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Introduction %

Ko-standardization method of NAA was launched in
the 1970s
SINGCOMP program: 1987 written for VAX

KAYZERO/SOLCOI program: 1994, 1996, 2003
written for DOS and in 2004 written for Windows

KAYZERO library - 144 nuclides (68 elements)

Ko,-NAA became widespread as a practical
analytical tool used to analyse different sample
matrices

8.-12. November 2010, Trieste, Italy 2



The ky-method of NAA 8¢,
@

The k,-standardization method in its basic form
assumes:

— known burn-up factor,
— constant irradiation conditions,

— well known neutron spectral parameters in
particular irradiation channels,

— known neutron fluence gradients,

— absolutely calibrated an HPGe detector,
— calibrated counting geometry and

— negligible neutron self-shielding.

I which may not always be the case!
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Specific reaction rate
per target nuclide
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k,-standardization: KAYZERO/SOLCOI 43°®

Thermal and epithermal activation e O

0

Only epithermal activation

AR

D = SDCw Feanu Cos Qo.4u(@) €, 4,
’ |:( Np /tm j :| kO,Au (a) FCd,a Ge,a QO,a (a) gp,a
Cd | 4y

SDCw
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Activation-decay
scheme in the
ko-method of
NAA

Type Activation-decay scheme Type Activation-decay scheme
i 1= 0]_1’71 2 L Special case: Ay4<<A, and As
0> 10 Vb
[e.g. "*As (n, y) As] [e.g. ¥ Au from “®Au (n, )]
| DY, B F2,7»2
Ila Go» Io Special case: A3<<A; and A4,

[e.g. 1"Te from '*Mo (m, y)]

Special case: Ay>>A3 and D=0

[e.g. Z*Pa from #2Th (n, y)]

Ilc

Special case: A2<Az and D3=0

Special case: measurement of the 140.5 keV|

d
line of ®Mo /%™Tc [from %$Mo (n, 'y)]
1Y, GD,YI o Bodo 4 Bsha ,
Hla L Fudy 1
[e.g. 9INb from 9%Zr (n, y)]
IIIb | Special case: Fa=0
Special case: A3>>A; and A4, D3=0
TlIc Fa=1,F,+Fy=1
[e.g. ™Rh from “Ru (n,7)]
oI
0 2F i
17 o 2
IVa \_:Y___,¢ ’
of, I§
[e.g. 8¥Br from 79Br @, )]
Special case: A2>>A3 and D=0
IVb
[e.g. ®Co from *Co (n, 7)]
IVe | Special case: A2<A3 and D3 =0
G(l)l'l, ](lln 2
Va |1 my LFzJ»z
T W W Ve

Ve

D,=D;=0
[e.g. W=In from "2Sn (n,Y)]

Special case: 1248 [from 12 Sb (n, 7)]
after long decay time

D2=D;=0)
00" 19% 124m,Gp (T, , = 20.2 min)
Gm’ = ¢ 7\'27F2 =1
1—n,y—0 -0y 124m,Sp (T,, = 93 5)

AsB=0.75
of, 1f luéb (T,.= 602 d)
W

Vila

O'm Ién Foa
_.2 24,2
LFz,\szﬂ»
\;’3
F3,\3

Special case: F,=0

[e.g. 58b from *Sn (n, 7)]

Fas, A2

o5’ 1o,
nyy
of, 1§

F,
2%;4 .M shs, Asy

Fa,\3

Fas,\3
[e.g. WIn from 1Cd (n, y)]
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Logarithmic PUIe Safety
channel Chgnel channel “

Nuclear research reactor
TRIGA Mark Il (250 kW)

- Short and long irradiation in
the CC.:
Oy ~ 10:1072 cm= s

-Short irradiation in the PT
and in the FPTS
(up-to 30 min.)

