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ABSTRACT

In this article, we have given a review of thallium based (Tl,,Ba,Ca;.;Cu,O2+,) and copper based (CuBa,Cay.; CunOzn+4)
high temperature superconductors. This review article is based on the methods of preparation in the form of bulk and
thin films and their physical properties. We have also studied the sources of anisotropy and methods of lowering it via

changing the composition of charge reservoir layer and developing a better inter-plane coupling.

Keywords: Review Article, Tl,Ba,Ca,:CunO,., and CuBa,Ca,:Cu.Ox.. Superconductors, Synthesis, Physical

Properties

1. Introduction

One of the general features of high temperature super-
conductors is the anisotropy parameter [y=p¢/par=Ean/Ec]
which comes from their layered structure. The techno-
logical critical temperature and irreversibility field which
play very important role in the use of high T, supercon-
ductors in various applications are strongly related to the
anisotropy parameter as Z==T/y and H,=Hc/y respec-
tively The understanding of the sources of anisotropy in
these layered cuprates is essential to accomplish the dir-
ely needed isotropic superconductor; i.e. like BCS su-
perconductor. Therefore, it is very important to search for
a superconducting material which has higher critical
temperature, T, critical current density and as well as
lower anisotropy. The thallium based superconductors
Tl,Ba,Can1CunOanep (M=1, 2; n=1, 2, 3, 4, 5) are superior
over other cuprates due to their higher T, J, Hir and low
microwave surface resistances. The maximum critical
temperature achieved in both the families of thallium
based superconductors is 123K and 127K and current
densities are of the order of 10° A/cm?. Another family of
oxides which has comparable superconducting character-
istics as thallium based compounds but with lower ani-
sotropy is Cu,Ba,Ca,1Cu,Os+e (M=1 n=1, 2, 3, 4, 5).
The major disadvantage associated with these supercon-
ductors is their preparation under very high pressures i.e.
4GPa, which makes their large scale production difficult.
However, the superconducting properties of Tl,Ba,Ca,.1
CunOsn42 and CupBayCan1Cu,Oznto are combined in a
new superconductor family which is represented as
(Cui«Tl)BayCa,.1Cu,Ozn+p. These superconductors are

Copyright © 2010 SciRes

prepared at normal pressure by substituting thallium at
copper site in Cup,Ba,Ca,.1Cu,Ozn+2 Superconductors.
These superconductors have anisotropy parameter
(y=3-11) in between that of Cu and TI based supercon-
ductors. In this article we have first reviewed the meth-
ods of preparation and physical properties of thallium
based superconductors and then the copper based su-
perconductor. We have also shown that the TI-1223 as
well Cu-1223 superconductors is more promising mem-
bers of their families. At the end the end of the article the
superconducting properties of (Cuy,Tly) Ba,Ca,CuzO14.5
are given.

2. Thallium Based Superconductors

The thallium based TI-Ba-Ca-Cu-O (TBCCO) supercon-
ductor was discovered in 1988 by Sheng and Hermann
[1,2-6] which is proven to be the best among all other
cuprates due to their higher transition temperature,
[T¢(0)], transport critical current densities, [J;] and low
microwave surface resistances, [Rs]. Since the discovery
of superconductivity in this system, several new phases
of Tl,Ba,Ca,1Cu,Ozs2 (M=1, 2; n=1, 2, 3, 4, 5) have
been synthesized [7,8-10]. In the two-layer thallium
compounds, the Tl,Ba,Cu,0g, TI,Ba,Ca;Cu,0g, TI,Ba,
Ca,Cu3z0qy, TIzBﬁzCﬁgCU4010, and leBazca4CU50g are
major phases, which can be simply represented as, T1-2201,
TI-2212, TI-2223, TI-2224 and TI-2245 with critical
temperatures of 95, 118, 127, 112 and 105K respectively.
The maximum critical temperature of ~127K is found in
TI-2223 superconductor [11,12]. On the other hand the
monolayer Tl-based system includes TIBa,Ca;Cu,0O-,
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64 A Search for a Low Anisotropic Superconductor

Tl,Ba,Ca,Cu;04, TIBa,CazCu,044, and Tl Ba,Cas,Cus043
superconductor phases, which for brevity can be repre-
sented as TI-1212, TI-1223, TI-1234 and TI-1245 with

critical temperatures 103, 123, 112 and 107K respectively.

The materials with double TI-O layers have body cen-
tered tetragonal structure and single TI-O layer com-
pounds have primitive tetragonal structure. The crystal
structures of TI-2223 and TI-1223 superconductors are
shown in Figure 1. A brief review of thallium-based su-
perconductors will be given in the following sections.

2.1 Tl,Ba,Can 1Cu,Osn+, Superconductors

The thallium-based compounds with double TI-O layer in
the unit cell are the best among other cuprates of LBCO,
YBCO and BSCCO series due to their higher critical
temperature and low microwave surface resistance. These
materials exhibit tetragonal symmetry with 14/mmm
space group. The structure of these compounds comprises
copper provskite-like blocks with n (n=1, 2, 3...) CuO,
planes separated by two TI-O layers. Each CaO layer is
sandwiched between two CuO, planes and BaO layer
between the CuO, plane and TIO layers. These com-
pounds can be represented by a formula TI-22 (nl)n,
where n represents the number of CuO, planes. The oxy-
gen coordination number of Tl, Cu, Ca and Ba in these
compounds is 6, 4/5, 8, and 9 respectively. The c-axis
lengths in these materials ranges from 23.248A for n=1 to
42.07A for n=4 [13,14]. The critical temperature

Figure 1. The crystal structures of TI-2223 and TI-1223 su-
perconductor

Copyright © 2010 SciRes

increases up to 127K with number of CuO, planes n from
1 to 3 and then decreases for higher number of CuO,
planes in the unit cell of bilayer TIO compounds. In Fig-
ure 2 is shown the dependence of T, on number of CuO,
planes for different superconductors. Since Tl-based
superconductor materials have higher critical tempera-
ture, so much attention has been given to the synthesis
of bulk and thin film samples of these compounds,
which can be used for electronic devices [15-24].
Among the double TIO layer compounds, the TI-2223 is
the most promising due to its high critical temperature
of 127K as compared to its counterparts in double TI-O
layer series [25,26]. Both the bulk and thin film samples
of this material have been prepared [22]. The supercon-
ducting properties of TI-22(n-1)n compounds can be
changed by employing different synthesis routes and
doping of different cations (i.e. Hg, Pb, Sr, Y, Pr, Co etc. )
in charge reservoir block and superconducting block
[23,27-37]. Parkin et al. have been succeeded to prepare
TI,Ba,Ca,Cus0, superconductor with critical temperature,
which varies from 118 to 127K depending upon the syn-
thesis conditions [8]. The substitution of Hg at thallium
site has been seen to improve the staking regularity of the
atomic layers in the 2223 phase and phase stability as
compared to pure TI-2223 phase [38-40]. The critical

Figure 2. The dependence of critical temperature on num-
ber of CuO, planes in different superconductors [64]
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A Search for a Low Anisotropic Superconductor 65

temperature, however, decreases in TIHg-2223 to 118K
but in TIHg-2212 the T.(0) has been raised to 5K higher
than pure thallium based superconductor [23]. In TI-2212
superconductors the doping of tetravalent Pr at Ca site
was found to suppress the superconductivity [31]. Two
reasons are proposed for the suppression of superconduc-
tivity with Pr substitution. One is the breaking of cooper
pairs due to their interaction with magnetic moment of 4f
electrons of Pr ion and secondly, the localization of car-
riers caused by the overlap of 4f orbital with O2p-Cu3d
orbital. On the other hand the Y at Ca site in TI-2212
superconductor has the same effect like that of Pr, sup-
pressing the critical temperature and localization of carri-
ers but in a different manner because Y does not have 4f
electrons [41]. The decrease in the T.(0) of TI-2212 su-
perconductor with Pr concentration is shown in Figure 3.
Similarly the doping of magnetic impurities at Cu site in
CuO, planes can also suppress the superconductivity due
to scattering of superconducting carriers from these im-
purity atoms. In T1-2212 the cobalt substitution at Cu site
has shown decrease in the critical temperature with in-
creased Co concentrations [34]. The phase purity is nec-
essary for the use of superconducting compounds for
device fabrications. The partial substitution of Ba by Sr
in thallium-based superconductors can improve their
phase stability. The doping of Sr at Ba in TI-2223 super-
conductor resulted in a phase pure material, but with a
lower T(0) as compared to Sr free compound [30]. The
addition of Ag,O in the starting composition also stabi-
lizes TI-2223 phase otherwise the chances of formation
of TI-2212 superconductor with two CuQ, layers are in-
creased [22]. In addition to the phase stability the addi-
tion of silver can improve the intergranular coupling,
which enhances the transport properties such as critical
current density and decreases the room temperature resis-
tivity [22,39,40]. The critical current density with Ag,O
doped TI-2223 samples is estimated to be three times
the critical current of undoped material [22]. Figure 4
shows the results of T.(0) and R(300K) for different

Figure 3. The lowering of critical temperature in TI-2212
superconductor with the increase of Pr concentration [31]

Copyright © 2010 SciRes

Figure 4. Variation of critical temperature and room tem-
perature resistivity with Ag,O concentration in TI-2223
superconductor [22]

Ag,0 doping concentrations. The doping of Li in TI-
2223 starting composition results in a critical temperature
of 117K and the normal state resistivity becomes inde-
pendent of the applied magnetic fields [29]. Since the
maximum T.(0) in a given compound also strongly de-
pends on the interlayer coupling so the external pressure
can be used as a source to improve the superconducting
properties intrinsically. The application of pressure con-
tracts the Cu-(apical) oxygen bond length which favors
the transfer of carriers from the charge reservoir layer to
CuO;, planes. D. Tristan et al. have studied the properties
of TI-2223 and TI-2234 superconductors under different
pressures and found that the critical temperature (~119K)
of TI-2223 sample prepared under ambient pressure is
increased to 133K when 4.2GPa pressure was applied
[25]. The change in the critical temperature of TI-2223
and TI-2234 with applied pressure is shown in Figure 5.
The reliable, high quality thin films are prerequisite for
the use of thallium based high temperature superconduc-
tors for electrical, magnetic and optical applications. The
methods of preparation of thin films include rf and dc
sputtering, sequential electron beam and thermal evapo-
ration, and pulsed laser ablation. The highest critical cur-
rent density in double layer TIO compounds is attained in
TI-2223 thin films, which is of the order of 107 A/cm?
(90K, OT) [5]. On the other hand the critical current den-
sity of TI-2212 superconductor is in the range of 10°-10°
Alcm? at 77K depending upon the deposition techniques
used [42-46].

2.2 Tl;Ba,Can 1Cu,O2n+2 Superconductors

The family of thallium based superconductors with single
TI-O layer is comprised of TI-1212, TI-1223 and Tl-1234
compounds. These superconducting compounds are more
promising because of their lower anisotropy, higher T.(0),
higher critical current densities and irreversibility field
Hi: as compared to their counterparts in double TI-O

JEMAA



66 A Search for a Low Anisotropic Superconductor

Figure 5. Effect of pressure on critical temperature of T1-2223
and TI-2234 superconductor [25]

Figure 6. The T.(0) versus doping concentration of Y in TIPb-
1212 superconductor [56]

Copyright © 2010 SciRes

Figure 7.The variation of critical temperature with applied
pressure for different concentrations of Y in TIPb-1212 su-
perconductor [56]

layer superconductors family [47-55]. The TISr,CaCu,
05 (TI-1212) is the parent compound in single TI-O layer
superconductors showing no signs of superconductivity
down to liquid helium temperature because it grows in
the over-doped state [56]. But the substitutions at Tl and
Ca sites have been proven to bring about the supercon-
ductivity in this compound and enhance its phase stability
[57-60]. When doped with Pb or Cr at the thallium site
and Y at the Ca site the critical temperature has been en-
hanced to 110K in TI-1212 [57,58,61]. But the Pr or Nd
substitution at the Ca site lowers the T(0) of this material
because the number of holes are reduced below the opti-
mum value; these elements promote the hole filling
mechanism [61]. The application of pressure can also
optimize the number of holes in CuO, planes and in-
creases the critical temperature. In Figures 6 and 7, the
dependence of critical temperature of TIPb-1212 super-
conductor (doped with Y) on the doping concentration
and the applied pressure is shown. The TI-1212 super-
conductor has lower anisotropy due to short insulating
distance between CuO, planes and exhibit higher critical
current density [54]. The thin films prepared by this ma-
terial has Jo(77K, OT) in the range of 10°-10" A/cm?
[54,62]. Although these materials can be used for appli-
cation due to their low anisotropy but these are not ideal
due to their lower T.(0) as compared to other members of
this homologous series. It is observed in monolayer thal-
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A Search for a Low Anisotropic Superconductor 67

lium based compounds that the critical temperature de-
pends on the number of CuO, planes. As the number of
CuO; planes increases from n=3 to either n=4 or 5, the
T¢(0) decreases because in n>3 phases there are in-
equivalent CuO, planes in which holes are inhomogene-
ously distributed which results in a lowering of critical
temperature, Figure 2 [63,64]. Among the Tl;Ba,Ca,.;Cu,
O,n+2 superconductors family the n=3 member is impor-
tant due to its higher critical temperature, excellent flux-
pinning properties, higher critical current and irreversi-
bility field H;, [65-70]. The TI-1223 was the first super-
conducting composition reported among the other mem-
bers of this family [71]. The single-phase samples of
TI-1223 are difficult to prepare. The researchers have
adopted different synthesis routes to achieve a phase pure
material. One way of improving the phase purity of TI-
1223 compound is the substitution of Pb and (or) Bi for
TI, and Sr for Ba in the starting composition [69,72—77].
The addition of Pb and the variation in the Ca/Sr ratio is
not only helpful in stabilizing the TI-1223 phase but also
results in higher critical temperature (T.>120K), high J,
Hi. field and strong flux pinning properties at 77K
[52,68,78-81,82]. The critical current density in Pb and
Sr substituted sample is of the order of 103-105 A/cm?
[55,70]. The complete replacement of Ba by Sr lowers
the transition temperature of TI-1223 superconductors
[83]. In the preparation of TI-1223 compounds it is found
that a starting composition deficient in thallium produces
the highest percentage of TI-1223 phase [8]. The high
vapor pressure of TI,0; at synthesis temperatures also

hinders the formation of TI-1223 superconductors [84,85].

This problem can be overcome by employing the two
zone processing technique in which independent control
of partial pressure of TI,03, oxygen gas, sample tem-
perature and composition could be varied [68,85,86]. The
use of high-pressure synthesis technique is also helpful in
achieving single phase of TI-1223 superconductors with
out any cationic substitutions [87,88]. In addition TI-1223
samples prepared under high pressure have shown in-
crease in the critical temperature, transport J., and high
irreversibility field H;,, Figure 8 [77,89]. The application
of pressure improves the intergranular coupling and fa-
cilitates charge transport process, which results in higher
J. and Hi,. A factor, which can suppress the phase stabil-
ity and superconductivity in TI-1223, is the presence of
carbon in the starting composition [51,88,90]. The carbon
may go to the TI site in the unit cell and as a result de-
creases the number of holes in CuO, planes and lowers
the critical temperature [88], therefore, it is necessary to
minimize the carbon content in the precursor powders.
The carbon can also form non-superconductor phases in
the form of carbonates of Ba and/or Ca. Figure 9 shows
the lowering of the critical temperature of TI-1223 su-
perconductor with enhanced concentration of carbon in
the starting composition. The use of TIF instead of TI,05

Copyright © 2010 SciRes

Figure 8. The shifting of irreversibility line of TI-1223 su-
perconductor to higher temperatures with the increased
pressure [89]

Figure 9. The decrease in critical temperature of TI-1223
superconductor with increased carbon contents in starting
composition [88]

in the starting composition of TI-1223 enhances the for-
mation of single phase TI-1223 material with out any Pb
or Srdoping and increases J.(77K, OT) and irreversibility
field Hi, [90,91]. The thin films of TI-1223 prepared by
using TIF are found to have critical current density of
4.4x10° Alem? at 77K in zero field [84]. Since the ionic
radius of fluorine [F.y(1.36A)] is comparable to that of
oxygen [0%(1.4 A)] so fluorine most probably occupies
the oxygen lattice site in the unit cell [92]. The holes
concentration in the CuO, planes decreases when fluorine
replaces oxygen in the TI-1223 superconductor because
of the more electronegative nature of F ion as compared
to oxygen [93]. The carrier concentration approaches
optimum level and T.(0) is increased. In TI(Pb)Ba(Sr)Ca
CuOF, composition, the critical temperature has been

JEMAA



68 A Search for a Low Anisotropic Superconductor

enhanced with fluorine contents up to x=1 and a pure
TI-1223 phase with highest J. was achieved with x=3
[85]. The samples of TBCCO (TI-1223) superconductors
with more than 95% purity can also be obtained by
choosing the appropriate synthesis temperature and con-
trolling the reaction time with out any substitutions [94].
Although most of the substitutions in TI-1223 supercon-
ductors were made to improve the phase stability of these
compounds but these doping can also control the carrier
concentration and in turn the superconducting properties
of these compounds. The rare earth cations (La, Sm, Pr,
Eu) substitutions at the Ca sites in TI1-1223 superconduc-
tors have been found to lower the critical temperature and
the phase stability of this compound [95-99]. But when
one of the rare earth elements Ce was doped at Sr site the
critical temperature was increased from 92K to 98K with
the increased concentration of cerium. The increase in
T¢(0) was attributed to the improved coupling between
the CuO, planes due to the decreased c-axis length [100].
The critical temperature and the critical current density of
TI-1223 superconductor decreases with low level doping
concentration of 3d transition metals Co, Zn, Fe and Ni at
Cu site and superconductivity disappears for higher con-
centrations of these elements [101-104]. The presence of
these ions in CuO, planes acts as scattering centers,
which resulted in the Cooper pair breaking, and destroys
the superconducting state in TI-1223 compounds. When
the transition metal ions are substituted at the TI site in
the charge reservoir layer of TI-1223 superconductor the
critical temperature was decreased following the same
mechanism mentioned earlier [105]. The thin films of
thallium based superconductors are of interest for elec-
tronic devices due to their higher T¢(0) and low surface
resistance Rs [106]. Among the thallium-based com-
pounds the thin films of single TIO layer materials
(T1-1223) are superior because of their higher T.(0) and
J. [107]. Thin films of TI-1223 superconductors have
critical current density in the range of 10°-10° A/lcm?® at
77K (both in field cooled and zero field cooled samples)
depending upon the deposition technique adopted
[47,66,84,107-109].

