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Calculation of Excess Stability Functions of Four Binary Alloys
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Accepted on: 29/9/2020

Abstract: The thermodynamic model based on cluster of two atoms is considered with the
view to obtaining Scc(0) and the excess stability function of Scc(0). Concentration-
concentration fluctuation; Scc(0) of four binary molten alloys was calculated. The
thermodynamic properties of these alloys are evaluated based on cluster of two atoms (A &
B) or (B & A). Each system has the view of obtaining concentration-concentration
fluctuation; Scc(0) enumerating the low-order atomic correlation in the nearest neighbour
shell of liquid binary alloys.The highlights of excess stability functions(ES) of Scc(0) of
these alloys were reported. The values of Scc(0) for all these alloys are higher than the
ideal solution values. The values of Scc(0) for Bi-Cd alloy is close to the ideal Scc (0). The
indication of the excess stability of Scc(0) for some alloys is in support of
homocoordination. The Scc(0) and excess stability function of Scc (0) for the four alloys
are presented.

Keywords: Concentration-concentration fluctuation, Excess stability function, Ordering

energy.

Introduction

The neutron diffraction experiment in
particular is a very useful tool to obtaining
structural information and thermodynamic
properties of binary liquid alloys [1]. In most
cases, obtaining the experimental data needed for
the calculation of specific thermodynamic
properties is not a problem (except in some
uncommon cases where the experimental data
for some alloys may not be available due to
cumbersome task involved and experimental
difficulties). In principle, Short Range Order
(SRO) which has a relationship with
Concentration-Concentration Fluctuation in the
long wave length limit (Scc (0)) in the literature
can be experimentally determined from the
knowledge of concentration-concentration partial
structural factor, S.. (q) and the number-number
partial structural factor Snn(q) [2]. However,
these structures are not easily measurable in
most diffraction experiments. Hence, SRO is
usually computed without necessarily making
reference to its  experimental  values.

Additionally, a direct experimental determination
of Scc (0) is often avoided due to complexities
involved. For this reason, the option of
thermodynamic model which is readily used was
employed.

In this study, ordering energy values were
determined from Scc (0) [3] of which four alloys
were considered and in the application of the
thermodynamic model using the determined
values of ordering energy, the values of Scc(0)
and ES were calculated at various temperatures

[4].

The calculations of the thermodynamic
quantities at different temperatures involve
getting the available experimental data and
employing a suitable theoretical model. These
four candidates (Cd-Ga, Ag-Ge, Al-Au and Bi-
Cd liquid alloys) under observation are those
with variations in the values of thermodynamic
quantities at various temperatures. To be
specific, application is therefore made to these
alloys which belong to a hereocoordinated and

Corresponding Author: O. W. Abodunrin

Email: tayoabodunrin@yahoo.com



Article

Abodunrin and Ajayi

self-coordinated group of alloys. The alloys were
preferred because all of them represent the
classes of metals and semiconductors.

Investigations of liquid metallic alloys on the
basis of Quasi Lattice Model (QLM) and its
usage for extracting values are also found in [5-
7], where this model was used for the calculation
of some thermodynamic properties of
compounds forming binary molten alloys at their
melting temperatures.

In this observation, the QLM was applied to
Cd-Ga, Ag-Ge,Al-Au and Bi-Cd liquid alloys for
the  qualitative  investigation  of  their
thermodynamic properties. Ordering energy
values determined from Scc (0) are recorded in
Table 1. Programs were inscribed to generate
data for thermodynamic expressions as functions
of concentration, c, using ordering energy
values, w, coordination number, Z, Boltzmann
constant, K and temperature, T presented in
Table 1.

TABLE 1. Ordering energy (w) in eV of binary
alloys

Alloy Temperature (°K) Z  W;(eV)

Cd-Ga 700 10.0 0.1133

Ag-Ge 1250 10.0 0.0288

Al-Au 1338 10.0  0.0980

Bi-Cd 773 10.0 0.0210
Theory

The calculation of Scc(0) needs on

attachment like Excess Stability Function (ES).
The variation of this quantity with composition
is informative. This view provides facts that shed
light on monotonous behavior of excess stability
function of nearly ideal solutions with values
approaching zero, although it will exhibit one or
more peaks for solutions with strong chemical
interactions. The positions of peaks correspond
to compositions in which ordering (chemical
short-range or intermediate-range) will occur.
For an ideal solution Scc(0) = XX, whereas for
an alloy exhibiting formation, Scc(0) exhibits
one or more dips with values close to zero.
Consequently, a maximum in ES corresponds to
a minimum in Scc(0). The width and the height
of the dip in Scc(0) and the peaks in Es can be
shown to be related to the degree and extent of
stability of the complex entities.
Thermodynamically, the relationship between
short-range order parameter: SRO,
concentration-concentration fluctuation, Scc(0)

194

and other thermodynamic properties had been
sighted in the literature [8-10]. Moreover,
between Es and Scc(0), it is given below. The
following thermodynamic expressions are from
Quasi Lattice Model.

Quasi Lattice Expressions for Various
Thermodynamic Functions

Concentration-Concentration Fluctuation in
the Long Wavelength Limit

Sec(0) = c(;_c) (1)
(d+ (ﬁ)(l -B)
where 1 = exp(w/ ZKT) ()

and Z is the coordination number for the first
shell, w is the ordering energy, K is the
Boltzmann constant, T is the temperature, ¢ is
the concentration of atom A and 1-c is the

concentration of atom B;
0.5

where f = (1+4c(1-0lNM-1) 3,
n and B are thermodynamic parameters which

are interwoven.

Excess Stability Function (ES)
RT RT

S = — @)
Scc(0)  c(1-c)
Ideal Concentration - Concentration
Fluctuation in the Long Wavelength Limit
Scca(0)=c(l-0) (5)
R is the molar gas constant.
Results

TABLE 2. Calculated experimental Scc(0) and
ES of Cd-Ga alloy using experimental
activity. Ccq is the concentration of cadmium
in the alloy at 700 °K.

Cca Sce(0) Sce(0)id ES (10° J/mol)
0.0 0.0000  0.00 0

0.1 0170  0.09 -30.4301
02 0437  0.16 -23.0545
03 0976 021 21.7494
04 1718 024 -20.8615
0.5 1.745 025 -20.0060
0.6 1.143 024 -19.1580
0.7 0638 021 -18.5918
0.8 0347  0.16 -19.6044
0.9 0228  0.09 -39.1390
1.0 0.0000  0.00 0
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TABLE 3. Calculated experimental Scc(0) and ES of Ag-Ge alloy using experimental activity. Cag is
the concentration of silver in the alloy at 1250 °K.

3
Cag  Sco(0)  Sce(0)id F}/SI;L%
0.0 00000  0.00 0
0.1 0112 009  -22.6814
02 0193 016  -11.1067
03 0262 021 -9.8438
04 0303 024 9.084
0.5 0288 025 5.4856
0.6 0222 024 3.5102
0.7 0153 021 18.4363
0.8 0104 016  37.9742
0.9 0076 009 212714
1.0 0.0000  0.00 0

TABLE 4. Calculated experimental Scc(0) and ES of Al-Au alloy using experimental activity. Ca; is

the concentration of Aluminum in the alloy at 1338 °K.

3
Ca Sco(0) Scc(0)id Ein(li)%
0.0 0.0000  0.00 0

0.1 0.180 009  -61.7979
02 0313 016  -33.9859
03 0372 021  -23.0680
04 0412 024  -193508
0.5 0422 025  -17.4960
0.6 0403 024  -18.6982
07 0251 021 8.6549
08 0268 016  -28.0182
09 0.151 009  -49.9314
1.0 0.0000  0.00 0

TABLE 5. Calculated experimental Scc(0) and ES of Bi-Cd alloy using experimental activity. Cg; is
the concentration of bismuth in the alloy at 773 °K

3
Coi Sco(0) Scc(0)id F}/SI;L%
0.0 0.0000  0.00 0
0.1 0.089  0.09 -0.8023
02 0.166  0.16 14516
03 0250 021 4.8961
04 0296 024 46168
0.5 0296 025 3.5459
0.6 0256 0.4 1.6736
0.7 0204 021 0.9004
0.8 0.156  0.16 1.0310
0.0 0065 009  27.4645
1.0 0.0000  0.00 0
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Discussion

Figs. 1, 3, 5 and 7 show the plots of
concentration-concentration fluctuation Scc (0)
against concentration of element for Cd-Ga, Ag-
Ge, Al-Au and Bi-Cd liquid alloys at their
melting temperatures. The Scc(0) of these alloys
increases initially to a maximum (owing to the
charge transfer between neighboring atoms)
within the entire concentration range with
distinct peaks at Ccq = 0.5, Cpg = 0.4 and Cg; =
0.4 and the remaining liquid alloy has some

depression at the right side of the curve (owing
to chemical alternation of positive and negative
charges with length scale approximately twice
the nearest neighbor distance) at Co = 0.7. In
Fig. 5, the curve of Scc (0) against C, of
aluminum-gold alloy rises above the ideal
solution curve (because of the topological short-
range order; i.e., geometrical arrangements of
atoms), indicating homocoordination (preference
of like atoms as the nearest neighbors). Fig. 3
has an ideal solution curve intersecting with the

199



Article

Abodunrin and Ajayi

curve of Scc (0) at concentration between Cyg =
0.5 and 0.6 because of directional bonding. In
Fig. 7, the calculated Scc (0) is in perfect
agreement with ideal solution values at points
Cg = 0, 0.1, 0.2, 0.7, 0.8 and 1.0, but with
observed disagreement at points Cg; = 0.3, 0.4,
0.5, 0.6 and 0.9. This is because there is a near
cancellation of the ionic potentials, while at large
distances ionic potentials were screened. Fig. 7
also has its calculated values for Scc(0) of Cd-
Ga above the ideal solution values, which is in
support of homocoordination or  self-
coordination.

Figs. 2, 4, 6 and 8 show the plots of excess
stability function versus concentration of
element. The display in Fig. 2 shows an initial
decrease in the curve to a minimum (possibly
when the disordered potential is too large) with a
corresponding gradual increase and some
fluctuations with concentration. The excess
stability function has negative values; it falls
downward to concentration Ccqy = 0.1 before
ascending in a straight line between Ccq = 0.2
and 0.8 eventually with a repetition of what was
displayed at Ccq = 0.1 being also displayed at
Cca = 0.9 with minimum excess stability
function between Ccy = 0.8 and 1.0 which was
lower than what was observed at the initial stage
of the curve. The excess stability function
displayed in Fig. 4 shows an initial decrease as
the concentration increases and subsequent
increase in concentration makes excess stability
function reach the highest value. In Fig. 6, the

display shows the short-range repulsive potential
which prevented the atoms of Au and Al from
reaching each other, thereby allowing the Es
values to be completely negative throughout the
concentration. In Fig. 8, as the concentration
increases, there was a corresponding decrease in
the excess stability function (due to interatomic
potentials repelled by the central potential)
between Cp; = 0.2 and 0.6 with negative
significance. A sharp increase in excess stability
up to maximum value (due to pair correlation
function thus formed at a distance a little greater
than the effective diameter) in the concentration
range Cp; = 0.8-0.9 was observed before falling
sharply to zero excess stability function at Cg; =
1.0. Lastly, the peaks of excess stability function
were obtained in the concentration range of 0.8
for Ag-Ge and 0.9 for Bi-Cd, except for Al-Au
and Cd-Ga liquid alloys.

Conclusion

Ag-Ge and Bi-Cd liquid alloys are chemically
strong interacting compounds with chemical
short-range order. The dip in Al-Au liquid alloy
is an indication of slight formation. The width
and height of excess stability function at a
specific concentration for Ag-Ge is a candidate
of stability possibly in excess. The narrow width
and considerable height of excess stability
function for Bi-Cd are described with strong
stability and Cd-Ga liquid alloy is a weak
interacting system with an intermediate range.
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Abstract: Harmonic self mode-locking effects are observed in heavily doped fiber lasers
operating near 3 um. The temporal profiles for the output of an Er-ZBLAN fiber laser
operating at ~2.7 um and an Ho, Pr-ZBLAN fiber laser operating at ~2.87 yum are reported.
Stable second harmonic mode-locking is observed in the Er-ZBLAN fiber laser under
970nm pumping for an Er concentration of 50000 ppm, while unstable harmonic mode-
locking of order of between 1-1/7 times the round cavity round trip time was observed for
the higher concentration of 80000 ppm and for all pump powers. Unstable harmonic mode-
locking is observed in the Ho, Pr-ZBLAN fiber laser when pumped at 1064nm, for fiber
lengths up to 13m and for all pump powers. The experimental mode-locked pulse train
periods are found to be consistent with theoretical analysis. The origin and properties of
harmonic self mode-locking in heavily doped ZBLAN fiber lasers operated near 3 um are
discussed.

Keywords: Er-ZBLAN fiber laser, Ho, Pr-ZBLAN fiber laser, Self mode-locking,
Harmonic self mode-locking.

PACS: Fiber lasers, 42.55.Wd, Mode locking, 42.60.Fc.

Introduction

Pulsed Fluoride glass fiber lasers of various
configurations have exhibited both continuous
wave (CW) and pulsed output at power levels in
the 2W range at wavelengths in the 2.7-3 um
spectral region, that can be useful for numerous
medical, industrial and research applications.
These fiber lasers have potential advantages of
being flexible (the laser output can easily be
guided into difficult regions), compact, efficient,
reliable and low cost compared with other bulk
lasers. In addition to all these advantages, the
temporal profile of these fibers is very rich in
effects and their nonlinear properties make them
attractive for ultra-short pulse production which
might be useful for medical and surgery, sensing
materials processing with high moisture content,
textile manufacturing and general research
applications. Ultrashort pulse generation in
lasers generally relies on mode-locking by

amplitude modulation (AM) or frequency
modulation (FM) at the cavity round trip
frequency. These effects can be induced actively
or passively in the cavity. However, some
cavities incorporate self-focusing or extra-
nonlinear effects resulting in self mode-locking
(SML) [1,2]. SML has been reported in gas [3],
dye [4] and solid state (particularly the Ti-
sapphire) and ruby lasers [2,5]. Self mode-
locking in CW or pulsed operation has been
reported for many fibers operating between 1
and 2 um; these include neodymium [6,7],
ytterbium [8], erbium [9 -11], thulium-silica [12
-14], thulium-holmium [15] and thulium-
ZBLAN [16]. The details of the previous
observations can be found in [12]. Self-locking
in fiber lasers has been attributed to either the
possible existence of Brillouin scattering in the
output of the pulsed fiber laser [17 - 19], the
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optical Kerr effect and the presence of self-phase
modulation [6], frequency pulling contribution
for the doped material [7] or the existence of
saturable absorption in the fiber core [12] as a
result of the creation of colour centres during the
up-conversion lasing [16].

Harmonic mode-locking is another interesting
feature which was reported in some fiber lasers
where additional pulses can be observed located
in-between the train of the phase-locked pulses
when the fiber is passively mode-locked [20,
21]. Harmonic mode-locking is also observed in
stimulated Brillouin scattering (SBS) fiber lasers
due to hole burning in the spectrum of SBS in
optical fibers [22]. Harmonic mode-locking can
be used to scale up the repetition rate of
femtosecond fiber lasers which may be very
useful for some applications, although the time
jitter of the harmonic mode-locked pulses around
their average positions might be relatively high.
The repetition rate of the harmonic mode-
locking can be simply changed by variation of
the pump power level to the fiber cavity [23].
Harmonic mode-locking is generally observed in
soliton fiber laser with negative group velocity
dispersion [24] and is interpreted as being due to
a repulsive force between the pulses that is
generated by phase effects in saturable
absorption [25], as well as the recovery
dynamics in the saturated gain medium [26].
Additionally, the interaction of the soliton pulses
with a small oscillating continuum in the cavity
can produce repulsive and attractive forces
between the pulses leading to harmonic mode-
locking. Acoustic resonance of the fiber at
subgigahertz frequencies leads to further
stabilization of the harmonically mode-locked
train and particularly can reduce the time jitter to
very small values [27, 28].

In this study, harmonic self-locking is
observed in fibers emitting near 3um. Self-mode
locking has not been reported previously in
fibers emitting in the 3um spectral region and
harmonic mode-locking in general has not so far
been observed in any fibers which incorporate
self mode-locking. The repetition rate and the
stability of the mode-locking are established to
be dependent on the concentration of the dopant
as well as the length of the fiber, while no
significant dependence is observed on the
strength and condition (CW or pulsed) of the
pump on stability and the repetition rate of the
harmonic self-locking.
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Experimental and

Measurements

Techniques

The following fiber lasers were used for these
studies:

1) A double-clad Er-doped ZBLAN fiber laser
that has a rectangular-shape to match the
shape of the pump beam of a high power 970
nm diode laser and promote cladding-to-core
coupling, 40 mm diameter core which
supported multi transverse mode operation,
core numerical aperture (NA) of 0.12, first
clad NA of 0.5, a rectangular first cladding
with a dimensions of 150 and 200 mm. Two
different doped core concentrations have been
used, 50000 ppm molar for a fiber length of
7.3 m and 80000 ppm molar for a fiber length
of 11.3 m.

2) A single-clad Ho, Pr doped- fluoride fiber
with concentrations of 30000 ppm molar Ho
and 3000 ppm molar Pr, a core diameter of
15um, a numerical aperture of 0.13, an
intrinsic loss of ~30 dB/km at 800 nm and
supported single mode operation. Laser
action in this fiber had been previously
demonstrated [29, 30].

Observations of Harmonic-Locking in
Double-Clad Er-Doped ZBLAN Fiber Lasers

The experimental arrangement is shown in
Fig. 1.

The Er-doped fiber laser was pumped by a 30
W diode laser operating at 970 nm. The diode
provided both CW and square pulse pumping
with minimum duration and period of 1 ms. The
pump was launched to fiber via objective lens
with numerical aperture (NA) of 0.25. The fiber
was butted to the mirror, highly reflecting at the
lasing wavelength and with high transmittance at
the pump wavelength. The distal facet of the
fiber was butted to a Ge filter to reflect the pump
wavelength, as well as to provide feedback to the
cavity. The temporal behaviour of the output was
monitored by an InGaAs  photodiode
(Hamamatsu G8423-03) with a cut-off frequency
of 60 MHz and a rise time of ~ 6 ns. The
photodiode has a cut-off wavelength of 2.6 pm
and was used as a two-photon absorption
detector; however, a Ca,F lens was used to focus
the light into the detector and thus increase the
gain.
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Objective lens

970 nm diode
laser

HR Mirror at <2.6mm.
HT at 970 nm

Er - ZBLAN fiber laser

Ca,F lens

Ge filter

60Mz freq. DSO
A

FIG. 1. Experimental arrangement for diode pumped Er-doped ZBLAN fiber laser. (DSO-digital sampling
oscilloscope).