~ . 12 -2 -1 Carousel
(pth 35 10 Cm S Linear Sgrt
channel channel
. . . . o/ Fast pneumatic
- Long irradiation in the L Rl vanstersystem
. T neumatic transpo
IC-40 (typically 20 hours) O
12 2 1 @ Neutron source @ Central channel
(Pth ~ 1 - 1 ] 1 O Cm- S- @ Irradiation channels @ Triangular channel
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Horizontal section of the TRIGA Mark Il reactor (core No. 176)
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Power, %

Temporal variation of the neutron fluence rate ee

in the IC-40 channel
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S'= jF(r)zeW—’w dt
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Correction factor for saturation in
the carousel, especially in the
|C-40 position for continuous
irradiation for 20 h (F

sat)
F;'at — S - Sa
S'a SC

—1)-100
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Correction factor for saturation (F_) in the IC-40 ‘:Q

channel

EL: | Nuclide Ty (min) g Fa (Y0)
type 5h 10 h 15h 20 h
Au | "Au 3880.8 I 0.00 0.00 0.00 0.00
Na 2Na 0.000337; 897.6 IVb 0.04 0.14 0.32 0.56
K 2K 741.6 I 0.05 0.18 0.40 0.70
YCa 6531.84 I 0.00 -0.02 | -0.04 | -0.07
Ca YSe 6531.84; 4822.56 Ila 042 | -0.84 | -1.26 | -1.68
YCa 8.718 I 1.12 2.29 3.42 4.50
Fe *Fe 64080 I -0.01 | -0.04 | -0.09 | -0.16
i mco 10.467 I 1.10 2.27 3.40 4.48
0Co 10.467; 2772383 IVb -0.01 | -0.04 | -0.10 | -0.17
57n 351792 I -0.01 | -0.04 | -0.10 | -0.17
Zn | ®™Zn 825.6 I 0.04 0.16 0.35 0.62
7Zn 2.45 I 1.19 2.37 3.49 4.57
S7Zr 92188.8 I -0.01 | -0.04 | -0.09 | -0.16
*Nb 92188.8; 5196;50356.8 | Illa 042 | -086 | -130 | -1.75
Zr Zrx 1004.4 I 0.03 0.12 0.28 0.48
’"Nb 1004.4; 0.878; 72.1 Ila 025 | -0.27 | -0.17 | -0.01
TN p 1004.4;0.878 Ila 0.03 0.12 0.27 0.47
S2mpy 558.72 I 0.07 0.26 0.56 0.97
Eu S2py 7121622.405 I -0.01 | -0.04 | -0.10 | -0.17
gy 46; 4519653 IVb -0.01 | -0.04 | -0.10 | -0.17
U 2y 23.45 I 0.95 2.12 3.25 4.33
*¥Np 23.45; 3394.08 IIb 0.00 0.01 0.01 0.02
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20 mm

Axial and radial gradients

e®
of the neutron fluence rate :0'
1 Fe wire &

Z(D = 0.4 mm 100000

59
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K5 10000 Fe
<3(“
?“0’ 54Mn
& £ 1000 1| (
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Q)fo’ O ‘
(0((\ 100
N &
N &
O \%
(“6\ 10
,-LQ
N
O 1 . .
0 500 1000 1500 2000
o d=14mm _

E, keV

Thermal neutron fluence rate: °8Fe(n,y)*°Fe
Fast neutron fluence rate: **Fe(n,p)**Mn

From the same y spectrum !!!
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a)

Normal. °Fe

a)

Normal. >*Mn

Normalized specific activities of >°Fe vs. density for fi

*®

matrices in the IC-40 and in the PT channels :O.
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Axial and radial gradients of the thermal neutron fluence ratg‘

In different samples &®
PT 1C-40 0’0

a) 106 1,06
() a) )
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[ ]
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i e %
g 1,00 T = g g 1,00
g g .
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2 ~g S V
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0,94 0,94
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b) 1.08 b) 1.06
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m& 1,02 / / g’l':L 1,00
2 - \I
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E Vi ya s 0% NEY
g 0,98 1// \ 0.96
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—o— Air -8—H20 —a—SiO2 —o—Muscle —e— Cellulose
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Specific activities and Gy, factors oe
@
PT IC-40
Sample [ Normal Total | Normal Total
. 3 . 3
PFe IS8, 2 rsd, % Fe scagl rsd, %
Air 0.992 1557 1.002 1.69
Cellulose 1.028 3.17 0.998 2.86
Muscle 1.018 3.30 2.31 1.015 2.73 1.50
Si0, 0.969 241 0.976 2.08
H,O 0.994 4.85 1.009 2.99

G,, - hot characteristic of nuclei, but dependent on

dimensions and composition of the sample _.
SiO,

Cellulose —

Muscle =™ G =1.01 Gih inorg = 0-97

th,or
H,0 g
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Spectral parameters of the neutron fluence rate:

fand o

f 30
y,=—a IOg E,— log[(FCd,i RCd,i L 1) Qo,i (0{ ) Ge,i / th,i .