3. Why TI-1223 Superconductor is Superior

The Tl-based high T, cuprates exhibit layered structure
which consists of intergrowths along c-axis containing
CuO, planes and rock salt type layers containing TI
cations. The insulating TI-O layers separate the CuO,
blocks in the crystal. The CuO, planes are found to be
more favorable for superconductivity as compared to
insulating charge reservoir block containing single or
double TI-O layers [110]. The superconducting properties
like critical temperature, irreversibility field, critical cur-
rent density and flux pinning in thallium-based com-
pounds largely depend on the thickness of the insulating

Copyright © 2010 SciRes

TI-O layer and the strength of Josephson coupling be-
tween CuO; planes [23,49,50,53,111-115]. The presence
of the TI-O layers between the CuO, superconducting
blocks yields anisotropy in the physical properties of
these compounds. The anisotropy parameter is defined by
v=EalEc, Y=po/pap OF is the ratio of the effective carrier
mass in the superconducting state. The anisotropy in
these superconductors results in a shorter coherence
length of cooper pairs along ¢ direction as compared to
the spacing between the CuO, layers which can reduce
the critical current density and irreversibility field of
these materials. The anisotropy parameter depends on the
thickness of the insulating charge reservoir layer and the
spacing between the individual CuO, planes, the TI-
based compounds with double TI-O layers in the struc-
ture have large anisotropy as compared to the compounds
with single TI-O layer (y=17 for (TIBi)-1212 and y=104
for TI-2212). The higher anisotropy degrades the super-
conducting properties in terms of lower technological
critical temperature, Z=T//y*?, critical current density J;
and irreversibility field, H;,. The H;, is an important
physical quantity that characterizes a superconductor for
its use in magnetic fields. The irreversibility field largely
depends on the inter layer coupling strength [110].
Hirocl/pexd,

where d. is the repeat distance of the structure along ¢
direction and p, oc exp (di/d,) d; is the thickness of the
insulating layer and do is the characteristic thickness of
the material. The exponential dependence of Hj; on d;
shows that superconducting materials with large insulat-
ing spacing exhibit low irreversibility filed than the ma-
terials with smaller insulating spacing [53,116,117]. The
irreversibility field ‘H;,” of TI-1223 superconductor fol-
lows the sequence; Hi.(TI-1223)>H;,(TI-2223/T1-2212)>
Hi(Bi-2212) [116,117]. Figure 10 shows the comparison
of irreversibility line of TI-1223 and TI-2223 supercon-
ductors and in Figure 11 the dependence of H;, on the
thickness of the unit cell along c-axis for different
Tl-based compounds is shown. A higher irreversibility
line is observed for TI-1223 due to its lower anisotropy.

Figure 10. Comparison of irreversibility line of T1-2223 and
TI-1223 superconductor [53]
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Figure 11. The irreversibility field versus thickness of charge
reservoir block [52]

Figure 12. Dependence of critical current density of Tl-1223
and TI-2212 superconductors on applied magnetic field [47]

The measured anisotropy parameter y for TI-1223 super-
conductors is 8 [53]. The interlayer coupling can also

affect the critical current density of these superconductors.

The TI-1223 superconductors have been found to have
higher J. as compared to TI-2212 and TI-2223 com-
pounds [47,49,50]. The TI-1223 superconductors are very
useful in electronic devices fabrication because the criti-
cal currents in these compounds decreases slowly as
compared to double TI-O layer compounds in the pres-
ence of external magnetic fields [47,55]. In Figure 12, a
comparison of the magnetic field dependence of J.(77K)
of TI-1223 and TI-2212 is shown. The increase in the
number of insulating layers in superconductors results in
reduced Josephson coupling between conducting CuO,
planes along the c-axis, which decreases the critical cur-
rent density. The reduced interlayer coupling in double
TI-O layer compounds results in a shorter coherence
length of cooper pairs along c-axis and hence the inferior
superconducting properties. The small distance between
Cu-O conducting planes may be the key to finding alter-
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natives for attaining high critical current densities. There-
fore, much attention is being given to TI-1223 supercon-
ductors because they offer stronger interlayer coupling
along c direction [48]. The coupling between CuO, planes
of TI-1223 compound can further be improved by re-
placing Ba by Sr and Tl by Pb or by the application of the
external pressure which will be helpful in enhancing its
superconducting properties [25,76].

4. CuBayCan.1CunO2n+4 Superconductors

As the stronger coupling between CuO, planes lowers the
anisotropy in high temperature superconductors and in
turn enhances their superconducting properties i.e. T(0),
J. and Hy,, any superconducting material having these
properties will be very useful from application point of
view. In the previous sections we have seen that the TI-
1223 superconductor has least anisotropy and higher T.(0)
among all members of single TI-O layer compounds, but
the toxicity of TI hinders their use in wide verity of ap-
plications. Therefore, the search for a superconductor
material with low anisotropy and higher critical tempera-
ture was not stopped. A new family of superconductor
materials, CuBa,Ca,.1Cu,Oxn+2(n=1,2,3...) [Cu-12(n-1)n]
prepared under high pressure (4-6 GPa), is thought to be
the most promising due to its higher critical temperature
and critical current density [118-124]. The members of
Cu-12(n-1)n family has the same tetragonal structure as
TI-12(n-1)n compounds have copper in their charge res-
ervoir layer, CuBa,04,.;s. Since copper is good conductor,
therefore, the conducting charge reservoir layer of these
compounds makes them least anisotropic as oppose to
Tl-based superconductors. The members of Cu-based
superconductors follow the formula Cu-12(n-1)n with n
denoting the number of conducting CuO, planes; the
higher number of CuO, planes are thought to have higher
T.(0) since the optimum valency of copper for higher
critical temperature is suggested to be z=2.33. The
maximum increase of critical temperature is theoretically
predicted for phase with n=11 [124]. The relationship
between valence state z of copper and number of CuO,
layers follows following empirical rule z=2+4/(n+1) Among
all the superconducting phases in this family the highest
critical temperature is achieved in a phase with n=3 phase,
Cu-1223 (T(0)~120K); in four CuO, plane Cu-based
superconductor (Cu-1234) T,(0) is around 18K. These two
compounds have least anisotropy (y=5 and 1.6 respectively)
and long coherence length along c-axis [123-126]. The
high-pressure synthesis of these compounds is not eco-
nomically viable but by introducing thallium (which acts
as structure stabilizer and reaction rate accelerator) into
the charge reservoir layer, the superconductor phases can
easily be obtained by normal pressure synthesis. The
substitution of Tl in Cu-12(n-1)n compounds results in
emergence of a new subfamily CuyTly-12(n-1)n which
is the close derivative of these compounds. These com-

JEMAA



70 A Search for a Low Anisotropic Superconductor

pounds are prepared under high as well as normal pres-
sure and have superconducting properties very close to
Cu-based compounds [124,127-130]. The members of
this family have semi insulating charge reservoir layer
CuyTIBayO4q.5 Which slightly increases the anisotropy
but their anisotropy remains lower than that of Tl-based
compounds. A comparison of the anisotropy parameter
and technological critical temperature for superconduc-
tors of different families is shown in Figure 13. The
Cuy4TBa,Ca,Cus01g5 (CupxTl-1223) superconductor
of this family has higher critical temperature and critical
current density [125]. This compound with anisotropy
parameter (y=5) has Cuy4Tl,Ba,O4;5 charge reservoir
layer and three CuO, planes [131]. The c-axis length of
CuyT1-1223 is 15.89A, which, lies between 14.79A and
15.93A of Cu-1223 and TI-1223 superconductors [125].
The Cuy,T1,-1223 superconductor has been prepared
both in the form of thin films and bulk samples [114—
133]. The thin films of this compound have critical cur-
rent density of the order of 10" A/cm? (77K, OT) and
105 A/cm? (77K, 10T) [132]. The superconducting
properties of Cuy,T1,-1223 can further be enhanced by
post-annealing and substitution of different cations
[125,128,134-138]. The T(0) of this material increases by
self-doping mechanism when post-annealed in nitrogen
atmosphere. The self-doping mechanism is completed by
the reduction of TI™ to TI" via TI*?, Figure 14 [139-141].
Since the superconductivity is brought about by the
carriers in conducting CuO, planes, therefore, the inter-
planar coupling plays an important role in bringing about
the improved superconducting properties. One approach
to enhance the interplaner correlation is to reduce the
spacing between CuO, planes by replacing Ca with
smaller sized ion. Magnesium (Mg) or Beryllium (Be)
ions due to their smaller ionic radii as compared to Ca
seems to be effective in bringing about such improved
coupling possible The substitution of Mg or Be ion at Ca

Figure 13. Comparison of anisotropy and technological
critical temperature of different superconductors [126]
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Figure 14. The energy level diagram of TI6s level in
CuyTl4-1223 superconductor before and after post-anneal-
ing in nitrogen [141]

Figure 15. IV characteristics of CugsTlysBa,Cay.yMgy CuzOy05
(y=0, 1.5) superconductor [142]

sites results in a material with highly correlated CuO,
planes. The Fermi wave vector [ke=(37°N/V)"*] depends
on the volume of the unit cell therefore the decrease of
the volume of unit cell with Mg/Be substitution increases
ke. The coherence length along c-axis [E.= h ke/m2 A] is
also increased, which decreases the anisotropy of the fi-
nal compound [134-138]. The superconducting proper-
ties are improved (T.(0) and J.(H=0) increases) by sub-
stituting Mg or Be at Ca site in Cu;Tl-1223. Figure 15
shows the increase of critical current of Cu,,TIl,-1223
superconductor prepared at normal pressure by substitut-
ing Mg at Ca site; it has also enhanced the intergrain
coupling witnessed from AC susceptibility measurements
[142]. The variation of peak temperature Tp with applied
DC magnetic field in " part of AC susceptibility shows
an enhanced inter-grain coupling, Figure 16. On the other
hand when Nb with higher electronegativity as compared
to Mg and Be is substituted in Cuy,Tl,-1223 supercon-
ductor at Ca site the T¢(0) first increases and then de-
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creases with the increase of Nb content. Similarly a de-
crease in magnitude of diamagnetism is observed with the
increase of Nb concentration, Figure 17. The source of
decrease in diamagnetism is the decreased density of carri-
ers in conducting CuO, planes [143]. But when Pr is sub-
stituted at Ca sites the critical temperature decreases with
the increased Pr contents. Since Pr has larger ionic radius
oppose to Ca, it reduces the overlap of the cooper pair
wave function in the two CuO, planes and therefore, re-
duces the interplaner coupling and increases anisotropy
which results in lowering of T(0) [138]. There is another
member of Cu-12(n-1)n family which has carbon instead
of Tl in the charge reservoir layer. The n=3 member of this
family (Cu,C)-1223 has higher critical temperature and
low anisotropy [144]. The critical temperature of this
compound is 120K and lattice parameters a=3.862A and
c=14.80A which are comparable to that of Cu-1223 su-
perconductors [144,145]. But (Cu,C)-1223 does not have

Figure 16. The peak temperature ‘Tp’ of |/ versus Hg. of
CuosTlpsBa,Ca,yMg,Cu3010.5(y=0, 1.5) superconductor [142]

Figure 17. AC-susceptibility as a function of temperature of
CugsTlosBayCay.yNbyCuz040.5 (y=0.25, 0.5, 0.75, 1.0) super-
conductor samples [143]

Copyright © 2010 SciRes

the ability of significant T,(0) enhancement by self dop-
ing [146] because it has carbon in the charge reservoir
layer in contrast to Cuy,Tl,-1223 in which change of
state of thallium promotes the optimum holes doping in
CuO; planes.

5. Conclusions

It is concluded from the above detailed review of
TI-12(n-1)n and Cu-12(n-1)n compounds that the super-
conductors of these two families have low anisotropy as
compared to other cuprate families. These compounds
due to their lower anisotropy have the ability to carry
very high current densities of the order of 104-106 A/cm?
in applied magnetic fields and have got potential in de-
vice fabrication. In both these families the higher critical
temperature is achieved in a compound with h=3 member.
The Cu-1223has lower anisotropy than that of TI-1223
but its preparation is possible only under high pressure
(4GPa). The high pressure synthesis hinders the prepara-
tion of this compound for large scale applications. But the
substitution of thallium at the copper site in the charge
reservoir layer of Cu-1223 results in a new compound
CuTI-1223, which has low anisotropy, higher critical tem-
perature and critical current density. The substitution of
thallium makes it possible to prepare this compound at
normal pressure. We have also seen that the anisotropy of
these compounds can be lowered by increasing the cou-
pling between the CuO, planes. The increased inter-plane
coupling is achieved by substituting smaller sized elements
at Ca site, such as Mg and Be. This review article would be
useful in the understanding and synthesis of new super-
conductors with low anisotropy and would help to enhance
their superconducting properties.
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ABSTRACT

The author designed a family of nonlinear static electric-springs. The nonlinear oscillations of a massively charged
particle under the influence of one such spring are studied. The equation of motion of the spring-mass system is highly
nonlinear. Utilizing Mathematica [1] the equation of motion is solved numerically. The kinematics of the particle
namely, its position, velocity and acceleration as a function of time, are displayed in three separate phase diagrams.
Energy of the oscillator is analyzed. The nonlinear motion of the charged particle is set into an actual three-dimensional

setting and animated for a comprehensive understanding.

Keywords: Static Electric-Spring, Nonlinear Oscillator, Mathematica

1. Introduction

Analysis of the kinematics and dynamics of a mechanical
spring-mass system is a classic physics problem [2]. In
this analysis the spring is idealized; it is assumed the
spring is mass-less and linear. The first assumption is
“justified” when the mass of the object outweighs the
spring. The linearity for a coiled-shaped spring for most
of the time is enforced by not stretching the spring be-
yond its plastic limit. Under these assumptions the equa-
tion describing the motion of the object is a second order
linear differential equation; it is trivially solved with
analytic sinusoidal solutions. This scenario is modified
slightly when a nonlinear mass-less spring is considered.
For instance, some 90 years ago, Duffing [3] initiated the
notion of the nonlinear vibrator. Accordingly, an equation
is proposed to describe the state of one such oscillator.
Duffing’s equation is given by, X+aX+px+yx =f(t);
where, in addition to the linear spring term, /x, a cubic

term, »x®, is used to characterize the non-linearity.

Damping and the source of the forced oscillation terms
are given by, ax, and f(t), respectively. The notion of
Duffing’s initiated nonlinear vibrator has found its appli-
cations in a wide range of scientific fields. Reference [4]
for instance has sections devoted to the description of the
Duffing equation. The latter reference also contains a
wealth of bibliographic listed related articles. Recently,
an electronic website [5] posted an animated description
of the Duffing related issues. However, neither these ref-
erences nor the author’s thorough literature search could
identify a source describing the oscillations of an ideal/

Copyright © 2010 SciRes

perfect mass-less mechanical vibrator. The article that
“best” aligns with one such mechanical oscillation is a
suggested experiment given in [6]. The authors of the
latter reference have claimed their proposed experiment
would produce data that is compatible with the descrip-
tion of the Duffing equation. However, a careful analysis
of their setup and suggested analysis reveals the mass of
the elastic metal strip is ignored. This leads to expect
disconnect between the data and the proposed theory.
Motivated with identifying the missing practical design
of mechanical oscillations of an ideal/perfect mass-less
oscillator, the author designed a spring made of a static
electric field, and called it an electric-spring. The point is
a spring made of an electric field is a mass-less spring. In
other words, there is no need to make assumptions justi-
fying the smallness of the spring’s mass. This makes the
spring ideal. Furthermore, knowing the fact that the
strength and the orientation of a static electric field is a
function of the distribution of the static electric charge
makes the number of the designs limitless. For the sake
of transparency and simplicity, in this article we consider
a circular charged ring with a uniform positive charge
distribution. The field along the axis through the center of
the ring and perpendicular to the plane of the ring sus-
tains its direction; it orients itself along the symmetry
axis heading outward from the center. The strength of the
field however, varies as a function of distance from the
center; interestingly, its variation is not linear. Placing a
negatively charged particle along a horizontal frictionless
axis of the ring exerts a force on the particle accelerating
it toward the center of the ring. The particle sling shots
through the center of the ring and slides to the opposite
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76 Static Electric-Spring and Nonlinear Oscillations

side of it. On the other side of the ring because the field is
reversed and reoriented, the particle decelerates and
slides to a momentarily halt at a symmetrical opposite
end. Since there is no loss of energy, continuous repeti-
tion of the movement is warranted and results in steady
oscillations. The electric-spring in addition to being mass-
less is nonlinear as well. Therefore, without idealizing the
setup we are proposing a design resulting in perfect
nonlinear oscillations. As mentioned earlier, in general,
the shape of the nonlinear electric field is a function of
shape of the configuration of the charge distribution.
Hence, by replacing the ring with different geometrical
shapes such as a square, a rectangle, an ellipse, an
n-tagon, and etc. one may fabricate limitless practical
nonlinear electric-springs.

