JAEA-Technology

Study on Mo Production
by Mo-Solution Irradiation Method (3)

— Activation Analysis of Irradiation Target —

Truc Phuong Huynh, Yoshitomo INABA, Takuya ISHIDA
Koji ISHIKAWA, Katsuyoshi TATENUMA and Etsuo ISHITSUKA

Neutron Irradiation and Testing Reactor Center
Oarai Research and Development Center

July 2009

>
[T1
>
3
.
=
=
S
O
oF
<

Japan Atomic Energy Agency | HARRT TR RMEE




AU AR — MIMSIATEGE N B ARR T IR SEBR R N AR E BN RAT T 2 R R EE T T,
AKUR— FOAFWCEEHERAICET 2 BWE DX, Tid TUTBRWEDE TS,
2B, RUR— NORIT A AR T HIFEHBEEN A — 5 X— (http'//www.jaea.go.jp)
FOREINTHETS,

MSEATBOAEN B AR IAFE B S5 AE P RE e s IR Zusiin il et
T319-1195 ZRKIRIRIRETAR AT B 5 FIAR 2 & 4
TERE 029-282-6387, Fax 029-282-5920, E-mail:ird-support@jaea.go.jp

This report is issued irregularly by Japan Atomic Energy Agency

Inquiries about availability and/or copyright of this report should be addressed to
Intellectual Resources Section, Intellectual Resources Department,

Japan Atomic Energy Agency

2-4 Shirakata Shirane, Tokai-mura, Naka-gun, Ibaraki-ken 319-1195 Japan

Tel +81-29-282-6387, Fax +81-29-282-5920, E-mail:ird-support@jaea.go.jp

© Japan Atomic Energy Agency, 2009




JAEA-Technology 2009-039

Study on *’Mo Production by Mo-Solution Irradiation Method (3)

— Activation Analysis of Irradiation Target—

Truc Phuong Huynh*', Yoshitomo INABA, Takuya ISHIDA*!,
Koji ISHIKAWA*?, Katsuyoshi TATENUMA *? and Etsuo ISHITSUKA

Neutron Irradiation and Testing Reactor Center
Oarai Research and Development Center
Japan Atomic Energy Agency

Oarai-machi, Higashiibaraki-gun, Ibaraki-ken
(Received May 20, 2009)

The impurity concentrations in both (NH4)¢Mo070,4 and K;MoQO, solutions, which were selected as the
advanced targets of the Mo-solution irradiation method for *’Mo production, were determined by the
instrumental Neutron Activation Analysis (NAA) using the ko-standardization method. As a result, Na, Mn
and W were identified as impurities in the received molybdates. After the compatibility test with structural
material (SUS304) under gamma-ray irradiation, activation analysis of the molybdate solutions by the NAA
method was also carried out. It was found that the identified impurity concentrations stayed stably in the
solutions and that no elements came from the structural material. However, a small corrosion of the

structural material was observed from the ICP measurement.
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1. Introduction

99mTe is the most widely used radioisotope for the medical diagnosis such as the checks of
cancer, bowel disease and brain faculty in the world and the demand is continuously growing
up year by year. In case of Japan, 99Mo radioisotope, parent nuclide of 99mTc, is imported.
However, the importance of the domestic production is pointed out from a viewpoint of the
stable supply of 99Mo because of some troubles on transportation or the research reactor, and
so on. Therefore, the (12, y) method using solid molybdenum target had been planned in JMTR.
However, it will be difficult to satisfy domestic demand because of the limited irradiation
volumes of the hydraulic rabbit irradiation facility.

To increase the amount of %Mo production, the molybdenum solution irradiation method
(M-SUIMIT) was proposed as a new production method [1-3]. This method is based on the
neutron irradiation by circulating molybdenum solution, and several advantages can be
pointed out such as a large irradiation volume, high efficient and low cost comparing with
conventional methods using enriched 235U(n, )Mo or using a solid molybdenum target of
MoOs as the minor (n, ) method. In order to develop the molybdenum solution irradiation
method, un-irradiated and gamma ray irradiated tests of the molybdenum solution were
carried out [4-6]. The comparison among these three methods is shown in Table 1 assuming
the production in the Japan Materials Testing Reactor (JMTR) [3].