1.3
IC-40 (169): o = - 0,0088_ v, =—ax,—b,
2 -
E 1.4 I r\ B . i"' ﬁ:y 1T N
ﬂi 3 Zx‘ y - i1 i=1 b __|:zyi +0{Z)Ci:|
> = i N NS i=1
o=—
L4 / 1 - N 2
| 1c-40 (176): o= - 0,013 - [Z x,)
1,5 Z(x_)z _ \i=l _ Ge,r
1 10 100 1000 10000 el N [f=0, ()\F, R, —1)—
E., (keV) ’ R G,
14 T Core Irr. Monitors f
o i No. channel Cd-ratio method =
) PT (176): a = - 0,0151 PT | 198y, 60my 0 6570 | 31.78+0.71 | -0.02110.0059
2 46 13.6.2000 95
s -1, Zr
@- 169
= 1C-40 198 A u-%°Co-Mn-
18 @ PT (No-169) 8.3.2001 101Tc_233Pa_239Np_ 27.341+0.43 -0.0088+0.0062
/ @ PT (No-176) 69my 657 957
A 1C-40 (No-169)
PT (169): o = - 0,0211 ©1C-40 (No-176) 198 59 56
. . . PT Au-"Fe-""Mn-
-2,0 m m 28.03£0.81 | -0.0151+0.0068
1 10 100 1000 10000 3.4.2002 99M°6‘599 T9°5'69 Zn-
E, keV 176 Zn-"Zr
198 59 116m
Zr,Au, Zn, Co, U, Mn, 1C-40 Au-TFe TIn- g 141081 | -0.011340.0046
16.4.2002 Lu-"Zn-
Mo, Th, In, Fe, Lu 6570957
(foils, wires, alloys) 5 _15 November 2010, Trieste, Italy 15




Correction factor for inaccuracy in the determination of ¢
parameter f by “Cd-ratio for multi-monitor” method :"

30

® | = 0.5033x + 25,529 ] IC-40 channel: o.=- 0.0113;
281 RP=09751
. ; - f=28.74 (5.39 g Cd); foorr = 26.57 (1.41 g Cd)
2 { . 2 Fuasaci
N | | | | | ElL: | Nuclide | Q E., eV | Qo(a) %)
0 1 ? 3 4 5 6 Au| "PAu [15.71] 57 |16.020] = 0.00
Mass Cd, g 165
Dy Dy | 0.19 | 224 | 0.182 | 2.87
Cr| °'Cr | 053] 7530 | 0.548 | 2.77
g= Onel +9eo:(@) Zn | 7n_ [1.908] 2560 | 2.052 | 237
G.f +G, .0 () Zn| ®"™7Zn | 3.19 | 590 | 3.403 | 2.04
Zr | 7Zr [5.306| 6260 | 5.819 | 1.53
oq = Goa(@) =0y, (?) Rb| *Rb | 14.8 | 839 |15.943| 0.01
of (f + Q. () Rb| **Rb | 233 | 364 [24.883| -0.84
U | **Np [103.4] 169 |106.75| -3.30
F = (‘Icorr _ 1) 100 Zr | ™Nb [251.6| 338 |268.69| -4.15
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Geometrical correction factor for absolute calibration of OR4 @@

a) 16
14
12
1

Difference, %

o N b O © O
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Distance code

3K+P 5K+P

—o—Co-57(122.1keV) —B— Hg-203(279.2 keV) —a— Cr-51(320.1keV)
—s— Cs-137(661.7keV) —0— Mn-54(834.8keV) —o— Zn-65(1115.5keV)

b) 40
20 )\/‘\
s 00 W/ °
3]
c
o
o
£ -2,0
= o/
-4,0 /
-6,0 T T T T
0K+P 1K+P 2K+P 3K+P 5K+P