Cutback experiments showed that more than
82 % of the pump light was launched into the
fiber, which resulted in a maximum power of
300 mW with ~18 % slope efficiency after the
threshold of 100 mW launched power, for a fiber
length of 7.6 m with a dopant concentration of
50000 ppm. A maximum power of 190 mW with
~11% slope efficiency after the threshold of 300
mW was produced for a fiber length of 11.3 m
with a dopant concentration of 80000 ppm. The
temporal output for the 50000 ppm Er-doped
fiber showed that at low pump power, near the
threshold, the output was self-pulsing with a

A

A )

Ppump=1.7 W

chaotic pulse burst; each of these pulses
consisted of a train of small pulses with a time
period between pulses of 37.5 ns, which is equal
to half the cavity lifetime Tr. At higher pump
power, the output changed into CW and a train
of small pulses was also observed within the
output at the same repetition rate. Thus, there
was no significant effect of pump power on the
generation of the train of short pulses or on
changes in its repetition rate, where the pulse
train appeared to be almost stable for all pump
powers, as shown in Fig. 2.
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FIG. 2. Self-locking observations in the output of Er-doped ZBLAN fiber laser with a concentration of 50000
ppm molar, at various pump powers. The fiber length was 7.3 m and the self mode-locking occurred at half the
cavity round trip time Tg.
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More investigations were carried out using a
longer fiber of about 11.3 m, with a higher
concentration of 80000 ppm molar. The temporal
output showed similar observation to the first
experiment, but with an unstable train of short
pulses and with more harmonic order. Fig. 3
shows that for all pump powers down to the
threshold, the train of short pulses mainly
consisted of a train of short pulses with a time
interval between pulses matching the cavity
round trip time Ty, and after a short time, more

T Tr=112ns

Intensity (mV)

pulses started to develop in between the main
pulses resulting in a train of short pulses with
period time varying between Tr and 1/4 Ty and
pulses became weaker for time periods between
1/5 TR and 1/7 TR.

However, the train of short pulses was also
seen in the pulsed output of the fiber when
pulsed pumped with 1ms on- and 1ms off-pulses,
as in Fig. 4.

\N\M/W W\NWJWVWW\N\/WV

Time (ns)
FIG. 3. Self-locking observations in the output of 11.3 m, Er-doped ZBLAN fiber laser with a concentration of
80000 ppm molar. The self locking occurred at different harmonics of the round trip cavity time Ty, ranging
between 1 and 1/7.
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FIG. 4. Observations of self-locking in the output of 11.3 m, Er-doped ZBLAN fiber laser when pulse pumped
by a modulated input, Ims on and 1ms off, from 970 nm diode laser. The peak power of the high intensity laser
pulse was 2.1W.
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Observations of Harmonic-Locking in Single-
Clad Ho, Pr-Doped ZBLAN Fiber Lasers

Fig. 5 shows the experimental arrangement
for this study.

The fiber was pumped by a single-mode
vertically polarized Nd: YAG laser operating at
1064 nm. An objective lens with a NA of 0.25
was used to launch the pump laser light reflected
from a 45° dichroic mirror into the fiber. The
mirror was 99 % HR at the pump wavelength
and 97% HT with an antireflection coating at the
lasing wavelength. The end facet of the fiber was
butted against an HR mirror at both the pump

3
HR Mirror —
at < 2.6 pm

I. Ho-Pr ﬁber laser /

and lasing wavelengths, so that the cavity
consisted of Fresnel reflection and a highly
reflecting mirror. Cut-back measurements were
carried out in which the launch and the slope
efficiencies and optimum length of the fiber
were determined. It was found that
approximately 85% of the incident power could
be launched into the fiber resulting in more than
600 mW output power at a slope efficiency of ~
9% for the near optimum length of the fiber laser
of 9.2 m. The detection of the output was carried
out using an InGaAs photodiode.

45° deg. Mirror
HT at <2.6 pm
HR at 1064 pm

=
T
=
=
=
. i A—
laser beanl} E Cﬂ
InGaAs . .
photodiode: = tieg. DEl

~5 ns rise time and
60 MHz cut-off freq.

FIG. 5. Experimental arrangement for Ho, Pr-doped ZBLAN fiber laser pumped by an Nd: YAG laser.

The temporal profiles of the output for
several lengths of the fiber: 8.84 m, 9.2 m, 9.75
m, 10.6 m and 13.25 m, were investigated. The
output consisted of a train of short pulses with a

r
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time interval which fluctuated between Tr and
1/3 Tk for fiber lengths > 9.2 m and was fixed at
the around cavity round trip time for 8.8m, as
shown in Fig. 6.

Tr =100 ns
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FIG. 6. Observation of self-locking in the output of Ho, Pr-doped ZBLAN fiber laser. For a fiber length of 9.4 m,
the self-locking was unstable and the period between the pulses varied between 1 and 1/3 Ty (cavity round trip
time). For shorter fiber length, 8.84 m, the self-mode-locking time was fixed at the cavity round trip time Tg.
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Similar to the observations on the Er fiber, no
effect was found on the strength of the pump
power on the temporal behaviour of the fiber; the

train of short pulses was observed for all powers
down to the threshold, as shown in Fig. 7.
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FIG. 7. Self-locking observations in the output of the Ho, Pr-doped ZBLAN fiber laser at various pump powers
for a fiber length of 10.6 m. The period between the pulses varied between 1 and 1/3 Ty (cavity round trip time);
for the purpose of comparison, the train of pulses which locked at the time equal to the cavity round trip is
shown in this figure.

The period between the two main pulses was
measured for several lengths of the fiber and
matched the round trip cavity time which can be
calculated from T 2nl/c, where n is the
refractive index of the fiber, L is the length of

140

120

the cavity and c is the velocity of light. Fig. 8
shows a perfect match between the experimental
results and theoretical values for the single-clad
Ho’", Pr'*-doped ZBLAN fiber laser considering
n ~ 1.52 for this fiber.
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FIG. 8. Comparison between the experimental results and theoretical values of the self-locking at cavity round
trip time, observed in the output of Ho, Pr-doped ZBLAN fiber laser.
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Discussion

The experimental observations showed that
the output of the heavily fluoride fiber laser
emitting near 3 pm consisted of a train of short
pulses. For true mode-locking, the period
between two main pulses should match the round
trip cavity time, TR =2nl/c, where n is the
refractive index of the fiber, 1 is the length of the
cavity and ¢ is the velocity of light. Fig. 8 shows
a perfect match between the experimental and
theoretical values for the single-clad Ho, Pr-
doped ZBLAN fiber laser assuming n~1.52 for
this fiber. The same match has also been found
between the experimental results (75 ns and
113ns) and theoretical values (74.6ns, 112.8 ns)
for the 50000 and 80000 ppm double-clad Er-
doped ZBLAN fibers considering the fiber
refractive index n~1.47. The harmonics of the
theoretical values match the harmonics of the
experimental results. This suggests that the fiber
is self-locked at the harmonics of the round trip
cavity. This self-locked output was accompanied
by CW emission which indicated that not all the
longitudinal modes are locked and this may be
because the fiber is a high-gain medium and very
strong locking should apply. Also, from previous
observations, it was demonstrated experimentally
that the key elements required to generate stable
and perhaps full CW mode-locking with 100 %
modulation depth are the length of the fiber as
well as the dopant concentration. According to
our previous studies [12, 13], the origin of the
mode-locking effect in heavily doped fiber lasers
may be considered to be due to the following
mechanisms:

a) The un-pumped far end of the fiber re-
absorbed the laser beam and thus acted as an
internal passive saturable absorber. The
modulation depth and recovery time of this
passive saturable absorber increases with the
length of the fiber. For a very long fiber, the
modulation by saturable absorber becomes
strong enough to lock some of the
longitudinal modes on a time scale shorter
than the round trip cavity [18 -25].

b) The frequency pulling contribution for the
heavily doped material is strong enough to
lock some of the longitudinal modes to match
the round trip cavity time and possibly for the
more heavily doped fiber, as was seen for the
Er-doped ZBLAN fiber. This frequency
becomes large enough to lock some of the
modes on a time scale shorter than the round

trip cavity time. Also, the interactions
between ions in the heavily doped fiber at
certain dopant levels become larger, as the
ion-ion distance is smaller. This leads to huge
fluctuations in the self-locking of the output;
i.e., continuous changing of the locked pulse
repetition frequency.

¢) Another possible explanation is that the self-
locking is due to the Stark levels within the
I, and ’I; energy levels in Er- and Ho, Pr-
doped fluoride fiber lasers [31]. The self-
locking is considered to result from ion-pair
interaction, leading to fast movement
between the Stark levels in the lower lasing
energy level of the "I, in Er and °I; in Ho,
thus acting like a fast saturable absorber. The
ion-pair interaction increases with the longer
fiber as the effective area of the saturable
absorber increases for the longer fiber length,
resulting in stronger absorption effects and
thus stronger modulation. This interaction can
be increased by increasing the concentration
of the dopant material. Strong ion-pair
interaction between the Stark levels can lead
to a very fast recovery time and strong
modulation in the laser cavity, which in turn
can be responsible for locking the modes in a
time shorter than the cavity round trip.

Conclusion

The temporal profiles of the output of an Er-
ZBLAN fiber operating at ~2.7 pm and an Ho,
Pr-ZBLAN fiber operating at ~2.87 pum have
been investigated. The temporal profiles of the
output of these fiber lasers are found to be self
mode-locked. The self mode-locking was stable
for short fibers or for low concentrations. For the
Er-doped ZBLAN fiber, the output was locked at
half the round trip cavity time for a fiber with a
concentration of 50000 ppm or at harmonics of
the round trip cavity time for a fiber of 80000
ppm, with interpulse periods up to 1/7 Tg. The
output from the Ho, Pr-doped ZBLAN fiber was
locked at the cavity round trip time for a fiber of
8.8 m length, while it was locked at harmonics of
this time for longer fibers. The length and
concentration of the doped material have a major
effect on the repetition rate and stability of the
self mode-locking in these fibers, while no
dependence was found on the pump strength in
the self-locking behaviour. The origin of the
harmonic self mode-locking in heavily doped
3um fiber lasers is attributed to the existence of
saturable absorption in the fiber core, frequency
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pulling contribution for the doped material or
ion-pair interactions leading to fast movement

between the Stark levels in the lower lasing
energy levels.
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Abstract: Setup for self-starting passive Q-switch operation of IR fibre laser via nonlinear
polarization rotation (NPR) was demonstrated for the first time for linear cavity. A Q-
switched pulse duration of ~ 600 ns, a maximum peak power of ~16 W and an average
power of 408 mW have been obtained at 223 kHz repetition rate for 5.1 W pump power
from 1319 nm CW Nd: YAG laser launched to ~ 2.78 m unidirectional single-clad Tm-
doped silica fibre linear cavity using only flat polarizer and feedback mirror to induce NPR.
The dependence of the fibre laser output characteristics on the polarization angle of the
polarizer is also reported. However, self induced passive Q-switching in linear fibre laser
cavities is only observed in fibres with angled cleaved ends and with lengths that are
around the optimum length for CW operation.

Keywords: IR fibre laser, Passive Q-switching, Nonlinear polarization rotation, Linear
cavity, Ring cavity.

PACS: Fiber lasers, 42.55.Wd, Q-switching, 42.60.Gd.

Introduction

Continuous wave (CW) and pulsed operations
for fibre lasers operated near or amid IR have
been demonstrated in various studies. The Q-
switched fibre laser can be achieved actively or
passively by various methods. These are by
inserting: an acoustic optic or an electro-optic
modulator inside the cavity of the laser [1 - 3]
for actively Q-switched regimes or a saturable
absorber (SA), such as transition metal doped
crystal [4], Flrpic thin film [5], Europium Oxide
(Eu,05) [6] and semiconductor saturable
absorber mirror [7], to achieve passive Q-
switching operation. Q-switched fibre lasers
using fibre-based SAs, such as carbon nano-tube
[8 - 11], graphene [12], mismatch of mode field
areas and a saturable-amplifier pump switch [13]
and unpumped active fibre [14], have been also
reported. Nonlinear polarization rotation (NPR)
effect in fibre laser ring cavities with different
designs has also been widely used to initiate and
shape the pulses in Er-doped fibre lasers [16 -

18]. In fact, the NPR technique can produce
intensity-dependent optical transmission by a
self-phase  modulation = mechanism, thus
providing an artificial saturable absorption effect
in fibre lasers' cavity [17]. The saturable
absorption strength can be adjusted by simply
rotating a polarization wave plate. The NPR can
also induce spectral filtering effect to achieve
wave length tuneable passively mode-locked
pulse [16]. Recently, a passively Q-switched all-
fibre ring laser operating at 1949 nm, which is
based on a nonlinear polarization rotation (NPR)
technique using a 2 m long thulium-doped fibre
and a 15 m long thulium-ytterbium co-doped
fibre as active media, was reported [18].
However, self-start Q-switch operation via
nonlinear polarization rotation (NPR) has not
been achieved yet, to the best of our knowledge,
in linear cavity fibre lasers.
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In this paper, a complete novel experimental
demonstration and theoretical explanation of
self-start Q-switching in linear fibre laser
cavities were presented. A new and simple
method to obtain stable self-start Q-switched
output of a Tm’"- doped silica fibre laser in
linear cavity is illustrated. This method is based
on inserting a plane polarizer inside the fibre
cavity. The dynamic behaviour of the output,
in this case, depends on the polarization angle of

Rotated plane polarizer

Tm-silica fiber laser

the polarizer and can vary between unstable self-
pulsing to stable CW and finally to the
requirement-stable self-start passive Q-switching
by rotating the polarizer.

Experimental Techniques and Details

The experimental arrangement of the PQS is
shown in Fig. 1.

1319 nm CW

L, M; pump laser
beam

Power-
meter

4% Glass Ge
reflector

1

| cooo |_|= :l |
InGaAs photo-
diode and 60 MHz

FIG. 1. PQS experimental arrangement of fibre laser pumped by solid-state laser, where M; isa 95 % T at 1.319
um mirror, M, is a 45 deg. mirror that is HR at 1.8 - 2.1 um and HT at 1.3 pm, M; is HR at 1.8 - 2.1 um, M, is
HR at 1.3 um for feedback mirror and L, and L, are objective lenses.

The active medium of the cavity was a Tm-
silica fibre laser cavity which operated at 2um.
The silica fibre had a core diameter of 16 um and
NA of 0.25 and was Tm-doped with a
concentration of 1.1 % w. t. (7000 ppm molar).
The silica fibre laser was pumped by 1.319 um
CW TEM,, which is the output of Nd: YAG
laser. A 7.5 mm focal length objective lens of
NA = 0.25 was used to launch the pump light
into the fibre. The measured launch efficiency
was greater than 60 %. The cavity contained
three high reflectance (HR) mirrors, M;, M, and
M;. M, Mirror is highly transmitting (HT) at 1.3
pum and highly reflecting (HR) over the
wavelength range of 1.8 - 2.1 um. The mirror
was positioned at 45 degrees to the beam axis
and was used to separate the 2 um beam from the
pump. Another objective lens was used to re-
launch the laser light reflected from the M, and
M; mirrors into the distal facet of the fibre,
where the mirror M, is HR over 1.8 - 2.1 um and
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with high transmission (HT) at 1.3 um,
positioned at 45 degrees to the beam axis and
mirror M3 is 99 % HR over 1.8 - 2.1 pm.
Therefore, the cavity was effectively formed by
4 % Fresnel reflection and two HR mirrors at 2
um. Another mirror My, HR at 1.3 um, was used
to reflect back the pump light into the cavity in
order to increase the cavity gain. A CaF, plane
polarizer fixed to a rotation stage was inserted
in-between the objective lens and the mirror M,
to control the losses inside the cavity. The
polarizer has a maximum transmission of ~80%
at lasing wavelength and can operate over a
wavelength range of 1- 2.4 um with the degree
of polarization > 98% at 2um. The maximum
power available was ~ 5.1 W and it reduced to ~
4.8 W after the input mirror M; and the objective
lens. The power launched into the fibre was ~ 3
W and the lasing threshold was about ~ 0.6
W. The maximum power available without the
polarizer in the cavity was 523 mW without
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feedback from M, and ~ 600 mW with feedback,
while the output dropped to 450mW when the
polarizer was present in the cavity and feedback
applied. Various fibre lengths were used of 1.95,
2.78 and 5.67 m and it was found that the
optimum length for output power was in the
range between 2.7 and 2.9 m. Careful cleaving of
the ends of the fibre and accurate alignment have
been adopted to achieve maximum power from
the system. The operating parameters were
measured, such as the relation between the input
and the output powers, from which the
launch efficiency, laser threshold and slope
efficiency have been determined. The output
with a centre wavelength of 1.95 um was
detected by a photodiode (Hamamatsu G8422 -
05) with a cut-off frequency of 80 MHz and a
rise time of 4.37 ns.

a)

Passive Q-Switching Operation in
Linear Cavity

The temporal profile of the output of the 2.78
m Tm doped fibre laser without the polarizer
placed in the cavity showed that the output was a
stable CW when the un-pumped end of the fibre
was cleaved normally with respect to the fibre
optical axis (Fig. 2a), while the output became
quasi-CW when the fibre was angled cleaved
with 6 = 8 deg. with respect to the normal on the
optical axis of the fibre (Fig. 2b). The maximum
output power for both cases was 530 mW. When
feedback from My mirror was applied, the quasi-
CW output changed to self-pulsing with a
maximum power of 572 mW for both angled
cleaved fibre (Fig. 2¢) and normally cleaved
fibre (Fig. 2d).

é P =530 mW, normal cleave without feedback

b)

P =530 mW, angle cleaved without feedback

I (arb)

o Y

| Anda

- P=572mW, normal cleaved with feedback

T — L |

0 25 50 75

-P=572mW, angle cleaved with feedback

100 125 150 175 200 225 250

Time (ps)
FIG. 2. Temporal behaviour for several cavity arrangements without in-cavity polarizer: a) normal cleaved fibre,
blocked feedback pumping from mirror M, b) angled-cleaved fibre, blocked feedback pumping from mirror
M, c) feedback from mirror M, for angle cleaved fibre d) feedback from mirror M, for normally cleaved fibre.

With the normally cleaved fibre, the two
Fresnel reflections for both ends of the fibre (i.e.,
4 % reflections) were enough to create about 220
mW self-lasing output in the fibre, which

increased to 530 mW when feedback was
provided from both the high-reflectance mirrors
M, and M;. This output power varied between a
minimum power of 267 mW followed by a
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maximum power of 442 mW and then another
minimum of 358 mW when in-cavity polarizer
was set at angles of 6 = 0, 45° and 90°. The
temporal profile of the output beam in Fig. 3
shows no significant changes in CW operation

P=267TmW

o
N
I'TTTTITTTT

related to the changes in the rotation angle of the
polarizer. However, it is clear from Fig. 3 that
the fluctuation of the CW temporal profile is
output power-dependent.

P=427mW

(@)
N
£

|\§|
3
z
-

O

25 50 75

100 125 150 175 200 225 250

Time (ps)
FIG. 3. Laser intensity time dependence for normally cleaved fibre for 3 orientation angles ® of the intra-cavity
polarizer. a) ® = 0°, b) ® =45°, ¢) ®=90°.

When the fibre was angled cleaved at an
angle equal to ~ 8°, feedback from M, and M;
mirrors was required in order to generate laser
action in the cavity. With the cube polarizer in
the cavity and set to give minimum output
power, a power of 109 mW CW was obtained,
Fig. 4a. Rotating the polarizer resulted in an
increase of the output power, while no
significant change was found in the temporal
behaviour of the laser output until the output
increased to 356 mW and the temporal behaviour
now was quasi - CW, Fig. 4b. Further rotation of
the polarizer leads to further increase in output
power and the temporal dynamics of the output
are now unstable with a self-pulsing
output power of 409 mW, Fig. 4c. Increasing the
rotation angle further, the output power reduced
again, but became more stable; i.e., CW output
with a maximum power of 405 mW, Fig. 4d. A
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minimum value of output power of 300 mW was
obtained and the output at this power was
unstable self-pulsing, Fig. 4e. The output power
increased on further rotation of the polarizer
until it reached a maximum power of ~ 435 mW
and the output was now a stable passive Q-
switched pulse train with a peak power of 12.7
W and a pulse duration of 733 ns at 211 kHz
repetition rate, Fig. 4f. Further rotation of the
polarizer decreased the output power again until
another minimum was reached and the output
became unstable self-pulsing.