This article is composed of seven sections. Section 1
addresses the introduction and motivations, Section 2
outlines the objectives. Section 3 deals with the analysis.
Section 4 addresses the energy issues of the oscillations,
Section 5 embodies the 3D animation and the accompa-
nied Mathematica code, Section 6 describes the extended
design features and Section 7, the last section, shares the
conclusions and closing remarks.

2. Objectives

We begin with a positively charged ring of radius R. As-
suming the ring is made of a conductor; its charge distri-
bution is uniform. Along the symmetry axis of the ring,
the electric field, intuitively and justifiably is oriented
along the axis heading outward from the center extending
on both sides of the ring. The field along the axis due to
the symmetry of the ring is distance dependent only. For
any off-axis point the field depends on other coordinates
as well. Apply the superposition principal to the electric
field for a point along the symmetry axis trivially calcu-
lates [7]:

E()=kQq—— )
(R? +x%)2

We have assumed a right handed Cartesian coordinate
system, and the ring is placed in the yz plane with the x
axis stretching from left to right. The x is the distance
from the center of the ring, Q is the charge on the ring
and the value of k=1/(47&) = 9.0x10° in MKS units. A
plot of E/(kQ) for a 10 cm ring size is shown in Figure 1.
EfieldRing[x_]= T
(R?+x%)?
plotEfieldRing=Plot[EfieldRing[x]/.R—>10x102 {x,-1,1},
PlotRange—All,PlotStyle—{Green, Thick},GridLines—
Automatic, AxesLabel—{“x(m)”,”E/(k Q)(1/m?)"}]

Equation (1) is an asymmetric/odd function with re-
spect to x. Its plot displayed in Figure 1 shows the field for

Copyright © 2010 SciRes

X(m)

40

Figure 1. Display of E/(k Q) for a ring of radius R=10 cm
along the symmetry axis vs. distance x from the center of
the ring

x<0 is negative. This means the vector field E on both
sides of the ring orients itself away from the center of the
ring. The value of the electric field and its variation vs.
distance indeed may be viewed as the characteristic of the
electric force that would act on a charged particle if it
were placed on the symmetry axis. Now we envision
placing a negatively charged particle on the axis. Under
the influence of such a nonlinear force the particle attrac-
tively accelerates toward the center of the ring. Accord-
ing to Figure 1, the electric field and therefore the electric
force are entirely nonlinear. Its strength and magnitude
varies quite differently vs. the strength of an idealized
linear mechanical spring. For instance, one of the pecu-
liar characteristics of the field as depicted in Figure 1 is
its hump; at a certain distance from the center of the ring
it becomes extremum. The abscissa of the latter is a func-
tion of the radius of the ring. These are:

dEfieldRing=D[EfieldRing[x],x]//Simplify:

R R
—_— s X_)_
NG )M NG

Therefore, one objectively may select a ring size, R, to
control the position along the symmetry axis where the
field is extremum and its impact is the maximum. We
now utilize the field; we place a particle with a chosen
mass and charge {m,q} along the symmetry axis of the
ring. The opposite “sign” of the charged particle, in our
case study, a negative charge, experiences an attractive
force toward the center of the ring. The electric force
accelerates the particle. While sliding, it experiences a
position-dependent and a variable nonlinear force. As-
suming a frictionless slide, the particle makes it to the
center of the ring. With its velocity at the center it slings
shots to the opposite side. While sliding on the opposite
side of the ring and because of the reoriented field the
particle experiences a retarding position-dependent force,

Solve[dEfieldRing = = 0,x];{{x—-( i
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decelerating it to a momentarily halt. The lack of friction
preserves the energy of the particle, causing the move-
ment to repeat itself endlessly. The particle therefore os-
cillates; however, because of the non-linearity of the im-
posed electric force the oscillation is nonlinear. The de-
tailed analysis of the nonlinear oscillations along with
related topics of interest follows.

3. Analysis

To form the equation describing the motion of the parti-
cle we begin with Newton’s second law, F_ =ma. The

particle is characterized with {m,q}. At any given time
the electric force is the only effective force acting on the

particle, F, =F, =qE(x), where E(X) is subject to
Equation (1). Newton’s law yields,

gt)+ QX @)

(R? + X(t))2
The over-dot is defined as the derivative of the variable
with respect to time, t. Equation (2) describes the motion

of the particle. It is quite different from the classic equa-
tion describing the linear oscillations of a linear spring-

mass system. It is a highly nonlinear differential equation.

As we pointed out in the Introduction, historically, the
Duffing equation is used as a pivotal equation describing
the non-linear oscillations. A careful analysis of the force
at hand reveals its masked correlation with the Duffing
force. To unveil the correlation we expand the second
term of Equation (2) about the center of the ring. Aside
from the constant coefficient this gives:

X
— {X,0,8}]//PowerExpand
(R?+x%)?
x/R3-(3 x3)/(2 R®)+(15 x°)/(8 R)-(35 x")/(16 R%)+O[x]°

This shows our proposed mass-less electric-spring is
an upgraded description of the Duffing force. The first
two terms of the expanded function is known to describe
a “soft” spring [5]; and that limits the scope of the
Duffing force. Simply put, the author’s electric-spring is
a superstructure version of the Duffing spring; i.e. its
unexpanded function as it is used in Equation (2) embod-
ies infinite odd powers of the compressed/elongated elec-

Series[

tric spring’s length; plus it describes an ideal/perfect
mass- less entity.

Now we go back to Equation (2). At the outset, it is
known that the Duffing equation given in the introduction
has no analytic solution. For our superstructure case too,
we were not surprised failing to solve Equation (2) ana-
lytically. We deploy Mathematica, but it also fails to
solve symbolically. Lastly, we supply a set of practical
initial conditions and by utilizing Mathematica we seek
for a numeric solution. The code leading the numeric
solution, along with the relevant computed kinematic
quantities such as position, velocity and acceleration i.e.
{x(t), v(t),a(t)}, respectively are given. The output is dis-
played. For the ring and the particle we assumed {R,Q}=
{10.x10% m,4.0 nC}, and {m,q}={10. mg, 3.0 nC}, re-
spectively,

values={k— 9. 10° R—10. 10%,Q—4. 10° m—10. 10°,
g—3.10°%};

eqn=x"[t]+((k Q q )/m X4 5 ).values;
(R*+x[t]*)?
soleqn=NDSolve[{egn ==0,x[0] 8(R/.values),x’[0] ==

0}.x[t] {t.0,50}];
{positionx,velocityx,accx}={x[t]/.solegn,D[x[t]/.solegn,
{t,1}].D[x[t])/.solegn,{t,2}]1};
plotx=Plot[positionx,{t,0,50},AxesLabel—>{“t,s”,”x,m"},
PlotStyle—Thick, GridLines->Automatic];plotv=Plot[ve-
locityx,{t,0,50},AxesLabel—>{“t,s”,”v,m/s"}PlotStyle—
Thick, GridLines->Automatic];
plota=Plot[accx,{t,0,50},AxesLabel—{“t,s”,“a,m/s?"} P
otStyle—>Thick, GridLines->Automatic];
Show[GraphicsArray[{plotx,plotv,plota}],ImageSize—
500]

The far left graph of Figure 2 indeed confirms our
speculated intuitive expected oscillations.

The particle oscillates about the origin, i.e. the center of
the ring. A trained and experienced eye clearly would be
able to distinguish the difference between the characteristic
of this nonlinear oscillations vs. linear classic simple har-
monic oscillations. From this plot alone one may deduce
useful information such as period, which for the chosen
utilized parameters is 32.0 s. The initial distance of the
particle from the center of the ring is 8 R =0.8 m. It takes
8.0 s for the particle to make it to the center. At that

Figure 2. Display of the position x, velocity v and acceleration a of the charged particle vs. t, respectively from left to right

Copyright © 2010 SciRes
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78 Static Electric-Spring and Nonlinear Oscillations

Figure 3. Plots of {x(t),v(t)}, {x(t),a(t)} and {v(t),a(t)} from left to right, respectively

instance, according to the center graph of Figure 2, the
velocity of the particle is at maximum; its acceleration
according to the far right graph of Figure 2 is at maxi-
mum. From this instant moving forward, the particle con-
tinues sliding to the left, while continually loosing speed.
When the clock ticks 16.0 s its instantaneous speed
plunges to zero; at that moment it reverses its motion
speeds up, and accelerates toward the center of the ring.

To display the differences between the characteristics
of the classic simple harmonic motion vs. our designed
nonlinear oscillations, we display three phase diagrams.
Utilizing Mathematica ParametricPlot we fold the time
parameter and plot a set of three kinematic pairs:
OO {x®.at)} and {v(t).a()}.
plotxv=ParametricPlot[Flatten[{positionx,velocityx}] {t,
0,50}, AxesLabel—{“x(m)”,“v(m/s)"},PlotStyle—Thick,
GridLines—Automatic,PlotRange—All];
plotxa=ParametricPlot[Flatten[{positionx,accx}],{t,0,50}
,AxesLabel—{“x(m)”,“a(m/s?)"},PlotStyle—Thick,Grid
Lines—Automatic,PlotRange—All];
plotva=ParametricPlot[Flatten[{velocityx,accx}],{t,0,50}
AxesLabel—>{“v(m/s)”,“a(m/s?)"},PlotStyle—Thick,Gri
dLines—>Automatic,PlotRange—All];
Show[GraphicsArray[{plotxv,plotxa,plotva}],ImageSize
—500]

As one may speculate, the shapes displayed in Figure 3
are sensitive to the chosen parameters {R,Q} and {m,q}.
The interested reader may run the code for various pa-
rameters.

4. Energy of the Nonlinear Oscillator

In the analysis of the classic linear harmonic oscillations
one displays the interplay of the kinetic and potential
energies of the oscillator vs. time, t. For a conservative
setting i.e. when the friction forces are ignored, the sum
of these two energies over the span of the oscillations
remains constant. Utilizing the same assumption, a non-
linear oscillator preserves its energy as well; however, the
time dependent variation of its kinetic and the potential
energies are quite different from the linear counter case.
We utilize the solution of Equation (2). The potential and

kQq

JRZ+x(t)?

kinetic energies of the oscillators are: PE=

Copyright © 2010 SciRes

and KE=1/2 mv(t)?, respectively.

{PE,KE totalEnergy}={ -qu; A1/2 m
\JR?+positionx®
velocityx?,(1/2 m  velocityx? -kQq ! )}

\JR?+positionx®
/l.values;

Plot[{10" PE,10" KE,10" totalEnergy},{t,0,20},PlotStyle
—>{{Thick,GrayLevel[0.5]},{Thick,Black},{Thick,Dashi
ng[{0.02}],GrayLevel[0.2]}},PlotRange—All,AxesLabel
—>{“t,s”, “Energy,J”’},GridLines Automatic]

For the sake of displaying the energies with a mean-
ingful scale the energies are magnified by a factor of 10’.
According to Figure 4 and as we discussed in the previ-
ous section, the oscillator with an initial zero speed be-
gins sliding toward the center of the ring. Since it is far-
thest from the ring, its potential and kinetic energies are
at minimum and zero values, respectively. These are shown
by the far left tails of the curves in Figure 4. While the
oscillator accelerates toward the ring, its potential energy
decreases and the speeding particle gains kinetic energy.
When the oscillator is at the center of the ring, its poten-
tial energy is at minimum; conversely its Kinetic energy is
at maximum. At any given instance the sum of the values
of the potential and the Kinetic energies stays constant;
the dashed horizontal line confirms the fact.

Figure 4. Display of the potential energy (the light gray
curve), Kinetic energy (the black curve) and the total energy
(the dashed line) vs. time
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5. 3D Real-Life Animation and the Art Work

A sinusoidal time dependent function describes the oscil-
lations of a classic linear oscillator. As an example we
may envision the swinging movement of a simple pen-
dulum under gravity’s pulls. How does a nonlinear oscil-
lator swing? Applying the solution of Equation (2) and
utilizing Mathematica’s animation feature we compose a
code to bring the nonlinear oscillations to life. The ani-
mation depicts a positively charged ring in red, a nega-
tively charged particle in blue, and the electric field/force
in green. The released particle from its initial positive
position on the x-axis moves toward the ring. For the
chosen ring size, the maximum value of the field/force

R
occurs in the vicinity of its center; at X = —= . The
v 72

animation clearly shows the impact of the nonlinear field.
i.e., when the particle makes it to the maximum field, the
field jerks the particle and radically changes its move-
ment.

plot3d1=ParametricPlot3D[{0,x, \/1—x?® }{x,-1,1},Plot-
Style—{Red, Thick},PlotRange—{-1,1},AxesLabel—
{75y 273

plot3d2=ParametricPlot3D[{0,x,- y/1—x? }.{x,-1,1},Plot-
Style—>{Red, Thick}PlotRange—{{-1,1},{-1,1},{-1,1}},
AxesLabel>{“x”,"y”,“z2"}];

Show[{plot3d1,plot3d2}];
plotlinex=ParametricPlot3D[{t,0,0},{t,-1,1},PlotRange
—>{{-1,1},{-1,1},{-1,1}} PlotStyle—>Thick];

plotliney=ParametricPlot3D[{0,t,0},{t,-1,1},PlotRange
—>{{-1,1},{-1,1},{-1,1}},PlotStyle—{Dashing[0.02], Thi
ck};
plotlinez=ParametricPlot3D[{0,0,t},{t,-1,1},PlotRange
—>{{-1,1},{-1,1},{-1,1}},PlotStyle—{Dashing[0.02], Thi
ck};
Show[{plot3d1,plot3d2,plotlinex,plotliney,plotlinez}];
EfieldRing3D=ParametricPlot3D[{x,0,1/40Evaluate[Ef-
ieldRing[x]/.values]},{x,-1,1},PlotStyle—>{Green(*Gra-
yLevel[0.5]*),Thick}];
Manipulate[Show[{plot3d1,plot3d2,plotlinex,plotliney,
plotlinez,Graphics3D[{Blue,Sphere[{positionx[[1]]/.t—>
7 ,0,0},0.05]}],EfieldRing3D},FaceGrids—{{0,0,1},{0,0,
-1}},FaceGridsStyle—Directive[Black,Dashed, Thickn-
ess[0.003]]].{ = ,0,50,0.1}]

DynamicModule[{ = =0},Show[{plot3d1,plot3d2,plotlin-
ex,plotliney,plotlinez,Graphics3D[{Blue,Sphere[{positio-
nx[[1])/.t— 7 ,0,0},0.05°]}],EfieldRing3D},FaceGrids—{
{0,0,1},{0,0,-1}},FaceGridsStyle—Directive[Black,Das-
hed, Thickness[0.0031]]]

6. Extended Design Possibilities

Utilizing the concepts described in the previous section,
one may readily fabricate limitless electric-springs. With-
out deviating too far from what we have already described,
we introduce a charged double-ring electric-spring.
For instance, by adjusting the values of the charge densi-

Figure 5. A snapshot of animated movement of a negatively charged particle (the black dot), within the electric field (the light

grey signal) of a positively charged ring (the black circle)

Copyright © 2010 SciRes
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Figure 6. A snapshot of the motion of the negatively charged particle (the black ball), and the double-ring. The outer ring is
positively charged, the inner ring is negatively charged, and each ring has its own linear charge densities. The electric field

along the common ring axis is in light grey

Figure 7. Plots of {x(t),v(t)}, {x(t),a(t)} and {v(t),a(t)} are displayed in left, center and right diagrams, for the charged dou-

ble-ring, respectively

ties of the rings, e.g. a positive density for the outer ring
and a negative density for the inner ring, we were able to
produce a double hump electric field. In Figure 6, the field
is depicted in green. The positions of the humps are a func-
tion of the rings’ radii. By choosing a set of appropriate
radii one may set the abscissa of the humps at desired posi-
tions. The field of the double-ring electric- spring shown in
Figure 6 is distinctly different from the one shown in Fig-
ure 1. Utilizing the former we form the equation describing
the movement of a negatively charged particle. The equa-
tion of motion is similar to Equation (2). However, be-
cause of the shape of the electric field the solution of the
equation and therefore the description of the motion is dis-
tinctly different from what we have shown in the previous
section. We compose a Mathematica code and animate the
motion. This is shown in Figure 6.

Copyright © 2010 SciRes

Applying the solution of the equation of motion we
plot three phase diagrams similar to the ones displayed in
Figure 3. These are shown in Figure 7.

Comparing Figure 7 with Figure 3, one clearly sees the
drastic differences. The impact of the double-ring on the
oscillations of the oscillator is significant. The most no-
table impacts are displayed in the far left and the far right
plots of Figure 7.

7. Conclusions and Remarks

In this article the author introduces a perfect mass-less
static electric-spring design resulting nonlinear mechani-
cal oscillations. The core idea of the design is based on
the configuration of the electric field of a suitable static
charge distribution. Utilizing the symmetry of a circular
ring, it is shown that the field along the axis of the ring
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has the desired characteristic. The magnitude of the field
along the axis varies non-linearly with distance making
the force that acts on the particle nonlinear as well. It is
also shown how the design is modified. For instance the
details of a coplanar charged double-ring is discussed and
exhibits an interesting non-linearity behavior. A thorough
literature search reveals no such practical designs have
been proposed earlier. Furthermore, based on the afore-
mentioned detailed discussions one realizes that the
number of blue print electric-spring designs are limitless.
Therefore, one may design springs to meet any practical
needs. The available literature on the mechanical nonlin-
ear physics phenomenon mostly is discussed from a
purely theoretical view. In this article we have shown
practical and applicable applications. We also would like
to point out that in our study because of the slowness of
the motion of the charged particle justifiably we ignored
the effects of electromagnetic radiation of the oscillator.

