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ABSTRACT. The elemental analysis of hematite and phosphate Saudi ore
samples have been done by means of the instrumental neutron activation
analysis technique (INAA).

The samples and the standards used were irradiated in a thermal neutron
flux of 1.9 x 10° n/cm?-s using 5Ci**' Am-Be irradiation facility, which was
designed for this purpose. The gamma-ray spectra were collected by means
of the well calibrated hyper pure germanium detection system.

More than 35 gamma ray lines have appeared in the irradiated hematite
ore samples spectra and they were belonging to the elements of Al, K, Ti,
Mn, Fe, As, Eu and Ra. The concentration percentage value of Mn in
hematite has been evaluated as 0.332 + 0.013%.

In phosphate ore sample spectra more than 30 gamma-ray lines have
been identified which were belonging to: Na, K, Sc, Fe, La, Ra, Thand U
elements. The Na concentration percentage value in phosphate ore has
been determined to be 9.17 + 0.33%.

Introduction

Modern technology requires great progress towards sensitive methods of analysis.
For certain purposes, high purity materials are demanded, where the level of other
contaminates must be well known. The conventional methods of chemical analysis
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can not usually be applied for the determination of most of these elements. Activa-
tion analysis is one of the most sensitive methods of analysis, and has been developed
parallel to nuclear energy progress, during the last four decades.

Thermal neutrons have been more widely used for activation analysis than any
other type of particles. This is mainly due to the high cross-section of most nuclei for
thermal neutrons and the availability of higher neutron flux at nuclear reactors. The
details of using fast neutrons or charged particles in activation analysis are discussed
by Bowen and Gibbons!!l. A knowledge of the nuclear properties of the elements is
essential to activation analysis, such properties are available in “Charts of the nuc-
lides”>* and in a number of compilations!*”).

The application of gamma-ray spectrometry using solid state detectors in activa-
tion analysis® offers certain advantages over the chemical separation method with
respect to specifity and avoidance of contamination. In addition, it makes analysis
more rapid and allowing isotopes with shorter half-lives, to be determined. Fully au-
tomated computer based activation analysis was used to examine and measure the
photopeaks in agamma-ray spectrum, and to identify the radioisotopes and calculate
their amount present®11],

The increasing need for improved advanced techniques for the non-destructive
multielement analysis of complex samples has led to the development of high yield
isotope neutron sources with several neutron analysis techniques.

The theory of activation analysis, technique used facilities required, sensitivity, re-
producibility, sources of errors, and applications in the various phases of science and
technology have been discussed in details in many of scientific books!®8].

The main aim of this work was attained through the studies on the neutron activa-
tion analysis for hematite and phosphate Saudi ore samples. The 5Ci**' Am-Be irradi-
ation facility as well as the hyper pure germanium gamma-ray detection system was
used.

Experimental Set-Up
Neutron Irradiation Facility

The 5Ci**' Am-Be isotopic neutron source facility was used for irradiation of the
samples investigated in this work. The irradiation facility was designed and con-
structed for the purpose of irradiating the samples as well as for storing the neutron
source. It contains a cylinder of iron of 0.2 cm thickness with height of 100 cm and
diameter of 80 cm, filled with borated paraffin wax. The iron cylinder is surrounded
by a sheath of Pb of 0.30 cm thickness.

The 5Ci**' Am-Be neutron source is positioned at the centre of this cylinder where
the samples could be irradiated through a vertical hole of 10 cm diameter and 40 cm
height. Four horizontal holes were located at the centre of the iron cylinder which are
used as horizontal channels for irradiation of the samples as well. The diameter of
each channel was about 3 cm with horizontal depth of 40 cm. These horizontal chan-
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nels are designed to see in a direct form the neutron source positioned in the centre or

the paraffin cylinder. Fig. (1) shows a sketch of the 5Ci**! Am-Be neutron source ir-
radiation facility.
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In order to irradiate samples in a powder form, a polyethelene container was used
and was positioned in the vertical hole, close to the neutron source as shown in Fig.
(1). The whole assembly is located on a movable metallic container. The irradiated
samples are transferred to the measuring position by means of a mechanical hand of
200 cm long arm in order to avoid the irradiation hazards.

