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63Cu(n,) 64Cu NUCLEAR REACTION CROSS-SECTION 
MEASUREMENT AT THERMAL NEUTRONS USING ISOTOPIC 

NEUTRON SOURCES FOR 64Cu PRODUCTION 
 
 

LAURA DARABANa, C. COSMAa, L. DARABANa,* 
 
 

ABSTRACT. The nuclear reaction 63Cu(n,)64Cu was applied by irradiation with 
thermal neutrons in order to obtain the + emitter radioisotope 64Cu (T1/2 = 12.7 h), 
used for medical applications in P.E.T. The irradiation block contains 2 isotopic 
neutron sources type 241Am-9Be and 239Pu-9Be, inserted in paraffin with a fluence 
of 6.6107 n/s. The thermal neutron cross-section was determined from over the 
thermal neutron spectrum using the activation method. In order to calculate the 
yield of the reaction, simultaneously the thermal neutron flux was monitorized by 
using some foils of Au, based on the nuclear reaction 197Au(n,)198Au and using 
cadmium filters in order to limit the thermal neutron spectrum. The calibration in 
efficiency of the HPGe detector was made by manufacturing some standard 
sources of ThO2 with the same size as the irradiated samples, according to a new 
method. In conclusion, we can produce 64Cu to be used for the P.E.T. application, 
by using a high flux of thermal neutrons at the nuclear reactor, having enough 
time to transport it to the clinics. 
 
Keywords: thermal neutrons, cross section, Cu-64, positron emission. 

 
 
1. INTRODUCTION 

The isotope 64Cu (Fig. 1), is used as one of the + emitting radioisotopes in 
nuclear medicine for Positron Emission Tomography, heaving a long half-life (12.7 h). 
64Cu was produced at a cyclotron via the reaction 64Zn(d,2p)64Cu [1] and 64Ni(d,2n) 
64Cu [2], the excitation function and properties of these reactions being well studied 
in the first by the stack foil method for the production of a medical radioisotope. 
In the case of natZn target, the total yield for the production of 64Cu by deuteron 
irradiation is about 26.06 MBq/Ah [1]. 
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Fig. 1. The disintegration scheme of 64Cu 

 
Due to its suitable decay characteristics 64Cu can be also produced with 

thermal neutrons in a nuclear reactor using the 63Cu(n,γ)64Cu reaction. The accurate 
knowledge of the thermal neutron cross-section and resonance integral of this 
reaction become very important when producing 64Cu [4-6] with thermal neutrons 
for P.E.T. applications.  

Usually, thermal cross-sections and resonance integrals (Fig.2) can be 
determined experimentally by using the activation method [7], which consists of a 
foil activation and comparison of the cadmium (Cd) ratios for the foils (copper) to 
the cadmium ratios of a reference monitor material, such as gold foils. 113Cd is 
used because of its cut-off property meaning that at 0.55 eV neutron energy thin 
Cd foils act as thermal neutron filters (Fig.3).  
 For thermal neutrons cross section determination the gold foils was used 
as flux monitor by standard monitor reaction 197Au(n,)198Au with the well known 
198Au radioisotope (σ0 = 98.65 ±0.09 b, I0 = 1550 ±28 b).  
 The method consists of irradiating 2 thin foils, one has a known cross-
section as a monitor foil. For example Au or In reactions are suitable as monitors 
due to their cross-sections, have a 1/v dependence up to 1-2 eV. The 2 foils were 
irradiated in the same position in a sandwich type geometry, were then covered 
with 1 mm thick Cd covers foil in order to separate the thermal neutron activation 
from the epithermal neutron activation [8]. After calculating the reaction rates for 
each of the uncovered foil and the Cd covered foils, the cadmium ratios were 
determined.  