Copyright © 2010 SciRes
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ABSTRACT

Many single and three-phase converters are well developed, and covered up in most of electric markets. It is used in
many applications in power systems and machine drives. However, an exact definite output signal from the dc side still
not recognized. The waveforms of output voltage and current demonstrate an imperfect dc signal and constitute losses,
harmonic distortion, low power factor, and observed some ripples. An approximately perfect rectifier bridge is the aim
of this research. Perhaps it gives the ability to identify the parameters of the converter to obtain, as much as possible, a
perfect dc signal with less ripple, high power factor and high efficiency. Design is implemented by simulation on Power
Simulator PSIM, and practically, a series regulator LM723 is applied to provide regulating output voltage. Compari-

sons of both simulation and hardware results are made to observe differences and similarities.

Keywords: Simulation, Microcontroller, Converter, Feedback, Power Factor, Design

1. Introduction

In industrial application, Direct Current (dc) is used for
controlling application such as Programmable Logic Con-
troller (PLC), Microcontroller, dc motor and many com-
mercial and domestic appliances [1-4]. Rectifier has be-
come a popular power source [5-7] for these appliances
because of its reduced cost and relatively low sensitivity
to supply voltage variations under normal operating con-
ditions. Stability is the key issue in these applications as it
involves certain precision and decision making [8]. These
systems are usually employed in automotive and aero-
space applications [6,9] where tiny little error in the sup-
ply (unstable dc) might cause a large disaster.

The processed output voltage, current as well as fre-
quency, will be as desired by the load. If the power proc-
essor’s output can be regarded as a voltage source, the
output current and the phase angle relationship between
the output voltage and the current depend on the load
characteristic. Also, normally, a feedback controller will
be provided to perform comparison to the output of the
power processor unit with a desired reference value, and
the controller minimizes the error between the two.

Generally, design of converter that can be considered
as a good design, should cover few essential aspects [10].
One of them will have to be efficient, which can be con-
sidered as the ultimate goal of design in power electronic.
Besides that, a few current issues can be directly and in-
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directly affected the course of a design of a converter.
One of these significant issue is the line quality, whereby
is critical to ensure that the utility lines and transformer
would supply undistorted wave voltage to customers. The
source and line inductances play an important role in the
line quality issue. With the presence of the reactive power
to the line, it increases the volt-ampere rating. Thus, the
input ac line voltage becomes distorted from the higher
peak currents. As a result, high reactive components are
being used. This is a drawback because a poor power
factor causes heavy expenses to the user.

Besides that, the growing concern regarding harmonic
pollution of the power distribution system creates aware-
ness for clean ac line current and a power factor close to
unity. The phase angle of the fundamental harmonic cur-
rent [2,5] with respect to the line voltage is a very impor-
tant parameter that determines the power factor. These
issues are some of the critical aspects that should be taken
into consideration when designing a good converter.

Power factor correction is achieved by the addition of
capacitor in parallel with the connected motor circuits
and can be applied at the starter, or applied at the switch-
board or distribution panel. The resulting capacitive (leading)
current is used to cancel the inductive (lagging) current
flowing from the supply.

The microcontroller program performs this. The mi-
crocontroller is programmed in such a way that it will
perform the checking the phase difference every 1/2MHz
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second (microcontroller running on 2MHz crystal) and
calculate out the phase different between the current and
voltage waves. The calculated value will be converted
into signal to activate appropriate capacitor to correct the
power factor [2,11,12].

Capacitors are installed parallel to the source, waiting
for the signal from the microcontroller. When microcon-
troller sends signal, the signal will be amplified via
MOSFET and activate a relay. The relay hence will turn
on the capacitor. The feedback circuit is designed in such
a way that the system is allowed to be a capacitive system
but not an inductive system.

2. Implementation of Single Phase Converter
2.1 Step-Up Converter with Feedback Control

To further improve the output signal generated, by means
of current shaping, it can be archived through step-up
converter with feedback control applied at dc side of the
rectifier to replace the LC filtering component. With this
arrangement, it is possible to shape the input current
drawn by the rectifier bridge to be sinusoidal and in
phase with the input voltage. For the purpose of better
illustration, Figure 1 shows the circuit configuration. At
the input side, the input current is is desired to be sinu-
soidal and in phase with input voltage V, also, at the full
bridge rectifier output, i_ and absolute value of Vs will
have the same waveform as well. For the theoretical
analysis below, the power loss of the rectifier bridge and
the step-up converter will be neglected due to the fact
that the losses are somewhat small.

Thus, we have, for Vs =\/§VS and s =\/§IS, the in-
put power can be expressed as:

Pn(t)=V[sinot] I[sinat|=Vsls —Vsls cos2mt (1)

The average value of current Iy can be expressed as:

Vgl
T4 = load :% )
Also, the current through the capacitor is:
i (t) = —V\S}icos 20t=-14 cos2mt 3)

d

From these expressions, the ripple in Vy4 can be deter-
mined by means of estimation, as shown in Equation (4):

sin 2wt

1 r. Iy
Vd,ripple(t) za Ic dt= 20C (4)

d

The step-up converter shown in Figure 1 is operating
in current-regulated mode, as our main purpose is to
shape the input current of the step-up converter. The
feedback control, represented in block diagram, is shown
in Figure 2. This feedback control serves as the purpose
of comparing the output generated with a reference value,
in order to minimize the error between these two.

iL* shown in Figure 2 is the reference value of the cur-
rent i in the step-up converter. The amplitude of i *
should be such that as to maintain the output voltage at a
reference level of Vy*, in spite of the variation of load
and the fluctuation of the line voltage from its nominal
value. The waveform of i * is obtained by means of
measuring absolute value of V, by a resistive potential
divider and multiplying it with the amplified error be-
tween the reference value V4* and the actual measured
value of Vg On the other hand, the actual current i, is
sensed, usually by measuring the voltage across a small
resistor inserted in the return path pf i_. The status of the
switch in the step-up converter is controlled by compar-
ing the actual current i, and i_*.

If constant frequency is applied for this feedback con-
trol, the ripple current can thus be expressed as:

| (Va —Vs Vs|

ip =" £ N,

5
fsLgVy ©

In terms of maximum ripple current, it can be ex-
pressed as:

(6)

Step-up converter

Figure 1. Step-up converter for current shaping

Vsl
Vd* )
E TL*(t)
— PI fror - Current-Mode
Multiplier >
——» Regulator Control
Vd (actual)

Switch control

> signal

=

iL (measured)

Figure 2. Feedback control block diagram
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The step-up converter topology is well suited for the
input current shaping method because when the switch is
off, the input current directly feeds the output stage.

2.2 Complete Design with Step-Up Converter at
dc Side

The feedback controller shown above operates by com-
paring the output generated with a reference value set. In
simulation, the actual output current is sensed by a cur-
rent sensor connected at dc side of the rectifier, and this
actual value of 14 is sent to negative probe of the summer.
The reference value of |4 is transmitted through positive
probe of summer. The comparison of signal will take
place at the comparator, with signal generated from PI
controller and triangular wave.

For better reference, Figure 3 shows the complete de-
sign of single-phase controlled rectifier with step-up
converter and feedback control implemented in PSIM.

Figure 3. Thyristor converter with step-up converter

Figure 4. Waveforms for output voltage and output current
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2.3 Simulation Results

Simulation is carried out based on similar parameters app-
lied on rectifier design without step-up converter in order
to observe the difference between these two designs.
Similarly, for better illustration, simulation results corre-
sponding to firing angle of 30° are shown in Figure 4.

2.4 Comparison of Results

Comparison between the two types of rectifier design
configuration is given in Table 1. It shows some of the
essential parameters corresponding to firing angle of 0°.

The table indicates that thyristor converter with step-up
converter and feedback control shows an improvement in
overall aspects. In terms of THD, it improved from 49%
to 21%. While as for power factor produced, it increased
from 0.81 to 0.98.

2.5 Design of Hardware

In hardware manner, the variable dc output will be con-
trolled by means of applying a regulator chip LM723 to
control the output voltage generated. This design method
is rather different than the design approach implement in
simulation. One of the reasons for this is that an exact
solution for hardware implementation based on design in
simulation has not yet been found; these reasons will be
outlined in more details in problems encountered and
suggestions for further development. For this practical
design, in terms of rectifying component, Diode Bridge
will be applied for this hardware implementation. For
better illustration, the circuit diagram for the practical
design is shown in Figure 5.

For this particular design, the input voltage V; is equal
to 18V, which is stepped down by a transformer, not
shown in the figure. Diode D1, D2, D3 and D4 forms the
diode bridge, KP206G. Also, another diode, IN539 is
applied at dc side. One of the functions for this diode is to
act as a feedback blocker, whereby it steers any current
that might be coming from the device under power around
the regulator to prevent the regulator from damages.
These sorts of reverse current usually occur when the
rectifier is been powered down.

2.6 Operation Analysis

Basically, this practical rectifier design applies a different

Table 1. Comparison of results

Types of rectifier configuration

PEGEITEEDE Without Step-up ~ With Step-up converter
Converter and feedback control
Qutput voltage 200V 246.5V
Ripple voltage 4.3V (2.15%) 3V (1.21%)
THD 49% 21%
Power Factor 0.81 0.98
JEMAA
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Figure 5. Circuit diagram of practical converter design

comparable approach to implement in simulation. Refer-
ring to Figure 5, with the use of the transformer, to steps
down the input voltage to 18V. The voltage rectified by
the diode bridge to produce unfiltered dc output voltage.
This unfiltered dc output voltage will contain big ripple
and is pulsating. This pulsating output voltage will then
been filtered by the capacitive filter of 1100 xF capacitor
in order to manageable for the regulator.

As noticed in Figure 5, there’s only capacitive filtering
applied to the design, this is due to the fact that in low-
power applications, the inductor required for rectification
design could be a costly item, that’s the main reason most
low-power converters dispense with the inductor and
apply a direct capacitive filtering method. With no load,
the dc voltage across the terminals of the filter is going to
be 18 to 30 volts.

The regulation is obtained using the Darlington pair
(TR1 and TR2). They in turn are controlled by the 723
regulator. 723 has its own internal highly regulated volt-
age reference supply (pin 6). Internally the 723 compare
this reference voltage to the output of the power supply
and it is varied by means of variable resistor VR, shown
in Figure 5. This sets the output voltage. The regulation
process evolves around pin 11 and pin 6 of LM723 regu-
lator. Pin 11 of 723-regulator control voltage supply, and
this V¢ will trigger the base of TR1, which is 2SA966,
PNP transistor, which will act as a simple amplifier to
increase the current available to drive the base of the pass
transistor, i.e. TR2 2N3055. This explains the function of
Darlington transistor pair applied.

Capacitance of 0.01uF connected to frequency com-
ponent (pin 13) of 723-regulator function as a transient
response improver, which improves the response of the
regulator when it is operating during high frequencies.
Regulated dc output, will be filtered again by capacitance
of 470uF to produce an output voltage that contains a
minimum ripple and close to pure dc voltage. Necessary
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protective device have all been installed in this practical
design such as fuses, metering component for voltage and
current, not shown in the figure. Note here, these meter-
ing component are meant for as a guideline as the accu-
racy of these meters might be a +1V difference for the
case of voltmeter. Therefore, for better accuracy, a multi-
meter should be used.

Figure 6 shows an overall view of practical design.
Note, TR2 and 2N3055 are mounted on a huge heat sink.
This step is necessary, as the heat sink installed will helps
to dissipate the massive flow of heat generated to the pass
transistor.

2.7 Comparison of Results

As design implemented from hardware manner, which
applied the diode bridge as main conversion component,
for comparison purpose, we compare the results from de-
sign in the simulation corresponding to firing angle of 0°.
Table 2 shows results from both of the design. It shows
that the design implemented in simulation use 20V as

Figure 6. Overall view of practical design implemented
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Table 2. Comparison of results

Design method

Parameters Design from simulation i :
(firing angle = 0°) Practical Design
Input Voltage 20V 18v
Output Voltage 37.7V 15.8vV
Ripple voltage 1.24V (3.3%) 800mV (5.06%)
Output Current 0.37A 0.18A
Output power 13.9W 2.84W
THD 30.2% 47.7%
Power Factor 0.96 0.90

input voltage, as main concern is on low power applica-
tion. While in hardware design, the input voltage is in
18V, which is stepped down by a step down transformer.
18V secondary side voltage is one of the common rates
of voltage used in terms of low voltage application.

Results shown clearly indicate that the simulation have
gain advantages over the practical design. These are shown
through power factor produced and total harmonic distor-
tion created. However, the difference in terms of power
factor and ripple voltage didn’t show a big difference.
The only major difference comes from the total harmonic
distortion.

Note that when comes to comparison of results from
simulation and practical manner, some slight discrepan-
cies should be taken into account. This is due to the fact
that from simulation point of view, generally ideal com-
ponents are used and so they have theoretical constraints
associated with them, which is possible to differ slightly
from the actual physical component. As for practical
converter, there might be losses in the process of stepping
down voltage as well as where conversion from ac to dc
takes place. Besides that, each of the components, par-
ticularly resistors and diode used, all contribute to losses
generated.

3. Implementation of Three Phase Converter
3.1 Feedback Control Loop

As far as power factor and total harmonic distortion is

concern, inductors are added at the source to compensate
the capacitive value produced by the capacitor at the fil-
tering device. This solution is being taken one step fur-
ther to install a feedback control device to compensate
the inductive value produced by the load in case the con-
verter is used for a dc motor. Thus, a feedback control
loop is proposed to improve the power factor of the sys-
tem. This is shown in Figure 7.

Power factor correction is achieved by adding capaci-
tors in parallel with the connected motor circuit and can
be applied at the starter or the switchboard or distribution
panel. The resulting capacitive current is leading current
and it is used to compensate the lagging inductive current
flowing from the supply.

This correction task is carried out by micro-controller,
which is specially designed to perform the checking and
correcting the incoming voltage and current. External
comparator MCP6024 is used to convert the analogue
signal to 2-bit digital signal. The converted signal is then
input into the microcontroller to perform phase difference
analysis.

Signals that are about to be input into the microcon-
troller are phase-shifted voltage and the voltage that repre-
sents the current. Phase-shifted voltage is obtained near
the load for the voltage at the load will represent the volt-
age’s phase shift. Voltage’s phase is taken as variable
while the current’s phase is taken as constant. If the load
is capacitive, the voltage’s phase is lagging the current’s
phase. If the load is inductive, the voltage phase is lead-
ing the current phase.

The microcontroller will observe the voltage phase.
When the microcontroller detected a ‘1’ for voltage, it
will then observe the current phase (represented by volt-
age across the load). If the current is not detected, it will
return a ‘1’ and activate capacitor A from the capacitor
bank. After that, it will check both the voltage and cur-
rent phases again. If the current phase is again not de-
tected when the voltage phase is detected, it will return
another ‘1’ and now, activate capacitor B. The whole
process will repeat until the capacit or E in the capacitor
bank is activated, or, the current is detected when the
voltage phase is detected. The process algorithm is shown

Figure 7. Feedback controlled three phase converter
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in Figure 8. Every time when there is a change in the load
(manually), then the power factor corrector has to be re-
set in order to function properly. The power factor cor-
rection algorithm is being implemented in MATLAB
simulation. The program enables the user to input the
load inductance and the program will return the number
of capacitor of the dedicated value needed. It can also
display the uncompensated and the compensated wave-
forms. The output is shown in Figure 9.

In Figure 9, the load used is 10 kQ and the load induc-
tor is 1 mH. There are 99 capacitors rated 100 pF needed
to compensate the inductance. It is understood that the
compensation could not be 100% because the signal is
being sampled with Nyquist sampling rate. The program
is written in such a way that the microcontroller will en-
sure that the system is capacitive rather then inductive.

3.2 Integration of Designs

The designs are being integrated together to form a com-
plete ac-dc converter with high power factor, low har-
monic distortion and low voltage ripple. This is shown in
Figure 10 following Figure 7.

It is noticed that the 1M Q resistor at the output of the
rectifier circuit is being removed. This is to allow the
current to flow completely into the load circuit without
any additional current drawn over unnecessary load.

The duty cycle D of the Buck converter is set to four
mode of operation, namely, 0.167, 0.4, 0.5 and 0.8. These
duty cycles will give 5V, 12V, 15V and 24V respectively.

Figure 8. Power factor corrector flowchart

Figure 9. Power factor correction made onto the inductive system

Copyright © 2010 SciRes
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It is also noticed that the source rms line voltage is be-
ing step up to 23V. This is because, the diodes used are
no longer ideal diode, and a 0.7V voltage drop is intro-
duced across the diode. Increasing the source voltage to
23V rms will ensure that the four duty cycle operation
modes will achieve the desired output.

3.3 Simulation

At D=0.8, the desired output is 24V and 10kQ sample
load is placed at the output of the ac-dc converter. The

output current and voltage is shown in Figure 11:

The output is being evaluated in frequency domain as
is shown in Figure 12.

It is noticed that the output current and voltage shows
an extremely low ripple and the rise time is less than 0.4
seconds. In frequency domain, the frequency component
is less than 200Hz, which means, the harmonic of the
output is extremely low, even the fundamental frequency
(300Hz) is almost completely reduced.

Figure 10. Integration of the rectifier and Buck converter

Figure 11. Output current and voltage waveform with D=0.8
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Figure 12. Output current and voltage in frequency domain with D=0.8

Figure 13. Three-phase rectifier with THD reduction

3.4 Implementation

Implementation is done up to the LC filter stage. The
schematic that is being implemented is shown in Figure
13 with resistance value of 1.2M Q. The constructed
hardware is given in Figure 14

Table 3 shows the input voltage, output voltage, ripple
voltage, and the efficiency.