The Gamma-Ray Spectroscopy System

A block diagram of the system used in gamma-ray measurements for the current
work is as shown in Fig. (2). A 20% hyper pure germanium detector (HPGe with
20% efficiency) was used for gamma-ray detection. It has an energy resolution of
about 2.2 keV for the 1332 keV of ®Co gamma-ray line. A sensitive preamplifier unit
is mounted next to the detector to reduce the effect of the capacitance loading and
improving the signal to noise ratio.

The output pulses of the preamplifier is passed to a linear amplifier. The unipolar
output' of this linear amplifier was fed as an input to the 4096 multi-channel analyzer.
The output is printed out as the number of counts for each channel. The gamma-ray
spectra obtained for each sample are plotted manually.
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FIG. 2. A block diagram of single gamma-ray spectrometer using the hyper pure germanium detector.

Construction of Energy and Efficiency Calibration Curves

Before carrying out any measurement, the spectrometer has to be calibrated be-
fore and after the measurements to avoid instabilities of the spectrometer. The
energy calibration was carried out with known gamma-ray energies. The standard
sources used for this purpose were *Th, *Ra, ¥’Cs, ®Co, *’Co and ?Na extended
energy range between 122 to about 2614 keV. A computer program was prepared for
this purpose to cover a region between 100 to 4000 keV.

The efficiency of the HPGe detection system was measured using the intensities of
some different well resolved gamma-ray transitions emitted due to '®Ta, '“Tb and
26Ra sources as listed in Table (1).

The sources were placed at a distance of about 3 cm apart from the detector.

TaBLE  Gamma-ray energies of standard sources used for efficiency calibration.

Source EvykeV Source EvykeV
2%Ra and its 186.210 182, 100.1
daughters 241.981 152.4

295.213 179.5

351.921 ' 264.0

609.312 =

768.356 < 180T 197.0 ot
1120.287 197.0
1238.710 299.0
1377.669 392.0
1509.228 ‘ 682.0
1729.595 765.0
1847.420 879.0
2118.551 1102.7
2204.215 1177.0
2447.860 1272.0
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The absolute full energy peak efficiency curve of the HPGe detection system used
is shown in Fig. (3). The relative error is estimated to be within +5% over the whole
range of the curve.
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FiG. 3. The absolute fuli energy peak efficiency for the hyper pure germanium detection system.

Neutron Flux Determination

The foil activation method was used for thermal neutron flux measurements in this
work. The '’ Au gold isotope foil of about 100% abundance and thermal neutron
capture cross-section of 98.8 b was used. The strong gamma-ray line appeared at
411.8 keV due to the decay of the product isotope 'Au to '**Hg was used to deter-
mine the activity of this reaction, the following equation was applied to calculate the
thermal neutron flux : '

6= A - MG)
m,, * NI + i B e ]T cgo (l-¢ MYy (e NE_ o nty

(1
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b = Neutron flux (n/cm? - sec).

A(t) = Theactivity y/sec.

M() = Atomicweight of the targetelement (g).

= The weight of the element (g).

Avogadro’s number (6.02 X 10% atoms/g - mole).
Cross-section of the isotope (cm?).

Isotopic abundance %.

The intensity of E_ line % .

Efficiency of the detection system at this energy.
The decay constant of radionuclide (sec™ ').
Irradiation time (sec). ‘

t, = The cooling time (sec).

t, = The counting time (sec).

~>0~o®q Z5
-
[/ T I I T

The average thermal neutron flux at the sample irradiation position was found to
be 1.991 x 10° n/em? - s.

Experimental Resuits and Discussion
Hematite Ore Sample

Hematite is considered as one of the most important iron ores in Saudi Arabia. It
was found with a high abundance in Wadi-Fatma at Shemaysi area around the village
of Shemaysi (25 km) east of Jeddah!".. A 100 g of this hematite ore in granules form
encapsulated in a polyethelene container was used in this work. This container was
choosen due to its low background. The sample was insured that it is well mixed and
homogenized and then positioned in the neutron irradiation facility at the proper
position, which was very close to the neutron source for one week irradiation time.
Afterirradiation, the sample was transfered to its position at the detection system.

Gamma-Ray Spectrum Measurements and Qualitative Analysis of Hematite Ore Sample

The gamma-ray spectrum of hematite ore sample has been collected by means of
the HPGe detection system for 3600 s. and plotted as shown in Fig. (4) up to 2500
keV. A total of 35 gamma-ray lines have been identified in the spectrum. It was
found that the tables mentioned in references!® %! were very useful in identification
of each element belonging to its characterized gamma-ray lines.