It is also known that characterizing a highly intense field of neutrons can 
be difficult, mainly because of the burn-up effects that occur in the 197Au monitor 
foil, resulting from the fact that the activities induced by neutrons will no longer 
be proportional to the neutron flux.  
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Fig. 2. Cooper total cross-section in function of the neutrons energy 

 

 
Fig. 3. Deviation from the ideal 1/E epithermal neutron spectrum [8] 
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2. EXPERIMENTAL 

2.1. Neutron irradiation facility 

It has been shown by Karadag et al. [9] that a lower neutron flux (lower 
than that of a nuclear reactor) can be used when producing nuclear reactions and 
calculating cross-sections and resonance integrals. In our case, the neutron field  
of two isotopic neutron sources, 241Am-9Be and 239Pu-9Be, was used. Also, the 197Au 
monitor foil can be used, while 197Au has its first main resonance at 4.9 eV [10], 
which is near to the 1/v region of the cross-section and thus the activity induced 
by the epithermal and thermal neutrons can not be well separated. 

 

 
Fig. 4. Irradiation bloc scheme with 241Am-9Be and 239Pu-9Be isotopic neutron sources 
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In our measurements we used Cu and Au metallic foils that were irradiated 
in the neutron field produced by the two isotopic neutron sources in the Nuclear 
Physics Laboratory of the Faculty of Physics at UBB Cluj-Napoca, Romania. Metallic 
foils samples were used for irradiation in a sandwich geometry Cu-Au, covered 
with a Cd foil. In order to obtain results as accurate as possible, several corrections 
had to be made. Then, they were exposed to the thermal neutron flux in one of 
the side being inserted in the irradiation holes in paraffin block, as it can be seen 
in Fig. 4. The neutron field was obtained from 2 isotopic neutron sources, immersed in 
paraffin and covered with a cylindrical lead shield, 241Am-9Be with an activity of 5 Ci 
and 239Pu-9Be with an activity of 33 Ci, having a total fluence of 6.6107 n/s. 

The characteristics of the irradiated samples are given in Table 1. The foils 
were irradiated and another set of samples were covered in Cd case shields of 1 mm 
thickness. This procedure is known as the cadmium ratio method and it is described 
in [7].  

 
2.2. Photopeak efficiency of the spectrometer 

The induced activities of the samples were then measured with the help 
of the gamma spectrometry using a GC1519 HPGe Detector (germanium coaxial 
type detector Canberra), having a measuring interval between 50 keV and 1500 
keV, in conjunction with a Multiport II multi-channel analyzer (MCA) and the 
Genie2000 gamma spectroscopy software.  

In order to calibrate the detector in efficiency, according to formula (1), 
standard sources were used. 

 
ε = N/(t .Λ .p)      (1) 

 
where: ε – the energetic efficiency; 
 N – the peak area in number of counts at that energy; 
 Λ – the absolute activity of the standard sample [Bq]; 
 t – the measurement time; 
 p – the disintegration probability of the radioisotope at that energy; 

It can be noticed that there are few measurement points on the graph, 
therefore we used another source of 226Ra with known activity of 3,33 kBq, which 
emits many energies in secular equilibrium with its descendants. The efficiency of 
the detector was therefore determined with the help of the known activities of 
standard point sources such as: 60Co, 137Cs, 241Am, 133Ba, 226Ra. 

By applying formula (1), the N peak areas can be read on each peak with 
energy E and also by taking in account the scheme factor p, the efficiency can be 
calculated. In literature there are many studies on the efficiency calculation and 
detectors calibration [11-13]. The obtained efficiency curve [8] is presented in Fig. 5 
for checking the experimental method.  
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Fig. 5. Photopeak efficiency curve for the HPGe Coaxial Germanium Detector 

 

 
Fig. 6. Characteristic gamma spectrum of ThO2 of 0.305 g in a 2geometry 
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Due to the fact that we used foils of Cu and Au with a size of 13 x 17 mm 
and not point sources, in order to determine the cross-section of the reaction 
63Cu(n,)64Cu, the efficiency must be reconsidered and was determined in the 
region of interest, with the help of calibration sources of the same size as the 
samples. Therefore, we prepared according to the published data from [14-18] a 
standard source type foil of the same size, made from ThO2

 older than 30 years, in 
equilibrium with its descendants, which can be used to calibrate the detector in 
efficiency. From literature [17], the absolute activity of ThO2 in equilibrium with 
its daughter nuclei, is well known of 3872 Bq/g of ThO2. The calibration in energy 
was performed over the analyzer channels and then the spectrum of this source 
was aquired (Fig.6) in different geometries and then the efficiency was determined 
only in the interest point.  