Copyright © 2010 SciRes

It is noticed that the efficiency is increasing while the
input rms voltage increase. The voltage drop is to over-
come the cut-in voltage across the diode. There is some
voltage drop observed across the filter inductor due to the
change of the current. The voltage drop across the induc-
tor is very small as the current stabilized over a short
period of time.
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Figurer 14. Hardware implementation of the rectifier
Table 3. Tabulated simulation output
Vin (rms) Vou (V) Vi(mV) V; Efficiency
2 1.3 12.96 0.978% 46.87%
4 4.2 41.18 0.992% 73.38%
6 7.0 67.81 0.972% 82.22%
8 9.8 93.61 0.955% 86.64%
10 12.6 123.88 0.981% 89.29%
12 155 152.06 0.984% 91.06%
15 19.7 197.31 1.002% 92.83%

As the input voltage increases, the efficiency increases
because the voltage drop across the diode is a fix value.

The difficulty encountered during the simulation is that
the inductor used could not sustain high power such that
the inductor will blow off when the input rms voltages
exceed 15V. This can be improved by using bigger in-
ductor. The capacitor filter used could sustain 35V.

4. Conclusions

The design development stages in simulation from stud-
ies of fundamental circuits to the development of final
design, which utilizes the feedback controller at dc side
of the converter to further, improve the current waveform
and thus producing an output signal with less distortion
and better power factor. This design is then been use as a
reference to implement a design in practical manner.

This proves that the feedback controller applied with
the step-up converter can help in producing a better out-
put signal.

The goal to achieve low harmonic distortion, high
power factor and low ripple voltage can be achieved. The
implementation is of low cost and the components used
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are easy to obtain.

The development of the power factor corrector could
be used in some other aspect such as three-phase air-
conditional circuit, or three-phase induction motor. In or-
der to activate the power factor corrector on the ac-dc con-
verter circuit, more research needed to be done.

The converter’s components are designed in such a
way that it can sustain the load resistance from 10Q to
100kQ. The rise time is maintained to be less than 0.5
seconds and the output voltage and current are critically
damped. This is to ensure that transient output would not
damage the equipment connected to it.
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ABSTRACT

The effect of varying the temperature and the concentration of ammonium nitrate solution on the stress corrosion
cracking (SCC) susceptibility of mild steel is studied. An increase in the temperature causes a decrease in the stress
corrosion life. It appears that the susceptibility in the range 368 K to 380 K was greater than at other temperatures.
Near the boiling point corrosion and stress corrosion occurs, at the boiling point, the cracking was associated with a
high rate of general corrosion. Microscopic examination after stress corrosion testing in 10Wt%, 20Wt%, and 52Wt%
NH;NO; solution revealed that in all cases there was severe intergranular attack, especially at the high concentration.

Keywords: Stress Corrosion Cracking, Ammonium Nitrate Solution, Mild Steel, Constant Load Test, Temperature

Effect, Concentration Effect

1. Introduction

In an attempt to determine what chemical and electro-
chemical properties of the corroding solution are required
for stress corrosion cracking, previous researchers deter-
mined the potentiostatic polarization curves for single
crystals in de-aerated boiling, 55% Ca (NO3),, 30% NaOH,
and other solutions [1]. The results revealed that iron
exhibits passive behavior near the free corrosion potential
in nitrate solution only. Although the surface film at the
corrosion potential was stable, it required a long time to
be restored if it was damaged.

Szklarska [2] stated that passivation phenomena were
essential for the occurrence of the stress corrosion crack-
ing of mild steel in nitrate solution. It was reported [3]
that the sequence of the reaction of corroding iron in
NH,NO; solution was as follows:

1) Formation of a soluble complex salt of iron with
ammonia, this salt being Fe (NH)s (NO3),.

2) Production of nascent hydrogen which acts as a re-
ducing agent.

3) Reduction of nitrate ions to NO,™ as the main corro-
sion product.

4) Oxidation of ferrous ions to ferric ions.

The most probable cycle of reactions was considered
to be:

Copyright © 2010 SciRes

Cathodic: 2H"+2e—2H

Anodic: Fe—Fe™"+2e

Secondary Cathodic: 2H+NO3; —H,O+NO,’

Polarization studies on iron electrodes indicate that
FesC particles or carbon in interstitial solution may act as
efficient sites for cathodic discharge during the corrosion
reaction [4]. Intergranular penetration occurred in nitrates
solution, but such penetration was limited to a depth of
two grain diameters [5].

Most of the work regarding grain boundary attack of
unstressed low carbon steel by nitrates has been carried
out in NH4NOj; solution. Engell and Baumel [1] did pro-
duce this type of attack in boiling Ca (NO3), but only
with the aid of anodic polarization. General overall attack
in NH4NO;s is due to the high depolarizing power of the
oxidizing NOs™ ions on the cathodic local areas, coupled
with the complexing action of the NH," which facilitates
the anodic reaction, i.e. iron dissolution of Fe' ions.
Thus, the correlation of results from NH;NO; solution
with those from solutions of other cations (e.g. Ca*™, Na*,
K™) probably has little significance.

Flis [6] proposed that after a small amount of grain
boundary penetration, regions of stress concentration
were produced. When the resulting strain in these regions
was sufficiently large, the oxide film would be ruptured
and the strain rate would be high enough to prevent the
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reformation of the protective film. Thus, the crack pro-
pagation proceeded by an electrochemical process.

Whilst the various mechanisms of stress corrosion
cracking were seldom proposed originally for the crack-
ing of ferritic steels, they have all been suggested at dif-
ferent times as explaining the phenomenon of stress cor-
rosion cracking in these materials. However, all the
mechanisms are interpreted from data on the effects of
various environmental and metallurgical parameters on
stress corrosion. The susceptibility of the steel was re-
markably affected by the concentration of the nitrate so-
lution, this was noticed when cracking of mild steel in
various nitrate solutions occurred. Baker and Singleterry
[7] studied the stress corrosion cracking in u-bend speci-
mens of A1S1 4340 steel. They reported that KNOj3 solu-
tions show a systematic decease in the time to failure
with increasing concentration.

One of the reasons for the lack of appreciation of the
chemical factors that affect SCC is the lack of under-
standing of the large influences that are produced by small
change in the environment. A change of one unit of the
pH changes the solubility of oxide by three order of mag-
nitude for three valence ion such as Fe** and by two order
of magnitude for a two valence ion such as Fe* [8].

Leferink [9] reported that the steel samples were sub-
jected to aerated ammonium nitrate solution at 368 K
with concentration ranging between 2% and 35%, after
an exposure for 65 hours; cross sections of the steel were
studied. When intergranular corrosion attack (IGA) occurs
the steel was considered sensitive to ammonium nitrate
within these concentrations.

2. Experimental Work
2.1 Material

The work was carried out on mild steel of the following
composition (W1t%):

C 0.070
Mn 0.300
Si 0.093
S 0.044
P 0.019

The Material was supplied in the form of 19 mm di-
ameters rods. Corroding solution was prepared by using
ammonium nitrate.

2.2 Specimen Preparation

2.2.1 For Electrochemical Measurement

The steel rods supplied were hot-rolled at 1200 K to strip
—4mm thick. This was reheated to 1200 K in the furnace for
900 s, cooled slowly to 850 K, and then allowed to cool to
room temperature. Most of the oxide film was removed by
pickling in 30% Hcl solution, and the surface was finally
cleaned for cold-rolling by mechanical abrasion. The strip
was reduced to 0.5 mm thick by cold-rolling.
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Samples 20 mm by 13 mm were prepared. A 3 mm
holes was drilled at one end to suspend the samples, then
the specimen were degreased with ether, annealed at
1200 k for 3.6 ks after wrapping in thin foil to prevent
oxidation. The specimens were attached to the holder and
the whole assembly coated apart from an area of 100 mm?
on one face.

2.2.2 For Stress Corrosion Testing

The steel rod was hot-rolled at 1200 k and swaged cold to
approximately 10 mm diameter. It was then annealed at
1200 k for 900 s, furnace-cooled to 850 k, followed by
air-cooling to room temperature. The specimens were ma-
chined from the rod as shown in Figure 1. They have a
gauge length of 15.8 mm and a gauge diameter of 3.2 mm.

2.3 Apparatus

2.3.1 Electrochemical Measurements

For electrochemical measurements on unstressed speci-
mens, a glass cell comprising two compartments was de-
signed. The main compartment contained the working
electrode and the platinum counter electrode. The refer-
ence compartments contained a saturated calomel elec-
trode. The complete cell is shown in Figure 2. The two
compartments were connected by a salt bridge with a Lug-
gin capillary. The glass joints that carried the working and
the counter electrodes also had a screw cap joint for the
thermometer. There was another two openings in the main

Figure 1. Stress corrosion test specimen (dimensions in mm)

Figure 2. Electrochemical polarization cell (schematic): 1)
Main compartment; 2) Specimen/working electrode; 3) Plat-
inum electrode; 4) Luggin capillary; 5) Thermometer; 6) To
condenser and gas outlet; 7, 13) Solution inlet; 8, 14) Gas
inlet; 9) Salt bridge; 10) Gas Outlet; 11) Reference com-
partment; 12) Saturated calomel reference electrode
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compartment, one for water condenser, and the other for
gas and solution inlet, when working with de-aerated sys-
tem. The reference compartment has a thermometer gas
inlet and liquid inlet together with the saturated calomel
electrode in one joint. The cell capacity was 0.4 dm?® of
test solution. Only the main compartment of the cell was
immersed in an oil bath controlling the required tem-
perature, the reference compartment being held at room
temperature.

2.3.2 Stress Corrosion Measurements

The majority of the work was conducted using a constant
load method. The tensile properties of the material were
measured in triplicate, on an Instron Tensile Testing Ma-
chine. In all the constant load tests the load applied was
90% of the predetermined yield stress.

For electrochemical measurements on stressed speci-
mens, a glass cell comprising of two compartments, the
main compartment contained the stress corrosion speci-
men and the platinum counter electrode. The reference
compartment contained saturated calomel electrode, simi-
lar to the reference compartment described before. The
two compartments were connected by a salt bridge with a
Luggin capillary. The capacity of the cell was 0.25 dm®,
and the details are shown in Figure 3. To identify the
reproducibility of the polarization curves, measurements
were performed for three or more samples in one solution
condition. Some scatter in the open circuit potential (OCP)
and the active-passive transition potentials were found in
the polarization curves determined in some tests.

3. Results and Discussions

The entire stress corrosion test carried out under a con-

Figure 3. Stress corrosion test cell (schematic): 1) Main com-
partment; 2) Specimen/ working electrode; 3) Platinum
electrode; 4) Luggin capillary; 5) Thermometer; 6) P.T.F.E
nut; 7) Rubber washers; 8) Stainless steel nut; 9) Top
shackle; 10) To condenser and gas outlet; 11, 18) Solution
inlets; 12, 17) Gas inlets; 13) Salt bridge outlet; 14) Gas out-
let; 15) Reference compartment; 16) Saturated calomel ref-
erence electrode
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stant load of 90% of the yield stress (206.5 MNm™).
In this work effect of temperature and concentration
were considered.

3.1 Effect of Temperature

3.1.1 Stress Corrosion Life

A solution of 52Wt% NH;NO; at different temperature
was used to determine the stress corrosion life. The re-
sults are summarized in Table 1.

Figure 4 shows the temperature dependence of stress
corrosion life and general corrosion rate. This figure in-
dicates that the stress corrosion life decreased as the
temperature was increased. The general corrosion in
52Wt% NH,NO; at the boiling point (383 K) was very
severe, the gauge length of a stress corrosion specimen,
left in such a solution for 108 ks without applied stress,
dissolved to a point as shown in Figure 5. A similar
specimen immersed in the solution at 368 K for about 1.3
Ms showed a reduction in Ultimate Tensile Stress (UTS)
of only 13%, with maximum intergranular attack 3 grains
in depth.

Table 1. Effect of temperature on stress corrosion life of
mild steel in 52Wt% ammonium nitrate solution (stress=
206.5 MN m?)

Temperature  Number Average Stress  95% (_:onfide_nce
K of Tests Corrosion Life Limits of Life
ks ks

303 2 >7300.0 -

323 3 352.0 +108.0
343 4 145.8 +57.2
358 4 69.8 +32.0
368 7 27.3 +9.6

375 4 223 +20.9
380 4 234 +9.7

383 5 18.3 +78

Figure 4. Effect of temperature on the general corrosion
rate and stress corrosion life of mild steel in 52Wt%
NH.NQO; solutions
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Figure 5. Stress corrosion test specimen after 108 ks immer-
sion in 52Wt% NH,NO; solutions at boiling point (383 K).
Very high general corrosion attack X 12

Microscopical examination of longitudinal sections of
specimens stress corroded at different temperatures showed
the features indicated in Table 2.

Length of the section: 6.6 mm.

Grain diameter: 40 pm.

Width of the section: 2.5 mm.

Type A: Just detectable intergranular attack,

Type B: Fine cracks,

Type C: Wide cracks,

Type D: Cracks visible to the naked eye.

Table 2. Effect of temperature on the stress corrosion of
mild steel in 52Wt% ammonium nitrate solution

Average Type of  Maximum Reduction
Temperature Stress attack and  Depth of in Diame-
Corrosion No. of Loca- Penetra- ter
Life tions tion in i
ks ABCD Grains
323 352 3 1 -
343 145.8 7 6 203
358 698 3 6 76
368 27.3 6 1 44 8
375 22.3 3 1 15 -
380 234 4 1 18 -
383 18.3 3 228
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It appears from Table 2 that the susceptibility in the
range 368 K to 380 K was greater than at other tempera-
tures. The higher susceptibility to cracking at higher
temperature may be attributed to the nature of the corro-
sion product formed. Crack morphologies and crack fea-
tures on the crack surface were observed by scanning elec-
tron microscope (SEM). Figure 6 shows the fracture sur-
face morphology of specimen after stress corrosion fail-
ure in 52Wt% NH,NO; solution at 368K which indicates
high degree of intergranular attack. Previous work of
Evans [10] showed that at high temperatures in the nitrate
solution, anhydrous magnetite film that has high ionic
conductivity is formed.

Our experiment illustrated that at the boiling point, the
cracking was associated with a high rate of general cor-
rosion while previous work reported that stress corrosion
failure occurs only in hot and boiling nitrate solutions [1].

The 368 K was chosen as the test temperature because
the stress corrosion life was reasonably short, with less
scatter than at other temperatures, and the general corro-
sion attack was not severe.

Karthik et al. [11] reported that the temperature effect
was hypothesized to be associated with oxygen presence,
since the solubility at 333 K is greater than that at 368 K.
These results confirm that the temperature effect in the
presence of nitrate is associated with oxygen availability.
Stress corrosion cracking usually occurs under the condi-
tions where a component is exposed to a mildly corrosive
environment while under stress (applied or residual) [12].

Figure 6. Fracture surface morphology of a specimen after
stress corrosion failure in 52Wt% NH,NO; solutions at 368
K, showing the high degree of intergranular attack X 250
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Tang et al. [13] stated that a stress concentration is de-
veloped at the crack-tip and enhances significantly the
local anodic dissolution. Also the presence of crack in steel
would generate significant stress concentration, resulting in
remarkable enhancement of local anodic dissolution rate.

3.1.2 Electrochemical Measurements of Mild Steel
Specimen in Ammonium Nitrate Solution
1) Corrosion potential/time curves

Figure 7 shows variation of corrosion potential with
time in 52Wt% NH;NO; solutions at temperatures rang-
ing from 298 K to 368 K.

At 368 K corrosion potential was nobler than at any
other temperature. It appears that the aggressiveness of
particular nitrate solution may well be indicated by meas-
urement of the potential of metal in that solution. The
corrosion potential behavior gives some indication of the
processes which may be occurring. A lower general cor-
rosion rate at higher temperature is indicated by the fact
that the corrosion potential shifts to more noble values
are greater at these temperatures. This shift could be due
to the formation and growth of a Fe,Os film on the cor-
roding surface. At temperatures of 345 K and above,
there was some oscillation in the corrosion potential be-
fore it attained a steady value. If the initial potential is
considered, then the shortest life appears to correspond
with nobler potential Figures 4 and 7.

2) Potentiodynamic polarization curves

Figure 8 shows the Potentiodynamic polarization curves
in 52Wt% NH4NO; solution at temperature ranging from
298 K to 368 K using a sweep rate of 0.33 mV.s™ starting
approximately 350 mV more negative than the open cir-
cuit potential (OCP) and scanning in the noble direction
to more than 1200 mV.

Figure 7. Effect of temperature on the corrosion potential/
time behavior of mild steel in 52Wt% ammonium nitrate
solutions
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These curves indicate that decreasing the temperature
promoted the formation of a more protective passivating
film. The increase in temperature to 368 K shifted the cor-
rosion potential to a higher value and increases the active
peak current. Edgemon et al. [14] perform tests using
mild steel in simulated waste solutions which primarily
composed of ammonium nitrate and when held at ap-
proximately 370 K. Data characteristic of uniform and
stress corrosion cracking are presented.

3.2 Effect of Concentration

3.2.1 Stress Corrosion Life

The influence of concentration of ammonium nitrate so-
lution at 368 K on the stress corrosion life is shown in
Table 3 and is plotted in Figure 9. The life decreases as
the concentration increased. Microscopic examination of
specimens after stress corrosion testing in 10Wt%, 20W1t%
and 52W1t% NH4NO; solution revealed that in all cases,
there was severe intergranular attack, especially at the
high concentrations.