In order to realize the M-SUIMIT, study on the impurities of irradiation targets which
became important as a medicine was carried out.

Criteria of 99mTc generator as medicine are shown in Table 2 [7, 8]. According to these
criteria, the identification of impurities was necessary to select a molybdate solution for
neutron irradiation. The ko-standardization method [9-11], one of Neutron Activation
Analysis (NAA) methods, was selected to determine elemental concentration in the molybdate
solutions. This method has the advantage of being quick and effective, especially the
preparation of standards was not necessary. Hence, the activation analysis of these
irradiation targets was carried out by the ko-standardization method to estimate impurities,

and to develop the impurity removal system.

2. ko-Standardization Method

The ko-standardization method was intended to be an absolute technique where the
uncertain nuclear data are replaced by nuclear constants which are experimentally
determined with high accuracy. Basically, this determination is done as for the k-factors
(single-comparator method), which are then transformed into ko-constant by the experimental
parameters. ko-factors are thus generally applicable to the condition where the activation

analyst recombines them with parameters of the local irradiation and counting conditions.
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From this point of view, the ko-method is a flexible single-comparator technique.

The concept of the NAA ko-standardization method [9-11] can be expressed as follow: the

concentration p, of an analyte “a” is obtained from measured isotope/gamma ray as

puglg)= (

where

(NP /W[mSDC)g 1 Gth,Auf + Ge,AuQO,Au(a) « gp,Au

X X x10°
N, | wt,SDC) iy K0.40(@ Gy of + G, ,00,() & )

p.a

S=1-exp(-18), D=exp(-Ata), C=[1- exp(-Atm)] | Atm,

“Au” refers to the co-irradiated gold monitor [197Au(z, y)198Aul
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Ep

: the net number of counts in the full-energy peak
: the weight of the sample
: the weight of the gold monitor
: the measuring time
: the irradiation time
: the decay time
: the decay constant
: the thermal to epithermal neutron flux ratio
Io/ov (resonance integral to 2200 ms'! cross-section ratio)
: the measure for the epithermal neutron flux distribution, approximated by a
1/E1*a dependence (with o considered to be independent of neutron energy)
: the thermal neutron self-shielding factor

: the epithermal neutron self-shielding factor

: the full-energy peak detection efficiency.

Furthermore, in the equation (1), the ko,4.(a) factor is defined as:

ko s (2) = M 4,0,0047 4 ©)
’ M ;04,0047 Au
where
M :the atomic weight
6 :the isotopic abundance
oo :the 2200 ms! (n, y) cross-section
y :the absolute gamma-ray intensity ( emission probability).

The ko-constants were therefore measured directly in some specialized institutes [12] as

Institute for Nuclear Sciences in Gent, KFKI institute in Budapest and Riso in Denmark.

When the ko-constants were determined by once characterized the irradiation facility and

the detector, each sample needs to be co-irradiated with a gold comparator only. Errors in

standard preparation are thus excluded. In exchange, systematic errors in the ko-constants
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will affect all obtained results. These errors have been shown to be small, however. The

general agreement is that the errors in the constants are smaller than 3.5%.

3. Experiment

(1) Preparation of samples

In the present work, three kinds of sample were prepared as following:

1)

2)

3)

Powder samples: Samples were collected from different companies. These samples would
be estimated in original impurity contents before making into a solution, and contained
in polyethylene bags with a thin wire Al-0.1%Au as a comparator. The prepared sample
and makers are shown in Table 3.