A value of this efficiency of 11.5 % was obtained on the peak of 411 keV 
for 198Au and 8.9% on the peak of 511 keV for 64Cu. 
 
 

3. RESULTS AND DISCUSSIONS 

The thermal neutron cross section of the 63Cu(n,γ)64Cu reaction was determined 
relative to the value of the 197Au(n,γ)198Au reaction with a cross-section value of 
σ0,Au = 97.8 ± 0.1 b [1].  

It was calculated by using equation (2): 
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where Rs and Rs,Cd are the reaction rates per target atom of the foil and respectively 
the cadmium covered isotope, FCd is the cadmium transmission factor, which arise 
from the fact that the specific epithermal reaction rate of a foil isotope is different 
from the specific epithermal reaction rate of the cadmium covered isotope, gAu and 
gCu are the Westcott factors that describe the deviation of the cross-section from 
the 1/v – law. For Au gAu = 1.0004 (200C) [10] and for Cu gCu = 1.003 (20 0C) [10]. 
The neutron self-shielding effects must be taken into account and are described 
by the Gth,Au and Gth,Cu correction factors [8]. Fg,Au and Fg,Cu are the gamma-ray 
attenuation factors and describe the attenuation of the gamma rays in the volume 
of the samples and σ0,Au represents the thermal neutron cross-section of the 
197Au(n,γ)198Au reaction. The characteristics of the samples and irradiation parameters 
of monitor is done in Table 1 and Table 2. 
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Table. 1. Characteristics of the samples 

 
 

Table. 2. Characteristics and parameters of the monitor irradiated foils 

a taken from [10]; b taken from [19] 
 
Irradiations were performed at saturation in a sandwich structure, at a 

constant neutrons flux for 10 days. After irradiation, the samples were measured 
by high resolution gamma spectrometry (Fig.7 and 8) and the activity decreasing 
curve for Cu was determined in order to calculate the half-life. A half-life of 12.7 h 
for 64Cu was determined, due to the fact that another Cu isotope + is present 
66Cu with a half-life of 6 min. 
 

 
Fig. 7. Characteristic gamma spectrum of a foil of Cu irradiated at saturation  

in the block with isotopic neutron sources 

Irradiated  
foils 

Target 
isotope 

Mass  
[g] 

Sample surface  
[mm2] 

Thickness  
[mm] 

Cu-foils 63Cu 0.566 221 0.3 
Au-foils 197Au 1.283 221 0.32 

Reaction 
Foil 
mass 
[g] 

Foil 
thickness 
[mm] 

σ0 a[b] I0 a[b] rE
b

[eV] 
Ge ECd 

[eV] R 

197Au(n,γ)198Au  1.285 0.32 9.87E+01 1.57E+03 5.47 0.263 0.55 10.376 
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Fig. 8. Characteristic gamma spectrum of a monitor foil of Au activated at saturation 

 

 After the determination of the factors from formula (2), the thermal neutron 
cross section for the 63Cu(n,γ)64Cu nuclear reaction was determined relative to the 
value of the thermal neutron cross-section of the monitor reaction of Au (σ0,Au = 
98.7 ± 0.1 b) and a mean value of σCu = 3.2 ± 0.8 b was obtained for the range 
between: 0.025 eV- 0.55 eV. From calculation we concluded that at a neutron flux 
of  = 1012 n/scm2 in a nuclear reactor, the specific activity to produce 64Cu by 
thermal neutrons is about /m= 790 mCi/g. 
 