3.2.2 Electrochemical Measurements on Unstressed
Specimens
1) Corrosion potential/time curves

Figure 8. Effect of temperature on the Potentiodynamic
polarization behavior of mild steel in 52Wt% ammonium
nitrate solutions

Table 3. Effect of concentration of NH,NO; solution on the

stress corrosion life of mild steel at 368 K (stress=206.5 NM
-2

m™)

. Average Stress  95% Confidence
Concentration of - Number of Corrosion Life Limits of Life
NH4NO3; Wt % Tests
ks ks
10 4 45.0 + 300
20 9 60.5 + 237
30 4 27.4 + 16.6
40 4 27.4 + 130
52 7 27.3 + 96
70 4 20.9 + 94
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Figure 9. Effect of NH4NO3 concentration on the stress cor-
rosion life of mild steel at 368 K

Figure 10. Effect of NH4;NO; concentration on the corrosion
potential/time behavior of mild steel at 368 K

The variation of the corrosion potentials with time in
10W1t%, 40W1t%, and 52W1t% NH,4NO; solution at 368 K
is plotted in Figure 10. At this temperature the oxide film
apparently forms faster at high concentration and it has
better protective properties. The corrosion potential be-
came nobler as the concentration increased.

2) Potentiodynamic polarization curves

Figure 11 shows the Potentiodynamic polarization
curves in different concentrations of ammonium nitrate
solutions at 368 K using a sweep rate of 0.33 mV.s™ start-
ing approximately 300 mV more negative than the (OCP)

and scanning in the noble direction to more than +1400mV.

There are wide active regions, high passivation potentials
and the high critical passivation current at lower concen-
trations. In all concentrations there was a very high rate
of attack, but the morphology differed. In the following

Copyright © 2010 SciRes

sections 52W1t% NH;NO; solution at 368 K was used as
the aggressive environment. Preliminary work has shown
that general corrosion was minimum at 368 K, a tem-
perature at which the stress corrosion life was relatively
short, with little scatter in the results Figure 4. The con-
centration of 52Wt% NH4NO; was chosen as a compro-
mise Figure 9, as too low concentration results in too
long stress corrosion life, whilst the stress corrosion life
in 70W1% solution was approximately the same as that in
52W1%.

At high concentrations, the passivating ability of the
solution will increase, this means that the time required to
produce a film having the critical properties required for
crack initiation will decrease. These curves indicate a
decrease in the stress corrosion life with increasing con-
centration as reported by previous workers for different
nitrate solutions [7,14,15].

As a second stage of work, further areas in which in-
vestigation will be rewarding include:

a) The effect of PH level.

b) Oxygen concentration.

c) The stages of stress corrosion failure.

This will help to define and establish effective and ef-
ficient corrosion mitigation strategies such as using in-
hibitors to stop this phenomenon.

3) Potentiostatic polarization

The behavior of specimens under different applied po-
tentials ranging from -500mV to +900mV in 52Wt%
ammonium nitrate solution at 368 K was investigated and
the current was recorded during the test.

In Figure 12, the current behavior with the applied po-
tential can be divided into three groups:

a) (-500 to -150 mV) high initial current density, fol-
lowed by very fast decrease which indicates a high ten-
dency for passivation.

b) (Zero to +100 mV) the initial current density is very
high and remains at this high value for approximately 1 ks
subsequently there are some periodic reduction in the rate

Figure 11. Effect of NH,NO; concentration on the potentio-
dynamic anodic polarization behavior of mild steel at 368 K
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Figure 12. Potentiostatic anodic polarization behavior of
mild steel in 52W1t% NH4NO; solutions at 368 K

of current decrease at these potentials, with a relatively
high value and current densities remain constant even
after 6 ks. This indicates quite active conditions with very
slow formation of oxide film, which are not favorable for
stress corrosion, demonstrating that corrosion is probably
occurring at these potential. Moderate decrease, indicates
regions between active and passive state.

c) (+300 to 900 mV) Very slow decrease at the begin-
ning, which indicates a very active state, followed by an
approximately constant region.

4. Conclusions

The effect of temperature and concentration of ammo-
nium nitrate solution on the stress corrosion life of mild
steel is as follows:

1) An increase in temperature causes a decrease in
the stress corrosion life. The relative roles of gen-
eral corrosion and stress corrosion cracking in
producing failure became difficult to separate at
temperatures near the boiling point.

2) An increase in concentration (at 368 K) causes a
decrease in the stress corrosion life.

3) The OCP of mild steel measured in 52% ammo-
nium nitrate solution at 368 k was in the range
-230 to -260 mV (SCE).

4) Stress corrosion cracking occurs only when the
mild steel in particular solution conditions exhib-
its well defined active passive behavior.

5) Detailed study of the effect of pH level, oxygen
concentration, stages of stress corrosion cracking
failure and other factors is required. This will help
in establishing effective corrosion mitigation to
stop the stress corrosion cracking.
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ABSTRACT

A compact narrowband non-degenerate dual-mode microstrip filter with square shape cuts is presented. The structure
is developed by loading the conventional non-degenerate dual-mode resonator by open circuit stubs at two opposite
corners. The filter bandwidth is controlled by only decreasing the higher cutoff frequency of the conventional type. With
Square shape cuts, return loss is improved. A 20% fractional bandwidth filter is designed and implemented on FR4 ma-
terial with 4.4 dielectric constant and 1.6 mm thickness at center frequency of 1.5 GHz with passband of 1.3 GHz to 1.6
GHz. Analysis has been achieved using the IE3D simulator. Experimental results do agree with simulations.

Keywords: Microstrip, Dual Mode, Narrowband Filter, Square Patch Resonator

1. Introduction

Now-a-days compact microwave filters are widely used
in various wireless communication applications. Dual-
mode resonators have been used for such purposes. Each
of dual-mode resonators act as a doubly tuned resonant
circuit and therefore the number of resonators required
for a given filter is reduced by half, resulting in a com-
pact configuration. Dual-mode microstrip resonators have
the advantages of low profile, simple fabrication, ease of
integration in addition to low cost. The first microstrip
dual-mode filter was presented by Wolff [1] in 1972.
Degenerate modes based filters have been investigated in
various topologies such as square patch [2], circular patch,
triangular patch, square loop [3], circular ring [4] and
meander shape [5]. Square and circular patches structures
have negligible conductor loss but suffer from higher
radiation loss. However, square loop and circular ring
structures have less radiation loss but suffer from higher
conductor loss, especially for thin strip conductors [2].
Degenerate dual mode filters have usually narrow band-
width of (< %?5). Filters with higher bandwidth up to 25%
have been investigated using non-degenerate dual-mode
structure [6-7].

2. Proposed Structure and Modes of
Operation

The fields within a square patch resonator can be ex-
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panded by the TM*,0 modes [2], where ‘z’ is perpen-
dicular to the ground plane. The two fundamental degen-
erate modes correspond to TM? and TM?y, and the
first higher order mode correspond to TM?3, [6]. These
three modes can be excited simultaneously by a square
shape resonator with feed lines, as shown in Figure 1.
The simulated response is shown in Figure 2.

The etching of slots in square patch resonator as shown
in Figure 3 decreases the resonance frequencies of the

Figure 1. Layout of square patch resonator with feed lines
(All dimensions are in mm)
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Figure 2. Simulated response of square patch resonator with
feed lines

Figure 3. Layout of square patch resonator after etching
slots (All dimensions are in mm)

three modes but the resonance frequency of the mode
TM?15 decreases faster. Therefore, band pass filter be-
havior can be obtained [7]. This is shown in Figure 4.
The resultant size and bandwidth decreases as the slot
length increases. The square patch has a length W, while
the slots have equal lengths L and width S. The physical
dimensions of the simulated patch are W = 45.6 mm, L =
9 mm and S = 3 mm. Denoting f; as the resonance fre-
quency of the degenerate modes TM?10 and TM?y; and
f, as the resonance frequency of the mode TM?4. The
effect of the slots length L on the resonance frequencies
f, and f, for the patch is that the two resonance frequen-
cies, f; and f,, decrease as L increases [7]. The difference
f, - f; can be used as first approximation of the possible
bandwidth of the filter. For L = 9 mm, a fractional band-
width of about 33% can be obtained using the given pa-
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rameters.

Based on this design configuration, it is difficult to
achieve bandwidth less than this value. However, loading
the patch by open circuit stubs as shown in Figure 5 will
decrease the resonance frequency f, of the mode TM?;44
and approximately maintains the resonance frequency of
the degenerate modes constant. Therefore, band pass fil-
ters with fractional bandwidth less than 25% can be
achieved.

The layout of the filter with the stubs of width 1 mm
and length 12 mm can be seen in Figure 5. The subse-
quent effect on the resonance frequencies f; and f, is

Figure 4. Simulated response of square patch resonator
after etching slots

Figure 5. Layout of non-degenerate dual-mode filter with
stubs of length 12 mm
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shown in Figure 6. This analysis is carried out using the
moments method IE3D simulator, on a conducting patch
of W = 45.6 mm on a substrate of dielectric constant 4.4,
with height 1.6 mm. The slot length and width used are 9
mm and 3 mm, respectively. These parameters have been
chosen to fix f; at 1.3 GHz.

As described in the previous section, almost no effect
is observed on the resonance frequency of the first two
degenerate modes TM?;p and TM?%y,. The resonance
frequency of these modes f; is almost constant and equal
to 1.3 GHz for stubs length of 0 to 18 mm. However, the
first higher order mode TM?yy, is highly affected and its
resonance frequency f, decreases. This variation allows
the design of narrow band filter, with careful control of
its bandwidth. Bandwidth selection can be obtained by
first choosing f; and then finding the appropriate stub
lengths for a specific value of f,.

3. Filter Design Parameters

For the proposed narrowband band pass filter the design
parameters are:

Dielectric Constant = 4.4,

Height of Substrate = 1.6 mm,

Corresponding length of the Square patch, W = 45.6
mm,

Corresponding width of the slots, S = 3mm,

Corresponding length of the slots, L = 9mm,

Corresponding width of the stubs, W= 1mm,

Corresponding length of the stubs, Ly= 16mm,

The layout of the non-degenerate dual-mode filter with
stubs of length 16 mm is shown in Figure 7 and Figure 8
shows the fractional bandwidth obtained is about 20% in

Figure 6. Simulated response of non-degenerate dual-mode
filter with stubs of length 12 mm
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Figure 7. Layout of the dual-mode filter with stubs of length
16 mm

Figure 8. Simulated response of dual-mode filter with stubs
of length 16mm

the passband 1.3 GHz -1.6 GHz and the return loss is
found to be 15.11dB. The layout as shown in Figure 9, is
obtained after etching one square lattice of dimension of
6 mm x 6 mm, on the center of the conventional non-
degenerate dual mode filter. The corresponding return
loss of the bandpass filter at the center frequency is found
to be improved and becomes 22.56 dB. The fabricated
layout is shown in Figure 10. The simulated and meas-
ured results are shown in Figures 11, 12.
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Figure 9. Layout of the non-degenerate dual mode filter
with etching of one square lattice

Figure 10. Photographed layout of non-degenerate dual
mode filter with etching of one square lattice

Figure 11. Simulated and measured results of insertion loss
of non-degenerate dual mode filter with etching of one
square lattice
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Figure 12. Simulated and measured results of return loss of
non-degenerate dual mode filter with etching of one square
lattice

Figure 13. Layout of the non-degenerate dual mode filter
with eight square lattices

Figure 14. Photographed layout of the non-degenerate dual
mode filter with eight square lattices

Now, with additional eight small square lattices of di-
mension 2mm x 2mm etched as shown in Figure 13, the
frequency response can further be improved as shown in
Figures 14, 15. The return loss now is 26.12 dB. Figure
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16 shows the fabricated layout of the non-degenerate dual
mode filter with eight square lattices.

Figure 17 shows the layout of non-degenerate dual
mode filter with a carpet of square lattices of very small
dimension Imm x 1mm. It further improves the return
loss to 30.06 dB which is shown in Figure 18.

Figure 15. Simulated and measured insertion loss plots for
non-degenerate dual mode filter with eight small square lat-
tices

Figure 16. Simulated and measured return loss plots for
non-degenerate dual mode filter with eight small square
lattices

Figure 17. Layout of non-degenerate dual mode filter with
carpet square lattices
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Figure 18. Simulated response of non-degenerate dual mode
filter with carpet square lattice

4. Conclusions

A compact narrow band filter based on non-degenerate
dual-mode resonator is proposed. The narrow bandwidth
characteristic is achieved by loading the slotted square
patch at opposite corners. Such loading affect only the
higher cutoff frequency of the filter. The effect of this
loading has been discussed.

For improved performance in terms of return loss for
the narrowband band pass filter, square shape lattices of
different dimensions etched on the conventional design.
It significantly improves the return loss with 30.06 dB at
the center frequency. Hence, a narrowband filter of frac-
tional bandwidth 20% is designed and implemented with
better performance on transmission and reception. Good
agreement between simulated and measured responses is
observed.
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ABSTRACT

This paper report on a low-loss, broadband, and tunable negative refractive index metamaterial (NRIM) consisting of
yttrium iron garnet (YIG) slabs and printed circuit boards (PCBs). The YIG slabs under an applied magnetic field pro-
vide a negative permeability and the PCBs provide a negative permittivity. The substrates of the PCBs decuple the in-
teractions between the YIG slabs and wire array deposed on such substrates. The effective electromagnetic parameters
of the NRIM and the conditions of exhibiting the negative refractive index character are analyzed theoretically. Then
the negative transmission and negative refraction characters are investigated numerically and experimentally. The re-
sults indicate that the NRIM exhibits negative pass band within the X-band with a bandwidth of about 1 GHz and a peak
transmission power of about - 2.5 dB. While changing the applied magnetic field from 2300 Oe to 2700 Oe, the meas-
ured pass band of NRIM shift from 8.42 GHz to 9.50 GHz with a 2.7 MHz/Oe step. The results open a sample way to

fabricate the NRIM, further, the metamaterial cloak and absorber.

Keywords: Metamaterial, Negative Refractive Index, Tunability, Low-Loss, Broadband

1. Introduction

Since the negative refractive index metamaterial (NRIM)
predicted by Veselago [1] was experimentally realized by
Smith et al. [2] and verified by Shelby et al. [3] through
negative refraction in a prism sample, much attention has
been attracted on designing various NRIMs [4-9] and
investigating applications [10,11]. Much of the fascina-
tion in NRIMs arises from their unusual electromagnetic
properties such as the reversals of both Doppler shift and
Cherenkov radiation [1], enhancement of evanescent
wave [12], and subwavelength resolution imaging [13],
etc. In the various NRIMs, most of them are realized by
artificial metallic structures with metallic plasma reso-
nance such as using wires to produce effective negative
permittivity and using split-ring resonators (SRR) to pro-
vide effective negative permeability [2,14,15]. Recently,
the investigations of electromagnetic cloak of invisibility
based on the metallic plasma resonance structure meta-
material [16] have generated great interests [17]. How-
ever, most NRIMs proposed to date are based on immu-
table structure of the unit cell and result in a narrow band
and not at all tunable.

In order to fabricate a broadband and tunable NRIM,
the SRR structure resulting in the narrow band and un-
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tunability must be replaced by some other structures or
materials. Some researchers proposed ferrimagnet based
NRIM, that is, substitute ferrimagnet such as yttrium iron
garnet (YIG) for the SRR structure to obtain the negative
permeability [18-22]. Dewar gave the theoretical expres-
sions of the effective parameters and analyzed the inter-
action of the ferrites and wires [18]. Cao et al. numeri-
cally investigated the electromagnetic wave propagation
properties of the NRIM [19]. However such model can-
not be fabricated easily in actually. Cai at al. proposed a
simple way to fabricate the NRIM with ferrimagnet slabs
and wire array [20]. Zhao et al. and He et al. fabricated
the NRIM sample and investigated experimentally the
negative transmission and tunability characters [21,22].
However, these authors mentioned above did not directly
measure the refraction index character. They did not op-
timize the parameters so that the NRIM exhibits a low
loss and reflection. And the most important thing is that
they did not investigate the strategies for minimizing the
loss when the NRIM is fabricated experimentally. Since
the loss is a serious problem when the NRIM is used in
engineering areas, we need to determine ways to reduce it,
especially at high frequencies.

The aim of this work is to provide a low-loss, broad-
band, and tunable NRIM consisting of YIG slabs and
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printed circuit boards (PCBs). The YIG slabs under ap-
plied magnetic field give rise to a negative permeability
and the PCBs provide a negative permittivity. This NRIM
is designed because there are some advantages. For in-
stance, it can be easily fabricated with YIG slabs and
PCBs. The thickness of the wire depositing on PCBs has
a very small value so that the frequency band in which
the refraction index is negative can be achieved to far
infrared and optical frequencies. And the interaction be-
tween YIG slabs and wires can be easily reduced by us-
ing the substrate layers.

In this paper we present the model of the NRIM and
give the fabricated parameter values based on the theo-
retical analysis. Then we give the approximate theoretical
results of the effective permeability and permittivity of
the NRIM. The EM transmission properties are numeri-
cally investigated by using ANSOFT’s High Frequency
Structure Simulator (HFSS) tools. In the end we experi-
mentally investigate the negative transmission, tunability,
and negative refraction properties by testing the NRIM
sample in X-band rectangular waveguide.

2. Design and Fabrication

To design a low-loss, broadband, and tunable NRIM, the
ferrimagnet is used to replace the SRR structures to pro-
vide the negative permeability. The PCBs are used to
obtain the negative permittivity. The ferrimagnet has
some particular properties. For instance, the loss in
ferrimagnet is much smaller than typical conductor SRR
[2], the effective permeability of ferrimagnet under the
applied magnetic field is negative within a broad fre-
quency band, and the frequency band of negative perme-
ability can be dynamically and continuously tuned by
changing the applied magnetic field. So the ferrimagnet is
a desirable candidate to fabricate the tunable NRIM.
However, the ferrimagnet under applied magnetic field
would damage the negative permittivity of wire array. It
can be reduced by using an insulating and nonmagnetic
dielectric material [18] and the dielectric material must
also be low-loss.

