90 0.93 31.01

K-41 0.87 0.03 0.64 Ru-102 3.63 0.91 4.25 Tb-159 17.90 0.68 17.73

Sc-45 0.43 0.11 0.42 Rh-103 6.75 0.27 6.76 Gd-160 3.83 0.07 5.76

Ca-48 0.45 0.11 0.42 Ru-104 12.80 0.35 13.97 Dy-164 0.19 0.05 0.12

Cr-50 0.53 0.13 0.45 Ag-107 2.90 0.73 2.92 Ho-165 10.90 0.26 10.52

Ti-50 0.67 0.17 0.47 Pd-108 25.00 6.25 28.69 Tm-169 13.70 0.22 15.45

V-51 0.55 0.14 0.50 Ag-109 16.70 0.70 16.23 Er-170 4.42 0.15 4.71

Mn-55 1.05 0.03 1.00 Pd-110 11.90 0.80 13.57 Hf-174 0.78 0.20 0.80

Fe-58 0.98 0.01 1.28 Sn-112 48.40 0.58 35.07 Yb-174 0.46 0.12 0.38

Co-59 1.99 0.06 2.02 In-113 24.20 0.41 27.37 Lu-175 34.80 1.08 26.90

Cu-63 1.14 0.29 1.09 Cd-114 32.40 8.10 40.91 Yb-176 2.50 0.05 2.44

Ni-64 0.67 0.17 0.53 In-115 16.80 0.32 15.89 Hf-178 16.60 4.15 22.27

Zn-64 1.91 0.10 1.78 Sn-116 56.30 1.07 96.11 Hf-179 14.40 0.35 12.22

Cu-65 1.06 0.27 1.01 Sb-121 33.00 1.16 35.65 Hf-180 2.52 0.09 2.22

Zn-68 3.19 0.04 2.88 Sn-122 5.40 0.14 4.41 Ta-181 33.30 8.33 34.98

Zn-70a 7.90 1.98 – Sb-123 19.90 4.98 32.97 Re-185 15.40 0.39 15.46

Ga-71 6.69 0.08 6.94 Sn-124 17.20 2.06 60.00 W-186 13.70 0.25 12.69

Ge-74 1.57 0.11 1.22 I-127 24.80 0.67 25.95 Re-187 4.34 0.28 3.90

Se-74 10.80 0.70 11.17 Ba-130 24.80 6.20 20.09 Os-190 2.03 0.51 1.89

As-75 13.60 3.40 14.17 Te-130 1.80 0.10 1.32 Ir-191b 5.70 1.00 3.36

Ge-76 8.75 0.22 8.69 Ba-132 5.60 1.40 8.24 Os-192 2.34 0.59 3.26

Se-76 0.77 0.19 0.46 Cs-133 11.80 0.35 13.93 Ir-193 12.00 0.35 12.33

Br-79 12.10 3.03 11.69 Ba-138 0.88 0.22 0.66 Hg-196 0.49 0.12 0.12

Br-81 19.30 0.58 19.58 La-139 1.24 0.31 1.25 Au-197 15.70 0.28 15.90

Sr-84 13.20 3.30 13.95 Ce-140 0.83 0.21 0.49 Pt-198 17.00 0.31 14.58

Rb-85 14.80 0.37 15.38 Pr-141 1.51 0.38 1.53 Hg-202 0.88 0.22 0.63

Sr-86 4.11 0.07 4.81 Ce-142 1.20 0.30 0.87 Th-232 11.50 0.41 11.47

Rb-87 23.30 0.70 22.56 Nd-146 2.00 0.02 1.93 U-238 103.40 1.34 102.66

a No corresponding data in ENDF/B-VII.1
b From Ref [3]
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The effect of the differences in Eres and Q0 on the

concentration (Eq. 5) is used to check the relevance of the

differences. For this f and a parameters of a relevant irra-

diation channel were chosen since they affect the concen-

tration results. This was done based on an empirical

relation between f and a. This relation was established

using the parameters of the three reactors used by De Corte

and Simonits in the early years of the k0-method and is

given in Fig. 3. The chosen parameters are a = 0.03 and

f = 32.3. Based on the data in Fig. 3 the range of a’s was

chosen to be -0.03 to 0.37.