4. CONCLUSIONS 

 In this paper were studied nuclear resonance reactions involving neutrons, 
producing the 64Cu and 198Au radioisotopes by using isotopic neutron sources. We also 
studied the activation method, the cut-off cadmium method and the cadmium ratio 
method in order to measure the thermal neutron cross-section for a particular (n,γ) 
reaction for the 63Cu(n,γ)64Cu nuclear reaction by preparing samples cadmium 
covered foils, which were irradiated in the neutron flux produced by 2 isotopic 
neutron sources of 241Am-9Be and 239Pu-9Be, all the correction factors were calculated 
in the case of foil samples and a mean value of σCu = 3.2 ± 0.8 b for the thermal 
neutron cross-section was obtained. This value is in good agreement with other data 
published in literature [10]. In conclusion, in the case there is no cyclotron available in 
order to produce 64Cu to be used for P.E.T. in local clinics, the method by irradiation 
with thermal neutrons at a nuclear reactor can be a good choice. 
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LANE-CHANGING WITH DECISION IN A TWO-LANE  
SPRING-BLOCK TRAFFIC MODEL 

 
 

F. JÁRAI-SZABÓa 

 
 

ABSTRACT. A decision-based advancing strategy is proposed and analyzed in the 
framework of the one-directional two-lane spring-block traffic model. A fraction q of 
cars is allowed to change lanes, while the others will keep their initial lane. One single 
car in the row is acting with decision-based strategy. Its lane-changing attempt is 
decided based on the behavior of other cars in the row. As a function of the 
parameter q the winning probability and the average gain in the advancement for this 
car is computed. It is concluded, that this decision-based strategy used only by one 
car in the row is advantageous in any conditions for the driver. 
 
Keywords: highway traffic modeling; spring-block models; advancing strategies; 
competition. 

 
 
 
INTRODUCTION 

Road traffic is a non-linear complex phenomenon that produces various 
forms of collective behavior. This is the reason why it is intensively studied since the 
last few decades [1-6]. Moreover, a jammed traffic system is a good example of a 
complex system formed by many competing agents. Accordingly, in case of stop-and-go 
traffic jams on a multi-lane road it is crucial for a driver to use the best lane-changing 
strategy. The selection of these strategies is not so straightforward. However, a good 
driver simply “feels” what strategy to use for a better advance. 

Very recently, using the spring-block model of the two-lane highway 
traffic [7] two simple advancing strategies have been analyzed. Based on the 
results of this previous study, in the present work a new decision based advancing 
strategy is proposed and analyzed in the framework of the spring-block model. 
First, the two-lane spring-block traffic model is shortly described. Then, the decision-
based lane-changing strategy is presented and analyzed in detail. Finally, conclusions 
are drawn based on our large-scale computer simulation results. 

                                                           
a Babeş-Bolyai University, Faculty of Physics, 1 Kogălniceanu Str., 400084 Cluj-Napoca, Romania, 

ferenc.jarai@phys.ubbcluj.ro 
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SPRING-BLOCK MODEL OF THE TWO-LANE HIGHWAY TRAFFIC 

The used model belongs to the spring-block model family, which has many 
interdisciplinary applications and it proved to be efficient in explaining complex 
dynamics or structure formation by collective behavior [8-13].  