Consequently, based on the above analysis, the sche-
matic of the NRIM is designed and presented in Figure 1.
The structure parameters are also designed properly by
numerical optimization. The yttrium iron garnet (YIG)
slabs are used to give rise to negative permeability. Each
slab has a dimension of 22.86 x 10.16 x 1 mm?, a satura-
tion magnetization of 1830 Gs (1 Gs = 10%(4n) A/m),
and a line width of about 22 Oe (1 Oe =10%(4r) A/m).
The substrates of PCBs, which are made from RT/duriod
5880 glass microfiber reinforced PTFE composites, are
used to reduce the interaction between YIG slabs and
wire array. Each PCB has a dimension of 22.86 x 10.16
x0.254 mm?. The wires depositing on the substrates have
a dimension of 0.2 x 10.16 x 0.018 mm?® and periodic
distance of 1.508 mm along the x axis. There are one
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layer PCB and one layer substrate in per two YIG slabs,
as shown in Figure 1, so the NRIM is a two-dimension
periodic structure in the x axis and z axis. The sizes of
YIG slabs, substrates, and wires presented above are spe-
cially designed so that the wires dimension is much
smaller than the periodic lattice space and the substrates
dimension is near the geometric mean of wires dimension
and periodic distance. The above parameter values are
chosen because it can minimize the interaction of YIG
slabs and wire arrays [18].

3. Theories

In this section we briefly show the theoretical analysis of
the NRIM presented in Section 2. We mainly focus on
the effective permeability and permittivity which de-
scribe the macroscopical characters of the composite
NRIM. Dewar have analyzed the theoretical results of the
effective permeability of the ferrimagnet under applied
magnetic field and the effective permittivity of the wire
array surrounded with a dielectric material in the ferri-
magnetic host [18]. Although the NRIM mode presented
here is not the same as mode presented in Ref. [18], the
same formula can be used to analyze the mode presented
in this paper because the thickness of PCBs is much
smaller than YIG’s and the effective radius of wire is
much smaller than the thickness of PCBs. So assuming a
transverse electromagnetic (TEM) wave propagates along
the x(-z) axis with the electric field along the y axis and
the magnetic field along the z(x) axis and assuming a
applied magnetic field parallel to the wires (the y axis),
the effective permeability and permittivity of the NRIM
presented here can be given by [18]

H (H+ M) — (0 tp7)?

= > @
ty  HMH+Mg) (0 1p7)

Figure 1. The schematic of NRIM consisting of ferrites and
PCBs
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Here Ms is saturation magnetization of YIG. y is gy-
romagnetic ratio. 4 is a phenomenological damping pa-
rameter describing loss intrinsic to the magnetic material
[18]. Hy is the applied magnetic field. & is the permittiv-
ity of ferrite. o is the effective conductivity of wire ar-
rays. & is the permeability of air. w is the angular fre-
quency. ry is the radius of the wire. r; is the radius of the
insulated layer. And a is the periodic lattice constant.
Using the equations presented above and parameter val-
ues presented in Section 2, the effective permeability and
permittivity are calculated and shown in Figure 2.

Figure 2. (a) The calculated effective permeability and per-
mittivity by using the Equations (1)-(3). The other parame-
ters are A4 = 107, Ho = 2300 Oe. (b) The calculated effective
permeability under different applied magnetic fields
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It can be found from Figure 2(a) that both the effective
permeability ues and permittivity e exhibit typical reso-
nant character. In the broad range from 9.18 GHz to 11.5
GHz both the real part of w and e are negative, so the
EM wave can be propagated in such medium. Moreover
the bandwidth can be expanded further by choosing dif-
ferent YIG slabs and designing dimensions of the wire
array. The image parts of the two parameters, which
show the loss in the medium, are much smaller and ap-
proximately equal to 0. Moreover, as shown in Figure
2(b), the resonant frequencies of u. increase from 8.66 to
9.85 GHz as Hy rises from 2300 to 2700 Oe. So the
NRIM presented in this paper can be tuned by changing
the applied magnetic field.

4. Results

In this section, we first investigate numerically the EM
properties of the designed NRIM shown in Figure 1 by
using ANSOFT’s High Frequency Structure Simulator
(HFSS) tools, and then measure experimentally the
transmission properties and refraction character.

4.1 Simulated Results

To numerically simulate the transmission properties of
the NRIM under the incidence of TEM waves, we use a
planar waveguide system with a cross section of 22.86 x
10.16 mm?® The NRIM is put at the middle of planer
waveguide with the perfect E boundaries at up and down
sides and the Master and Slave boundaries at the left and
right sides. Here we simulate two cases.

Case (1): An EM wave propagated along the z axis
with an electric field along the y axis and magnetic field
along the -x axis, and a dc applied magnetic field along
the y axis. The parameter values used to simulation are
the same as Section 3. The simulated magnitudes of S,
and S,; of the NRIM under the applied magnetic field of
2300 Oe are shown in Figure 3(a) (black line).

Case (2): The EM wave propagated along the x axis
with the electric field along the y axis and the magnetic
field along the z axis, and the dc applied magnetic field
along the y axis. The parameters values are the same as
Section 3 too. The simulated magnitudes of the S;; and
S, of the NRIM under the applied magnetic field of 2300
Oe are shown in Figure 3(a) (light grey line).

At the same time, the magnitudes of the S,; of the
NRIM in Case (2) under a series of values of the applied
magnetic fields are simulated and are shown in Figure
3(b). In Case (1), the propagation direction of the EM
wave is perpendicular to the YIG slabs, while in Case (2),
the propagation of the EM waves is parallel to the YIG
slabs.

In Case (1), as shown in Figure 3(a) (black lines), the
NRIM under the applied magnetic field of 2300 Oe ex-
hibits a transmission pass band in which the center fre-
quency is about 10.2 GHz, the peak transmission power
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Figure 3. (a) The numerically simulated results of the NRIM
in Case (1) (red lines) and Case (2) (green lines). The mag-
nitudes of Sy; and S;; of the NRIM under the applied mag-
netic field of 2300 Oe are presented. (b) The magnitudes of
the S,; of the NRIM under a series of values of the applied
magnetic field in Case (2)

is about -8 dB, and the bandwidth is about 1 GHz. The
green lines in Figure 3(a) show the transmission character
corresponding to the Case (2). There is a pass band at 10
GHz with a transmission power of -2.5 dB and a band-
width of 1 GHz. From the two cases we can know that
the NRIM presented in this paper exhibits obviously a
pass band with a very low loss and broad frequency band.
Moreover, the loss and reflection in Case (2) are smaller
than in Case (1). We can also know from Figure 3(a) that
there is another transmission pass band at 8.4 GHz. The
unexpected pass band can be explained as follows. As
shown in Figure 2(a), both the permeability and permit-
tivity are positive at the range of 8.42 GHz — 8.63 GHz.
So the composite medium can transfer EM waves too in
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such range with a positive character. This is due to the
interaction between the YIG slabs and wires. Figure 3(b)
shows the tunability of the NRIM under different applied
magnetic fields in Case (2). The peak of transmission
shift from 10 GHz to 11.2 GHz while changing the ap-
plied field from 2300 Oe to 2700 Oe.

The simulated results show that the loss of the com-
posite presented here is much smaller than other NRIMs
[2,4-9]. The loss of NRIM is generally come from ohmic
loss of wires and dielectric loss of substrates. Replace-
ment of the cut-ring structures [2] with ferrites can reduce
the loss since ferrites can be less lossy than typical con-
ductors. Choosing bigger wires or superconductors and
low-loss substrates can further reduce the loss. The
transmission bandwidth of NRIM is determined by the
forbidden bandwidth of YIG, namely the ferromagnetic
resonance (FMR) and ferromagnetic antiresonance
(FMAR) frequencies [18]. It is well known that the FMR
frequency and FMAR frequency are given by [18]

Frm = (W)\/H(H M) @)

Frane = (%)(H +M,) 5)

So the bandwidth can be expanded and the center fre-
quency can be improved by choosing the YIG slabs of
bigger saturation magnetization. From Equations (1)—(3)
we can also know that the tunability of the NRIM is de-
pendent on the tunability of negative permeability in the
YIG slabs. The wire array has a negative permittivity
within a wide frequency region below the plasma fre-
quency [14]. So the region of negative index of the
NRIM can be tuned from the low frequency to the plasma
frequency of wire array.

4.2 Experimental Results

In order to confirm experimentally the conclusions pre-
sented in Section 3 and the numerical results presented
above, we fabricated the NRIM sample to measure ex-
perimentally the transmission character and also fabri-
cated the prism-shaped prototype to determine the refrac-
tive index via the Snell’s law.

In practice, the NRIM sample consisting of YIG slabs
and PCBs is shown in Figure 4(a). The fabricated sizes
are the same as Section 2. We experimentally investigate
the transmission character of the NRIM by measuring the
scattering parameters. The NRIM sample was put at the
middle of X-band waveguide, the waveguide was con-
nected to a vector network analyzer Agilent N5230A (40
MHz-40 GHz). An EM wave propagated along the x axis
with an electric field along the z axis and magnetic field
along the y axis. An electromagnet was used to generate
the external magnetic field along the z axis. The trans-
mission coefficient Sy; of the NRIM sample and the YIG
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slabs under the applied magnetic field of 2500 Oe and
PCBs were measured using the network analyzer at X-ba-
nd, were shown in Figure 4(b). To demonstrate the tunab-
ility of the NRIM we also have carried out measurements
of transmission coefficient in different applied magnetic
fields, and the results were shown in Figure 4(c).

Figure 4. (a) The fabricated NRIM sample. The fabricated
sizes are the same as Section 2. (b) The measured transmis-
sion results of the NRIM under the applied magnetic field of
2500 Oe in the X-band waveguide. (c) The magnitudes of the
S,; of the NRIM under a series of values of the applied
magnetic field
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Figure 5. (a) The fabricated prism-shaped NRIM sample
and the refraction measured system. (b) The measured re-
fractive angle of the NRIM sample under the applied mag-
netic field of 2300 Oe and paraffin sample in the same con-
dition

It can be seen from Figure 4(b) that there is a pass
band within the forbidden band of both the Y1G slabs and
PCBs under the field of 2500 Oe. The peak transmission
power is about -10.5 dB at 9 GHz and the bandwidth is
about 1 GHz. These experimental results are confirming
the simulated results indicated in subsection 4.1 very well.
But the measured transmission frequency band of NRIM
sample is lower than the simulated frequency band. This
is because that the experimental measured condition
cannot achieve the ideal simulated condition and the ap-
plied magnetic field is not completely act on YIG slabs.
The measured tunability [Figure 4(c)] of NRIM sample
under different fields indicate that, while changing the
field from 2300 Oe to 2700 Oe, the magnitude of Sy
shifted from 8.42 GHz to 9.50 GHz with the sensitively
tuning rate of 2.7 MHz/Oe.

For the refraction experiment, we fabricated a prism-
shaped NRIM sample inserted in Figure 5(a) and a re-
fraction measured system [3] shown in Figure 5(a). The
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sample was placed between the two circular copper plates.

The top plate had a pivot in the center, about which an
attached X-band microwave waveguide could be rotated
to measure transmitted power at arbitrary refraction an-
gles. A beam of incidence microwaves whose electric
field was polarized such that it was uniform and parallel
to the wires propagated through the sample and encoun-
tered the second surface of the prism, the refraction in-
terface, and was refracted into a direction. To measure
the exit angle, we rotated the waveguide assembly in 2°
steps and recorded the transmitted power spectrum over
the entire X-band range at each step, using an Agilent
N5230A vector network analyzer. The normal to the
NRIM refraction surface was at an angle of 18.43° with
respect to the normal of the incident surface. Experiments
were performed with a prism-shaped NRIM sample under
the field of 2300 Oe as well as with a similarly shaped
paraffin sample as a control.

As can be seen in Figure 5(b), at 8.3 GHz, the micro-
waves were refracted to negative angles of the normal for
the NRIM sample. The positive refraction of paraffin
sample was shown in Figure 5(b) too. The paraffin data
show refraction as would be predicted for Nparafin = 1.5 +
0.1, whereas for the NRIM, the measured exit angle of 8
=-32° implies that nygy =-1.6 £ 0.1.

5. Conclusions

In conclusion, a low-loss, broadband, and tunable nega-
tive refractive index metamaterial consisting of YIG slabs
and PCBs is designed and fabricated. Both the simulated
and experimental properties of NRIM are investigated.
The simulated scattering parameters of the NRIM indi-
cate that there is a pass band in the X-band and the
bandwidth is about 1 GHz and the pass band can be
shifted by changing the magnetic field. Besides, the ex-
perimentally measured scattering parameters show that
there is a pass band within the forbidden band of both the
YIG slabs and PCBs. The magnitude of S, shifted from
8.42 GHz to 9.50 GHz with the sensitively tuning rate of
2.7 MHz/Oe when changing the applied magnetic field
from 2300 Oe to 2700 Oe. Both the simulated results and
the experimentally measured results verify the correct-
ness of the designed NRIM. The results open a sample
way to fabricate NRIM, further, the metamaterial cloak
and absorber.
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ABSTRACT

The reliability of electronic device is threatened in high power microwave (HPM) environment. In accordance with the
situation that the emulation is ineffective in evaluating the accuracy and precision of the HPM effect to electronic de-
vice, the experimental method is used to resolve the problem. Low Noise Amplifier (LNA) and Limiter are selected as
the objects for the experiments, the structural characteristic of the front-end of radar receiver is described, the phe-
nomena and criterion are elaborated and analyzed using injection method due to its ability to get an accurate threshold
avoiding the complex coupling, the basic principle of injection experiment is demonstrated, and the method and process
of effect experiment about Low Noise Amplifier and Limiter are also explained. The experimental system is established,
and the system is composed of low power microwave source such as TWT, test equipment for obtaining the effect pa-
rameters, and some of auxiliary equipments as camera, optical microscope or electron microscopy, attenuator, detector,
and directional coupler etc. The microwave delivered from source is adjusted to the power infused by attenuator, and
pour in the decanting point of effecter via directional coupler, then the couple signal created by directional coupler is
input to the recording instrument after detecting by detector, finally the power of effecter is obtained. The value of
power, which damages the effecter in the microwave pulse environment, is classified at the index of sensitivity, and the
threshold is obtained by power diagnose and wave test. Some regular understandings of the HPM effect to electronic
device are obtained based on the results of the experiments. It turns out that the index of electronic device is influenced
significantly by the energy via front door coupling, the MOSFET made up of GaAs is the most wearing part to HPM in
LNA, the damage threshold of LNA is about 40dBm under single pulse while in repetitive pulse the value is from
33.3dBm to 43.9dBm according to different wave band. The damage threshold of Limiter is about 56dBm to80dBm.

Keywords: High Power Microwave, Low Noise Amplifier, Front Door Coupling, Injection Experiment

1. Introduction weakness on analysis[1,2]. The effect experiment is in a

) ) ) ) sense the most intuitive and efficient method to analyze
Nowadays electronic equipments are facing the prolifer- e effect of electromagnetic on electronics, the threshold
ating threats from HMP, thus require the equipments  of sensitive components is determined by microwave
which have outstanding performance and complex struc-  effect experiment, and the result is the necessary data for
ture should have much higher reliability. The high gain  analyzing the electromagnetic performance of system and
aerial is _wujespread useq in _modern radar and satelllye hardening electromagnetic pulse. It is very important to
communication system, in this case the electromagnetic  carry out the experimental study of effect of electromag-
energy coupled in front-door is much higher than coupled  netic on electronic devices and components for hardening

in back-door, so the front-end of radar receiver and satel- e glectronic system especially for military use.
lite communication system is the most vulnerable part
under the threat of HPM. 2. Methodology

The limitation of emulation in analyzing and evaluat- . L .
ing the HPM effect to electronic device caused by the 2.1 The Principle of Injection Experiment

complex structure of electronic equipment and incom-  The injection method is the popular means to solve the
plete description of damage mechanism of HMP lead to  problem about the electromagnetic effect on components
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and element circuit. The effect quantification of compo-
nents is obtained by using this method. The microwave
shall act on the effecter through the front door, and then
an accurate threshold is gotten due to neglecting the
complex coupling, thus applied in analyzing mechanism,
principle and predicting the effect of front door coupling.
The simulation research on effect mechanism is contrib-
ute to understand the whole system effect, but it's not the
efficient way to acquire the threshold for judging the en-
tire system use, therefore, by applying the injection ex-
periment method, the results about the effect on the cer-
tain waveform in each interface under certain conditions
will be analyzed.

The fundamental condition of injection method is low
power microwave source with adjustable parameters such
as TWT, parameter test equipment, some of auxiliary
equipments as camera, optical microscope or electron
microscopy etc. Figure 1 shows the functional block dia-
gram of injection experiment [3].

The power microwave source and output terminal of
signal should be separated and shielded in order to avoid
the influence from reflected signal, and special attention
should be paid while coaxial line transfers to the micro-
wave in order not to cause the distortion of radiation and
waveform, and the separation point also requires separa-
tion protection. The test system is composed of several
parts given below: power microwave source, the control
parts of the source, regulation parts of the power, trans-
mission and diagnosis parts of power, test equipment and
recording instrument.