Effective resonance energies

The most appropriate method for determination of effective

resonance energies was found to be to fit Eq. 5 directly by

optimizing Eres to the integrated Q0(a) based on the ENDF/

B VII.1 data file. An example is given in Fig. 6. A least

squares fit for the a’s between -0.03 and 0.2 was used.

The determined resonance energies are compared to the

data in the k0-database, see Fig. 7. The results from these

calculations are comprised in Table 1 and compared to the

k0-data file. The effect of the differences on the concen-

tration determination is also given in Fig. 7.

A comparison between Q0’s from ENDF/B-VII.1 and

the k0-database is made in Table 2 and in Fig. 8. In Fig. 8

also the effect on concentration is given.

Q0 for non 1/v nuclides

The epithermal neutrons with energies below the Cd cut-

off energy contribute to the resonance integral significantly

in case of resonances in this region. To evaluate to which

extent resonances affect the integral in this region sub-Cd

Q0’s are calculated. The integral limits chosen are 3.7kTn

with Tn = 20 �C and as upper limit the Cd cut-off energy

0.55 eV.

To visualize the results, this partial integral is plotted

versus the regular Q0 in Fig. 9. The 1/v integral for this

region is equal to 0.611, Eq. 11. The figure shows that only

non-1/v nuclides, as expected, deviate from the 1/v integral.

A thorough investigation of these sub Cd-Q0’s showed that

only for Eu-151, Yb-168 and Lu-176 a significant effect

can be expected.

In Table 3, the ‘‘extended’’ Q0’s [sub Cd-Q0 corrected

for the 1/v contribution, Q1/v,l,Tn(a)] for these nuclides are

tabulated. It must be noted that these extended Q0’s cannot

be used for epithermal (Cd-covered) activation. For irra-

diation under Cd cover the tabulated ‘‘normal’’ Q0’s in

Table 3 should be used.

The effective resonance energies in Table 3 were

determined using the fit procedure described above for

each temperature. It was found that Eq. 5 fits the data very

well (average deviation less than 1 %). From Fig. 10 one

can conclude that only one resonance energy for all tem-

peratures is needed per nuclide except for Eu-151

(l = 2.1) and one extended Q0 is needed except for Lu-

176 (l = 3.7) because these show strong temperature

dependence.

Discussion

Effective resonance energy

The effective resonance energies ultimately used in the

present k0-database [11] are weighted averages of all res-

onances in the cross section distribution as tabulated by

Mughabghab [12, 13] and were determined by Jovanovic in

the early eighties [5]. The approach of measuring effective

resonance energies was developed in the same period [14]

as well but only one measured Ēres is used (Ru-96) in the

present k0-nuclear database.

Fig. 8 The ratio between Q0 from this work and the k0-database is

shown in the left graph and the right hand graph shows the effect on

the concentration for an irradiation in a channel with f = 32.3 and

a = 0.03
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Recently new measurements were reported. Budak et al.

[15] measured the resonance energies of the Gd-159 and

Hf-179 target nuclides, showing good agreement with the

adopted values. Arbocco et al. [16] measured ‘‘k0, Q0 and

effective resonance energies for 37 isotopes’’ and deter-

mined 28 effective resonance energies using a new

‘‘a-vector’’ method. The results for Ēres show reasonably to

good comparison to the present adopted values except for

the low Q0 (B5) and good agreement for Q0’s of these

nuclides.

Trkov compared the k0-database with an averaged

Eres(a) determined using Eq. 2 with integration limits

0.55 eV to 2 MeV and Eq. 3 for a’s between -0.1 and 0.1

based on recent cross section data [8]. Trkov reported

differences of up 110 % (for Zr-94), the calculations from

this work give similar results. In the present work the

effective resonance energy were determined based on fit-

ting Eq. (5) to numerically integrated Q0ðaÞ’s for a’s

between -0.03 and 0.25. Methods based on the calculated

Eres(a) fail if Q0 is very low and thus close to the 1/v cross

section which is the case for 12 of the 101 nuclides

investigated.