Liquid samples (circulating state): ammonium molybdate powder and potassium
molybdate powder were selected to make the molybdate solution [4, 5]. Molybdate
solutions in the circulating state were obtained by mixing with pure water and
gamma-ray irradiated in many hours with aluminum alloy or stainless steel enclosed [5].
After gamma ray irradiation, molybdate solution was dropped on the filter paper, and
was dried. After that, the samples were contained in polyethylene bags with a thin wire
Al-0.1%Au enclosed, which was as a comparator. The prepared samples and sample name
are shown in Tables 4 and 6.

Liquid samples (stilled state): the sample is similar to the above sample, but molybdate
solution was obtained in stilled state [5]. The prepared sample and sample name are
shown in Tables 5 and 7.

In this work, two Standard References Materials, namely NIST SRM-1577b (~ 100 mg)

and SRM-1633b (~50 mg), which are used as reference standards to check the measurement

precision, are prepared.

(2) Irradiation facility

JRR-3 was used for neutron irradiation in this work. JRR-3 achieved the first criticality in

1962 as the first research reactor constructed with the homegrown technology and had been

utilized in a lot of researches from the drawn of nuclear research and industry. In 1990, JRR-3

was modified for upgrade and resumed its operation as a high performance and multi purpose

research reactor with thermal power of 20 MW. The arrangement of the irradiation holes in

the

JRR-3 reactor is shown in Fig. 1. Table 8 shows the results of the neutron spectrum

parameters in the PN1 [13] and PN3 [14] irradiation holes at JRR-3. In the present work,

PN3 irradiation position was selected.

(3) Counting equipment

In the present work, the system of gamma ray spectrometer with HPGe detector was used.
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Its characteristics are summarized in Table 9. The geometric configuration of the detector and

source support is shown in Fig. 2 and the dimensions of detector are shown in Appendix A.1.

(4) Experimentally determination of full-energy peak detection efficiency

The HPGe detector coupled to a PC-based 4K channel analyzer in an efficiency calibrated
position with reproducible sample-to-detector geometry. The detector system had a
gamma-ray energy resolution with 1.9 keV at 1332 keV of 60Co. A set of point sources (241Am,
109Cd, 57Co, 137Cs, 54Mn, 60Co and 22Na) was used to determine the full-energy peak detection
efficiency. There are two positions for this measurement; the one is at 5cm distance on top of
the detector, and the other is at 15 cm distance on top of the detector. After counting the
activities from point sources, the absolute efficiency of the detector was calculated, and fitting
of calculated efficiency versus gamma-ray energy was carried out. Appendix A.1 shows the
sources and their data for determination of efficiency of detector.

Gamma ray spectrum was obtained using Genie-2000 software. Full-energy detection
efficiency of detector versus gamma ray energy was obtained and fitted to a polynomial as

shown in Fig. 3.

4. Determination of Impurity Elemental Concentrations in the Samples

4.1 Application of ko-Standardization Method

to Determination of Elemental Concentrations in Standard Reference Materials

SRM-1577b and SRM-1633b were measured to check the precision of measurement. Their
weights are 100 mg and 50 mg, respectively. The samples were irradiated at PN3 position of
JRR-3 reactor during 1-5 minutes, cooling in 2 — 5 hours and counting in 3600 seconds at 5 cm
distance on the top of the HPGe detector. Gamma ray spectrum was obtained using
Genie-2000 software. Elemental concentrations in SRM-1577b and SRM-1633b were
estimated by the equation (1), and results are summarized in Table 11 and Table 12. The
measured values in the present work are agreed with certified values. The Z -score factors of
all over the measured concentrations from analysis method were satisfied, i.e., -2 < Z< 2 [15],
as shown in Table 10. The measured concentrations do not differ significantly from the
certified values.

From the statistical evaluation procedure proposed by M. Thomson and R. Wood, the
individual Zscore for the analysis of separate element is calculated as follow [see Ref. 15]:

_x-X

Z - (3)
o)

where, x is the average of analyzed value which obtained from independent analysis, X is
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certified value in standard research material, ¢ is the standard deviation from independent

analysis.