The half-life of each isotope, its abundance as well as the intensity of each gamma-
ray line were the main factors used to identify each element in the sample under in-
vestigation.

More than one measuring run for the gamma-ray spectrum was found very useful
to identify the exact related element with high accuracy. Different time intervals be-
tween each run are needed depending on the half-life time of the interested element.
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FiG. 4. The gamma-ray spectrum of hematite ore sample coliected by the hyper pure germanium detec-

tion system for 3600 seconds. (Energy up to 1200 keV).
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It was found that the 35 gamma-ray lines appeared in the gamma-ray spectrum of
the irradiated hematite ore sample were belonging to the following 8 elements; (Al),
(K), (Ti), (Fe), (As), (Eu), (Ra) and its daughters, as listed in Table (2).

TABLE 2. The gamma-ray lines appeared due to different isotopes of the elemental constituents of the ir-
radiated hematite ore sample with **' Am-Be neutron source. The isotopic abundance, half-

life ( T, ) and the neutron capture cross-section are presented.

Element Product Method of production | Isotopic ( T ) (4 Gamma-ray energies
Isotope % ; Barn Obtained in this work
in(keV)
Al %A1 TAl(n - y)®Al 100 2.3min 0.23 1778.80
1276.80(S.E.)
765.80(D.E.)
K K Natural decay chain - 1.27 x 10y 1460.70
Ti SITi Ti(n - y)"'Ti 53 5.7min 0.179 320.30,608.40
928.50
Mn *Mn “Mn(n - y)*Mn 100 3.5hr 133 846.75

1811.30, 789.30(D.E.)
2113.30,1091.30(D.E.)

Fe YFe %Fe(n - y) “Fe 0.31 4.6d 1.15 192.20,1099.14
‘ 1291.60
As As BAs(n - y)*As 100 26.32hr 43 559.06,657.02
1216.17
Eu S2Ey “'Eu(n - y)"Eu 478 9.3hr 3300 121.80, 344.30,
841.50, 963.30

1314.61,1389.00
1411.80,900.80(S.E.)

Ra Ra Natural decay chain - 1600y 241.98, 295.10, 351.19,

580.15, 609.30,1120.30
1238.00, 1377.70,
1728.80,1764.51
2204.00

Evaluation of Manganese Percentage in Hematite Ore Sample

Manganese element has an isotope of Mn of 100% abundance, with a thermal
neutron cross-section of ~ 13.3b.

Each gamma-ray line was used to determine the concentration percentage value of
manganese using the following two methods: The first method depends mainly on
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the neutron flux and the efficiency of the system used which could be summarized as
follows :

The net peak area for each gamma-ray line is calculated and the activity of the ir-
radiated sample could be obtained. Using the following equation, which is extracted
from equation (1) :

m, =

= Alt) - M(i) — (2)
DN, o BT (D= M) (M —e M)

the mass of the element (m,) could be estimated using the values of ¢, and €. The
data is obtained for a 100 g of hematite ore irradiated sample.

The average corrected percentage concentration value of Mn in hematite ore sam-
ple is obtained as 0.332 = 0.013%.

The second method depends on the concentration values of some standard sam-
ples of Mn and the net peak area of the selected gamma-ray lines, which called, the
sensitivity curves as follows :

Five samples of manganese sulphate mixed with pure sand to make 5 concentra-
tion values of manganese at: 0.15,0.19,0.37, 0.55 and 0.64 percent were used to con-
struct the sensitivity curves of manganese for each gamma-ray line mentioned above,
as follows :

Equal amounts of the mixed samples were encapsulated in polyethelene capsules
and irradiated together with a sample of pure sand which has about zero manganese
concentration value as well as a sample of hematite only. After irradiation of about
10 days time, each sample was transferred to the detection position in front of the
HPGe detector. The gamma-ray spectrum for each sample had been collected for
900 s. The net peak areas for manganese gamma-ray lines at 846.75, 1811.30 and
2113.30 keV have been calculated, and plotted against the concentration values as
shown in Fig. (5). The net peak area of the same gamma-ray lines using the hematite
ore sample which irradiated under the same conditions have been calculated and
then the concentration percentage values could be extracted from the sensitivity
curves.