All effective resonance energies in the latest 2012 k0

data table [11] were already published in 1987 [1], except

for some of the ‘‘non-1/v’’ nuclides (Lu-176, Eu-151 and

Yb-168). At that time no data was given for S-36, Ca-46,

Os-184 and Hg-204 because the necessary cross section

data was available but not trustworthy. Even in the latest

nuclear data table ENDF/B-VII.1 the data for these

Fig. 9 Q0 (l = 3.7, Tn = 20 �C) below the cut-off energy of Cd for

all nuclides in the k0-database

Table 3 Extended Q0’s and

effective resonance energies for

Eu-151, Yb-168 and Lu-176

Eu-151 Yb-168 Lu-176 Eu-151 Yb-168 Lu-176

Q0 l = 2.1 Q0 l = 2.1 Q0 l = 2.1 Eres l = 2.1 Eres l = 2.1 Eres l = 2.1

0 8C 0.71 10.9 3.53 2.40 0.53 0.12

20 8C 0.67 10.9 3.50 1.66 0.53 0.12

40 8C 0.64 10.8 3.47 1.24 0.53 0.12

60 8C 0.61 10.8 3.44 0.98 0.53 0.13

80 8C 0.59 10.7 3.40 0.81 0.53 0.13

100 8C 0.56 10.7 3.36 0.70 0.53 0.13

Average 0.63 10.8 3.45 1.27 0.53 0.13

Var. Coef. 7.6 % 0.7 % 1.7 % 43.3 % 0.2 % 1.5 %

Eu-151 Yb-168 Lu-176 Eu-151 Yb-168 Lu-176

Q0 l = 3.7 Q0 l = 3.7 Q0 l = 3.7 Eres l = 3.7 Eres l = 3.7 Eres l = 3.7

0 8C 0.73 10.8 3.09 0.34 0.54 0.13

20 8C 0.74 10.8 2.98 0.31 0.54 0.14

40 8C 0.76 10.8 2.84 0.30 0.54 0.14

60 8C 0.77 10.8 2.69 0.28 0.54 0.14

80 8C 0.79 10.7 2.51 0.27 0.54 0.15

100 8C 0.80 10.7 2.31 0.26 0.54 0.15

Average 0.77 10.7 2.74 0.29 0.54 0.14

Var. Coef. 3.1 % 0.2 % 9.4 % 8.1 % 0.3 % 3.6 %

Overall average 0.70 10.8 0.53 0.13

Var. Coef. 11.4 % 0.6 % 0.9 % 7.1 %

Normal Q0 and Eres 0.2706 8.005 0.4365 2.8 0.59 5E7

Recommended values in bold in the underline cells
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nuclides are still not useful. These data seem to be only

relevant to neutron activation analysts and therefor there is

a lack of funding and/or interest of nuclear scientists. The

Q0’s for these nuclides were never measured because their

values are too low for an accurate assessment. The adopted

values of Q0 are all less than 2. This also indicates that the

relevance of the resonance energy of these nuclides is not

high, as illustrated in Fig. 7. Because Q0’s are given for

these nuclides one can raise the question which Ēres to use.

In literature some state a value of 1 eV and others propose

1000 eV. Verheijcke [17] used an empirical equation based

on a general trend that between Ēres and I0. However since

there are no data we propose in this work a correction for

Q0(a) for these four nuclides using Ēres is 1 eV.

Q0’s

Most of the Q0’s in the k0-library were measured (55 %).

The rest were only calculated from nuclear data or

literature present at that time. These nuclides often got a

remark ‘‘redetermination desirable’’, no uncertainty is

given and this is still the case in the present k0-data library.

The aim now was to see whether there is any change or

improvement in the nuclear data.

From Fig. 7 one has to conclude that the differences

in Ēres are not giving a significant effect on the con-

centration between old and new data. The significant

differences in Q0 (effect [5 % in concentration for a

channel with f = 32 and a = 0.03) are seen for 19

nuclides of which 10 are from measured Q0’s, see Fig. 8.