Setting the polarizer to achieve the maximum
power gave a temporal profile of the output
which was passive Q-switching. The input power
was varied down to the threshold lasing of the
system. Fig. 5 shows that self-Q-switching
occurred at all applied pump powers.



Passively Q - Switched Linear Cavity IR Fibre Laser via Nonlinear Polarization Rotation

P=109 mW

P=356 mW

oy
N
B R

P=409 mW

(@)
N~
|

I (arb)

P=405mW

d) -

P=300mW, P ., =192 W

peak —
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P=435mW, P
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50 75 100 125 150 175 200 225 250

=108 W

peak

O

Time (ps)

FIG. 4. Dynamics of normally cleaved fibre end with different orientation angles of the intra-cavity polarizer,
resulting in: a) CW operation at minimum output power, b) Quasi-CW operation at higher power, c) Self-
pulsation at maximum power, d) CW when the power is decreased, ¢) Chaotic self-pulsation when the output
power decreased to the minimum, f) Self-Q-switching when the power is increased to maximum again.
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FIG. 5. Self-Q-switching for various pump powers down to the threshold pumping.

The relation between the average output
power and the peak power of the Q-switched
pulses as a function of launched power is shown
in Fig. 6a. Both average power and peak power
increased with increase in the launched power.
Additionally, Fig. 6b shows that the frequency of
the self-start Q-switched pulses increased while
the pulse duration decreased for increase in
launched power. These results agreed with ones
represented in a previous work that has been
done in ring cavity for the same wavelength [18].

The dependences of the passive Q-switched
profile and the dynamics of the fibre output on
the fibre length were investigated. For a short
fibre, 1.95 m (Fig. 7a), the dynamics was quasi -
CW when the polarizer has been adjusted to give
maximum power extracted from the cavity.
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However, self-start Q-switching or stable CW
has not been observed at any rotation angle of
the polarizer. Similarly, a long fibre of 5.67 m
showed no effect of rotating the angle of the
polarizer on the dynamic behavior (Fig. 7c). The
output in this case was CW at any rotation angle
of the polarizer. In contrary, a ~16 W maximum
peak power and 408 mW average power self-
start Q-switching pulse train with duration up to
~ 600 ns at ~ 223 kHz repetition rate (i.e., 4.48
us time interval between the pulses) had been
observed for an optimum fibre length of 2.78 m
when the system was operated in Q-switch
regime (Fig. 7b). Self-mode-locking with ~ 100
% modulation depth was also perceived within
the observed Q-switching pulses.
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=5.1W,P=430 mW, P,,,=10.62, t,= 900 ns, f =214 kHz.

i pump
E Poump=3 W, P =388 mW, P, = 10.8W, t, = 947 ns, f = 179.4 kHz.
b) -+

Poump=4.5 W, P =318 mW, P,,,=9.88W, t,= 960 ns, f = 165.9 kHz.

pump

=3.1 W, P=121 mW, P, =4.65W, t, = 1.38 s, f=107.5 kHz.

Poump=1.7 W, P=68 mW, P, = 1.94W, t,=2.1 ps, = 88.5 kHz.

pump

pump

e) -

e}

10 20 30 40 50 60 70 80 90 100

Time (ps)

FIG. 6. Output characterization for increasing launched power in the self-start Q-switched regime. a) Average
output power and individual peak pulse power as a function of launched pump power, b) The frequency and the
pulse duration as a function of launched pump power for fibre length of = 2.78 m.
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L=195m, P=355mW

D Mialb A i

I (arb)

- L=2.78m, P=408 mW, t,= 600 ns, f =223 kHz

1 L=5.57m, P=2348mW

0 10 20 30 40

50 60 70 80 90 100

Time (us)
FIG. 7. Temporal evolution of the intensity for: a) Minimum output from 1.95 m fibre, b) Maximum output
from 2.78 m fibre and the self-mode-locking inside the pulse, ¢) Minimum output from 5.67 m fibre.

The dependence of the dynamics of the
output on the orientation angle of the polarizer in
this investigation is summarized in Fig. 8.
However, the two consecutive lower peaks in all
parts of Fig. 8 have different amplitudes, which
indicates that the intra-cavity laser light beam is
more likely elliptically polarized with large and
small components (radii) parallel to the axis of
the fibre. However, it can be deduced from Fig.
8 that at an orientation angle of the
polarizer equal to 90°, only one component (i.e.,
the larger component as the low peak in this case
is higher than the lower next one) passes through
the polarizer and is launched back to the fibre
and because it was already parallel to one axis of
the fibre, only one polarization will propagate
inside the fibre resulting in CW output. The
same scenario will repeat after 90° (i.e., for an
orientation angle of the polarizer at 180°), while
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the smallest will pass through the polarizer to
launch back to the fibre resulting in CW output,
but with lower power compared with the
previous case. In contrast, if the polarization
angle of the launched back beam is not parallel
to the one axis of the fibre (i.e., the orientation
angle of the polarizer should be between m =°
and (2m+1) 7/2°, where m is an integer number),
the linear polarization will split into two
components when it propagates inside the fibre
and the beam becomes elliptically polarized with
a different angle than the initial one, resulting in
NPR. The effect of NPR increases as the
orientation angle of the polarizer increases until
reaching the maximum effect at an angle equal
to m /4, where the two components of linear
polarization of the launched back beam on the
entrance face of the fibre become equal. The
output in this case is more likely QS.
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FIG. 8. Output characteristics for variation of the orientation angle of the polarizer for: a) Fibre length of ~ 2.9 m
(which resulted in optimum output power) with flat cleaved end, b) Fibre length of 2.5 m with angled cleaved
end. ¢) Fibre length of ~ 2.8 m (which resulted in optimum output power) with angled cleaved end.
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Discussion

NPR is a phenomenon that results from the
changes in the direction of light polarization
inside the laser cavity. These changes are due to
self-phase modulation (SPM) and cross-phase
modulation (XPM) in addition to some
birefringence of the fibre [19]. Those nonlinear
effects which cause rotation of light in fibre were
exploited to enable intensity modulation
mechanism in the laser cavity. The NPR - based
Erbium - doped fibre laser (EDFL) relies on the
Kerr effect that creates inside the fibre in
conjunction with an optical isolator to produce a
pulse by setting the initial polarization state to
elliptical. This elliptical state can be resolved
into right- and left-hand circular polarization
components of different intensities when
launched to the fibre. As a result, an elliptically
polarized pulse will have its x and y components
experience different phase shifts, thus rotating
the polarization ellipse.

The light separates inside the fibre into two
orthogonal polarized lights; E. and E,. After
passing through the fibre, both E, and E,
accumulate nonlinear phase shift due to the SPM
and XPM effects in the fibre. The angle of
polarization can be changed from «a; to @, as the
light propagates through the fibre. Here, a; is the
angle between the polarization direction of the
laser beam and the fast axis of the fibre and «;, is
the angle between the fast axis of the fibre and
the polarizer direction (Fig. 9). The beam
transmission is described using the following
equation [20, 21]:

Polarizer

A
FIG. 9. Polarization directions at A and B ends of the
fibre laser (FL) for NPR operation, where E:
electrical vector of laser beam; x and y: fast and slow

axes of the fibre, respectively [20].
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T = cos‘ajcos’a, + sin‘asin‘a, + (1/2)
sin2a;sin2axcos(d, +A¢@, ) (1)

where Ag, is the linear phase shift from modal
birefringence and A, is the nonlinear phase

shift contributed by both SPM and XPM eftects.
Ag, and Ag,, are calculated from:

Ap =2nL/A) (ny—nx) (2)
A@,,=(2mn,PL/AAcfr) cos2a; 3)

where n, and n, are the refractive indices of the
respective fast and slow axes of the optical fibre,
L is the fibre length, A is the operating
wavelength, n, signifies the nonlinear refractive
index, P is the instantaneous peak power of the
input signal, while A¢fy is the effective core area.
The angle a, can be manipulated by rotating the
polarizer to obtain the maximum modulation,
which makes the system act as an artificial
saturable absorber, which leads to PQS. The
PQS starts to weaken and disappear if the
polarization angle of the incident beam differs
from /4 in respect to fibre fast axis. The reason
for this is that decreasing or increasing the
rotation angle to approach 0° or m/2 will
minimize the modulation term (third tem) in Eq.
1 and the output is then quasi - CW and becomes
CW for a rotation angle making a, equal to 0° or
7/2 and the third term equal to zero.

However, another experiment was carried out
using Tm fibre laser linear cavity with only an
internal plane polarizer to induce the self-starting
of PQS operation in fibre laser. Before starting
conducting the second PQS experiment, it was
too important to stabilize the output of the fibre.
Two different methods to stabilize the output of
a Tm-doped silica laser have been developed
here before doing PQS experiment. The first
method relied on enhancing the feedback from
the un-pumped end of a unidirectional pumped
fibre by using a normally cleaved fibre end,
while the second method was based on using an
angled cleaved fibre and modulating, the losses
inside the cavity with an intra-cavity polarizer.
The 4 % reflection from the fibre end
created self-lasing in the fibre even without
using any HR coupler. This self-lasing helped
stabilize the output and make any extra losses in
the external cavity formed by an intra-cavity
polarizer or any other sources insufficient to
affect the dynamic behaviour of the output.
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The self-lasing power perhaps plays the same
role as using resonant pumping [22] to stabilize
the output of the fibre laser. However, re-
launching the pump power again to the cavity
using mirror M, enhances both the
saturable absorber effects in the un-pumped end
of the fibre and the pump noise which might be
reasons for unstable self-pulsing operation of the
laser [23, 24]. Angled cleaving of the distal facet
of the fibre suppresses any feedback
and stabilizes the output and as a consequence
the output becomes unstable-self-pulsing. With
an angled cleaved fibre, the cavity is more
sensitive to any extra modulation that occurs in
the cavity by external modulations. When the
polarizer is placed in the angled cleaved fibre
cavity, the loss in the cavity is increased; these
losses are due to two factors, a) the transmission
losses of the polarizer substrate material, b)
polarization  losses  dependent on the
angle Dbetween the polarizer and intra-
cavity laser, assuming that the
laser output generated by the fibre is
generally partially polarized. The unequal lower
peaks in Fig. 8 indicate that this fibre is
birefringent and the fast axis is in y direction
(ie., at m?2°). However, the horizontal
polarization is more enhanced when the fibre end
angle is cleaved, which will improve more with
an angle closer to Brewster's angle. On the other
hand, when the partially polarized beam exiting
from the far end of the fibre cavity passes
through the polarizer, it becames perfectly
polarized at m/4°. The beam is then reflected
back to the polarizer by the 2 rear mirrors and
can pass through the polarizer without any
change, as there is no change in the polarization
direction. The polarized beam is then launched
back to the fibre and because of the polarization
direction at 7/4° in respect to fibre axis, the beam
splits inside the fibre to two equal perpendicular
components. As before in the ring cavity, for an
angle of m/4°, the transmission from Eq. 1 will
be:

T=- (1+ (1/2) cos (A@, + A@, ) (4)

This equation indicates that the modulation in
this case is maximum, which induces PQS
operation. Since the PQS operation depends only
on the rotation angle phenomenon, it will be
pump power-independent and that is what the
experimental studies confirm in Fig. 5. Rotating

the polarizer by another n/4° deg. (i.e., the
direction of the polarizer in this case is at 0 or
7/2°) allows the polarization to transmit through
the polarizer after second path (i.e., after being
reflected from the rare mirror) with a direction at
an angle of 0 or m/2°, which will be parallel or
perpendicular to the optical fibre axis and
therefore only one beam propagates inside the
fibre and the modulation term in Eq. 3 will equal
zero resulting in pure CW. The temporal
evolution of the output then favours an unstable
output, ranging between quasi - CW and self-
pulsing, depending on the angle between the
laser and the plane surface of the polarizer, as
shown in Fig. 8b and c. It is clear that the
scenario repeats itself with the rotation of the
polarizer by w/2° degrees and again the output
changes depending on the interference from CW
to quasi - CW with chaotic self-pulsing and PQS
to quasi - CW with chaotic to CW again. In
contrast with the first experiment, self-lasing
occurs in this type of fibre for flat cleaved end.
Fig. 8a shows no PQS for this case and indicates
that it is important to eliminate any scattering
and self - lasing beams to be created in the cavity
in order to achieve the polarization rotation state
that is necessary to produce PQS. This can be
done by angle cleaved fibre laser end. However,
self-start passive Q-switched pulsed output was
obtained at nearly optimum length of the fibre,
as the very long fibre will affect the polarization
direction and lead to more un-polarized beam at
its far end, while high dynamics in the short one
due to strong pumping will also affect the
polarization state of the beam and prevent
complete modulation. Finally, no PQS is
obtained when a horizontally polarized 1064 nm
laser pumped this fibre. Pumping the fibre with
polarized 1064 nm laser light resulted in stable
CW output even with an angled cleaved fibre.
Thus, it can be deduced that pumping with
polarized light or adjusting the polarization in
the linear cavity so that only one polarization
propagates inside the fibre, might play a role in
reducing any loss due to Brillouin scattering or
any other scattering effects in the fibre that
prevent PQS operation (no modulation loss can
take place inside the fibre).

Conclusion

NPR technique was applied to create a PQS
train pulse in linear fibre laser cavity. A train of
pulses with time duration of 4.48 ps, pulse width
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of around 600 ns, average power of 408 mW at
1.9 pm from Tm-DFL pumped by 1319 nm a
Nd: YAG laser was obtained using NPR by
means of only a plane polarizer. The comparison
between the two techniques confirmed that
starting PQS process depends on loss variation
following nearly the same scenario depending on
the polarizer or half-wave plate angle. It was

demonstrated that, at a polarizer or half-wave
plate angle of m/4° in respect to fibre axis, the
elliptical polarization of the re-entering beam
will rotate inside the fibre causing strong losses
of modulation that lead to start PQS. However,
other regimes like chaotic self-pulsation, quasi -
CW or CW will take place for other rotation
angles.
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Abstract: Theoretical study for calculating the electronic structure of phenanthrene
compound and its simplest derivatives with nitro groups in different positions was
performed using density functional theory (DFT) based on the hybrid function of three
parameters. Lee-Yang-Parr [B3LYP] with 6-31 [d, p] basis set was used to investigate the
effect of nitro groups on the electronic properties of phenanthrene compound. All
calculations were obtaind by employing the used method using the Gaussian 09 package of
programs. The energy gaps, total energies, the energy of HOMO and LUMO, softness,
dipole moment, Fermi level, molecular symmetry, electrochemical hardness, electron
density, electrostatic potential surfaces and infrared spectra were calculated. The results
showed that the electronic properties of phenanthrene molecule are affected by the added
nitro group. The total energy, energy gap and the HOMO and LUMO energy decreased
compared with the original molecule. The ionization potential (IP), electron affinity (EA)
and Fermi level (Ef) are increased compared with the original molecule.

Keywords: B3LYP/DFT calculations, Phenanthrene molecule, Nitro group, Energy gap,

Ionization potential.

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are
a large group of organic compounds with two or
more combined aromatic rings. PAHs are mainly
generated as a result of pyrolysis processes,
especially incomplete combustion of organic
matter during industrial and other human
activities, such as coal and crude oil processing,
natural gas combustion including for heating,
waste combustion, vehicle movement, cooking
and smoking, as well as in natural processes,
such as carbonation [1, 2]. Cytotoxicity is one of
several important biological effects of polycyclic
aromatic  hydrocarbons.  Therefore, many
intensive efforts have been made for the
discovery and development of new cytotoxic
molecules [3, 4]. The PAH phenanthrene was
studied in this paper. Phenanthrene is the

simplest non-linear  polycyclic  aromatic
hydrocarbon with three benzene ring structure. It
is a colorless crystal with luster and
phenanthrene precipitated from ethanol is a
colorless monoclinic crystal. It is a leaf-like
crystal with a relative density of 1.179 (25/4 °C),
a refractive index of 1.6450, a melting point of
101 °C and a boiling point of 340 °C. Though it
can sublime, it is insoluble in water, slightly
soluble in ethanol, soluble in ether, benzene,
acetic acid, chloroform, carbon tetrachloride and
carbon disulfide [5, 6]. Phenanthrene can be used
in the manufacture of pesticides and dyes and
can also be used in stabilizing high-efficiency
and low-toxicity pesticides, as well as smokeless
powder explosives [7]. Phenanthrene has an anti-
cancer property against human colonnade
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epithelial cancer cell lines [8]. Due to the
chemical and physical properties of the

phenanthrene molecule, there are many studies
on its electronic structure, where Aysegiil
Giimiis et al. studied computationally a series of
phenanthrene and phenanthroline derivatives to
investigate their potential usage as organic solar
cell components, thermally activated delayed
fluorescence and nonlinear optic compounds [9].
Alan Hinchliffe et al. studied molecular
polarizabilities for anthracene and phenanthrene
[10] and P.L. de Andres et al. studied the
electronic and geometrical structure of
potassium-doped phenanthrene [11]. In the
present work, we chose the effect of nitro
groups, because nitro groups are organic
compounds that contain one or more nitro
functional groups (—NO,) and are also strongly
electron-withdrawing. Because of this property,
C—H alpha bonds to the nitro group can be acidic
[12]. Two nitro groups were used in the present
work to achieve substitution patterns (Iso, Para,
Meta). The main aim of this paper is to
determine the effect of nitro groups on the
electronic properties of phenanthrene compound
by using density functional theory with 6-31G
(d, p) basis set.