—o—Co0-57(122.1keV) —B— Hg-203(279.2 keV) —a— Cr-51(320.1keV)
—»— Cs-137(661.7keV) —0— Mn-54(834.8keV) —8— Zn-65(1115.5keV)

Distance code

Difference, %

Difference, %

4,0

2,0

0,0

AN\
/%g;%

'

£

OK+P

1K+P 2K+P 3K+P
Distance code

5K+P

—o—Co-57(122.1keV)  —8B—Hg-203(279.2 keV) —a— Cr-51(320.1keV)
—»—Au-198(411.8keV) —0— Cs-137(661.7keV) —o— Zn-65(1115.5keV)

15551

1,0 H

2
o
1

£
o

Lo
o a
| |

1

-

[¢)]
l

N
o
|

Detector OR4

4 8 12 16
Distance, cm
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Correction factor for measuring geometry 9@

(Fgeom) ‘0'
Distance b
OR1 OR2 CAl OR4

OK+P -7.7+0.9 4.1+0.2 -6.5+0.8 -1.8+0.3
0.5K+P -0.8+0.9 +1.7+£09 | +1.3£0.7 | +1.3£0.7

1K+P 0.0 £ 0.6 +1.6+0.6 | +1.0£0.6 | +1.0+ 0.6

2K+P +1.1+0.8 +0.8+0.9 | +1.1+£0.5 | +1.1+0.5

3K+P - - - +0.8 £ 0.8

4K+P =0.0+£04 | =0.0=+0.4 : §

SK+P - - =0.0x04 [ =0.0+0.3

Code: 1K =4 cm; Data for Fgeom are given in %

8.-12. November 2010, Trieste, Italy
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Total correction factor (F ) for inorganic matrix

F
F, = 1+i ) A
100 100

MH

FmasaCd . 1_|_
100

F, geom j

100

El | Nuclide Distance OR;Fotal C(())g; ctlongaAci[ of FCOR 1
As | "®As | Reference | 1.024 | 1.024 | 1.024 | 1.024
Co | ®Co OK-+P 0.970 | 1.008 | 0.983 | 1.032
GG Cr 0K+P 0.976 | 1.014 | 0.988 | 1.038
Gl OK+P 0.944 | 0.981 | 0.956 | 1.004
Rb | ®Rb 1K+P 1.018 | 1.034 | 0.994 | 1.028
Sb | '**Sb OK+P 0.924 | 0.960 | 0.936 | 0.983
Sc | *Sc 0K+P 0.976 | 1.014 | 0.989 | 1.038
o OK+P 0.942 | 0.979 | 0.954 | 1.002
Ta | '®Ta 0K+P 0.920 | 0.956 | 0.932 | 0.979
Yb | '°Yb 1K+P 1.058 | 1.075 | 1.034 | 1.069
Zn | %Zn OK+P 0.970 | 1.008 | 0.983 | 1.032

8.-12. November 2010, Trieste, Italy

19



ko-INAA analytical procedure 3

PE container

SPRONK vial

(SRP system) \

B S
e, " 8 ‘a
x

1&_‘\’} i gi}fg

LA R
Fi *5 i l‘ir'i;:iﬁ:t‘.*‘;a‘

SIS

-
--? ‘i‘: }:ﬂx
ff',*b, i 5’*-, "A'!'