The most significant effects of differences in Q0’s are

seen for four of the Sn-isotopes and for Zr-96 which is a

monitor for a determination.

Q0’s and effective resonance energies for

non-1/v nuclides

s0 data for Lu-176 were calculated by Westcott at the end

of the fifties and although the cross section data used by

him was based on only two resonances, those data were

very similar to the data in ENDF/B-VII.1. The comparison

of his s0 data with those obtained by converting the Q0’s of

this work to s0’s using Eq. 10 is good (Table 4). The s0 of

Yb-168 was measured by De Corte in the beginning of the

eighties and it is significantly different from that calculated

from the present nuclear data [2]. The s0 calculated from

the Q0 of Eu-151 seems to be much lower than that of Kim

and Gryntakis in 1975 [18].

The effect on the concentration of the temperature

dependence of the resonance energy of Eu-151 is small, see

Table 3; however the effect of the temperature for the

extended Q0 of Lu is significant. The effect of reactor type

or l is significant for both mentioned parameters.

The new extended Q0’s for Lu-176, Eu-151 and Yb-168,

are now for the first time calculated for use in the Extended

Fig. 10 Q0’s for Eu-151, Yb-168 and Lu-176 and effective resonance

energies for l = 2.1 (light water) and 3.7 (heavy water and graphite)

and different temperatures are given

Table 4 Comparison between s0’s from literature and s0’s calculated

from Q0’s from this work for Lu-176, Eu-151, Yb-168

Tn �C Q0,total

l = 3,7

g(Tn)

literature

s0 from Q0,total s0 literature

Nuclide Lu-176

20 3.59 1.7011 1.788 1.669 [9]

40 3.42 1.8373 1.469 1.218 [9]

60 3.24 1.9769 1.098 0.757 [9]

80 3.03 2.1175 0.672 0.303 [9]

100 2.81 2.2576 0.191 -0.130 [9]

Nuclide Eu-151

20 1.36 0.901 0.335 1.2 [18]

Nuclide Yb-168

20 11.38 1.05 11.44 5.0 [2]
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Høgdahl convention and can now be used for gaining

experience about the quality of these values.

Conclusion

Adopting the effective resonance energies calculated in this

work using ENDF/B-VII.1 data will have only a very small

effect on the analysis results. On the other hand, the newly

calculated Q0’s show some large differences relative to

those currently in use and one can conclude that there

might be some significant effects on the concentrations

measured by the k0 method if the irradiation conditions are

significantly different from the irradiation conditions used

for the determination of the k0’s. The difference can be

larger than a few % for some 20 nuclides.

‘‘Extended’’ Q0’s were calculated for the first time for

use in the new Extended Høgdahl convention. With these

new Q0’s it should be possible to perform k0-NAA for Eu,

Yb and Lu with no extra effort and with accuracy com-

parable to that achievable when using 1/v nuclides.
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16. Farina Arboccò F, Vermaercke P, Smits K, Sneyers L, Strijck-

mans K (2014) Experimental determination of k0, Q0 factors,

effective resonance energies and neutron cross-sections for 37

isotopes of interest in NAA. J Radioanal Nucl Chem

302(1):655–672

17. Verheijke ML (2000) On the relation between the effective res-

onance energy and the infinite dilution resonance integral for (n,

c) reactions. J Radioanal Nucl Chem 246(1):161–163

18. Kim JI, Gryntakis EM, Born HJ (1975) Radiochim Acta

22:20–26

228 J Radioanal Nucl Chem (2016) 309:219–228

123

http://dx.doi.org/10.1007/s10967-015-4134-1
http://dx.doi.org/10.1007/s10967-015-4134-1

	Q0’s and resonance energies used in k0-NAA compared with estimations based on ENDF/B-VII.1 cross section data
	Abstract
	Introduction
	Theory
	Q0( alpha )

	Q0’s for non-1/v nuclides
	Results
	Effective resonance energies
	Q0 for non 1/v nuclides

	Discussion
	Effective resonance energy
	Q0’s
	Q0’s and effective resonance energies for &!blank;non-1/v nuclides

	Conclusion
	References