The spring-block model of the single-lane highway traffic was described in 
detail in our previous works [14,15]. Blocks are modeling cars in a lane. Furthermore, 
springs that acts unidirectional from the car ahead to the car in the back, model 
distance keeping interaction of cars. With these simple elements a spring-block 
chain is built. Then, the first block is dragged with constant velocity v0, inducing 
the movement of the whole chain. Besides these basic elements, there is the 
friction that acts on each block and opposing it’s free sliding. In analogy with 
classical mechanics the movement of blocks is opposed by static or kinetic friction 
force (FS or FK). The ratio f = FK / FS is kept constant. These friction forces are 
generated randomly from a normal distribution with mean value <FS> and standard 
deviation σ for each new position of each car. This introduces a characteristic disorder 
in the system, with a major influence on the observed collective dynamics. The 
friction itself models differences, imperfections and unpredictable reactions of the 
drivers, while the difference between FS and FK models the so-called slow-to-start 
rule [16]. Accordingly, in this approach, one has to deal with three free parameters f, 
<FS>, σ. They effects on the model behavior have been analyzed recently [15]. 

The dynamics of the spring-block chain is simulated following the typical 
steps of a simplified molecular dynamics simulation. Technical details and algorithm 
tests are specifically described in our previous works [14,15]. 

The single-lane spring-block model described above has been recently 
extended to handle unidirectional two-lane traffic conditions [7]. For this reason 
two identical spring-block chains and simple lane-changing rules have been considered. 
In defining the lane-changing rules we had in mind that usually, a driver will try to 
change lanes when there is a car in his/her front that is advancing slower than 
he/she. Accordingly, a block is selected for lane changing, if the distance to the 
previous block in the row is smaller than the average distance between cars 
measured at single-lane conditions. Also, in order to be eligible for lane changing, 
the velocity of the car has to be greater or equal to the velocity of the car ahead. 
The cars eligible for lane changing will execute the maneuver only if there is 
enough space next to them on the other lane for entering safely. Moreover, we 
impose that the distance to the next car in the other lane has to be large enough 
in order to ensure an advance of the newly entered car in the next simulation step.  

The behavior of the resulted model system has been studied in the congested 
traffic regime defined by fixed model parameter values <FS> = 9.6,  σ = 2.6  and      
f = 0.8. The efficiency of two driving strategies, one with lane-changing maneuvers 
allowed and another with lane-changing maneuvers disabled, have been compared. 
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From our computer simulation results [7] one may learn that the best or winning 
strategy is the one adopted by the less number of cars. However, this was a first 
approach for a quite complex phenomenon, and in reality the problem proves to 
be more complicated. Drivers are not stuck to one of these strategies, and their 
driving style continuously changes. 
 
 
DECISION BASED LANE-CHANGING STRATEGY 

Based on conclusions of the previous study [7], a decision based lane-
changing strategy (DBS) is proposed. We assume, that a smart driver can make a 
decision based on the “statistics” of a few number n of cars that are advancing in 
his/her front in both lanes. If more than a half of the detected cars is acting with 
lane-changing strategy (LCS) then, the smart driver will advance keeping his/her 
initial lane. In contrast, if more than a half of cars is keeping their lanes (LKS) then, 
the smart driver will act with lane-changing strategy. 

In order to test the efficiency of the DBS strategy two lanes of N = 1000 cars 
are considered. As in case of previous study [7] the parameter values are fixed in the 
congested traffic regime <FS> = 9.6, σ = 2.6 and f = 0.8. The last car of the first row is 
set to follow this DBS strategy while the last car of the other lane is set to advance 
respecting the LKS strategy. At the beginning of each simulation the advancing 
strategy of the other cars in the queue is set to LCS with probability q and to LKS with 
probability 1-q. After initializing the system, the first car of both rows is dragged in a 
parallel manner through a distance of D = 5000 simulation units. At the end of each 
simulation the distance d between the selected cars is measured and their positions 
are compared. The car that is closer to the beginning of the row is declared as winner. 
The simulations are repeated and from a statistics of 1000 simulations the winning 
probability w of DBS strategy is determined. 