4.2 Application of ko-Standardization Method

to Determination of Impurity Elemental Concentrations in Molybdate Solutions

As investigated in section 4.1 above, it was proved that all of the parameters such as
efficiency of detector (g5), thermal/epithermal neutron flux ratio (£), deviation of epithermal
neutron spectrum (o), were available. The ko-standardization method was used in this work.

Determination of impurity concentrations in molybdate solutions is the same method with
Standard Reference Materials, NIST. The samples were separately irradiated at the PN3
position of JRR-3 reactor. After cooling, the samples were counted using gamma ray
spectrometer with the HPGe detector at 5 cm distance on the top detector. The gamma ray
spectral was obtained using Genie-2000 software. As a result, impurity concentrations were
estimated by the equation (1). Impurity concentrations in three kinds of molybdate samples

are summarized in Table 13, Table 14 and Table 15.

5. Results and Discussions

Before gamma-ray irradiation, the impurity and major elements were identified in the
powder samples. The elemental concentrations were measured and shown in Table 13. Na,
Mn and W elements were measured as impurities in the samples. The existence of impurities
as Ar, K and In in the molybdenum oxides is due to contamination during preparation of
samples.

For the molybdate solutions after gamma-ray irradiation, Na, Ar, K, Mn and W are
identified as impurities in the ammonium molybdate solution, while Na and W were found in
the potassium molybdate solution. Elemental concentrations for measured impurities in the
molybdate solutions are shown in Tables 14 and 15.

The accuracy of the method was validated by analyzing the Standard Reference Materials
(SRM-1577b and SRM-1633b) of NIST. The measured and certified values for the elemental
concentrations of NIST are shown in Tables 11 and 12. The uncertainties of measured
concentrations of elements in Tables 11 and 12 are at + 1o (o standard deviation) and they
are the unweighted standard deviation of two independent measurements.

The measured values in present work are agreed with certified values. The Z-score factors
of all over the measured concentrations from analysis method were satisfied, i.e., -2 < Z< 2
[15]. The measured result does not differ significantly from the certified value.

As shown in Fig. 4, in ammonium molybdate solution at circulated state, the Mn and W

concentrations were the same magnitude as that of before gamma-ray irradiation, i.e., ~0.03
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mg// and ~6.5 mg/], respectively. However, K (~31 mg//) was appeared in this solution due to
mixing water with the ammonium molybdate powder, and K was dissolved a little from wall of
glass. The Na concentration was increased approximately 4 times as large as that of before
gamma-ray irradiation. There is no change in molybdenum contents in this case. In stilled
solution, impurities in the ammonium molybdate solution were the same magnitude of the
circulated solution, but the Na concentration was increased approximately 40 times as large
as that of before gamma-ray irradiation; the reason is thought to be that Na content in glass
1s more dissolved than that in circulated state. Under experimental conditions in this work,
the impurities of stainless steel owing to corrosion were not detected by the NAA method
because of the detection limit of the elements in the NAA method (see Appendix A.2). The ICP
method was applied to identify impurities in the solution, and as a result, the impurities such
as Cr, Fe and Ni, coming from stainless steel, were identified at very low levels of
concentration.

As shown in Fig. 5, in the potassium molybdate solution after gamma-ray irradiation with
60 days at circulated state and stilled state, W (~20 mg//) and Na (~700 mg//) concentrations
were the same magnitudes as that of before gamma-ray irradiation; Mn concentration was
not found in solutions. In this case, major elemental concentration was stably staying for both
stilled and circulated solutions. The impurities of aluminum alloy and stainless steel due to
corrosion were measured by the ICP method, and as a result, the impurities such as Cr, Fe
and Ni were also identified at very low levels of concentrations.

Fig. 6 shows the relationship between elemental concentrations in potassium molybdate
solutions and gamma-ray irradiation time with stainless steel enclosed. It was clear that the
content of elements was not changed and independent with gamma-ray irradiation time. For
the elements such as Cr, Fe and Ni, which are thought to be dissolved from the stainless steel,
very low level of concentrations were measured. As shown in Fig. 6, variety of concentration of
Cr, Fe and Ni is due to error in analysis. In general, impurities concentration in both stilled
and circulated molybdate solutions is stably staying and independent with gamma-ray

irradiation time.