The obtained values were as listed in Table (3). The average manganese percen-
tage concentration value in hematite ore sample was found to be 0.325 + 0.056%.
This value was very close to that value obtained by the above method of (0f 0.332 +
0.013%), which is in good agreement with that obtained by the prompt gamma-ray
technique mentioned in refs.[2 2%}, :

Phosphate Ore Sample

Phosphate ores are of industrial importance, and more knowledge is needed on
their qualitative and quantitative analysis. In Saudi Arabia, phosphate ore is found
in the north borders in two main zones of Taif and Thinaiat up till Skaka.
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1G. 5. Calibration curves for Mn determination in hematite ore sample using the gamma-ray lines at:
846.75 keV (m), 1811.30 keV (©), and 2113.3 keV (®).

TasLE 3. The percentage concentration value of Mn element in hematite ore sample obtained by using
the sensitivity curves at 846.75, 1811.00 and 2113.00 keV gamma-ray lines. (The data is cor-

rected for background). '
-Ray line The percentage concentration The average value Ref. (24)
y-Rayl value obtained for Mn of the present work and (25)
846.75 0.320 + 0.062
1811.30 0.330 = 0.053 0.325 £ 0.056 % 0.42 £0.02
2113.30 0.325 +0.054
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The local phosphate sample under investigation was taken from Alsanam area. No
recent articles have been published for elemental analysis of Saudi phosphate except
the most recent one of ref.[?*,

Measurements and Qualitative Analysis of Phosphate Ore Sample

A 100 gram phosphate ore sample in a powder form was used. The sample was en-
capsulated in a polyethelene container and positioned in its proper place which was
very close to the **! Am-Be neutron source, for one week irradiation time. By using
the mechanical hand, the sample was transferred after irradiation to the place of de-
tection in order to collect the gamma-ray spectrum for 3600 s. time.

The gamma-ray spectrum of the phosphate ore sample collected for about 3600 s.
time is plotted against the channel numbers as shown in Fig. (6) up to about 3000
keV. A total of 30 gamma-ray lines could be identified for 8 elements as listed in
Table (4). As we did before in case of hematite ore sample the gamma-ray spectrum
of the irradiated phosphate ore sample has been measured several times with inter-
vals of different periods in order to be sure with the presence of the short lived
isotopes. Also, the half life time, the abundance of each isotope in its element and
the intensity of the gamma-ray lines were considered as the main factors for elemen-
tal identification of the sample under investigation.

It is found that the thirty gamma-ray lines appeared in the spectrum were belong-
ing to the following elements (Na), (K), (Sc), (Fe), (La), (Ra), (Th) and (U).

Evaluation of Sodium Percentage in Phosphate Ore Sample

*Na as a product isotope due to neutron interaction with *Na, decay to *Mg by 8-
emission accompanied by two gamma-ray lines at 1368.60 and 2754.00 ke V.

"As mentioned above, both the gamma-ray lines as well as the single and double es-
cape gamma-ray lines of 2754.00 keV photoline have been appeared in the gamma-
ray spectrum, at 2243.00 and 1732.00 keV respectively. All of these gamma-ray lines
are used to determine the concentration percentage value of sodium in phosphate
ore sample by the same two methods mentioned in case of hematite ore sample. The
first method depends on the measured neutron flux and the efficiency of the detec-
tion system where Equation (2) was applied and the activity of a 100 g of the phos-
phate ore sample at the photo gamma-ray lines of 1368.60 and 2754.00 keV were
used as well. The average corrected value of sodium concentration percentage in
phosphate ore sample was obtained as: (8.850 = 0.125%).

The second method which depends mainly on the sensitivity curves, was applied by
irradiating five samples of mixed NaCl with pure sand as a matrix material. In this
method, the five concentration values of sodiumat 6.1, 11.3,17.0,22.7 and 39.7% in
addition to the zero concentration value using the pure sand only and a sample of
phosphate ore are used. A 100 g of each sample was encapsulated in a polyethelene
container. The seven containers were irradiated for one week time. After irradia-
tion, the gamma-ray spectrum of each sample was collected by the hyper pure ger-
manium detection system under the same conditions.
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FiG. 6. The gamma-ray spectrum of phosphate ore sample collected by the hyper pure germanium detec-
tion system for 3600 seconds (Energy up to 3000 ke V).
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TABLE 4. The gamma-ray lines appeared due to different isotopes of the elemental constituents of the ir-
radiated phosphate ore sample with 2! Am-Be neutron source. The isotopic abundance, half-

life ( Tip ) and the neutron capture cross-section are presented.