 
 

RESULTS 

In Figure 1 these winning probabilities are presented as a function of the 
fraction q of cars following LCS strategy. Different curves on the figure represent 
results for DBS strategies where the decision is made on a basis of n cars. The 
results may be compared to the winning probabilities of LCS strategy, as well. On 
one hand, for q < 0.5 the winning probabilities are exactly one for both DBS and 
LCS strategies. This may be explained taking into account that in this regime the 
DBS is working mostly without lane changing. On the other hand, for q > 0.5 there 
is a big difference in the winning probabilities. It is immediately observable that 
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the winning probability of DBS is increased relative to the LCS and it fluctuates 
around 0.5. This means that the strategy in this regime becomes equivalent to LKS 
strategy. Accordingly, the DBS strategy proved to be as good as the LCS strategy 
when the rest of cars mostly act with LKS strategy. The same strategy however, 
proved to be similar to the LKS strategy when the rest of the cars act mostly with 
LCS strategy. The same trend is visible in case of all values n in the Figure 1.  

 
 

0 0.2 0.4 0.6 0.8 1
q

0

0.2

0.4

0.6

0.8

1

w

LCS
DBS, n = 10
DBS, n = 20
DBS, n = 100

 

Fig. 1. Winning probabilities of DBS strategy plotted as a function of the fraction q  
of cars acting with LCS strategy. Different curves shows DBS strategies with  

decision made on a basis of n cars. As reference, winning probabilities  
of the LCS strategy [7] are plotted, as well. 

 

In addition, the results above may be confirmed by using another 
characteristic measure, namely the average winning distance <d> of the DBS strategy. 
In order to get a value independent on the dragging distance D, the distances are 
scaled relative to this value. The results are plotted in the Figure 2, and they 
shows again that in case of q < 0.5 the DBS strategy has same winning distances as 
the LCS strategy. In contrast, for q > 0.5 in agreement with the winning probabilities 
around w = 0.5 the DBS winning distances are fluctuating around 0. This confirms 
again that in this regime the DBS strategy is equivalent to the LKS strategy. 
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Fig. 2. Average scaled winning distance <d>/ D as a function of the fraction q of  

cars acting with LCS strategy. Different curves shows DBS strategies with decision  
made on a basis of n cars. As reference, average scaled winning  

distances of the LCS strategy [7] are plotted, as well. 
 
CONCLUSIONS 

In conclusion, a spring-block type two-lane traffic model has been used to 
study the efficiency of a proposed decision based driving strategy in case of congested 
traffic conditions. Based on the presented simulation results we can conclude that 
regardless of the driving conditions the decision-based strategy used only by a 
single car in the queue keeps the advantage of both lane-changing and lane-
keeping strategies. It has to be noted, that by using significantly more computational 
power, the present model can be made more complex assuming many cars acting 
with DBA strategy or decision to be made on a basis of the actual efficiency of the 
current strategy. However, this is beyond the scope of the present work.  

The main conclusion of our recent study [7] it was that the winning 
strategy is the one adopted by the less number of cars. This is confirmed here 
again because in all of our simulations, independently to the other drivers’ option, 
the best strategy proved to be the DBA strategy, which has been used only by a 
single car in the row.  
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THE OSCILLATION MODES INDUCED BY SPECIAL DRIVERS  
IN SOLAR CORONAL LOOPS 

 
 

N. MAGYARa, A. PARDIa, S. ONTANU-CRACIUNa, A. MARCUa,* 
 
 

ABSTRACT. In this paper we perform a numerical study of transversal oscillations 
in coronal loops represented as a straight thin flux tube, which are generated 
under the effect of an external force, the global coronal EIT wave.  

Given the equation that describes the transversal oscillations in coronal loops, 
we consider several forms for the driver (e.g. wave train, interaction points separated 
by a delay time, non-harmonic), and then solve it numerically. We discuss the 
dependence between the induced oscillation modes and the nature of the driver 
and its parameters. 
 