) «.4”!# ‘ﬂl

rm.“’ 5*—‘» 5

|~ Zr foil

Al-Au wire

- Sample and standard are

prepared in sandwich form and

irradiated in the carousel facility

of the TRIGA Mark Il reactor (250

kW)

- Measurement on an HPGe

absolutely calibrated detector

- Evaluation of the spectrum by
HyperLab program

- Calculation of the effective

solid angle between sample and

HPGe detector

- Calculation of element

concentration by

KAYZERO program
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Verification of the corrected k- NAA
procedure

* Inorganic matrices:

— BCR-320 River Sediment (n = 14)

— |AEA SL-3 Lake Sediment (n = 3)

— |AEA Soil-7 (n =15)

— |AEA-405 Estuarine Sediment (n = 3)
e Qrganic matrices:

— |AEA Sea plant (n = 4-11)

— |AEA 336 Lichen (n = 5-7)

— NIST 2871 Domestic Sludge (n = 3)

— |JS PT-SL1 Sewage Sludge (n = 5-6)

8.-12. November 2010, Trieste, Italy 21



|IAEA Soil-7
Detector OR4

Experimental data Literature data
; Recomm.
El. | Nuclide Sngzrr, 822” (s)};; s,(,),/,;,,, ) | /k.g (dry sf);/f, (n)
weight)
As As 6.5 9.9 1.72 4.35 15 13.4 6.34 | 25
Ce | "cCe -13.6 | -83 4.48 5.45 15 61 10.7 | 15
Co 0Co -7.4 2.2 3.26 4.39 15 8.9 9.55 | 32
Cr Cr 8.3 152 | 3.21 4.39 15 60 20.8 | 41
Cs BCs 0.3 2.5 1.81 4.58 15 5.4 13.9 | 16
Eu | "'Eu 2.9 7.5 3.39 4.72 15 1.0 20.0 | 10
Hf | "“'Hf -109 | -6.0 3.61 4.73 15 5.1 6.86 | 11
La | "La 7.0 -0.9 4.29 5.32 15 28 357 | 12
Nd | '"Nd -193 | -142 | 6.22 6.96 15 30 200 | 7
Rb | *Rb 0.6 3.6 3.31 4.60 15 51 8.82 | 24
Sb | 'sp 4.4 5.1 3.56 4.97 15 1.7 11.8 | 18
Sc Sc 4.2 1.9 3.35 4.49 15 8.3 12.6 | 22
Sm | '"Sm -8.7 5.9 1.84 3.44 15 5.1 6.86 | 12
Sr 5Sr 1.3 4.7 5.49 11.2 15 108 5.09 | 19
Ta | "Ta 4.5 4.2 3.67 5.23 15 0.8 25.0 | 12
T | "'Tp 8.7 109 | 2.26 4.00 15 0.6 333 | 12
Th | *Pa 3.5 -0.5 1.26 3.30 15 8.2 134 | 18
U Np 2.6 4.1 5.99 6.85 15 2.6 21.1 | 14
Yb | 'Yb -143 | -8.1 4.04 5.05 15 2.4 14.6 | 12
Zn 5Zn -8.9 37 | 3.30 4.44 15 104 577 | 44
Zr SZr -0.4 4.0 7.16 7.76 15 185 5.68 | 15
SRM —  95% confidence interval of the reference material (RM)
Onocorr — difference between arithmetic mean value of standard k-procedure and
recommended value
Ocorr  — difference between arithmetic mean value of corrected ky-procedure and
recommended value
8atot - total uncertainty

8.-12. November 2010, Trieste, Italy
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Ratio

Inorganic matrix: IAEA Soil-7 (n = 15) - OR4ee
@

1,4

1,3

1,2

1,1
1,0 -

0,9

0,8 A

0,7

0,6

— Ref. value

Nd Ce Yb Hf Sm Ta U Zn Co La Th Sc Cs Rb Zr Sr Sb Eu As Thb Cr

Not corr.

e Corr.
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IAEA 336 Lichen
Detector OR4