Theoretical Model

The electronic structure of organic
compounds is essential to the realization of
virtually all the properties of materials, including
the arrangement of atoms and molecules,
electronic properties, mechanical properties and
thermodynamic  properties [13].  Density
functional theory (DFT) 1is a quantum
mechanical method which can be applied to
study the electronic structure for organic
compounds. For the past 30 years, density
functional theory has been the predominant
method for the quantum mechanical simulation
of periodic systems. In recent years, it has also
been adopted by quantum chemists and is now
widely applied for the simulation of energy
surfaces in molecules [14, 15]. The electronic
structure of phenanthrene compound has been
studied by density functional theory
(DFT).Three parameters B3LYP (Becke’s three
parameter exchange with Lee, Yang and Parr
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correlation functional) density functional theory
with 6-31G (d, p) basis set [16-19] are used in
this paper to perform the ground state
calculations. Full geometry optimizations of
phenanthrene molecule were drawn on Gauss
View 5.0.8 [20] and relax using the Gaussian 09
package of programs [21], as shown in Fig. 1.
The hybrid exchange-correlation functional
B3LYP is very effective for computing the
electronic properties of phenanthrene molecule,
such as total energy, energy of HOMO and
LUMO, energy gap, ionization potential (IP),
electron affinity (EA), hardness (H) and softness
(S) [22-24]. The total energy (Er) clarifies the
sum of potential energy and kinetic energy of the
system [25, 26]. HOMO refers to the highest
occupied molecular orbitals and LUMO
symbolizes the lowest unoccupied molecular
orbitals. The energy gap is the variation of the
energies between the HOMO and LUMO levels
[25, 27]. The ionization potential (IP) for a
molecule is the magnitude of energy needed to
separate an electron from an isolated atom or
molecule; HOMO energy was also applied to
calculate IP in the framework of Koopman's
theorem IP = - Euomo [28-30]. The LUMO
energy was also applied to compute the electron
affinity (EA) of a molecule according to
Koopman's theorem EA = - E ymo [28, 30, 31].
One of the global quantities is chemical potential
(n); it measures the escaping tendency of an
electronic cloud and is defined by p = (Egomo
+Erumo) / 2 [31]. The hardness (H) is a
measurement of molecule resistance to the
change or deformation and is defined by H = (IP-
EA)/2 [31]. The global chemical softness (S) is a
property of molecules that measures the extent of
chemical reactivity. It is the inverse of hardness
and is given as: S = 1/2H [32, 33]:

Results and Discussion

In this section, we present the results of our
work and discuss the electronic properties of
phenanthrene molecule. Table 1 displays the
energy gaps, electronic states such as the lowest
unoccupied molecular orbital (LUMO) and the
highest occupied molecular orbital (HOMO),
total energies and the symmetry of structures for
molecules studied.
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7,
/
/P‘

3 (1, 6 — dinitrophenanthrene)

4 (2,5 — dinitrophenanthrene)

FIG. 1. The optimized structures of phenanthrene molecule and its derivatives with nitro groups in different
positions.

TABLE 1. Total energy, symmetry, HOMO — LUMO and energy gap for molecules.

Total Svmmet HOMO LUMO HOMO LUMO Energy Energy gap
Cenergy (a.u) VT (@V)  (eV)  (eV) [9] (V) [9] gap (V) (V) [9]
1 -539.419 G -5.77118 -0.99239 -5.75 —1.01 4.778796 4.74
2 -948.247 G -6.91867 -3.48382  ---—-- --—-  3.434845 ----
3 -948.235 G -6.90397 -3.35729  ---—- - 3.546682 ----
4 -948.227 C -6.73799 -3.56845  ----- = -——-- 3.169537 o
Moi, symbols

From Table 1, the electronic properties of . ) , , . .

phenanthrene molecule are affected by the
addition of nitro groups, where the total energy,
energy gap and the HOMO and LUMO energy
decreased compared with the original molecule,
as shown in Figs. (2-4), respectively. Decreasing
the energy gap improves the conductivities and
increases the solubility of these molecules. Also,
it is clear from Table 1 that the total energy,
energy gap and the HOMO and LUMO energy
for all dinitrophenanthrene molecules are
approximately pointing to the fact that the
electronic properties are independent on the
position of the nitro radical in the ring. The
symmetry of the studied molecules is Cl1,
meaning that the studied molecules have only
one symmetry operation. Fig. (5) illustrates the
3-D distribution of HOMOs and LUMOs for the
studied molecules.

-200 4

-400 4

-600

-800 4

Total erwergy (s.0.)

-1000 -

-1200 <
FIG. 2. The calculated total energy for molecules
under study.
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FIG. 3. The HOMO and LUMO energies FIG. 4. The calculated energy gaps  for
molecules under study.
for molecules under study.

FIG. 5. HOMO and LUMO shapes of the phenanthrene and dinitrophenanthrene molecules.
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Fig. 5 shows the electronic density
distribution along the rings C-C. In the different
parts of dinitrobiphenyl molecules, the electronic
density distribution is homogeneous. It was
noticed for all molecules that HOMO shows a
bonding character and LUMO shows an
antibonding character.

From Table 2, the ionization potential (IP),
electron affinity (EA) and Fermi level (Ef) are
affected by the addition of nitro groups, where
they are increased compared with the original
molecule, as shown in Figs. (6, 7), respectively.
The ionization potential (IP), electron affinity
(EA) and Fermi level (Ef) for all
dinitrophenanthrene molecules are
approximately the same, indicating that the

electronic properties are independent on the
position of the nitro radical in the ring. The
softness (S) and hardness (H) values for all
dinitrophenanthrene molecules are slightly lower
comparable to original molecule, as shown in
Fig. 8; this is because nearly all the usually used
exchange-correlation  functionals such as
B3LYP, B3PW91 and Koopman's theorem,
satisfy accuracy. Adding nitro groups leads to
change the values of the dipole moment (u),
where the phenanthrene molecule has no dipole
moment and is planar in space. Adding the
subgroups leads to varying the symmetrical
distribution of the electronic structure of the
molecule, therefore changing the dipole moment,
as shown in Fig. 9.

TABLE 2. The electronic properties of studied molecules.

Mol. IP(eV) EA(V) Ef(eV) H(eV) S (eV) N
1 5771181 0.992385 6.267374 5.274988 2.637494  0.0341
2 6918669 3.483824 8.660581 5.176757 2.588378  7.5606
3 6903975 3.357293  8.582622  5.225328 2.612664  9.9884
4 6737988 3.568451 8.522213 4.953763 2.476881 3.2225

Enersy (eV)
Wl E= w f=21 =~ =]

I~

A
-

0 1 2 3 4 5
Moel. symbols
FIG. 6. The calculated ionization potential (IP) and
electron affinity (EA) for molecules under study.

—

0

Fermi level (eV)

0 1 2 3 4 5
Mol. symbols

FIG. 7. The calculated Fermi level for molecules
under study.
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FIG. 8. The calculated hardness (H) and softness (S)
for molecules under study.
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FIG. 9. The calculated dipol moment for molecules
under study.
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Electron Density Surface

Fig. 10 explains the three-dimensional shape
of electron density distribution surface of
phenanthrene and dinitrophenanthrene
molecules, where the electron density was
distributed due to the distribution of all atoms in
the space of the complex according to the total
density of the electrons in the complex. The total

density is useful for understanding bonding and
reactivity [34]. From this figure, it can be seen
that the electron density distribution surface for
the studied molecules is asymmetric, where the
electron density is dragged towards the atoms of
high electronegativity.

2 (2,6 — dinitrophenanthrene)

3 (1, 6 — dinitrophenanthrene)

4 (2,5- dinitrophenanthrene)

FIG. 10. The electron density distribution for molecules under study.

Electrostatic Potential Surface

Fig. 11 explains the distribution of
electrostatic potential, which depends on the
negative and positive charges and depends also
on the electronegativity of the atoms in the
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phenanthrene and dinitrophenanthrene
molecules. In general, the electrostatic potential
surfaces are dragged towards the atoms of high
electronegativity.
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1 (Phenanthrene)

2 (2, 6 —dinitrophenanthrene)

3 (1, 6 — dinitrophenanthrene)

Infrared Spectra

Fig. 12 shows the computed IR spectra for
phenanthrene and dinitrophenanthrene
molecules. The harmonic vibrational frequencies
were calculated for the studied molecules by
using B3LYP level with a 6-31G basis set. The
substitution of hydrogen atoms by NO, leads to
increasing the number of vibrational modes.
According to the rule of (3N-6), the
phenanthrene molecules have 66 degrees of
freedom, while the dinitrophenanthrene

4 (2, 5- dinitrophenanthrene)
FIG. 11. The electrostatic potential surfaces for molecules under study.

molecules have 78 degrees of freedom. All
degrees of freedom for phenanthrene 1 and its
derivatives 2-4 are represented by stretching,
bending, rocking and scissoring modes. The (C —
H) stretching vibrations of aromatic molecules
are characteristic in the region (2900-3250) cm’
which is a characteristic region for ready
identification of (C — H) stretching vibrations
and particularly the region (3250-3100) cm™ for
asymmetric stretching and (3100-2900) cm™ for
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symmetric stretching modes of vibration [35].
For a phenanthrene molecule, the (C—H)
stretching has been studied around 3197.81 cm™.
The (C-C) stretching vibrations have been
studied in the region 1681.13 cm™. Also, Figure
(12)  shows the IR  spectrum  of
dinitrophenanthrene molecules 2-4 which has
new peaks in the vibration modes in comparison
with phenanthrene molecule 1, due to the

existence of stretched bonds, such as (C-N), (C-
H) and (N-O) for 2-4 molecules. The stretching
of (C-H) has been observed in the range of
3285.46-3293.51 cm™. The (C-N) stretching has
been observed in the region 1656.08-1134.30
cm’, whilst the stretching of (C-C) bond is
shown in the range of 1675.12-1661.38 cm™ and
the stretching of (N-O) bond is shown in the
region 1493.81-1352.20 cm™.

IR Spectrum IR Spectrum
300 5:1:‘1 e — 450 100 ——— 11900 -
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r =]
c 200 Fa Tk
=} ! F =
7 150! 600 @
o i | 4]
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FIG. 12. The calculated IR spectral frequencies for molecules under study.
Conclusions

Density functional [B3LYP/6-31 G(d, p)]
theoretical methodology has been concerned
with the determination of geometrical and
energetic features in order to identify the factors
influencing the values of ionization potential and
electron affinity computed by orbital vertical
theory (Koopman's theorem). Also, electronic
properties, such as total energy, HOMO and
LUMO energies, energy gap, chemical hardness,
softness, dipole moment, electron density
surface, electrostatic potential surface and
spectroscopic properties such as IR spectra were
investigated for the phenanthrene and
dinitrophenanthrene molecules. The addition of
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nitro groups affected the electronic structure of
phenanthrene molecule, where the total energy
energy gap and the HOMO and LUMO energy,
decreased compared to the original molecule and
the ionization potential (IP), electron affinity
(EA) and Fermi level (Ef) show an increase
compared with the original molecule. The
electronic properties are independent on the
position of the nitro radical in the ring. Electron
density and electrostatic potential surfaces are
dragged towards atoms of high electronegativity.
The substitution of hydrogen atoms by NO, led
to an increase in the number of vibrational
modes.
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Abstract: The exact diagonalization method has been used to solve the effective-mass
Hamiltonian of a single electron confined parabolically in the GaAs/AlGaAs quantum
heterostructure, in the presence of a donor impurity and under the effect of an applied
uniform magnetic field. The donor impurity is located at distance (d) along the growth
direction which is perpendicular to the motion of the electron in a two-dimensional
heterostructure layer. We have investigated the dependence of the magnetization (M) and
magnetic susceptibility (y) of a GaAs/AlGaAs quantum heterostructure nanomaterial on the
magnetic field strength (w.), confining frequency (w,), donor impurity position (d),

pressure (P) and temperature (T).

Keywords: Exact diagonalization, Donor impurity, Magnetic field, Magnetization,
Magnetic susceptibility, Pressure and temperature.

1. Introduction

The recent physical and technological
research on nanosystems (low-dimension
systems), such as quantum well (QW), quantum
well wire (QWW) and quantum dot (QD) in
theoretical and applied physics, play significant
roles in the present quantum electronic
nanodevices [1, 2]. The electrical, optical and
transport properties of the heterostructures QW,
QWW and QD are very sensitive to adding
external electrical field, magnetic field and to
different parameters, like pressure, temperature,
and shallow donor impurities near the
heterostructure surface [3, 4]. The study of
quantum dots is motivated by their applications
in solar cells, quantum computers, single
electron transistors and lasers [5].

Furthermore, the donor impurity effects on
the properties of the low-dimensional
semiconductor heterostructure have been among

the interesting problems to study in low-
dimensional semiconductors, where adding the
donor impurity atoms to low-dimension systems
changes the effective charge and mass of them
[6]. In addition, the most interesting
phenomenon is to investigate the effects of
temperature and pressure on the donor impurity
binding energy in reduced dimensions [7], where
the energy gap of the heterostructure changes
because of the binding energy of the impurity
and the Columbic interaction between the system
charge carriers and the donor impurity [8, 9].
The donor impurity binding energy was
investigated for all heterostructure systems,
where it depends on the dimensionality of the
system, the impurity position, the presence of
magnetic or electrical fields, pressure and
temperature [1, 10-12].
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Different methods have been used to solve
the system’s Hamiltonian with the presence of
the donor impurity, like variational and
analytical methods under the presence of electric
or magnetic fields for different shapes and donor
impurity locations [13-18].

The dependence of the photoionization of
impurities in infinite-barrier quantum wells on
the photon energy had been calculated as a
function of quantum well width [19]. In addition,
the thermodynamic properties of quantum dots
in a magnetic field, such as magnetization,
magnetic susceptibility and specific heat, had
been computed. For Helium-like confined
quantum dots, the thermodynamic properties
show sharp peak structure in the susceptibility
and the specific heat curves [20]. The pressure
and temperature dependence of the diamagnetic
susceptibility and the binding energy of the
donor impurity had been shown analytically,
where the diamagnetic susceptibility increases as
the pressure increases and decreases as the
temperature increases [21]. Peter in Ref. [22]
used the variation method to show the behavior
of the binding energy levels of shallow
hydrogenic impurities in a parabolic quantum
dot with pressure. He found that the ionization
energy is purely pressure-dependent. In addition,
the binding energy of hydrogenic impurities, in a
spherical quantum dot, was calculated using the
variational and perturbation approaches as a
function of pressure, QD size and impurity
position. It was found that the pressure effect is
enhancing the binding energy [23]. Using exact
diagonalization method, including the pressure
and temperature effects, the two electrons QD
problem had been solved, where the
magnetization and magnetic susceptibility of
confined electrons in parabolic quantum dot
were investigated in both experimental and
theoretical studies [24, 25]. Recently, the
electronic, thermodynamic and magnetic
properties of two electrons confined in a single
quantum dot and coupled quantum dots (CQD)
had been also solved [26-34].

The purpose of this work is to investigate the
combined effects of pressure, temperature and
impurity position on the magnetic properties of
GaAs/AlGaAs heterostructure material. The
magnetization and magnetic susceptibility of a
confined electron presented in a magnetic field
are computed and displayed as function of the
Hamiltonian system physical parameters. The
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structure of this paper is organized as follows:
First, the Hamiltonian theory, as well as the
computation diagonalization technique of a
single electron in GAs/AlGaAs heterostructure
in the presence of donor impurity located at a
finite distance along the growth (z-axis) are
discussed.  Magnetization and  magnetic
susceptibility expressions and pressure and
temperature material parameters relations used in
the present calculations are given in Section 2.
The numerical results and discussion are given in
Section 3. Final section is devoted to the
conclusion.

2. Theory

This section presents the main parts of the
donor impurity formalization: i) The effective-
mass Hamiltonian (EM) of donor impurities in
quantum  heterostructure, 1) The exact
diagonalization method, iii) The magnetization
and the magnetic susceptibility and iv) The
effects of pressure and temperature.

A quantum heterostructure is a two-
dimensional (2D) system where electrons are
confined in the x-y plane with parabolic

confinement potential of the form, %m*w(z,pz

with confining strength w, and bound to off-
plane donor impurity located at the z axis. The
impurity position vector is (0, 0, d), where d is
the distance from the two —dimensional
heterostructure plane to the impurity center. A
pictorial view of the electron in the xy-plane
interacting with the donor impurity at the z axis
is given by Alfonso ef al. in Ref. [35]. This
system is subjected to a uniform external
magnetic field of strength B directed along the z
direction. The magnetic field is given by

B=V x A, where A=§ (=y,x) is the vector
potential.
The Hamiltonian operator of the donor

impurity, in effective Bohr radius (a*) and
Rydberg (R*) units, is given as, [32, 35]:

A=_(p129 j1/2  1(2 1
H <’D dp? p + p? (6¢>2 + 4) +
1202 — %0 2
PP T %56 T ol M
The given Hamiltonian (H) in Eq.1, given in
terms of p and ¢ variables, can be separated into
two parts as:

H=H, +V(p) (2)



Pressure and Temperature Effects on the Magnetic Properties of Donor Impurities in a GaAs/AlGaAs Quantum
Heterostructure Subjected to a Magnetic Field

where:

A _ 1 [ 92 1
om0 o )+

1 22 @0

0P T % (3)
and
0 L @)
P e —d T T a2

where the terms in brackets are due to the kinetic
energy operator, the second term is the effective
parabolic confining term, the third term is the z-
component of the angular momentum and the
last term is the attractive Coulomb-type energy.
The part H,is the harmonic oscillator
Hamiltonian which has an analytical well-known
solution, as shown later in Eqs. 5-7 [32, 35]. The
effective confinement frequency w in H,-
Hamiltonian is a combination of the magnetic
field cyclotron frequency w.and parabolic
confining frequency w,, given as: w? = w3 +

2
%. The potential V(p) represents the Coulomb

interaction between the electron in the GaAs
layer and the donor impurity ion, located at
distance d along the z-direction in AlGaAs
barrier.

Initially, the donor impurity Hamiltonian
given by Eq. (1) will be solved using the exact
diagonalization technique, to obtain the
eigenenergies as an essential step to study the
electronic and magnetic properties of the
heterostructure.

If there is no impurity, the Hamiltonian (H),
in Eq. (1) reduces to harmonic oscillator-type
with a well-known eigenstate |n, m> and
eigenenergies (Ej ;). The harmonic oscillator
bases (n, m> =, ,(p,9)) will be used to
diagonalize the full Hamiltonian and to obtain
the ground state energy of the impurity system.

The bases wave functions are, [32, 35]:

1 .
|nlm > = wn,m(p: (p) = \/T_H_Rn,m(p)elm(p (5)

where,
12 2 2021
Rum(p)=e2" “ pimlatml |22 1 (02 a?)
(6)
and the corresponding eigenenergies:
Enm = (2n+|m|+ Dho, (7

where L™(p2a?) is the standard associated
Laguerre polynomials used in Ref. [35] and « is
an inverse length dimension constant which is
given by:

*

o= mhw (8)

These harmonic oscillator bases |n,m > will
be used to calculate the energy matrix elements
of the full donor impurity Hamiltonian in Eq.

(1), (Rpm (0)| H| Ry (0))-

The  magnetic  properties, such as
magnetization (M) the magnetic susceptibility ()
of the donor impurity in a heterostructure, are
calculated from the computed energies of the
donor impurity system.

The magnetization of the donor impurity in a
heterostructure is evaluated as the magnetic field
derivative of the energy of the donor impurity
[26, 28].
0E(w¢,wo,d)

TR ()]

The magnetic susceptibility is evaluated as
the magnetic field derivative of the
magnetization of the donor impurity in a
heterostructure as [26, 28]:

M=—

oM
x="2s (10)

or

2
g = — Tt (an
We investigated the dependence of the
computed magnetic properties, M and y, of the
donor impurity in a heterostructure on the
system’s physical parameters: magnetic field w,,
confining frequency w, and impurity position d.

The effective Bohr radius and Rydberg
constant will be defined in terms of pressure and
temperature, to study their effects on M and y of
the donor impurity in a heterostructure.

The effective Bohr radius, ay(P,T), is given
as, [12, 27, 32]:

e(P,T)h?

ag (P' T) = m*(P,T)e?

(12)

The effective Rydberg constant can be
written as, [12, 27, 32]:
e*m*(P,T)

R, (P, T) =
y(P.T) 2(e(P,1)) %2

(13)
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The effects of the pressure and the
temperature on the energy, magnetization and
susceptibility of the ground state will be studied
using the effective mass approximation method
(EMA).