Keywords: magnetohydrodynamics (MHD) simulations, EIT waves, coronal loops 

 
 
 
INTRODUCTION 

EIT waves are one of the major discoveries of the Extreme ultraviolet Imaging 
Telescope of SOHO. However, their nature continues to be debated. Explanations 
for the signatures include: fast mode shock [1], fast mode waves [2][3], solitons [4]. 
We are interested in the interaction of these waves with coronal loops. Observational 
evidence for these interactions has been provided by satellites (SOHO, TRACE/EUV, 
STEREO/EUVI). Due to these uncertainties, and to the wide range of possible 
explanations, we need to consider and discuss separately the cases of drivers of 
different nature. 

The present paper is mainly based on the analytical study from Ballai et al 
(2008)[5]. The main purpose is to extend this study for drivers that are not described 
in the article mentioned before (soliton, wavetrain), by the means of numerical 
analysis. We also discuss the dependence between the induced oscillation modes 
and the loop length. A comparison between analytical and numerical results is 
also presented.  
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 The paper is organized as follows: The mathematical model used is described 
in Sect. 2, the numerical results are presented and discussed in Sect 3, and finally, in 
Sect. 4 we summarize our results and discuss some possible extensions. 
 
 
MATHEMATICAL MODELS 

 We model the interaction between the external force and the coronal 
loop considering some assumptions: the coronal loop can be approximated with a 
straight thin flux tube with fixed footpoints, embedded in a magnetic-free environment 
under the effect of gravity. 
 

 
Fig. 1. Schematic representation of the model. Depending on the driver, the external  

force will act at one point (1) or at two symmetrically placed points (2) – (2’) 
 
 We assume that the EIT wave is acting with a force F on the tube and the 
direction of this force is parallel with the x-axis. The EIT wave is modeled as a pulse in 
position, in one or more points. A schematic representation of the model is shown 
in Fig. 1. 
 The equation that describes the transversal oscillations in the tube can be 
derived from the linearised ideal MHD equations. It is not our goal, however, to 
obtain this equation. 
 We will adopt the equation derived in [5] 

 
here  are the internal, respectively external density, g is the gravitational 

acceleration,  is the internal Alfvén speed, (z,t) is the horizontal 
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displacement of the tube. Equation (1) describes the propagation of transversal 
oscillations of a vertical flux tube, in the presence of an external force, F.  
 Instead of using this equation, we introduce a new function , defined as 

 We can choose the value of λ such that the coefficient of the first 
derivative with respect to z in eq. (1) vanish.  
 

We obtain        (2) 

 

Then, using some new notations, Eq. (1) becomes  
 

   (3) 
 

where F = Fe-λz/(ρi+ρe) 
The waves will propagate with the speed given by the second term on the 

left hand side: 
 

       (4) 

which is the kink speed. 
The cut-off frequency for kink modes propagating in coronal loops 

appears here as the coefficient of the third term: 
 

      (5) 

 

For typical coronal parameters  

 
 
NUMERICAL RESULTS 

The simulations were performed with PDE2D code [6]. The numerical code 
utilizes the Galerkin finite element method with piecewise polynomial basis 
funtions in space and the second-order Crank-Nicolson method in time. Equation (3) 
is solved numerically on the 1D interval (0,L). This interval consists of 100 cells. The 
numerical results are not affected by insufficient spatial resolution, statement based 
on grid refinement studies (we performed simulations with 50 and 100 grids, and 
there is no qualitative difference between the results). We apply fixed boundary 
conditions at the endpoints, so |x=0, |x=L and |x=0, |x=L are all zero. Thus, the 
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tube has fixed footpoints. This appears to be a reasonable constraint because the 
motions in the solar corona does not affect the high density photosphere. The 
tube is motionless at t=0, which means that the initial conditions are supplied by: 

|t=0 = 0 and |t=0 = 0. 
 
 Drivers of particular form 

 As EIT waves was explained in the context of wavelike or pulse-like 
behaviour, we need to consider harmonic and non-harmonic drivers of various 
forms. Also, it is difficult to estimate the direction and magnitude of this force or 
the way it interacts with the coronal loop.  
 We begin with the harmonic drivers. The simplest case is when the driver 
interacts in only one point with the tube, and its amplitude remains constant. We 
can model this case by giving F the form: 
 

    (6) 
 
where  is the Dirac-delta function and  is the frequency of EIT waves.  