Although there are many suitable elements in stainless steel to measure by the NAA
method, they are not detectable in solution under our experimental condition. It was clear
that the corrosion of stainless steel in solution was too low to detect by the NAA method.
Detection limit of elemental concentrations is shown in Appendix A.2. From measured results
by the ICP and NAA methods, the corrosion of the stainless steel has been occurred, but very
slow. In order to measure impurities from corrosion of stainless steel in molybdate solutions,
corrosion test with longer time will be necessary, e.g., from one year to two years. Then, the
impurities, coming from corrosion of stainless steel, would be easily measured by the NAA

method.
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6. Conclusions

The impurity concentration in both (NH4)6Mo7024 and K2MoOs solutions, selected as
advanced targets of the Mo-solution irradiation method for %Mo production, was determined
by the Instrumental Neutron Activation Analysis using the ko-standardization method. As a
result, it was found that Na, Mn and W are identified as impurities in the molybdate solutions.
These impurity concentrations were observed at low levels for both the stilled and circulated
molybdate solutions. However, Na concentration in potassium molybdate solution was high
level. It must be careful to design the radiation shielding because 24Na and 22Na were formed
with high energy gamma ray. The impurities such as Cr, Fe and Ni were almost coming from
corrosion of the stainless steel about two months with very low values in concentration. In
order to obtain the high quality of 99Mo production, the impurities in the molybdate solution
should be removed, and this will be studied in next steps. From obtained data, it is concluded
that the choice of the molybdate solution for production of 99Mo radioisotope is suitable and

useful in irradiation targets.
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Table 2 Inspection standard sodium pertechnetate (99mTc) as medicine

Ttems Criteria *1 (n, £) *2 (n, ) *2
9mTe yield (%) 60 ~ 110 >80 >80 ~ 90
Radioactive impurity content <5% <5 (uCi/mCi 9mTc) <1 (uCi/mCi 9mTc)
Unit: pnCi/mCi 99mTe Unit: pCi/mCi 99mTe
99Mo <0.15 <0.003
131] <0.05 -
103Ru <0.015% <0.05 -
89Sr < 0.006 -
90Sy < 0.0006 -
Other radionuclide <0.1 -
Radiochemistry purity (%) > 95 > 99
pH 45~17.0 45~17.0 45~17.0
Sterility Cleared Cleared Cleared
Apyrogenicity Cleared Cleared
Unit: pg/ml
Non-radioactive -Al <0.02
impurity content - Mo <10 ppm <10 pg/ml <0.14
- Zr <0.01

*1 The drugs, cosmetics and medical instruments act [16].

*2 Inspection standard in pharmaceutical [17].




Table 3 Prepared powder samples for neutron activation analysis
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Sample Name | Chemical Formulas | Weight (mg) | Maker
MO201 MoO2 20.7 KO
MO202 MoO2 20.0 AL
MO301 MoOs 20.9 KO
MO302 MoOs 22.5 TA
AMO000 (NH4)sMo7024 22.0 KA
AM100 (NH4)sMo07024 20.9 TA
PO000 Ka2MoO4 21.4 WA

Table 4 Prepared molybdate solutions at circulated state

Sample Chemical Degree of Sampling volume Weight
) . Maker
name formulas dissolution (m]) (mg)

CA60S (NH4)6Mo7024 1 0.1 31.52 KA
CK60S Ka2MoOq4 2.5 0.05 20.82 WA
Table 5 Prepared molybdate solutions at stilled state