The material parameters, such as: electron
effective mass, m*(P,T) and dielectric constant

€-(P,T), are now used in the impurity
Hamiltonian as shown below:
A 1 5 e 2 2
Hp) = 55 [p(p) + ;A(p)] +
1« 2. 2_ _ e
om (P, T)wop TN (14)

For quantum heterostructure made of GaAs,
the dielectric constant €,.(P,T) and the electron
effective mass m*(P,T) are presented by [12,
27, 32]:

€, (P,T) =
(12.74 exp(—=1.73 x 1073P)

| exp[9.4 x 1075(T — 75.6)]
forT < 200K

where myis the free electron mass, E5(P,T) is
the pressure- and temperature-dependent energy
band gap for GaAs quantum heterostructure at I"
point, b = 126x107'eVGPa™! and
¢=-3.77x 1073eV GPa™2,

For heterostructure systems made from GaAs,
the numerical values of the material parameters
are: effective Rydberg R* =15.926 meV,
dielectric constant € = 12.4 and the effective
mass of an electron m* = 0.067 m, at ambient
zero temperature and pressure.

3. Results and Discussion

Initially, we will show the donor impurity
energy dependence. The ground state
eigenenergy (where m = 0) for the donor
impurity of GaAs/AlGaAs heterostructure is
computed as a function of the magnetic field
strength w., impurity located at the origin (d=0)
and for two specific values of the confinement
frequency strength, oy = 5.412 R* and oy =

15 .
| 13.18 exp(—1.73 x 1073P) (15) 3.044 R*.
kexp[ZOA X 107>(T — 300)] First, we will verify the convergency of the
forT > 200 K computed eigenstates. Fig. 1 shows the
. computed ground state energies (E) of the donor
m*(P,T) = [1 +7.51% (Eé(p_T) + impurity against the number of basis (n) from 1
1 -1 up to 38 for o, = 3.044 R*, impurity distance
W)] my (16) 0.5a* and magnetic field strength o. = ZR*
, The figure shows a very good numerical stability
— _ -4_T ; ;
Eg (P, T) = [1.519 5.405 x 10 T+204] + in the computed energies.
bP + cP? (17)
0.712f
Wy = 2 R"
07
d=0.5a*
oo .
A wo = 3.044 R
a 0.69} ]
-
2 oesf
=
0.67}
0.66 |
0.65 PRt i Ak A - A S i L A
0 5 10 20 25 30 35

FIG. 1. The ground state energy of the quantum heterostructure for fixed values of magnetic field strength
(.) = 2 R*and parabolic confinment strength w, = 3.044R" against the number of basis (n) for donor
impurity at (d=0.5 a*).
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The ground-state eigenenergies (E) for two
specific values of confinement frequency
(0o = 3.044 R*, dashed line and o, = 5.412 R*,
solid line) are computed as a function of the
magnetic strength o, and for impurity distance d
= 0.5a*, as shown in Fig. 2. We can clearly
notice that as the magnetic field strength o,
increases, the energy also increases. Moreover,
the curves of energies of higher parabolic

confinement effect, g = 5.412 R*, have larger
values than those for wy = 3.044 R*. This is
because the parabolic effective frequency
(w? = w3 + ng) increases also as ® increases,
which leads to the enhancement of the electron
energy due to the parabolic confinement term of

. . a1
the donor impurity Hamiltonian, n w’p?.

sof d=0.5 2"
wp = 5.412 R*
BB sl wp = 3.044 R*

30

Energy(R™)

-
”m
T

Y] 5 s . n

10 . 1

w(R")

FIG. 2. The variation of the ground state energy against the magnetic field
strength o for ®, = 3.044 R*(dashed line), ®, = 5.412 R* (solid line) and d = 0.5 a*.

We have also studied the temperature and
pressure effects on the magnetization and the
magnetic susceptibility. The plots of the
magnetic quantities are shown as a function of
the magnetic field strength. The results for M of
GaAs/AlGaAs quantum heterostructure doped
with donor impurity at d = 0.5a™ are presented in
Fig. 3. The curve of M against . is calculated
at o9 =3.044 R*, d =0.5a%, at various
temperatures (T = 5K, 100K, 200K) and a fixed
value of P = 10 kbar. It is clear that the ground
state magnetization curves decline as @,
increases. The material parameters m*and €, are
pressure- and temperature-dependent: effective
mass m*(P,T) and dielectric constant €,(P,T).
For a fixed value of P, m* decreases and e,
increases as the temperature increases, which
leads to the increase in the values of |M|.

Fig. 4 displays the dependence of the
magnetic susceptibility (y) on the temperature
for a fixed value of P = 10 kbar, d = 0.5 a* and
®o = 3.044 R*. The plots clearly show that the
absolute value of the magnetic susceptibility|y|,

at a fixed value of temperature, enhances as the
cyclotron frequency,w,, increases. However, the
curves show a small decrease in | y|-values as the
temperature increases, for particular values of
magnetic strength. Moreover, we can notice that
the sign of y is negative (y < 0), which indicates
that the material is of a diamagnetic type.

The effect of the pressure on the donor
magnetization as a function of the magnetic field
strength is studied in Fig. 5. The values of M are
computed at fixed temperature T = 20 K,
0o = 3.044 R*, impurity position d =
0.5a* and various pressures: P = 0, 10 and 20
kbar. The magnetization plots, at various
pressure  values, decline as o, increases.
Furthermore, for a fixed value of T, m”* increases
and €, decreases as the pressure increases, which
leads to the decrease in the values of |[M]|.

Fig. 6 displays the variation of the magnetic
susceptibility as a function of the magnetic field
strength at T = 20K, 0y = 3.044R" and different
pressure values: (0, 10 and 20 kbar).
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FIG. 3. The magnetization for d = 0.5a" and ®, = 3.044 R* at constant pressure (P = 10 kbar) as a function of
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FIG. 4. The magnetic susceptibility for d = 0.5a™ at constant pressure (P = 10 kbar) as a function of ®. for three

temperatures (5K, 100K and 200K); for o, = 3.044 R".
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FIG. 5. The magnetization for d = 0.5a" against @, at a fixed temperature (20K) for three pressure values (0, 10
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FIG. 6. The magnetic susceptibility for d = 0.5a*and ®, = 3.044 R*b against o, at a fixed temperature (20 K)
for three pressure values (0, 10 and 20 kbar).

Furthermore, we have investigated, in Figs.
7a and 7b, the effects of varying the impurity
position, d, on the magnetic susceptibility, y,
against the cyclotron frequency,w., for d = 0.1

a* and d = 0.5 a*, calculated at wvarious
confinements: wg = 3.044 R* and Wy =

5.412 R*, respectively. The plots show that the
absolute value of susceptibility, || enhances as
we increase the donor impurity position, d,

M ———

-00025/

-0.0035]

-0.0040/

which is located along the z-axis, perpendicular
to the plane of the heterostructure. This result is
attributed to the reduction in the attractive

Coulomb energy, — =, between the electron

2
Jpi+d
confined in the heterostructure plane and the
impurity located at distance, d, along the z-

direction.

-0.0016

-0.0018

* -0,0020

xll.ls

-0.0022

-0.0024

w,(R") w,(R")
a b
FIG. 7. The dependence of the magnetic susceptibility on the position impurity (d) for a) w, = 3.044 R* and b)
we = 5.412 R*.
Conclusion
In conclusion, the effective-mass (EM)  magnetic field strength, parabolic confinement,

Hamiltonian of donor impurity in GaAs/AlGaAs
heterostructure had been solved using the exact
diagonalization method. The effect of
temperature and pressure on magnetization (M)
and magnetic susceptibility () had been
investigated. The curves of the magnetic
properties had been plotted as functions of

impurity position, temperature and pressure. The
results show that, at a fixed value of P, the
values of |[M| and |y| increase as the temperature
increases. In contrast, at a fixed value of T, the
values of |M| and |x| decrease as the pressure
increases.
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Abstract: The second virial coefficient B for low-dense 'Lithium ("Li) gas is calculated
over a wide temperature range 1 K—40000 K. In the ‘high’-T limit (600 K—45000 K), the
classical coefficient, B, and the contribution of the first quantum-mechanical correction,
Bge, are computed from standard expressions, using a suitable binary potential. The
classical coefficient, B, together with the Boyle temperature, Ty, are determined and their
values are in good agreement with previous results. In addition, the interface between the
classical and quantum regimes is systematically investigated. Furthermore, the calculation
of the quantum-mechanical second virial coefficient, By, is evaluated using the Beth-
Uhlenbeck formula in the temperature range 1 K-500 K. A positive value of B, indicates
that the net interaction energy is repulsive, implying that the short-range repulsive forces
dominate the long-range attractive forces. However, quite the opposite occurs for negative
values of By, which are indicative of net attractive interaction. The general behavior of By
is similar to the potential energy itself, such that the long-range attractive and the short-
range repulsive potentials can be deduced from the measurements of B,

Keywords: Second virial coefficient, Low-density Lithium-7 Gas, Short-range repulsive

forces, Long-range attractive forces.
PACS: 51.30.+i.

1. Introduction

This paper is a theoretical study of the second
virial coefficient B over a wide temperature
range (1 K—40000 K). In the high temperature
limit (600 K—40000 K and beyond), B is most
likely to behave classically. Therefore, we focus
on the classical second virial coefficient (B,) and
the contribution of the first quantum correction
(Bgc). In the low temperature limit (1 K-100 K),
we focus on the quantum second virial
coefficient (By). To investigate the boundary line
between the classical and quantum regimes, we
focus on the intermediate temperature range
from (100 K-500 K).

The temperature-dependent second virial
coefficient B(T) is a basic thermodynamic
parameter and is important for representing the
equation of state of the system P-V-T (pressure—
volume—temperature), describing the behavior of

real, low-density gases. In general, it is
characteristic of the interaction potential between
the particles. It represents the non-ideality of gas
behavior arising due to the two-body interactions
between atoms. Also, the sign of the second
virial coefficient reflects how much the
contribution of the attractive and repulsive parts
of the potentials [1-4]. The intermolecular
potential can be developed from experimental
measurements of B [5], as there are many
methods like static light scattering (SLS) [6]. B
acts as an indicator of the classical-quantum
borderline in a nonideal gas [4]. Moreover, it
provides the connection between the microscopic
and macroscopic properties, such as how the
binary interactions affect the thermodynamic
properties of a physical system. Most
interestingly, B, can provide information about

Corresponding Author: Mustafa M. Hawamdeh

Email: mus.haw@bau.edu.jo



Article

Mustafa M. Hawamdeh

the possibility of the formation of small clusters
[7].

Quite a number of studies calculated the
second virial coefficients of all the alkali vapors
over a wide range of temperatures using different
potentials. For example, Sannigrahi et al. [8]
used the Morse and Rydberg potentials for the
ground singlet state and their anti-Morse
potential for the triplet state. Nieto de Castro et
al. [9] used the two-body interaction potential
energy functions for the ground singlet state and
excited triplet states of the alkali atoms proposed
by Varandas et al. [10]. Mies and Julienne [11]
used an electronic-rotational potential and
Moncef [12] used the Rydberg-Klein-Rees
interatomic singlet and triplet potentials.

The main input in calculating B is the
interaction potential. In this work, we have used
the singlet X 'Z+g and triplet a *S+u interatomic
potentials as constructed for different three
potentials; namely, Morse, Rydberg and the
modified Morse potentials. A brief description of
them is presented in Section 2 which is specified
for the theoretical framework. In Section 3, the
results are presented and discussed thoroughly
with suitable comparisons. In Section 4, the
paper ends with a short conclusion.

2. Theoretical Formalism
2.1 Classical Virial Coefficient

The simple classical expressions of the
second virial coefficient and its quantum
correction as functions of temperature 7, are
given by [13, 14]:

Ba(T) =21 f, [1 — e FV®]rdr; (1)

mh
6

Byo(T) = & [“[e= VO (v'()2r2dr  (2)
where h,B,m denote the reduced Planck's
constant, the inverse temperature parameter
(kgT)™1, kg Boltzmann's constant, and the mass
of the 'Li atom, respectively. T is the
temperature in Kelvin, V(r) is the pair
interatomic potential and V'(r) is its first
derivative with respect to the argument r.

The total second virial coefficient for a gas of
atoms which interact via singlet and triplet
potentials was given by Sinanoglu and Pitzer
[15] and reads:

_ 1, 3p0®
B =B +2BY, 3)
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Bgs) and Bgt) being the the virial coefficients
obtained from the interaction potential energy
function for the different singlet and triplet-spin
energy states, respectively. The first two
potentials used are the Morse Up°(r) and
Rydberg Ug®(r) potentials for singlet states,
which are given by:

Up®(r) = Ug[e723 — 23] (4a)
Ur®(r) = Ue[e™PX](1 + bx) (4b)
where a = re(ke/2Up)Y2, x = ri— 1, b=+2a

and ¥, is the vibrational force constant of the
diatomic alkali metal molecules. Here, the
U, I'e, ke are constants and are listed in Table 1.
The anti-Morse potential Ut(r) was proposed by
[8] for the triplet state and is given by:

Ut(r) = 0.4427 U [e™23% + 0.092 e™3*].  (5)

The anti-Morse function is a repulsive
potential and goes to zero at infinite distance.
Eq. (5) expresses the triplet-state potential in
terms of ground-state potential parameters.

TABLE 1. Parameters of the Morse and anti-
Morse potentials.

Parameter Value
U, 1.06 eV
Ie 2.65
Ke 0.254

The third potential used is the modified
Morse potential (HH-potential) [16]. It depends
on the two-body Li atom interactions and is
taken in the present work as the HH-hybrid
potential for the singlet and triplet states [16-18].
The HH-potential is given by [16]:

V*(r*) =
wlnEo)]
_ _a(E_
) Zexp[* a(d3 1)] L @
+B(%—1) X
i+ D [-2a(2-1)
where V'=- r'== d= ;e, o = 3.24A;
a=2\/%;,8=ca3;y=ba;c=1+al\/:::;
b=2-%_—8’2_§; a0=(:—§:; a1=—1—0;e—g%e;

5.2 _ 2WeXe

Q= ga—s & being the well depth in

-1
cm .
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This potential depends on the spectroscopic
constants, the well depth &', the fundamental
vibration frequency ., the anharmonicity
constant ®. Y., the rotational constant ., the

TABLE 2. HH parameters for the states x' X!

and a3Z; of Li, as obtained from the
spectroscopic constants.

vibration-rotation coupling constant o. and the Parameter x! 2, [16] a’ Y117, 18]
equilibrium internuclear separation r. of the ; I m|
atoms in the dimer. The latter are listed for the ¢ 38561123(((311;2) 36318821(( CIIInl-l))
singlet and triplet states of Li in Table 2 [16-18]. @, ' ¢ ] ) c ]
The Li-Li potentials for the singlet x' Z; and O Xe 2.61 (ecm™) 3.41 (em™)
-1 -1
triplet x> 2.7 states are plotted as shown in P 0.67264 (cm™)  0.279 (cm”)
Fig1. o, 0.00704 (cm™) 0.0187 (cm™)
I, 2.6729 A 4.154 A
10 B , , .
" ——HH- V|
3 - - -HH-V,
5 ‘\“.‘ - Morse- V, -
. Ve —--—-Rydberg- V|
S Anti-Morse V,
X
-~ 04
£
")
> 5 i
-10 4 _
0 5 10 I 15

r(])

FIG. 1. Li-Li potentials for the singlet X' Zg and triplet X ’ ZI states, the HH-potential and Morse and
Rydberg potentials.

2.2 Quantum Second Virial Coefficient, B,
The Uhlenbeck and Beth formula for the

quantum second virial coefficient at low
temperatures is given by [19, 20]:
23 _
Bq(T) = T35z 23/2)3 ZEB(e PEs — 1) -
23/2)5 oo , E(k
——Jy dkkX,)'(21+ D& (ke PEX (7

Eq. (7) contains three terms: Bigea, Boounda and
Bphase- Bideal 18 the quantum ideal-gas term. This
is dominant in the low-temperature region; it
goes to zero at large T. Byouna is the term
consisting of the discrete energy spectrum made
possible by the two-body interaction, where Ep
are the bound-state energies. The latter is
ignored for the Lithium system, since it is
unbounded in the T-range of this study. Finally,
Bynase denotes the contribution of the scattering-

state continuum, where 8[(k) stands for the

scattering phase of the [ partial wave of

wavenumber k that arises because of the pair
interaction V(r). The factor (2l + 1) for the
degenerate state comes from the magnetic
quantum number m and the primed summation
Y.  goes over even [ values in the case of
bosons. The bound state term (discrete-state
contribution) can be neglected, because it is
quite small. Therefore, the two contributions to
the overall value of B, are the quantum ideal-gas
term and the scattering term (continuum-state
contribution).

The phase-shifts 54(1() can be obtained

numerically from the solution of the Lippmann-
Schwinger (LS) integral equation which
describes momentum space scattering in terms of
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the T-matrix, using a matrix-inversion technique.
The LS formalism is well-described elsewhere
[21-23]. The basic input in computing is the
interatomic potential.

Throughout our work, we used natural units

such that h,m, kg are exactly equal to 1 and
2

applied the conversion factor n =6.919 K. A%
m

In this system, all physical quantities can be
expressed in terms of [length, L]. One can easily
2o back to SI units through the conversion factor
quoted.

3. Results and Discussion

3.1 Classical Second Virial Coefficient with
First Quantum Correction, By,

Our results for the classical second virial
coefficient By and the first quantum correction

By are shown in Tables 3-7 and Fig. 2. Table 3
shows By, Bgc and By in the T-range 600 K to
45000 K for the singlet (Morse and Rydberg
potentials) and anti-Morse potential for the
triplet state. By is calculated by adding By to
Bg. It is found that By is negative, but it
increases (i.e., its absolute value decreases) as T
rises. The negative sign means that the
interaction is attractive. At a certain T = Ty
(Boyle’s temperature), B = zero. This occurs
when the attractive forces balance exactly the
repulsive forces. In Table 4, the present results
for the Boyle temperature Ty are compared to
previous results [8] displaying good agreement.
By increasing T (T >Tg), By becomes positive
because of the repulsive forces. For the HH
potential, B equals zero at T = 126852 K. It is
very high compared to the previous calculated
value from the Morse and Rydberg potentials.

TABLE 3. The classical second virial coefficient By (cm’/mole) and first quantum correction Bqc
(cm’/mole), at different temperatures T [K] for singlet (Morse and Rydberg potentials) and triplet

state (using anti-Morse potential).