2.2 Design of Injection Experiment about LNA

The functional block diagram of injection experiment
about LNA is shown in Figure 2. The attenuator and de-
tector are both measured, The microwave delivered from
source is adjusted to the power infused by attenuator, and

I
5 a
Microwave ! i
Power ! . i —
Source —L> Directional | Injection
I : Coupler IA Converter
! 1
! i
Eower ! Y L | Signal
Adjustment ! |
1| Attenuator Attenuator |1 Source
! 1
i . v
! i i
! 1
i | Detector Detector |; | 'sclated
; i Network
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Figure 1. the functional block diagram of injection experiment
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Figure 2. The functional block diagram of injection experi-
ment about LNA
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Figure 3. The functional block diagram of injection experi-
ment about Limiter

pour in the decanting point of effecter via directional
coupler, then the couple signal created by directional
coupler is input to the recording instrument after detect-
ing by detector, finally the power of effecter is obtained.
The value of power, which damages the effecter in the
microwave pulse environment, is classified at the index
of sensitivity, and the threshold is obtained by power
diagnose and wave test [4].

2.3 Design of Injection Experiment about Limiter

The leakage of rising edge will be revealed under the
action of HPM, in other words HPM can transit the Lim-
iter, the power leakage may lead the next level of circuit
to interference and damage, meanwhile HPM may also
cause the functional decline of Limiter under certain cir-
cumstance, the functional block diagram of injection ex-
periment about Limiter is shown in Figure 3.

3. Analysis

3.1 Analysis of the Structural Characteristic of
the Front-End of Radar Receiver

The front-end of radar and satellite communication sys-
tem fulfill the function of signal amplification and mixing,
the damage of receiver caused by the microwave through
the front door is in fact the failure of components of

JEMAA



Research on the Effect of High Power Microwave on Low Noise Amplifier and Limiter Based on the Injection Method 113

front-end of radar. Figure 4 shows the composition and
structure of the front-end of radar, it consists of RF, re-
ceiver protector, LNA, mixer and LO [5].

3.2 Analysis of the Effect of LNA in Injection
Experiment

The LNA is the vulnerable component of front-end of
radar, designed by multiple cascaded straight amplifica-
tion style, the noise caused by the first level of amplifier
has the greatest and the most serious damage to LNA, the
gain of whole amplifier is reduced while the noise tem-
perature is increased once the LNA is damaged, thus
bring about the SNR of the system a reduction, and fi-
nally makes radar system doesn't work [3,4].

Figure 5 and Figure 6 shows the gain of LNA before
and after injection experiment, the value of gain is pro-
vided by network analyzer.

The output signal can not meet the requirement of next
level of circuit while the gain of LNA decline 3dB, gen-
erally speaking, the value 3dB is regarded of the standard
for judging whether LNA is normal or abnormal, the

Figure 5. The gain of LNA before experiment

Figure 6. The gain of LNA after experiment

Copyright © 2010 SciRes

RF —» |Receive protector[—»| LNA |—»| Mixer |—IF
Figure 4. Front end of radar receiver
JEMAA



114  Research on the Effect of High Power Microwave on Low Noise Amplifier and Limiter Based on the Injection Method

gain declination in injection experiment is more than
3dB after HPM is poured in, it is reputed that HPM can
damage LNA efficiently.

3.3 Analysis of the Effect of Limiter in Injection
Experiment

The basic function of Limiter is to control the signal un-
der secure level all the time, to avoid the damage of LGA
and Mixer receiving distortion of electronic equipments
induced by high power signal.

The criterion for judging whether Limiter is normal or
abnormal is one more than it of LNA, the first one is
short circuit due to breakdown while insertion loss in-

creased, of which 3dB is considered to be as symbol that
the limiter is damaged, while an other one is the output
level rises as input level rises when the value of insertion
loss is constant, clipping is malfunction, the output level
is twice higher than HPM is not poured in, in this case
open circuit occurred in Limiter due to burn down.

Figure 7 and Figure 8 shows the change of insertion
loss among injection experiment, the value of insertion
loss is measured by network analyzer.

The insertion loss is higher about 10dB while HPM is
poured in, it is more than the criterion (3dB), meanwhile
the output level rises as input level rises, and it is obvi-
ous that HPM damaged Limiter.

Figure 7. The insertion loss of Limiter before experiment

Figure 8. The insertion loss of Limiter after experiment

Copyright © 2010 SciRes

JEMAA



Research on the Effect of High Power Microwave on Low Noise Amplifier and Limiter Based on the Injection Method 115

4. Result

The micrograph describes the damage of LNA in injec-
tion experiment is shown in Figure 9.

The result turns out that the damage of LNA is caused
by damage of GaAs FET, the microwave signal should
pour in the point between grid and source of GaAs FET,
electric field breakdown disrupts the deletion layer and
creates instantaneous current [6], on the other hand, the
HPM destroy the depletion layer and grid directly, the
principle of damage of LNA caused by HPM based on
the results of experiment is presented below [3,4]:

1) Damage threshold of LNA for different band

® The LNA may be damaged while power infused is
about 33.3dBm to 48.6dBm (that is 2.14W to 72.44W),
the effect is arisen from the damage of GaAs FET.

® The damage threshold of LNA at X band is divided
into two parts: in the case of single microwave pulse the
threshold is about 39.5dBm to 48.6dBm (that is 8.91W to
72.44W), while in the case of repetitive frequency mi-
crowave pulse the threshold is about 39dBm to 43.9dBm
(that is 7.94W to 24.55W).

2) Difference of damage threshold vs band style

® The difference of the damage threshold of LNA
among different band is 1.6 dB to 3.5dB.

® Differences of threshold may also exist at the same
band. The experiment results shown that difference of
LNA at the same band is 2.2dB to 9.6dB.

3) Difference of damage threshold vs pulse width

® Differences of threshold may also exist in different

pulse width, it is 2.2dB t03.7dB.
At the same single microwave pulse, the difference of the
damage threshold of LNA between single pulse and re-
petitive pulse (<=100hz) is 3.7~6.5dB; the damage
threshold of LNA is 39.5dBm~48.6dBm (8.91W~72.44
W) for single pulse and 33.3dBm~43.9dBm (2.14W~
24.55W) in repetitive pulse.

4) Difference of damage threshold vs brand of GaAs
FET

Figure 9. Micrograph of LNA damaged

Copyright © 2010 SciRes

® The damage threshold of low noise amplifier will be
different when using GaAs FET of different brands.

® With different models of the same brand of GaAs
FET, the difference of the damage threshold would be
0.3dBm~3.1dBm.

Three types of Limiter are selected to analyze the HPM
effect, the principle of damage of Limiter caused by
HPM based on the results of experiment is presented be-
low:

® \Whether to breakdown or burn down the Limiter at
single narrowband microwave pulse high power should
be required.

® The insertion loss increased rapidly while stand-
ing-wave changed very little.

® The interference effect will be different when the
time for the meeting of injected signal and working signal
is different, which is caused by the difference of sensitivity
of working signals when they work on different positions.

® The damage threshold of Limiter will be different
even produced by the same manufacturer, and it varies
greatly when using Limiter of different brands.

5. Conclusions

The effects of HPM on electronic equipments should not
be ignored, the results based on injection experiment
turns out that LNA may be damaged mainly caused by
the failure of GaAs FET; the damage threshold of LNA at
C band is lower than it at X band, and it is much lower
than Limiter.
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ABSTRACT

Demonstrated that analog of diffractive and refractive 3D optics in free space can be developed to manipulate surface
waves such as surface plasmon polaritons (SPPs). It has been shown that an air-gap control of a floating dielectric
block can generate the dynamic phase and amplitude modulation of the SPP transmission coefficient. Unlike conven-
tional bulk optics, the nano-scale surface optics for SPP processing contains several unexpected and interesting fea-
tures in addition to the physical features described. Dynamic plasmonic information processing on the nano-scale using
air-gap control may be an effective mechanism for building a dynamic plasmonic information processing system.

Keywords: Diffractive Optical Element, Surface Plasmon Polarition Waves, Three Dimension

1. Introduction

THz and optical information processing on the nano-scale
is considered to be a main objective in the field of nano-
photonics. Recently, THz and optical information proc-
essing on the nano-scale has become a reality because of
the exploitation of the full potential of surface plasmon
polaritons (SPPs) [1-3]. SPPs are electromagnetic surface
waves formed through strong interaction between elec-
tromagnetic field and free electron oscillations at a
metal-dielectric interface. It is strongly desired to excite
and control propagating SPP fields in a systematic fash-
ion as is possible with optical fields both in free space
and dielectric waveguides. One of unique properties of
the SPPs is that SPPs wavelength can be shorter than the
wavelength of radiation in surrounding media, leading to
applications in sub-diffraction-limited techniques.

Discovering this effect birthed many new research ar-
eas in SPP/subwavelength optics or other spectral band
fields. To realize the promise of SPP technologies, a
comprehensive arsenal of optical elements for launching,
detecting, guiding, imaging, focusing, and otherwise
transforming SPP waves must be readily available. Once
the basic optical manipulation of SPP has become routing,
it will pave the way for more sophisticated devices, in-
cluding different wavebands, possibly including confocal
microscopes with sub-diffraction limited resolution ob-
tained by focusing of SPP fields [4].

Surface electromagnetic effects could enhance the
efficiency of numerous physical and chemical processes

Copyright © 2010 SciRes

[7], as these effects lead to an increase of the electroma-
gnetic fields at the surface, giving rise to an improved
experimental sensitivity. In particular, the excitation of
surface plasmons (SP) [8] at the metal surface may in-
crease by three orders of magnitude the intensity of opti-
cal beams generated at the surface, like Raman or second
harmonic signals [9].

A SP corresponds to the quantum of energy associated
to a harmonic oscillation of the free charges at the metal
surface (the SP wave), which is mostly perpendicular to
the surface and which propagates along the surface.
Solving Maxwell equations (homogeneous problem) for
this interface leads to the SP dispersion relation:

[ &

K ’
c\Ve+1

sp =
where ¢ is the dielectric constant of the metal, K;—wave
number of SP, w=2x/A, A is a wavelength in free space.
So we solved the material problem, but to match the
moments, we can choose one of three main techniques.
The first technique uses a prism and total internal reflec-
tion; the second one involves scattering from a topologi-
cal defect like small holes in a thin film. The third tech-
nique makes use of periodic corrugations in the metal’s
surface.

In the far infrared, this dielectric constant takes large

values, thus:
K, zw(l_lj,
c 2¢
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The energy coupled to the SP is diffracted by the grat-
ing while SP propagates along the grating surface.

2. Diffractive Focusing Element Design

Several parabolic lens structures for SPPs have been
demonstrated [10,11]. Recently, a double slit experiment
of SPPs [12] was reported to show that the low- dimen-
sional diffraction theory analogue to Fresnel diffraction
theory is applicable to SPPs.

We propose a novel SPP focusing approach using an
in-plane SPP 3D conical Fresnel zone plate [5] (FZP) in
which the designed rules are strictly following traditional
Fourier Optics. The possibilities of SPP focusing using
in-plane traditional FZP was demonstrated in [6].

Figure 1 represents an adaptation of a free-space quasi-
optical component known as the 3D Fresnel zone plate
(conical FZP) for focusing SPP waves.

A conventional free-space flat conical FZP comprises
quasi-concentric structure. From the geometric consid-
eration for the FZP on a cone surface the boundaries (a,y)
of n-th zone is determined from the quadratic equation
[5]:

a’tg’a —2a(htg’a—ni/2)+
h’tg’a —nAF —(n1/2)* =0

y=(h-ajge, (2

1)

where (a,y) is function of the n, h — the height of the cone.

h=D/(2tga), D - is the diameter of the FZP. The de-

sign of flat cone FZP is based on a phase modulation of
the surface plasmon provided by dielectric block depos-
ited on the interface. The modulation can be realized by
changing height or width of the dielectric block. We
compare the focusing properties of the flat FZP, and the
cone FZPs with different h=(F/3, F/2, F-10 1). The di-
ameter of the FZP lenses is 30 mm with a focal length of
F=25cmat 1 THz.

Planar diffractive elements have a number of specific
features [5,13-14], the main of them being: one-dimen-

Figure 1. Diffractive planar element on a conical surface
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sional nature of the element and the need to take into acc-
ount the properties of the substrate on which the element
is placed. From the mathematics standpoint, the first of
these factors is easy to take into account: for this, inte-
gration over angle in calculating the diffraction integral is
replaced with a sum of two values of the integral for ¢ =
0 and ¢ = 7 (in the symmetric case). In other words, it is
not necessary to compute the double integral but the sum
of two single integrals.

Thus, for the planar analogue of the zone plate it will
be sufficient to calculate the sum of two single integrals
of the following type [5]:

U(ps) = Z:jexp(lk(r +S, ))(S. %JRdR,

where p, = (x,0,2,) are the coordinates of the observation
point; p; = (x1,0,2;) are the coordinates of the radiation
source;

A=-z;; B=z; r4=(21-2)*+(x-R);
$%1= (22~ 21)*+ (X2- R)
and
2= (z- 2)*+ (X, + R)?;
$’=(22- 2)*+ (x2+ R)”.

The frequency and focusing properties of diffractive
elements fabricated on a curvilinear surface are determ-
ined, among other things, by the degree of convexity
(concavity) of the surface. We can expect, therefore, that
placing of planar elements of integral optics on non-flat
curves will provide the possibility of controlling both the
frequency and the focusing properties. As an example,
consider the main properties of a “conical” diffractive
element (Figure 1) [5]. The initial data for such “planar
conical” diffractive element were: D/A ~ 35, D/A ~ 0.4,
D/B ~ 0.8; the number of phase quantization levels was
two; the element of phase inversion type was chosen. Its
pro-perties were investigated numerically and experi-
mentally in the 4 mm wavelength band.

3. Experimental and Simulation Results

The method of computing simulation is described in de-
tail in the book [5]. The detailed description of experi-
mental set-up and the technique of researches are also
described in [5].

Figure 2 shows the distribution of field intensity in the
focal region of a diffractive element transversally to its
optical axis; it was obtained experimentally and by num-
erical computation of the diffraction integral. The transi-
tion from three-dimensional element to two-dimensional
structures increases the level of side lobes. Further
investigation of the properties of such elements showed
that the frequency and focusing properties are maintained
in a wide spectral interval, just as they are for three-dim-
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ensional diffractive elements. As it follow from the
Figure 2, the proposed focusing element allow to focus
SPP with limiting space resolution according Airy criter-
ion [5].

Therefore, the investigation of the planar two-dimen-
sional diffractive element fabricated on a conical surface
and a comparison of the results obtained with the charac-
teristics of similar three-dimensional diffractive elements
(Figure 3) allow us to draw a conclusion that such planar
elements possess adequate frequency characteristics, sus-
tain focusing ability in a wide spectral range on wavel-
engths that differ from the nominal wavelength, and are
diffraction-constrained systems. It could be noted that the
focal length of the conical FZP is less influenced by
changes in air-gap, i.e., a change in the effective refrac-
tive index, since the focal length is mainly determine- ed
by the spatial diffractive profile, which is fixed. The
confined field distribution is characterized in detail by the
method of Finite-Difference Time-Domain (FDTD).
Calculations were performed by the software package,
XFDTD 6.2, from REMCOM.

Also we have shown that an air-gap control of a float-
ing dielectric block can generate the dynamic phase and

amplitude modulation of the SPP transmission coefficient.

As an application of this property, we have demonstrated
the variable-focusing properties of an SPP floating di-
electric parabolic lens using numerical simulations and
compared the focusing properties of SPP parabolic lenses
and SPP Fresnel lenses. Unlike conventional bulk optics,

Figure 2. Field intensity distribution transversally to the
optical axis of a planar diffractive element:
theory; experiment

Copyright © 2010 SciRes

Figure 3. The field intensity distribution along the optical
axis of 3D conical FZP calculated by FDTD method

the nano-scale surface optics for SPP processing contains
several unexpected and interesting features in addition to
the physical features described in this paper. Dynamic
plasmonic information processing on the nano-scale us-
ing air-gap control may be an effective mechanism for
building a dynamic plasmonic information processing
system.

4. Conclusions and Discussion

The successful adaptation of free-space 3D conical Fres-
nel Zone Plate for operation on SPP waves demonstrates
that analogues of Fourier diffractive components can be
developed for SPP 3D optics. As in free-space, the basic
SPP optical components are the necessary enablers for
more sophisticated future devices.

So we have demonstrated that analogs of diffractive
and refractive 3D optics in free space can be developed to
manipulate surface waves such as SPPs and focusing ele-
ctromagnetic waves with diffraction limit.

The possibility of manipulating SPP-like light beams,
but in 2D and 3D, will provide many new possibilities.
For example, the implementation of optical digital comp-
uters mostly depends on the creation of optical logic
elements (optical analogues of electronic gates) that carry
out various logical operations (AND, OR etc) that would
go beyond the speed of microelectronic devices and their
degree of integration, also reducing cost and power
consumption [5,13,14]. Diffractive (dispersive) eleme-
nts can be used for spectrally selective addressing of
signals, can be applied in polychromatic optical proce-
ssors, serve as a basis for polychromatic logic elements
or multiplexer or a focusing element with selectivity in
the multimode regime etc. [5]. It has been shown by
detailed simulation results obtained using a parallel
FDTD method that novels diffractive element in the THz
waveband offers the potential to realize novel types of
devices for communications, sensing, integrated optics,
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networks, transmission lines, and so on [15-18]. To this
end, diffractive planar elements fabricated on non-flat
surfaces make it possible to enrich the “pool of devices”
for applications including integrated optics at different
waveband, including THz, and to design elements with
novel properties and potentials.

Another application of new SPP 3D FZP is to focusing
surface plasmon polariton trapping of colloidal particles.
The in-plane 3D FZP focus area releases a significant
amount of energy to the liquid, particularly in the center
region where an enhancement of the near-field intensity
is observed. Thus, the localized convection streams,
which result from this off-equilibrium process, are en-
hanced when the SPP resonates. The resulting contrast
leads to an in-plane electromagnetic intensity gradient,
which can be engineered to form a stable potential well
able to trap particles located in its vicinity.
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