Sample Chemical Degree of Sampling volume Weight
. . Maker
name formulas dissolution (ml) (mg)
AH60S | (NH4)sMo7024 1 0.1 30.31 KA
AH60A | (NHa)eMo70z24 1 0.1 30.14
KH10S Ka2MoOy4 2.5 0.05 19.63
KH30S Ka2MoOy4 2.5 0.05 20.63 WA
KH60S K2MoO4 2.5 0.05 19.77
KHG60A K2MoO4 2.5 0.05 19.81
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Table 6 Solution samples after gamma irradiation (Circulated solution irradiation)

Irradiation | Gamma Average Mo
Sample* Solution Material time dose temperature pH concentration
(d) (Gy) C) (g/0)
CA60S |(NHs)sMo702s | SUS304 64.4 1.0x107 80.2 7.94 181.9
CK60S K2MoOyq SUS304 61.9 9.9x108 79.9 10.50 419.4

Table 7 Solution samples after gamma irradiation (Stilled solution irradiation)

Irradiation | Gamma Average Mo
Sample* Solution Material time dose temperature pH concentration
(d) (Gy) °C) (g/0)
AHG60S SUS304 60.6 1.4x107 80.0 7.69 173.9
Alumit
(NH4)sMo07024 umite
AHG0A processed 60.6 1.4x107 79.6 7.60 176.3
A6063
Alumite
KHG60A processed 60.6 1.4x107 79.9 9.97 398.2
A6063
KH10S K2MoO4 9.8 | 2.2x10¢ 80.6 10.08 405.3
KH30S SUS304 32.0 7.3%x106 80.3 10.00 409.2
KH60S 60.6 1.4%x107 79.9 9.99 399.1

*In Table 6 and Table 7:
-“S” at the right side end of sample name means a piece of stainless steel in solution
during gamma-ray irradiation.
-“A” at the right side end of sample name means a piece of aluminum alloy in solution
during gamma-ray irradiation.
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Table 8 Neutron spectrum parameters of PN1 and PN3, JRR-3 research reactor

Irradiation position
Parameters
PN1 PN3
@ (cm2.s1) | 4.709x1013 | 1.5x1013
T»(K) 296
f 207 2561
a 0.1151 0.09088

Table 9 Characteristics of the gamma-ray spectrometer system at INAA-Lab, JRR-3

Quantitative Parameter
e Model GX1519-7500 SL
e Series number 2891667
e MCA 3502 (4096 channels)
e Shaping time constant 4 us
o« FWHM 1.9 keV (at 1332 keV of 6°Co)
e Relative efficiency 18.8%

Table 10 Conditions of Zscore for measured results

Condition Status
-2< Z<2 The measured result does not differ significantly from the certified value.
<2 <3 It is not clear whether the measured result differs significantly from the
certified value.
| Z] >3 The measured result is significantly different from the certified value.




Table 11 Measured elemental concentration in NIST SRM-1633b
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Concentration (ppm)
Element Z-Score
Measured Certified

Na 2095.00 + 74 2010 £ 30 1.15
K 19754 + 715 19500 + 300 0.36
Sc 39+ 6 41 -0.25
Mn 132.8+ 5.1 131.8+ 1.7 0.21
Ga 52.15 + 2.30 - -
As 128.3+4.9 136.2 £ 2.6 -1.60
Ba 596 + 60 709 £ 27 -1.86
Sr 1043 + 86 1041 £ 14 0.03
La 87+5 94 -1.51
Sm 19.30+0.73 20 -0.96
Eu 4.7+0.8 4.1 0.74
Dy 17.6+2.8 17 0.22
AW 59+1.6 5.6 0.23

Table 12 Measured elemental concentration in NIST SRM-1577b

Concentration (ppm)
Element Z-Score
Measured Certified
Cl 2753 + 52 2780 + 60 -0.52
Na 2286 + 69 2420 + 60 -1.94
Mg 563 + 48 601 = 28 -0.79
K 9923 £+ 29 9940 + 20 -0.59
Mn 9.6+0.6 10.5+1.7 -1.5
Cu 149+ 8 160 £ 8 -1.4
Br 9.22+2.2 9.76 -0.25
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Table 13 Elemental concentration in powder samples before gamma-ray irradiation