Morse Rydberg Anti-Morse Bl [cm”/mole]

T[K] Bscl BS c Bscl BS c Btcl Bt c

[cm®/mole] [cm3/r;ole] [m*/mole] [cm3/r;ole] [cm®/mole] [cm3/r(;mle] Morse  Rydberg
600 -1.02x10"™  2.78x10° -1.02x10™  2.78x10° 134.7 0.0825  -2.50x10° -2.49x10°
700 -6.02x10°  1.18x107  -5.98x10°  1.18x10’ 125.7 0.06768  -1.47x10% -1.47x10°
800  -7.24x10"  1.07x10°  -7.20x10"  1.07x10° 118.4 0.05694  -1.78x10" -1.77x10’
900  -1.41x10’ 1.6x10°  -1.40x10"  1.61x10° 112.2 0.04885  -3.48x10° -3.46x10°
1000 -3.84x10°  3.50x10°  -3.81x10°  3.50x10° 106.9 0.04255  -9.51x10° -9.43x10°
1200  -5.58x10° 3401 -5.52x10°  3.40x10° 98.19 0.03346  -1.39x10° -1.37x10°
1400  -1.44x10° 619.1 -1.42x10° 618.43 91.31 0.02726  -3.58x10* -3.53x10*
1600  -8.44x10* 167.5 -5.23%10* 167.30 85.68 0.02279  -2.10x10° -1.29x10*
1800  -2.49x10* 59.22 -2.43%10* 59.12 80.95 0.01945  -6.14x10° -6.01x10°
2000 -1.37x10* 25.29 -1.34x10* 25.24 76.9029  0.0168544 -3.37x10° -3.28x10°
2400 -5.77x10° 6.76 -5.57x10° 6.744 70.29 0.013132  -1.39x10° -1.34x10°
2800  -3.17x10° 2.527 -3.03%x10° 2516 65.06 0.01061 -743 -709
3000 -2.51x10° 1.681 -2.39%10° 1.673 62.82 0.009640 -579 -549
3500 -1.57x10° 0.7223 -1.48%10° 0.7177 58.04 0.007767 -349 327
4000 -1.12x10° 0.3706  -1.04x10° 0.3675 54.14 0.006430 237 219
5000 -674.5 0.1359 -624.4 0.1343 48.08 0.004671 -133 -120
6000 -476.1 0.06533 -437.2 0.06427 43.54 0.003583 -86.4 -76.6
10000  -212.1 0.01149 -191.6 32.57 0.00167 -28.6 235
15000  -123.1 0.003676 -110.2 25.50 0.000888 -11.7 -8.43
20000  -86.01 0.001789 -76.65 21.25 0.000558 -5.56 322
25000  -65.76 0.001062 -58.44 18.35 0.000385 -2.68 -0.845
28000  -57.52 0.001022 -51.05 17.00 0.000324 -1.63 -0.00089
29000  -55.19 0.000932 -48.97 16.60 0.000301 -1.35 0.210
30000 -53.0 0.000707 -47.05 16.22 0.000282 -1.09 0.405
35000  -44.34 0.000506 -39.27 14.58 0.000215 -0.152 1.11
36000  -42.92 0.000476 -38.00 14.29 0.0002047  -0.0114 1.22
37000  -41.58 0.000449 -36.81 14.02 0.000195 0.117 1.31
40000  -38.01 0.00038 -33.63 13.26 0.000169 0.442 1.54
45000  -33.21 0.000297 -29.36 12.18 0.000137 0.831 1.79
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TABLE 4. Boyle temperatures Ty [K] compared to previous results [8].

Ts [K]
Present results [8]
Morse Rydberg Morse Rydberg
36086 28039 31244 23799

Fig. 2 displays By in the T-range 500 K-
30000 K. By continues to increase with
increasing T, but it changes relatively slowly at
the higher T wvalues. It is expected that By
flattens out while dropping slowly toward zero at
significantly higher temperatures. It is noted that
the second virial coefficient is positive or
negative depending on the temperature. The
explanation for this T-behavior of B, is as
follows: the negative values of B are indicative
of a net attractive interaction between the
particles; conversely, a positive value is an
indication that the net interaction energy is
repulsive. If B equals zero, then no interactions
are present and the virial equation reduces to the

equation of state for the ideal gas. The figure
shows that at low temperatures, B is largely
negative, but above a certain temperature, it
becomes positive and less dependent on
temperature. At low T, the weak attractive part
of the potential dominates the low kinetic energy
of Li atoms, leading to a negative B.. As
temperature increases, atoms become more
energetic, increasing the contribution of short-
range repulsive forces and causing B to become
less negative. In contrast, at high T, the large
kinetic energy of the Li atoms leads to a net
repulsive interaction among them, yielding
thereby a positive B. At high T, B increases
slowly with temperature.

5 T T T T T T T T T
0 -~ - - *—e
&) : — * - Morse
g —e— Redberg]
g
e
& -104 ¥ -
Xv—<
e $
-15 - 4
-20 . , : .
0 10 20 30

Tx10° [K]

FIG. 2. The total classical second virial coefficient B;; [cm*/mole] as a function of temperature T [K] using
Morse and Rydberg potentials.

In order to test the reliability of the present
calculation, we have used a third potential;
namely the modified Morse potential (HH-
potential). In Tables 5 and 6, the present results
for Byo are compared to previous results in [8,
9, 11, 16, 24]. It is noted that the present results
are of the same order of magnitude as the
previous results. The values of the first quantum
correction By from 600 K to 45000 K are

positive and decrease to zero at T= 6000 K, as
shown in Table 6. In Table 7, B, By (for singlet
and triplet states) and By, are calculated in the
T-range (100 K-500 K). It is noted that B’
plays a significant role in this T-range and the
quantum effects cannot be ignored in this range.

It is clear that it becomes greater than‘Bcl‘ at T

< 100 K, Therefore, the classical expression
fails; so that By must be used instead.
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TABLE 5. The total classical second virial coefficient By [cm3/m01e] at different temperatures T.
Previous results [8] are included for comparison purposes.

Biotal [cm3/ mol]

T [K] Present results [8]
Morse Rydberg Morse Rydberg
2460.253 -1244 -1201.9 -1225.3 -1201.5
4100.422 -220.8 -204.2 -218.6 -276.6
6150.632 -81.6 -72.3 -80.7 -203.4
8200.843 -43.6 -37.1 -42.9 -71.4
12301.26 -18.3 -14.3 -17.6 -36.2
16401.69 -94 -6.5 -8.9 -13.3
24602.53  -2.8 -0.98 -2.5 -5.2
TABLE 6. Comparison between the present results for By and By and previous results.
Btotal Btotal Btotal Btotal Btotal
T[K]  [m’/mol] [m’/mol] [m’/mol] [m’/mol] [m’/mol]
Present result [9] [11] [16]* [24]
500 -1.624x 10° -1.073x 10°  -1.167x 10°
600 -2923 --- -2060 -6551 -
700 -167.9 --- -124.2 -575.1 ---
800 -19.93 -14.93 -15.28 -69.83 -
900 -3.831 -2.963 -3.023 -10.85 -9.647
1000 -1.032 -0.8191 -0.8335 -2.059 -2.370
1200 -0.1472 -0.1213 -0.1229 -0.1155 -0.2941
1400 -0.0374 -0.03164 -0.03197 -0.03996 -0.06746
1600 -0.01361 -0.01174 -0.01184 -0.01681 -0.02265
1800 -0.00629 -0.005509 -0.005538 -0.007809 -0.00977
2000 -0.00344 -0.003039 -0.003048 -0.003962 -0.00502
2200 -0.00212 -—-- -0.001885 -0.002130 -0.00289
2400 -0.00143 -—-- -0.00127 -0.001219 -0.00182
2500 -0.0012 -0.001071 -0.001069 -0.001037 -0.00146
3000 -0.00061 -0.000544 -0.000541 -0.000557 -—--
3500 -0.00031 ——— -0.000333 -0.000329 ———
4000 -0.00026 -—-- -0.00023 -0.000228 -—--
4500 -0.00019 -—-- -0.000172 -0.000172 ———
5000 -0.00017 ——— -0.000135 -0.000133 ———
5500 -0.00013 ——— -0.00011 -0.000109 -—--
6000 -0.00011 ——— -0.0000915 -0.000092 ———
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*The result of Holand ef al. [16] is published in their work as a ratio from Mise and Julienne [11].

TABLE 7. By, By (for singlet and triplet states) and By, in the T-range (100-500 K).

Bscl BS C Btcl Bt C Btotal
TIK] [m’/mol] [m3/§101] [m’/mol] [m3/rqnol] [m’/mol]
100 -3.359x10>*  3.538x10™* -11587.1 289.7 4.475%10°
200 -5.582x10*7  1.526x10% -1520.5 8.315 -1.014x10%
300 -7.739x10"  8.857x10" -709.1 1.910 -1.713%10"
400  -2.948x10"  1.876x10" 4472 0.8020 -6.901x10"
500 -6.770x10""  2.725x10" -320.7 0.4419 -1.624x10"
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3.2 Quantum Second Virial Coefficient, B,

Our results for By are given in Table 8 and
Fig. 3 for the T-range (1-500 K) in the zero-
density limit. In this regime, the system is
considered to be in the vapor phase. At very low
T, B, is positive indicating that the repulsive part
of the potential is dominant. As T is increased,
the attractive part becomes more dominant. The
negativity of B, rises with increasing T until it
approaches a minimum at Tpn. For T > T, By
becomes less negative with increasing T, going
to zero in the high limit of T. This behavior is an
evidence of quantum effects. The overall
behavior of By is the same as that of the potential
itself. In the Morse and Rydberg potentials, By
changes sign at T = 80 K and T= 90 K,
respectively, from positive to negative, but for
the HH-potential, B, changes sign at T=7 K from
positive to negative. This means the HH
potential is more attractive than the two other

potentials, since the triplet part in the Morse and
Rydberg potentials is completely repulsive.

The general behavior of B, (Fig. 3) is the
same as that of the Li-Li potential V(r) itself
(Fig. 1). This behavior reflects that the short-
range repulsive component and the long-range
attractive component with the minimum in
between represent equilibrium [1]. Moreover, it
is concluded that the HH-potential is the most
attractive potential. The behavior of By must be
quantum-mechanical in origin. The -classical
calculation of B yields a large and negative value
at low temperatures in the presence of an
attractive well. This behavior occurs because of
the uncertainty principle. At these low
temperatures, the thermal de Broglie wavelength
of Li is several tens of Angstroms, which is
probably enough to “wash out” the potential
energy bottom, thereby resulting in an overall
repulsive interaction.

TABLE 8. The quantum second virial coefficient By [m’/mole] as a function of temperature T [K]

using Morse, Rydberg and HH potentials.

Bq[m3/mol]

T [K] plc\)/tlgrrl‘fieal Rydberg potential HH potential
1 992.5 531.1 1418.4
2 531.2 2354 495.3
4 274.8 164.6 78.53
6 180.7 133.6 7.331
7 151.1 118.8 -3.392
8 127.7 105.0 -8.781
10 93.40 81.52 -12.89
30 10.38 10.91 -8.948
50 2.251 2.679 -6.532
70 0.3642 0.5211 -5.463
90 -0.2945 -0.3277 -4.790

100 -0.4742 -0.5728 -4.520
200 -1.160 -1.399 -2.756
300 -1.347 -1.515 -1.777
400 -1.345 -1.458 -1.226
500 -1.267 -1.345 -0.9168
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FIG. 3. The quantum second virial coefficient By [cm®/mole] as a function of temperature T [K] using Morse,
Rydberg and HH potentials.

4, Conclusion

This work has addressed the second virial
coefficient B of low-density "Li vapor, using the
Morse, Redberg and HH-potentials, in the
temperature-range 1 K—45000 K and beyond.
This range spans the quantum as well as classical
regimes. Accordingly, the centerpiece of this
work includes the calculation of the classical
coefficient B, together with the first quantum
correction By and the quantum coefficient B,
Also, the interface between the classical and
quantum regimes is systematically investigated.

The main objectives of this work were to
calculate the classical second virial coefficient
By, the first quantum correction By, to this
coefficient in the T-range 100 K—40000 K and
beyond and to determine the quantum
counterpart By in the T-range 1 K-500 K. A
positive value of B, indicates that the net
interaction energy is repulsive implying an
overall repulsive effective interaction; whereas
the negative values of B, are indicative of a net
attractive interaction.
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It has been found that the general behavior of
B, is the same as that of the potential itself, such
that the short-range repulsive and long-range
attractive potentials could be deduced from the
result of By. There seems to be an almost one-to-
one correspondence between the respective
repulsive, attractive and ‘minimum’ regions.
Thus, information about diatomic interactions is
contained in B.

In conclusion, the results show that B is a
sharp indicator of the demarcation between the
classical and quantum regimes. In the high-T
limit, B is expected to behave classically;
whereas it should behave quantum-mechanically
at ‘low’ T. There are some problems that one can
pursue starting with the present work. One
problem is using the present formalism for
exploring the gas of Lithium isotope (°Li) which
is a Fermi system. It would be interesting to
observe the similarities and differences. Another
problem is the calculation of the second virial
coefficient for other atomic gases, such as Na
and K.
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Abstract: In this paper, suitability of thallium sulphide films were investigated as an
alternative to conventional silicon and germanium that were used as window layers in solar
cells. Thin films were deposited on soda lime glass (SLG) substrates in a chemical bath
containing Thallium Chloride (TICl,) and Thiourea (NH,),CS which was conditioned at 80
°C for about 5 hours to deposit the films. Effects of annealing on the film samples at 300 'C
and 350 'C were studied respectively by use of UV-VIS Avantes electrophotometer and
Four-Point-Probe (FPP) machine in the light region with wavelength range from 200 nm to
1000 nm. The results obtained suggest that the thin films obtained are good materials for
optoelectronics. The absorption spectra exhibited a relatively high energy band-gap.
Materials of this nature are good for window layers which serve as passage to the absorber

layer where needed charge carriers are produced.

Keywords: Thin film, Thallium Sulphide, Window layer, Optoelectronics, Solar cells.

Introduction

The group-III elements contain thallium
which forms compounds, such as TISe
(tetragonal, Eg = 0.75¢V), T1S (tetragonal, Eg =
1.37e¢V), T1,S (tetragonal, blue-black), T1,S;
(amorphous, black), CuTIS, (chalcopyrite, Eg =
1.39¢V, estimated), TIBiS, (thombohedral, Eg =
0.40eV), TISbS, (Eg = 1.42 eV) ... etc. Thus,
thallium could be at (+3), (+1) or mixed
oxidation states, offering also the possibility of
transforming oxidation states during solid state
reactions. One may note that thallium sulphide
as a photoconductor and photovoltaic material
has been known since the 1930s, but the use of
thallium compounds has been almost eliminated
in subsequent years [1]. However, an attraction
which thallium may still offer as a Group-III
heavy-element is its price. In bulk metal form of
99% purity, it costs in commercial quantities

about US $ 100 per kilogram; typically one
twentieth as that of indium. The strategy to
utilize thallium to replace some amount of
indium and gallium in solar cell technology
might relieve the pressure on the availability of
these two  elements indispensable in
optoelectronic device technologies. Thin films
have a number of applications in various fields,
ranging from coatings, interference filters,
polarizers, narrow band filters, solar cells,
photoconductors, IR detectors, waveguide
coatings, magnetic and superconducting films
and microelectronic devices [2, 3]. Ternary
compounds of thallium, which include TISbS,,
have reported optical band gaps (Eg) of 1.7¢V
[4] and 1.85eV. Generally, optical band gap in
the range between 1.00eV and 2.00eV suggests
possible application as absorber materials in
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solar cells. Estrella et al. [4] deposited thallium
antimony sulphide and thallium bismuth
sulphide thin films produced by heating
chemically deposited multi-layers. They reported
the formation of these materials in thin film form
by heating in nitrogen of chemically deposited
szSj, + les and Bisz, + T128 thin films [5] The
study was motivated by their success in
producing Cu;BiS;, CuSbS, and InSbS; thin
films by heating chemically deposited Bi,S;—
CuS, Sb,S;—CuS and Sb,S;-In (indium by
thermal evaporation) thin film coatings at
temperatures of 250 C - 400 C in a nitrogen
atmosphere. They felt that the very fine
crystalline grains (of <5nm in diameter) inherent
in chemically deposited semiconductor thin films
promote interfacial diffusion of the atoms and
lead to the formation of compounds at a
temperature lower than what is required for their
formation by sintering stoichiometric elemental
mixtures. Given the fact that the films are of low
band gaps and show poor transmission of visible
light, they could find potential applications as
solar cell absorbers [5]. These processes require
the use of sophisticated machines and lots of
time consumed. Bearing these potentials in
mind, there are increasing demands for
renewable energy as the alternative to present
epileptic power supply for economic growth.
Solar cells have been made majorly from
Germanium and Indium. The idea of seeking
alternative base materials to give room for the
vast demand for optoelectronic devices has been
considered. This work is also propelled to focus
on an alternative technique to produce a good-
quality solar absorber that is eco-friendly. That
informs the need to investigate thallium sulphide
for suitability as an optoelectronic material for
solar applications.

Materials and Methods

The CBD bath for Thallium Sulphide film
deposition was obtained by using Trisodium
citrate (TSC) (Na;C¢HsO,;) as a complexing
agent for thallium chloride (TICl,) which served
as precursor for TI*" and Thiourea (NH,),CS
which served as precursor for S*. 20 ml of 0.5M
Thiourea, 10 ml of 1.0 M thallium chloride
(TICL) solution and 1ml of 0.5M Trisodium
citrate were added into a 100 ml beaker. Then,
40 ml of distilled water was added to the solution
and then gently stirred at room temperature to
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obtain a homogenous solution. 2ml of 0.3M
Ammonia (NH3) was added in drops till an
alkaline solution with pH of 8.0 was attained, as
measured with Mettler Toledo AG 8603 pH
meter. The mixture was immersed into a heated
water bath with continuous stirring. Well
prepared glass slides (3 pieces) were introduced
into the mixture at 80 'C and film deposition
allowed for 5 hours. After the deposition, the
substrates were removed, rinsed with distilled
water and allowed to dry in air. Two samples
were labelled A and B for annealing at 300°C
and 350°C, respectively, to study the effect of
annealing on the deposited films, while the third
sample served as the control referred to as
deposited subsequently.

Results and Discussion

Optical Characteristics of Thallium Sulphide
Films

As obtained from Avantes UV-VIS spectroph
otometer in the range 200-1000 nm, reflectance
graphs of TIS thin films are shown in Fig. 1 for
the films deposited, annealed at 300 'C and at
350 'C, respectively. They were found to vary
from 7 % to 15 % at initial state. Average reflect
ance was found to be below 30% for all films.
The film for TIS annealed at 350 °C had the
lowest reflectance of about 28 % compared to
the deposited film which has 30 %. The reflectan
ce spectra show that the presence of heat in TIS
thin films reduces reflectance of the films in the
visible range, showing that annealing at higher
temperature reduces the reflectance characteristi
cs. This is in consonance with Wanjala et al. [6],
who reported ZnS:Sn thin films for use in solar
cells.

The transmittances of the films vary between
80 % and 90 % with a reduction in transmittance
as the annealing temperature increases. Fig. 2
shows the transmittance spectra which indicate
average transmittances of 80 % at A=800 nm.
This reveals that some states have been created
in the Fermi-level between the conduction band
and the valence band. This can also be attributed
to the increase in fundamental absorption as
photon striking increases with increase in carrier
concentration [7]. This fairly high value suggests
the suitability of the films for window layers in
solar cells.
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FIG. 2. Graph of transmittance against wavelength for TIS films.

In Fig. 3, it is obvious that TIS thin films
have good absorbance in the short wavelength
region. Records of about 3.25 %, 3.28 % and 3.3
% were obtained for films deposited, annealed at
300 'C and annealed at 350 'C, respectively [8].
The absorbance values for all the films were
calculated from transmittance and reflectance
data using the expression [9]:

T+R+A4A=11
Sothat A = 1- [T + R]

where;
T = percentage transmittance,
R = percentage reflectance and
A = absorbance.
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FIG. 3. Graph of absorbance against wavelength for TIS films.

The absorption decreased with increasing
wavelength of solar radiation. Increase in
absorption occurs when the photon energy
reaches the value of the energy gap where
electron transfers occur between the valence
band and the conduction band. The lowest
absorbance of 0.2 % was recorded for TIS
deposited film, while the highest of 0.25 % was
recorded for TIS film annealed at 350 'C at a
wavelength of 900 nm.