Element Product Method of production Isotopic ( Ty ) 4 Gamma-ray energies
Isotope % Barn Obtained in this work
in(keV)
Na ¥Na BNa(n - y)*Na 100 15.02hr 0.530 | 1368.60,1732.10(D.E.)
2243.10(S.E.)
2754.10
K “K Natural decay chain 1.27x 10% 1460.70
Sc “gc “Sc(n - y)*Sc 100 83.80d 26.5 889.30,1120.50
Fe PFe Fe (n - y) ¥Fe 0.31 44.6d 1.15 1099.14, 1291.60
La HoLa La(n - y)"La 99.91 40.27hr 9.0 328.76
815.78,1596.17
Ra Ra Natural decay chain 1600y 241.98, 295.10, 351.19,
with 609.30,1120.30
daughters 1238.00, 1377.70,
1728.80, 1764.51
2204.00
Th 2Th Natural decay chain 191y 238.20,763.30
1592.47(D.E.)
2105.47(S.E.)
2614.47
U ®Np Decay of U due to 99.28 7.59 209.80,228.10
2ym-y*u 277.50

The net peak area of the gamma-ray photo-line at 2754.00 keV as well as the
gamma-ray lines at the single and double escape peaks of this line at 2243.00 and
1732.00 ke V respectively are plotted against the concentration values of Na as shown
in Fig. (7).

The net peak areas of the same gamma-ray lines appeared in the spectrum of phos-
phate ore sample had been calculated and the concentration percentage values of Na
in this ore were obtained as listed in Table (5). The data obtained was corrected for
background and it was found that the average corrected value of sodium concentra-
tion percentage in phosphate ore sample was at (9.17 = 0.33%) which was in fair ag-
reement with the value obtained by the first method. Taking into consideration the
errors in these results, one can say that they were in a good agreement with the data
reported in ref.[24].
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FiG. 7. Calibration curves for Na determination in phosphate ore sample using the photo gamma-ray line
at 2754.10 keV (®), the single escape line at 2243.10 keV (®), and the double escape line at
1732.10keV (A).

TaBLE 5. The percentage concentration value of Na element in phosphate ore sample obtained by using
the sensitivity curves of the gamma-ray photo line at 2754.00 keV and the single escape line at
2243.10 keV and the double escape line at 1732.10 keV. (The data is corrected for

backeround).
v-Rayline The percentage concentration The average value Ref. (24)
inkeV value obtained for Na of the present work and (25)
2754.00 9.22+0.30
2243.10 9.10+0.40 9.167 £0.333 % 9.490 = 0.480
1732.10 9.20+0.30 :
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Conclusion

In this work the nondestructive multiclement neutron activation analysis
technique was applied to identify the elemental constituents of hematite and phos-
phate ore samples. The evaluation of Mn in hematite and Na in phosphate were pre-
sented. The newly established 2*' Am-Be neutron irradiation facility at Physics De-
partment of Faculty of Science (KAAU) was used to irradiate the samples and the
standards investigated in this work. The well calibrated hyper pure germanium de-
tection system was used to collect the data obtained.

More than 35 gamma-ray lines in hematite gamma-ray spectrum were belonging to
8 elements and 30 gamma-ray lines in phosphate spectrum belonging to 8 elements
have been identified. The identified elements were Al, K, Ti, Mn, Fe, As, Euand Ra
in hematite sample and Na, K, Sc, Fe, La, Ra, Rh and U in phosphate sample. The
concentration percentage value of Mn in hematite was obtained as 0.332 + 0.031%
and Na in phosphate was at 9.17 = 0.33%.

The data obtained in this work, is of great importance to geologists. Further inves-
tigations should be carried out which will lead to more important information about
these elements for each ore sample.

It is recommended to use the well prepared and calibrated facilities of irradiation
and detection described in this work in other areas such as environmental industrial
and medical fields. This could be carried out using more active neutron sources and

applying more computer programmes, just to facilitate the analysis of such promising
data.
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