Sample Chemical Concentration, ng/g (mg//)*
name | formulas Na | Ar K Mn | Mo In | W
MoO: 10.54 — — 1.38 | 7.51x10° | 14.55 | 82.74
MO201
(3.24) (0.42) | (2.31x10%) | (4.47) | (25.40)
MoO: 11.89 — 51.21 0.64 | 7.53x105 — 130.01
MO202
(38.57) (15.40) | (0.19) | (2.26x10%) (39.00)
MoOs 14.36 | 2.27 — 0.50 | 6.58x105 — 114.02
MO301
(4.44) | (0.71) (0.15) | (2.03x105) (35.23)
MoOs 41.88 — — 0.07 | 7.35x105 — 125.72
MO302
(13.6) (0.02) | (2.39x10%) (40.860
5.74 — — 0.10 | 5.49x105 — 20.49
AMO000 | (NH4)sMo7024
(1.84) (0.03) | (1.76x10%) (6.56)
0.96 — — — 5.81x105 — 46.83
AM100 | (NH4)sMo7024
(0.30) (1.80%10%) (14.50)
694.92 — 3.23x105 — 3.79x105 — 17.4
PO000 KaoMoO4
(743.56) (3.46x105) (4.06x105) (18.60)

* Estimated from 0.1 m/solution after dissolute with pure water.

Table 14 Elemental concentration in molybdate solutions (at circulated state)

Sample NAA method (Unit: mg//) ICP method (Unit: mg//)
name Na Ar K Mn Mo A Cr Fe Ni
CA60S 752|502 | 30.91 |0.04|1.94x105| 6.15| 0.14 | 7.24 0.29
CK60S | 795.72 | — | 3.35x105 | — | 4.00x105 | 24.98 | 0.17 | 0.22 <0.01

Table 15 Elemental concentration in molybdate solutions (at stilled state)

Sample NAA method (Unit: mg//) ICP method (Unit: mg//)
name Na Ar K Mn Mo A Cr Fe Ni
AHG60S | 80.22 | 3.86 | 21.50 | 0.06 | 1.72x105 | 6.34 | 0.78 <0.01 0.32

AHG60A | 70.94 | 3.81 | 18.48 |0.09 | 1.78x105| 6.03 | — - -
KH60A | 724.33 | — | 3.32x105 | — | 3.83x105 | 20.64 | — - -
KH10S | 719.40 | — | 3.39x105 | — | 3.99x10% | 21.92 | 0.18 <0.01 0.03
KH30S | 701.94 | — | 3.27x105 | — | 4.16x10° | 24.88 | 0.38 0.49 0.38
KH60S | 726.96 | — | 3.23x105 | — | 3.93x10° | 22.00 | 0.25 <0.01 0.03
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Fig. 1 Location of the PN1 and PN3 irradiation hole in JRR-3 research reactor.
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Fig. 3 Efficiency of detector HPGe at 5 cm and 15 cm distances measured with
point sources Am-241, Cd-109, Co-57, Mn-54, Cs-137, Co-60 and Na-24.
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Fig. 4 Comparison of elemental concentrations in ammonium molybdate solution
before and after gamma ray irradiation during 60 days with stainless steel enclosed.
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- AMO000: powder sample before gamma ray irradiation;
- CA60S: circulated solution; - AH60S: stilled solution.
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Fig. 5 Comparison of elemental concentrations in potassium molybdate solution
before and after gamma ray irradiation during 60 days with stainless steel enclosed.

- PO000: powder sample before gamma ray irradiation;
- CK60S: circulated solution; - KH60S: stilled solution.




Concentration (mg//)

JAEA-Technology 2009-039

Ef = = A
¢ L 4 L 4 L
F NC )
i | | | | | |

0 10 20 30 40 50 60

Irradiation time (day)

Fig. 6 Elemental concentrations in potassium molybdate solution
versus gamma ray irradiation times with stainless steel enclosed.