The energy band-gaps of the films were
relatively high. The values obtained were 3.9 eV,
3.92 eV and 3.94 eV, respectively for films
deposited, annealed at 300" C and annealed at
350" C. These band-gap values speak in the same
direction as the results of [10] obtained in the
determination of optical properties of ZnS thin
films which were in the range from 3.64 eV to

3 32 34 36

~

4.00 eV. Band gaps were obtained by plotting
(ahv)* against (hv) and extrapolating the linear
part. By extrapolating the linear portions of the
plots of (chv)® against (hv) to where (ahv)’ = 0,
the value where the extrapolated line cuts energy
(hv) axis indicates the band gap [11]. The band
gap of the window layer should be as high as
possible and the layer should be as thin as
possible to maintain low-series resistance [12].
That condition certifies the need for window
layer which should not absorb any of the
incident light but allows maximum photon
energy to reach the absorber layer where the
energy is needed for generation of electrons. Fig.
4 shows the energy band-gap graphs for TIS
films deposited and annealed samples at 300 ' C
and 350 'C, respectively.

w— 115 Depostied J
—TIS & 300C
TS2350C | |

30

Photon Energy (eV)
FIG. 4. Graph of («hv)? against wavelength for TIS films.
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Electrical Properties of TIS Thin Films

The TIS samples were examined with the four
point probe (FPP) machine for measurement of
film current and voltage. The values for the sheet
resistance (Ry), resistivity (p) and conductivity
(o) are presented in Table 1. The resistivity
reduces from 2.003 x 10° Qm to 0.34 x 10° Qm

TABLE 1. Electrical properties of TIS

for deposited and annealed at 350 'C samples as
the annealing temperature increases. The
corresponding conductivity increased from 4.99
x 107 Sm™ t02.92 x 10° Sm™. This enhances the
electrical property of the film and makes it
useful material for solar applications [13].

Sample Voltage Current Sheet Resistzance, Resistivity Conduct]ivity
V) A) Rs (Qm™) (Qm) (Sm”)
Deposited 132x 107 586x10° 1.001 x 107 2.003x10°  4.99x 10"
Annealed at 300°C  3.04x 10" 4.81x10® 2.87x 107 5.74 x 10° 1.74 x 10"
Annealed at 350°C  2.79x 10" 7.41x10” 1.71 x 10° 034x10°  2.92x10™
Conclusion

Thallium sulphide thin films have been
successfully deposited by CBD in the laboratory.
The transmittances of the films vary between 80
% and 90 % with a reduction in transmittance as
the annealing temperature increases. This is an
indication that good solar materials could be
obtained at low temperatures. The film for TIS
annealed at 350 C had the lowest reflectance of
about 28 % compared to the deposited one which
has 30 %, showing that annealing at higher
temperaturereduces thereflectance characteristic
s. The energy band gaps of the films were
relatively high. The values obtained were 3.9 eV,
3.92 eV and 3.94 eV, respectively as annealing

temperature increased. This implies that the
films will be good materials for window layers
in solar applications. The resistivity reduces
from 2.003 x 10° Qm to 0.34 x 10° Qm as the
annealing temperature increases, while the
corresponding conductivity increased from 4.99
x 107 Sm™ t02.92 x 10° Sm™. This enhances the
electrical property of the film and makes it
useful as a material for solar applications.

It is hereby recommended that further investi
gations be done on the effect of concentration of
the deposition bath on the quality of the films
obtained for enhanced performance.
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Abstract: Recently, magnesium alloys have attracted scientific interest due to their
technological importance in thermoelectric, piezoelectric, photo-voltaic and infrared
photonics applications. The electronic and elastic properties of MgXSi (X = Mg, Sr)
compounds were investigated in this work, using the density functional theory (DFT) with
pseudo-potential plane-waves (PPW) approach as implemented in Quantum Espresso code.
The results of the elastic constants of Mg,Si are in agreement with the previous theoretical
results and favourably compared with experimental data. The electronic band structures of
these semiconductors were calculated to give narrow indirect and direct band gaps of
Mg,Si and MgSrSi, respectively. Our results show that the two compounds are
mechanically stable. The Pugh’s ratio, B/G, indicated that Mg,Si and MgSrSi are brittle
and ductile in nature. The estimated anisotropy parameter, A, shows that Mg,Si has a
higher degree of elastic isotropy in comparison to MgSrSi. Three-dimensional (3D)
projection of Young’s modulus and area modulus of the compounds was presented.

Keywords: Electronic structure, Elastic constants, Mechanical properties, Mg,Si, MgSrSi.
PACS: 31.15.A-, 62.20.F-, 71.55.-1, 71.20.Be.

Introduction

Magnesium has recently become an important
engineering material due to its abundance in the
earth, less toxicity and cost-effectiveness
compared to other competing materials for
various technological applications [1, 2]. This
has led to continuous and significant studies of
magnesium-based alloys and compounds in the
recent years due to their potentials for use in
several technological applications, such as;
thermoelectric, piezoelectric, photo-voltaic and
infrared photonics [2, 3, 4]. Magnesium also
possesses many other attractive properties, such
as high damping capacity, electromagnetic
shielding, thermal conductivity, good

machinability and high recycling potential [2].
Moreover, Mg-based alloys are of great interest
due to its low density (~1.74 g/cm’) and high
specific strength and stiffness compared to many
other engineering materials, like steel,
aluminium and polymer-based composites [5].
Magnesium alloys have been known to be
among the lightest structural materials and have
applications in several areas, like aerospace
manufacturing and automobile industry [6, 7].
All these aforementioned attributes and features
are our motivation to study these alloys.
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Several studies have been carried out on the
mechanical alloy of tin (Sn) into magnesium
silicide (MgSi) to display better-detailed
properties and thermoelectric properties than
Mg,Si. Difficulties encountered during the
experimental set up include variations in
temperature of the constituent elements and
contamination in material processing [8, 9].
Magnesium silicide is one of the prominent
silicides in solid-state application due to its
compatibility with silicon, which is a based
material for solid-state devices and electronics.
This material has high thermal stability as well
as desirable oxidization resistance properties,
which makes it fit as a green material for
semiconductor applications. This material is also
known as a semiconductor with a narrow band
gap, which has been used at a wavelength range
of 1.2 to 1.8 micrometers as an infrared detector
[8-10]. Doping and alloying have been used to
enhance properties of semiconductors for
optimum applications in optoelectronics and
energy generation [11-13]. Elastic properties of
the Mg,Si structure under pressure have been
reported by Zhang et al. (2018). Their calculated
elastic constants are stable at a minimal pressure
range of 0 to 7 GPa under Born’s stability
conditions at low pressures [9]. Hao et al. (2009)
reported the experimental measurement of the
compressive-to-phase transformation
characteristics of Mg,Si at room temperature
[14]. Some works of literature only report elastic
constants and Young’s modulus, leaving out
other elastic properties in their work. In this
work, we present first-principle calculations of
structural, mechanical and elastic properties of
MgXSi (X = Mg, Sr) in antifluorite face-
centered cubic (FCC) structure. The elastic
constants, bulk modulus B, Young’s modulus E,
shear modulus G, Poisson's ratio, Zener’s
anisotropy A and Pugh’s ratio B/G of Mg,Si and
MgSrSi are computed and discussed. The results
are compared with available experimental and
theoretical results.

Computational Details

Our calculations were carried out using
plane-wave density functional theory (DFT) [15]
using the Projected Augmented Wave (PAW)
PBE functional which defines the exchange-
correction energy. A projected augmented wave
(PAW) type of pseudopotentials was employed.
The pseudo-potentials used in the modeling of
these materials are Mg.pbe-spn-kjpaw ps
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1.1.0.0.UPF, Si.pbe-n-kjpaw_ps 1.1.0.0.UPF and
Sr.pbe-spn-kjpaw_ps 1.1.0.0.UPF. The
calculation of the pseudopotential involves Mg:

2p° 3s” and Si: 35’ 3p” and Sr: 4p65S2 orbitals.
Relaxation of the atomic structures was carried
out using the Broyden-Fletcher-Goldfarb-Shanno
method [16]. Brillouin zone is sampled using
Monkhorst—Pack scheme [17] with a k-point grid
of 8 x 8 x 8. The computations were carried out
using thermo_pw [18] on the Quantum Espresso
(QE) code [19-21]. The elasticity of the
compounds was post-processed and analyzed
(Self-consistent  Elasticity of Multi-phase
Aggregates (SC-EMA) code [22-24] and EIAM
code [25].

Results and Discussion
Structural and Electronic Properties

The atomic structures of Mg,Si and MgSrSi
intermetallic compounds are known to crystallize
in FCC lattice and the space group 225 Fm3m
of antifluorite structural type. The atom of Si is
located at the (0, 0, 0) sites in a primitive cell
and two equivalent Mg atoms occupy the (a/4)
(1, 1, 1) and (3a/4) (1, 1, 1) sites, where a, is the
lattice constant [26]. The schematic diagrams of
the crystal structures of these alloys are shown in
Fig. 2 and their X-ray diffraction patterns are
shown in Fig. 3. Interaction of X-rays (a
spectrum of electromagnetic wave) with a
crystalline substance results in a diffraction
pattern which helps in the description of the
crystal properties. X-ray diffraction is useful in
crystal structure characterization, as well as
obtaining useful crystal information, like lattice
constants, crystallite size and degree of
graphitization [27]. We calculated the electronic
band structures of Mg,Si and MgSrSi
compounds at their equilibrium lattice constants,
as shown in Figs. 4 and 5, respectively. For both
compounds studied, the electronic band structure
of Mg,Si shows an indirect band gap of 0.39¢V
between [” - X with the Maximum Valence Band
(MVB) observed at gamma point, while the
Conduction Band Minimum (CBM) is at the X
point of the Brillouin zone (Fig. 4). The
electronic band structure of MgSrSi depicts a
direct band gap of 0.91eV with respect to the
Fermi level and its Maximum Valence Band
(MVB) and the Minimum Conduction Band
(MCB) occurred at point X of the Brillouin zone
(Fig. 5). The two compounds theoretically
display semiconducting behaviour due to their
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narrow band gaps. The electronic band gap was  MgSi (0.39¢V) to direct band gap of MgSrSi
increased with 0.52eV with the substitution of Sr  (0.91eV). The Brillouin zone representation for
for one atom of Mg from indirect band gap of = FCC Mg,Si and MgSrSi is shown in Fig. 1.

FIG. 1. Brillouin zone for FCC Mg,Si and MgSrSi.

FIG. 2. Crystal structure of Mg,Si and MgSrSi. Blue ball and gold ball represent Si and Mg, respectively, while
green ball represents the substituted Sr atom for Mg.
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FIG. 5. Electronic band structure for MgSrSi with a direct band gap of 0.91eV at X point.

Elastic and Mechanical Properties

The elastic and mechanical properties of
MgXSi (X = Mg, Sr) compounds were
calculated and are shown in Table 1. Elastic
constants (Cij) of any material play an important
role in understanding its mechanical properties.
C; are the elastic constants of the crystal and its
structure has been fully relaxed under a given set
of exchange-correlation potential functions and
obtained an equilibrium structure with a
minimum total energy. Before a material can be
termed a mechanically stable material, the
Born’s stability conditions of cubic crystal [28]
must be satisfied which are: C;; > 0, C;; - Cp; >
0, C44 > 0, C[[ + 2C12 > () and C12 < B < C[[.
The results of C;; C;; and C, obtained as
presented in Table 1 clearly show that the
studied MgXSi (X=Mg, Sr) compounds are
mechanically stable having satisfied the
aforementioned conditions. The lattice constant,
a = 6.341 4 and elastic parameters, C; (GPa) of
MgySi (C;; = 116.0 GPa, C;; = 22.6 GPa and
C44=45.2 GPa) are in good comparison with the
available theoretical [2, 25] and experimental
data [29].

As it is well known, elastic properties such as
bulk modulus (B) determine the resistance of any
material fracture and the shear modulus (G)
gives the resistance to plastic deformation. The
B/G ratio, which is also described as Pugh’s
ratio, is used to understand the ductile/brittle
behaviour of solids [30]. The critical value is
1.75, where greater than that value, the material

is regarded as ductile [30, 31]. In this work, the
B/G ratios of the two compounds were found to
be 1.18 and 5.89 for Mg,Si and MgSrSi,
respectively. This shows that Mg,Si alloy
indicates brittle behavior, while MgSrSi is
ductile in nature, based on their B/G ratios
values.

The elastic anisotropy of crystals is an
important factor in material science. There are
different ways by which elastic anisotropy can
be estimated theoretically. The Zener’s
anisotropy parameter 4 = 2Cyy / (C;; — Cypy) is
usually adopted for this purpose [32, 33]. The
degree of deviation of Zener’s anisotropy
parameter from unity (1) means the degree of
elastic anisotropy. Mg,Si is elastically isotropic
with 4 = 0.96 and a little degree of elastic
anisotropy is observed in MgSrSi with 4 = 0.42,
as presented in Tables 1 and 2.

To calculate the polycrystalline modulus, two
approximation methods are employed which are
the Voight method and the Reuss method. Using
energy considerations, Hill showed that the
Voight and Reuss equations stand for upper and
lower limits of realistic polycrystalline constants
and recommended that a practical estimate of the
bulk and shear moduli should be the arithmetic
means of the extremes. Elastic properties (such
as bulk modulus, shear modulus, Young’s
modulus and Poisson’s ratio) are calculated
through Equations (1) — (6) in the Voight-Reuss-
Hill approximation and their values are
presented in Table 2.
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TABLE 1. Calculated elastic properties: The lattice constant a (A), the elastic constants C;;, C;, and
C44 (GPa), Young’s moduli (£, in GPa), shear moduli (G, in GPa), Poisson’s ratios (v), Zener’s
anisotropy A and the B/G ratio of MgXSi (X=Mg, Sr) compounds compared with other results.

Material a (A) C[] C12 C44 E G V A B/G
6.341% 116.0* 22.6* 45.0* 106.7* 45.6* 0.17* 0.96*  1.18*
MeSi 6.295° 121.2° 23.7° 495 113.5° 492*  0.161° - 1.14°
& 6.35° 118.82°22.27° 44.96° 111.79° 46.25° 0.15° - 1.18°
6.338° 126.0° 26.0° 48.5° : - - - -
MgSrSi  6.361* 166.8% 67.2* 20.9* 48.07* 17.02* 0.42% 0.42*  5.89%
*=This Work a=[36] b=[2] c=[37]

TABLE 2. Calculated mechanical parameters' values of Mg,Si and MgSrSi using Voight, Ruess and

Hill approximations.

Mg,Si MgSrSi
A 0.96 0.42
I-A 0.4 0.58
Ag 1.039 2.377
BV = BR = BH (GPa) 53.71 100.3
By = Br = Pu (10~ /GPa) 6.2059 3.3211
Gy (GPa) 45.63 32.493
G (GPa) 45.62 27.27
Gy (GPa) 45.63 29.88
Ev (GPa) 106.69 87.985
Ex (GPa) 106.66 75.016
Ey (GPa) 106.67 81.552
Vy 0.168 0.3539
VR 0.169 0.375
Vi 0.169 0.365
By /Gy 1.18 3.087
Br /Gr 1.18 3.678
Br /Gr 1.18 3.357

A, anisotropy factor; Ag, anisotropy in shear moduli; B, bulk moduli; B, compressibility; G,
shear moduli; E, Young’s modulus; v, Poisson’s ratio.

C11 +2Cq5

B =t M

G, = M )
_ 5(€11—C12)Cys

Gr = 4Caa+3(C11— C12) ®)

G — Gy + G (4)

2

where B, G and C;; (C;;, C;;and Cyy) are the bulk
moduli, shear moduli and elastic parameters; G
and Gy are Voigt's and Reuss's shear moduli,
respectively. Hence, the Young's modulus £ and
the Zener's anisotropy factor 4 are computed as
follows [34]:

9GB
E= 3B+G ®)
A= 2Cy4 + 2C13 (6)
C11—C12

Young’s modulus, which is the ratio of strain
to stress, is used to determine the stiffness of a
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material. On the other hand, area modulus is the
ratio of an equibiaxial stress to the relative area
change in the planes in which the stress acts. It is
an intermediate elastic property between Young's
modulus and bulk modulus, which is computed
in isotropic elasticity [35]. The results computed
in Table 2 show that Mg,Si with £y = (106.66
GPa) is stiffer than MgSrSi (Ey = 75.016 GPa).
SC-EMA (Self-consistent Elasticity of Multi-
phase Aggregates [22-24] and EIAM code [25]
were used as post-processor for elasticity of
Mg,Si and MgSrSi to plot the three-dimensional
(3D) image of area modulus and Young’s
modulus, as shown in Figs. 6 — 10. These
Young’s moduli are more intuitive than the bulk
modulus to indicate the anisotropy of the
crystals. These three-dimensional projections of
Young’s moduli indicate the directional
dependences of the Young’s moduli of the
Mg,Si and MgSrSi crystals. This result is
consistent with the anisotropy factor given in
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Table 1 with Mg,Si is isotropic and MgSrSi
crystal deviates a bit from isotropic behavior.
Figs. 6 and 7 were generated using 200 data
points each. Fig. 6 shows the 3D projection of
Young’s modulus and area modulus for Mg,Si.
The computed homogenized polycrystalline
Young's modulus is 102.01 GPa, while the cubic
single crystals 001, 110 and 111 planes' area
moduli of elasticity were 59.89 GPa, 61.42 GPa
and 61.85 GPa, respectively. Fig. 7 shows the
3D projection of Young’s modulus and area
modulus  for MgSrSi. The computed
homogenized polycrystalline Young's modulus is
82.81 GPa, while the cubic single crystals 001,
110 and 111 planes' area moduli of elasticity
were 91.73 GPa, 53.17 GPa and 47.91 GPa,
respectively. Fig. 8 shows the 3D and 2D
projections of Poisson’s ratio as computed for
Mg,Si and MgSrSi, respectively. Minimum and
maximum dimensionless Poisson's ratios of 0.2
and 0.47 were measured for Mg,Si with
corresponding  transverse =~ maximum  and
minimum of (0.71 -0.70 0.00) and (0.00 0.00 -
1.00), respectively along x y z. For MgSrSi,

108.4
108.0
107.6
107.2
106.8
106.4
106.0

105.6
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minimum and maximum dimensionless Poisson's
ratios of 0.11 and 0.15 were recorded with
corresponding  transverse =~ maximum  and
minimum of (0.71 -0.70 0.00) and (0.00 0.00 -
1.00), respectively along x y z. Fig. 9 shows the
3- and 2- dimensional projections of shear
modulus for Mg,Si and MgSrSi, respectively.
Shear modulus is one of the important quantities,
as it determines the stiffness of a material.
Computed shear moduli for Mg,Si and MgSrSi
were 45.63 GPa and 32.493 GPa, respectively,
which compared well with our calculated
homogenized polycrystalline shear moduli of
43.81 GPa and 30.53 GPa for Mg,Si and
MgSrSi, respectively using SC-EMA code [22-
24]. Fig. 10 shows the 3D and 2D projections of
sound velocities for Mg,Si and MgSrSi,
respectively. Minimum and maximum acoustic
modes were 22.60 and 35.50 for Mg,Si and
67.20 and 72.95 for MgSrSi, respectively. The
acoustic modes for Mg,Si and MgSrSi suggest
that MgSrSi has a higher potential for acoustic
application.