Experimental data Literature data
o | s 5 s Recomm.
. uclide nocorrs corrs Sds Sa,tots SRM>
Sl A e s’ | @) | mg/kg@ry | "9 | @)
weight)
As As 10.6 114 | 4.16 5.77 5 0.63 127 | 17
Ba | "“'Ba -1.5 4.7 8.31 116 | 5 6.4 17.2 | 11
Br 2By -3.8 3.8 2.33 3.99 6 12.9 13.2 | 18
Ce | "cCe 4.1 -4.3 3.39 4.59 5 1.28 133 | 13
Co “Co -0.6 -1.2 1.57 3.33 5 0.29 17.2 | 19
Cs Bics 5.6 3.2 3.14 5.25 5 0.110 11.8 | 13
Fe YFe 1.1 0.8 0.70 3.05 5 430 11.6 | 35
Hg | *“Hg | -43.6* | -44.8*| 11.8 123 | 5 0.2 20.0 | 15
K 2K -0.4 2.9 5.12 594 | 7 1840 10.9 | 24
La | "La -8.5 -6.1 4.35 5.37 5 0.66 151 | 12
Mn | >*Mn 2.5 5.3 # 3.02 2 63 11.1 | 29
Na 2Na 0.9 4.2 2.82 4.12 i 320 125 | 20
Sb 124G 1.5 2.2 6.06 698 | 5 0.073 13.7 | 12
Se >Se 3.9 58 | 4478 | 691 5 0.22 182 | 12
Sm | Sm -2.0 -1.5 5.62 6.33 5 0.106 132 | 15
Sr Sr 17.2 14.5 6.39 11.6 5 9.3 11.8 | 19
Th 3py 11.8 9.5 11.1 11.5 5 0.14 143 | 16
Zn 57n 4.2 3.6 0.69 3.04 5 30.4 11.2 | 38
ki “outlier”;
$ = standard deviation (sq) of independent measurements < standard
deviation of N, (net peak area in the spectrum 6.0%);
# for sq was taken into account standard deviation of the N, (0.3%)
semy — 95% confidence interval of the reference material (RM)
Onocorr — difference between arithmetic mean value of standard ko-procedure and
recommended value
Ocorr — difference between arithmetic mean value of corrected ky-procedure and
recommended value
Satot  — total uncertainty
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Ratio

Organic matrix: IAEA 336 Lichen (n = 5-7):3:
OR4 ®

1,3

1,2

1,1

1,0 4

0,9

0,8

0,7

0,6

0,5

0,4

Hg La Se Ba Ce Br Sb Sm Co Fe K Cs Zn Na Mn Th As Sr

- Ref. value o Corr. @ Notcorr.
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e A &
ZN:g, " Statistical uncertainties oo
= = Weighted average deviation @
Z w, of RM means from certified value

51. Average deviation of independent measurements for a particular RM

1 Weight with {11 _
w, = > TR L e Statistical consistency : s, = S,
S TSRM  otandard deviation © St > Sex : estimation of s, values
contains common systematic
~ 1 uncertainty or average results are
Sint = Internal biased
Statistical « s, << s, . suggested that one or
uncertainty more uncommon uncertainties were
not taken into account when estimating
N 2 the s,;,, values
Zw.(a—éj cxternal . 8 <<s_,: reliability of the measurement
- g U Statistical s Ooc'j”t' y
Sext = N uncertainty J
(N_I)Z Wi 8.-12. November 2010, Trieste, Italy 26




Ratio

Weighted average for 4 inorganic matrices o
®
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= Ref. value e Corr. e Not corr.
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Weighted average for 4 organic matrices ::o

14

1,3

1,2

Ratio

1
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-

0,8

0,7 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
La Ba Ce Mo Sm U Rb Sb Cd Cs As Cr Mg Br Co Zn Se Ca Na Fe K Mn Th Sr Hg V

= Ref. value e Corr. e Not corr.
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: e
Conclusions e

« Standard procedure of k,-NAA (KAYZERO/SOLCOI ver.
5a - February 2003) was applied for determination of
major and trace elements in a suite of RMs or CRMs

* Four correction factors were introduced in the standard
procedure of k, - NAA:
= Fsat
¢ EaROER
- F
2 |:geom
» The results obtained by corrected procedure of k,-NAA
show relatively better agreement with CRMs value than
results without correction for mostly recommended or
certified elements in organic and inorganic matrices

inorg

masaCd
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Conclusions (cont) :f:

* Hg - “outlier” from 95% CI in IAEA 336 Lichen
(organic matrix) obtained with both procedures
due to losses during irradiation in the semi-
open plastic vials

* The biggest difference between standard and
corrected procedure of k;-NAA in organic
matrices is for Sb (3.6%)

* The biggest difference between standard and
corrected procedure of k;-NAA in inorganic
matrices is for K (8.0%)
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