70

——Na
=K
—A— Mo
—<—W
——Cr
—-o—Fe
——Ni




JAEA-Technology 2009-039

Appendixes

A.1 Detector and Standard Radioisotope Sources Used in the Experiments

At the INAA-Lab, JRR-3, a system of gamma ray spectroscopy with HPGe detector was
used to measure of activities of the samples. The knowledge of detector’s parameters was
important to determine of full-energy peak detection as well as effective angle solids. Table

A.1.1 and Table A.1.2 are shown the parameters of detector and data of standard radioisotope

sources used in the experiments, respectively.

Table A.1.1 Parameters of the HPGe detector at INAA-Lab, JRR-3

Material/Density (Dim.: kg/m3)

Thickness (Dim.: mm)

e Crystal : Germanium/5350 1
e Detector can: Beryllium/1850 2
e Top dead layer: Lithium/534 3.
e Support: PMMA/1180 4
e Contact layer: Boron/2370 5
e Other: Polyimide/1500

Al.
A2,

Crystal radius/24.0
Crystal height/46.0
Core/cavity radius/4.0
Core/cavity height/33.0
Contact layer/0.0004

. Det. Cover/1.0+10.0
. Source holder/3.0

Detector can./0.5

Top dead layer/1.6971

Position/1(0), 2(20), 3(70), 4(170), 5(270)
Air layer/14

Vacuum gap/11.33

Table A.1.2 The radioisotopes and their data used to determine of detector’s efficiency

Isotope Energy | Activities Reference Half-time | Measurement | Activities
(keV) (Bg) date (year) date (Bg)
Am-241 59.54 | 3.97x104 01/09/92 432.02 06/01/09 3.87x104
Cd-109 88.03 | 4.76x105 01/03/96 1.271 06/01/09 4.20%x102
Co-57 122.06 | 3.94x105 01/03/01 0.744 07/01/09 2.52x102
Cs-137 661.65 | 4.66x104 01/09/92 30.174 07/01/09 3.20%x104
Mn-54 834.83 | 4.61x10° 01/03/01 0.855 07/01/09 7.67%x102
Co-60 | 1173.24 | 4.14%X104 01/03/96 5.279 07/01/09 7.61x103
Na-22 | 1274.54 | 3.81x105 01/03/96 2.602 07/01/09 1.23x104
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A.2 Minimum Detectable Concentration

Mass-detection limit was presented by equation (Lloyd A. Curie, Analytical Chemistry,
Vol. 40, No. 3, 1968):

k* + 2k[,ub + O_b2]1/2

D= A.2.1)
P(Z)S(ﬂ'atz )T(ﬂ’atd 5tm )gp (X)
where
P= production rate (nuclei/g-sec);
S'= saturation factor = 1 — e ** (A.2.2)
7= (e /A)1—e ") (sec) (A.2.3)

& = detection efficiency.
2 and A are characteristic of the nuclear reaction being utilized; they present the reaction
cross section (cm2) and product decay constant (sec’)), respectively; ¢, tsand ¢ are the times
(sec) for activation, decay and counting, respectively.

s = b.tm; b=Dbackground rate.

k=10 with confidence level of 95%.

Applying to determine detection limit for some elements was done at INAA-Lab, JRR-3.

Table A.2 is shown the detection limit of 9 elements in the present work.

Table A.2 Minimum detectable concentrations at Lab-INAA, JRR-3 reactor

(Counting position: 5 cm; Counting time: 1 hour; Decay time = 0)

Detection Limit (mg//)
Element
Irradiation time >> T Irradiation time = 5 minutes

Al 1.38 1.75
Na 2.45%10-2 6.35

K 1.67%x10-2 3.56
Cr 4.02x10-4 4.62
Mn 1.62%x10-3 7.31x10-2
Fe 1.96x10-2 3.63%x102
Co 8.20%10-4 5.90%102
Ni 2.00x10-2 8.82%10-1
w 9.52x10-4 3.91x10-1
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