-60
40 5

0
[1001 20

40
60

(b)

-50
0
(109 50

(b)
FIG. 7. 3D projection for (a) Young’s modulus and (b) area modulus of MgSrSi.
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3D--Mg,Si

[001]

(1101

3D--MgSrSi

[001]

2D--Mg,Si

(110]

2D--MgSrSi

FIG. 8. 3D and 2D projections of Poisson’s ratio for Mg,Si and MgSrSi, respectively.

? I

3D--Mg,Si

~
o

2D--Mg,Si

3D--MgSrSi

2D--MgSrSi

FIG. 9. 3D and 2D projections of shear modulus for Mg,Si and MgSrSi, respectively.
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3D--Mg,Si

-

3D--MgSrSi

2D--Mg,Si

2D--MgSrSi

FIG. 10. 3D and 2D projections of sound velocities for Mg,Si and MgSrSi, respectively.

Conclusion

In the present theoretical study, the structural,
elastic and mechanical properties of Mg,Si and
MgSrSi intermetallic compounds have been
investigated employing the DFT with pseudo-
potential plane-waves (PPW) approach using
Projector Augmented Wave (PAW) method for
the exchange and correlation potential. The
results obtained for the optimized lattice
parameter (a) agree with the available theoretical
and experimental data. The elastic constants Cj
and related  polycrystalline  mechanical
parameters, such as bulk modulus B, Young’s
modulus E, shear modulus G and Poisson's ratio,
were computed. Zener’s anisotropy parameter,
A, and the B/G ratio were also estimated. From

the results, it is concluded that the elastic
constants of Mg,Si are quite in good agreement
with theoretical results already recorded on the
subject and compare favourably  with
experimental data. The two compounds studied
are mechanically stable having satisfied the
elastic stability criteria. The three-dimensional
Young's modulus of Mg,Si also confirmed the
computed results obtained by Zener's anisotropy
factor 4, which are nearly spherical, indicating
that the crystal was isotropic. The studied
compounds were classified as semiconducting
materials having indirect band gap (0.39¢V) and
direct band gap (0.91eV) for Mg,Si and MgSrSi,
respectively in their electronic band structures.
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Abstract: The activity concentrations of natural radionuclides of the elements (*’K, >**U
and ***Th), collected from Kutha district of Babylon governorate are studied and evaluated.
Twenty soil samples with (0-15) cm in depth are collected. Gamma spectrometer Nal (TT)
source is used for calibration. The radioactivities of natural isotopes K-40, U-238 and Th-
232, were assessed. These studies show that radio activities of isotopes are acceptable
according to the standard levels. Also, the activity of radium equivalent, the rate of annual
effective dose, average air volume and external risk index are evaluated. The results are
found within the internationally tolerable values. The results show that the mean of the
radioactivity of 2**U is (19.1565)Bq / kg, while it is (54.501) Bg/kg for ***Th and (179.578)
Bq/kg for **K. The study results showed that the average of radiological effects, like the
Radium equivalent (Rae,), the rate of absorbed dose (Dr), the index of external hazard
(Hex), the index of internal hazard (Hj,), the index of representative gamma hazard (I,), the
Annual Effective Dose Equivalent (AEDE) and the Excess Lifetime Cancer Risk (ELCR)
are as follow: 110.920 Bg/kg, 50.1838 nGy/h, 0.29953, 59.1530, 27.996, 0.34 mSv/y and
1.268x107, respectively.

Keywords: Natural radioactivity, Absorption, External hazard, Effective annual dose,

Excess lifetime cancer risk.

Introduction

As a fact of life, the human lives in a medium
of natural radioactive materials, where humans
are exposed daily to beta, alpha and gamma
radiations. The traces of radioactive materials
can be easily found in nature, including water,
soils, and plants [1]. A crucial source of natural
radioactivity of the materials exists in the crust
of the earth [2]. Radiation rays are mainly
categorized as natural and artificial radiations
[3]. 2*U, ’Th and *K are naturally occurring
radionuclides which are considered as the
sources of the natural radioactivity present in the
soil, easily entering into the human body organs
via food products, drinking water and forestry
products. Almost 90% of human radiation
exposure arises from natural sources, such as
cosmic radiation, exposure to radon gas and
terrestrial radiation [4]. The aim of this

investigation is to assess the natural radioactivity
of U-238, Th-232 and K-40 in different locations
of Kutha district of Babylon. Different studies
measured the natural radioactivity in soil and
assessed its hazards for different regions around
the Kutha district of Babylon as indicated in the
references: [5], [6], [7], [8], [9] and [10]. The
references  mentioned  showed  different
measurements in comparison with Kutha district.

Experimental Method

Twenty soil samples were collected with 15
cm in depth from different locations from Kutha
district in Babylon governorate. The group has
been guided by the standards recommended by
the International Atomic Energy Agency
(IAEA). Firstly, the soil samples were cleaned
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by removing the undesired materials. Then, the
samples were sun-dried for ten days. Thereafter,
the samples were analyzed for the selection of
homogeneous particle size using a cylinder
sieve, 300 um, with a net weight of 750 g. The
samples were filled in cubic Marinelli cups with
a constant size to ensure the homogenous
distribution around the detector. The multivariate
analyzer 1024 channel range was used for the
surrounding by using ORTEC cylindrical
chamber including two parts made of stainless
steel and lead with widths of 20 and 5cm,
respectively. The energy acquisition was
calibrated using a set of radioactive standard
source spectrometers, such as “Co, "’Cs and
**Na. The efficiency of energy was performed in
a gamma spectrometer using these sources of

calibration in a Marinelli cup applying a power
in the range of 511.006 to 2500 keV. The
process was followed by placing the calibration
source in the detector with an exact geometry
consort between the geometric sample and the
sample detector. The sample has been placed in
the centre of the chamber inside the shield for 4
hours. The equilibrium energy was determined
as 1764 keV from gamma power transitions of
*1“Bi with the probability of 15% and 2614 keV
from gamma energy transfer of **T1, with the
probability of 98%. The activity of *K was
balanced accordingly; however, the activity of
K was determined using a power of 1460 keV
and a gamma-ray line probability of 12% was
reported.

TABLE 1. Standard sources with energies and efficiency

No. Source Energy(keV) Efficiency
511 0.08413
b Na22 1274.5 0.04119
2 Cs-137 661.6 0.070137
1173.24 0.02531
3 Co-60 1332.5 0.0225
2505.74 0.004107

Efficency

0.1

0.08

0.06

0.04

Efficincy

0.02

0 500 1000

y = 0.1895 0002
R?=0.9605

1500 2000 2500 3000

Energy (Kev)

FIG. 1. The relationship between efficiency and energy.

Through the above figure, it is clear that the
relationship between efficiency and energy is
represented by the following equation:

€ =0.1895 ¢ %00

where € is representing the efficiency and E is
the energy of radiation source.
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Theoretical Calculations
Specific Activity (S4)
The qualitative (specific) activity (S4) can be
measured by Eq. (1):
n

S, =
4 £><m><fy><r (1)
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where 7 is the counts per second of gamma, ¢ is The variation of specific activity with the
the detector efficiency, I, is the intensity of  sample number is shown in Fig. 2, Fig. 3 and
gamma line in the radionuclides, m is the mass  Fig. 4 for Potassium-40, Uranium-238 and
of the sample in kilogram and 7 is the lifetime of =~ Thorium-232, respectively.

the collected spectrum measured in seconds [11].

250

Specific Activity K-40

3
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Specific Activity K40 K(Bq/Kg)
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FIG. 2. The variation of specific activity of Potassium-40 with sample number.
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FIG. 3. The variation of specific activity of Uranium-238 with sample number.
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FIG. 4. The variation of specific activity of Thorium-232 with sample number.

Index of External Hazard (H(ex))

Measuring of hazard indices depends on the
specific efficacies of Potassium-40, Uranium-
238 and Thorium-232. Several risk factors have
been measured, including:

The Equivalent of Radium-232 (Ra(eq))

It is used to obtain the sum of the activities of
Th-232, U-238 and K-40 in (Bg/kg) unit and
assesses hazards associated with materials which
contain Th-232, U-238 and K-40 in (Bg/kg) by
using the Radium Equivalent Activity that is
defined in Eq. (2) [12]:

Ra(eq) = 1.4‘3ATh + AU + 0'077AK (2)

where Ay is the specific efficiency of Uranium,
Ay, 1s the specific efficiency of Thorium and Ag
is the specific efficiency of Potassium series. In
Eq. (2), it is assumed that 10 Bq/kg for Uranium,
7 Bg/kg for Thorium and 130 Bg/kg for
potassium produce equal doses of radiation. The
highest value of Ra., must be less than the global
limit of 370 Bg/kg [13].

Absorbed Dose Rate in Air (AD)

The total rate of the absorbed air dose (AD)
measures in terms of concentrations of terrestrial
nuclei by Eq. (3) [14]:

AD(nGy/R) = 0.462 Ay + 0.621 Apy +
0.0417 Ay 3)
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Annual Effective Dose

The effective annual dose has been measured
using Eq. (4) and Eq. (5) as follows [15]:

AEDE Indoor (mSv/y) = 0.8 X 0.72—'; X

10-°4p (2

%) x 8760h &)

AEDE Outdoor (mSv/y) = 0.72—'; X

10-6AD ("G—y

%) x 8760h x 0.2 (5)

The coefficient 0.72—; is used as a coefficient

of conversion from the dose of air absorbed to
the annual effective dose received by an adult
and 0.8 refers to the period spent inside and 0.2
is the proportion of period spent. 8760 refers to
the number of hours in a year and the total
average effective annual dose is 0.47 mSv [16].

External Hazard Index (H(ex))

The external hazard index is an assessment of
the risk of natural gamma radiation, as explained
in Eq.(6) [17]:

Hiex) = 20 4 A 4 A (6)
370 259 4810

H(ex) must be less than one. If H(ex) is
greater than or equal to one, that indicates
radiological hazard [18]. The internal exposures
are the result of the inhalation of Radon-232, that
can be expressed in terms of the factor of



Assessment of Natural Radioactivity in Some Soil Samples from Kutha District in Babylon Governorate, Iraq

internal risk (H(in)) [19], which is calculated by
Eq. (7) [20]:

. Ay | Amh |, A
H(in)= —= + —

(in) 158 + 259 + 4810 )

H(in) should be less than one to be within the
range of the internationally permissible limits
[21].

Index of Activity Concentration (Iy)

The representative level index (Iy) of the soil
is used to assess the gamma level radiation
hazards associated with natural gamma emitters
in the sample and can be evaluated using Eq. (8)
[22]:

Ay o At Ak
150 100 1500
Lifetime Cancer Risk (ELCR)

The value of excess lifetime cancer risk can
be calculated as in Eq. (9) [15]:

ELCR = RF X AEDE X DL )

where ELCR is the excess lifetime cancer risk
Sv', DL is the average period of life that is
estimated at seventy years, RF: risk factor, Sv;
i.e., fatal cancer risk per sievert of random effect.
ICRP uses an RF of 0.05.

Iy= ®)

Result and Discussion
Specific Activity

Table 2 displays the results of specific
activity for U-238, Th-232 and k-40
radionuclides in samples from the district of
Kutha, Babylon governorate. The activity of >**U
was (19.1565) Bg/kg as maximum. The activity
of **Th was about (54.501) Bq/kg, and the
activity of “’K was (179.578) Bq/kg, while the
geochemical composition of the soil was sandy
soil. As we note, the activity of Thorium is larger
than the activity of Uranium in most of the
samples. The radioactivity of Th-232 in a part of
the cases is larger than that of U-238 in samples
collected from some locations.

It has been observed that radioactivity of K-
40 was higher than those of U-238 and Th-232,
which is due to the abundance of K-40 in some
soil samples. The reason for this is the use of a
great deal of potassium-containing fertilizers in
the neighbourhood of the sample site. The results
in this assessment show that the average
radioactivity of the collected samples is lower
than the total average values according to
UNSCEAR 2017 [23]. The UNSCEAR 2017 has
reported radioactivities of 420 for K-40, 33
Bg/kg and 45 Bg/kg for U-238 and Th-232.

TABLE 2. The natural radioactivity results in the centre of Kutha district if Babylon governorate.

Sa (1 Bg/kg)

Number

Sample symbol

K- 40 U- 238 Th- 232
1 S1 172.18+1.55 5.87+1.31 62.5+1.57
2 S2 156.18+2.28 7.42+0.72 49.91£2.50
3 S3 201.2+2.18 4.98+1.28 64.62+1.95
4 S4 121.05+2.81 11.12+0.92 45.36+2.88
5 S5 178.05+2.02 14.83+1.34 55.224+1.96
6 S6 213.6+£2.77 15.15+0.73 48.72+2.05
7 S7 120.89+2.12 18.35+1.62 36.85+£1.40
8 S8 217.67+3.03 16.97+£1.07 33.98+2.38
9 S9 153.04+3.11 20.22+0.63 47.11+£2.03
10 S10 192.134£3.77 25.13+0.43 53.91+£2.11
11 S11 202.05+2.28 19.87+1.32 69.28+1.81
12 S12 167.11+3.31 22.1240.63 65.88+2.12
13 S13 220.05+£3.54  29.11+£0.49 59.23+1.14
14 S14 199.17+3.00 23.91+1.9 35.814+2.19
15 S15 120.48+2.69 17.42+0.63 41.25+2.38
16 S16 182.23+3.31 20.71£1.23 60.28+2.01
17 S17 209.87+1.99 27.31+1.02 69.81+£2.15
18 S18 161.39+2.88 30.48+1.91 57.23+1.02
19 S19 208.41+3.11 32.93+0.77 48.87+0.08
20 S20 194.81+2.77 19.23+1.99 84.2+1.09
Average + S.D. 179.578 19.1565 54.501
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The Results of Ra(eq), Dr, H(ex), H(in) and Iy
Parameters

Table 3 shows the results of Ra(eq), Dr,
H(ex), H(in) and Iy for the soil samples collected
from Kutha city, Babylon governorate. The
measured equivalent Ra-232 activity of the
samples shows an average of (110.920) Bg/kg.
The minimum activity value of 370 Bg/kg has
been reported for the analyzed soil samples of
Ra-232 [24]. According to UNSCEAR 2000, the
rate of absorbed dose for the world's outdoor
exposure due to gamma radiation (nG/h) is about
50.1838 nGy/h [23]. Recorded values in the
region under study for many samples are
necessary for health and the results obtained do
not show any premalignant effects on people
who live in Kutha. Finally, specific activity was
used for detecting of the radioactivity doses and
has been delivered externally in the form of y

dose. The index of external risk has been
calculated and reported to be 0.29953, while
according to the radiation protection report, the
average value is less than one [24]. Those
radionuclides have an internal exposure of about
(27.996) and an index of representative gamma
hazard of about (59.153038); so the calculated
values are below one according to the radiation
protection report [25]. The calculated values of
the parameters under study are shown in Table 3.
These values are lower than the international
values [19-18-24]. The internal, external and
total values of the (AEDE) are shown in Table 4.
The mean value is (0.34) and the average of
0.459848 mSv/y does not correspond to the
global value of 0.34183 mSv/y [25]. The results
show an increase in the lifetime risk of cancer in
these locations, which is represented in Table 3.
These values have an average of 1.267 x 107

TABLE 3. The results of Ra(eq), Dr, H(ex), H(in) and Iy of the samples from Kutha city, Babylon.

Number f;‘ggclj (1]{32(/1‘2) Dr nGy/h)  H(ex) H(in) Iy
1 SI  108.5028  48.7043 02929 03142  0.7789
2 S2 90.8171  40.9348 02452 02721  0.6526
3 S3 11287  50.8198 03047 03228  0.8135
4 s4 853056  38.3537  0.2303 02706  0.6084
5 S5 107.5044 485677 02903 572607  27.1015
6 S6 1012668  46.1615 02734 543501  25.7192
7 s7 80.3540  36.4026 02170  42.9002  20.3035
8 S8 823219  38.0185 02223  44.6752  21.1354
9 S9 99.3713  44.9787  0.2683  53.0140  25.0906
10 S1I0  117.0153  53.0999 03160  62.5620  29.6079
1 SI1 1344982  60.6283 03631  71.5040  33.8444
12 SI2  129.1958  58.0994  0.3488  68.5464  32.4460
13 SI3 1307527  59.4067 03531  69.9796  33.1175
14 S14 904543 415898 02442 489041  23.1381
15 SIS 85.6844  38.6883 02313 456169  21.5907
16 S16 1209421  54.6008 03265 643804  30.4717
17 SI7 1432982 647208 03869 763081  36.1168
18 SIS 1247459 563515 03368  66.4387  31.4455
19 S19  118.8616 542526 03210  63.8640  30.2205
20 S20  154.6363 692960  0.4175  81.8001  38.7224
Average£S.D.  110.920  50.1838  0.29953  59.153038  27.996
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TABLE 4. The results of AEDE iydoor, AEDE oudoor, AEDE and ELCR of samples from Kutha district

in Babylon, Iraq.

Sample  AEDE idoor

AEDE outdoor

AEDE

-3
Number symbole (mSv/y) (mSv/y) (mSv/y) ELCRx10
1 S1 0.2389 0.0597 0.2986 0.4778
2 S2 0.2008 0.0502 0.2510 0.4016
3 S3 0.2493 0.0623 0.3116 0.4986
4 S4 0.1881 0.0470 0.2351 0.3762
5 S5 0.1547 0.3308 0.3983 1.3909
6 S6 0.1468 0.3142 0.3779 1.3208
7 S7 0.1159 0.2479 0.2984 1.0422
8 S8 0.1207 0.2585 0.31056 1.0863
9 S9 0.1432 0.3063 0.3687 1.2879
10 S10 0.1690 0.3616 0.4351 1.5200
11 S11 0.1932 0.4130 0.4974 1.7367
12 S12 0.1852 0.3959 0.4769 1.6647
13 S13 0.1891 0.4045 0.4867 1.7003
14 S14 0.1321 0.2829 0.3400 1.1889
15 S15 0.1232 0.2635 0.3173 1.1080
16 S16 0.1739 0.3719 0.4479 1.5638
17 S17 0.2062 0.4409 0.5308 1.8536
18 S18 0.1795 0.3838 0.4622 1.6138
19 S19 0.1725 0.3693 0.4441 1.5521
20 S20 0.1825 0.4693 0.3441 1.2521
Average+S.D. 34..0 0.459848 0.34183 1.268

TABLE 5. The radioactivity of radionuclides in local studies and comparing them to the current study
of soil samples from Kutha district in Babylon in Bg/kg units.

Specific efficacy concentration (Bg/kg)

Sequence TR Th-232 K40 Study site Source
1 15.505 15.485 170.206 Irag-Babylon [26]
3 49.68+108 55.06+58.1 197.91+£183.8  Irag- (city of Hindia) [27]
4 30.96+5.86 67.09+2.9 271.2+170 Irag- Karbala [28]
5 14.079 £0.46  12.326+0.43 416.655+2.86 Irag- city of Hilla [5]
Conclusion

The measurements of the natural radioactivity
levels in Kutha district in Babylon governorate
show normal concentration levels of
radioactivity. The measured *’K levels are within

the natural permissible values. The values of
Radium equivalent,(Ra.,), annual effective dose
equivalent and radiation hazard index (H,y) refer
to normal levels of radio activity.
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