 
Fig 2. 3D plot of the amplitude of the oscillation(arbitrary units) for tube length  

L = 200 Mm; =



EIT

2 = 400 s. The tube (represented here from Z = 0 to Z = 2* 108) 

initially is motionless (T = 0s), and the system evolves until T =2*103s.  
The only mode excited is the fundamental mode. 
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 The periods of oscillations are in very good agreement with the analytically 
calculated periods in [5]. We present here (Fig. 2) a special case, when the generated 
loop oscillation is in resonance with the external driver. As we considered the ideal 
MHD equations, there are no damping mechanism, so this resonance will eventually 
lead to an infinite growth in amplitude. The total simulation time (tf = 2000 s) is 
set such that there is a compromise between the number of oscillations that fit in 
this time (around 6-7) and the simulation running time. Also, the number of complete 
oscillations observed for a single loop is usually no more than 5-7. 
 The next driver we implemented is the same as the first, harmonic driver, 
but acting at 2 symetrically placed points from the apex. This choice seems to be a 
good one if the EIT wave is an oscillating front colliding with the coronal loop. We 
must discuss about the existence of a delay time between these interactions. In 
reality it is more likely that the front of the EIT wave is not absolutely perpendicular 
to the axis of the loop, so there will be a time required for the other end of the 
wavefront to reach the loop. In this case, the acting force will have a spatial and 
temporal dependence of the form 
 

  (7) 
 
here  is the delay time and  is the Heaviside step function. 
 First we consider the simplest case, when there is no delay time (Td = 0 s), 
i.e. the EIT wave hits the loop perpendicularly. In Fig. 3 we compared the resulting 
oscillations of single-point excitation and double-point excitation for a special 
case, when TEIT =




EIT

2 = 200 s. With the help of figure 3 from [5], we know that the 

modes generated (for double-point excitation) are the fundamental mode (400 s) 
and the second harmonic (133 s), but no first harmonic can be generated. On the 
other hand, with single point excitation, only the first harmonic mode can be 
generated. In this case there is a resonance between the driver and the coronal 
loop. We can clearly see in Fig. 3 that for double-point interaction the fundamental 
mode and the second harmonic (appearing as the “shoulder” of the fundamental 
mode) are generated. As the period of the second harmonic mode is three times 
smaller than the period of fundamental mode, this “shoulder” (in reality the outer 
peaks of the second harmonic) appears with every period of the fundamental 
mode, so they are in phase. The oscillation pattern from single-point excitation 
contains only the first harmonic (right image of Fig. 3).  
 These results and observations are in perfect accordance with the analytically 
deduced oscillation patterns.  
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Fig. 3. 3D plot of the amplitude of the oscillation(arbitrary units) for double-point 

interaction (left image), and single-point (right image). The period  
of the driving force is the same for both cases (TEIT =200s). 

 
 However, to make one step closer to reality, as we mentioned before, there 
will be a time required for the second interaction to reach the loop. In this case, 
considering the delay time = 1.5 , the resulting graph of the system evolution is 
nearly similar in shape with the right image of Fig. 3. Other interesting discussion 
is on the amplitude of the oscillations as a function of the delay time (see Fig. 4). 
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Fig. 4. Amplitude of the fundamental mode as a function of delay time  

(ranging from 0 to = 400 s) 
 
 Until now we considered the EIT “wave” a static phenomenon, with constant 
amplitude. Further on, our study focus on drivers with a pulse-like behavior. [4] 
speculated that the EIT waves might be best explained as a soliton-like phenomenon, 
say, a slow-mode solitary wave. However, there is no modeling of such an idea. So, 
we consider a basic model, with the envelope described by the sech = cosh-1 function, 
and a carrier wave with period . At the first approximation, this is a wave-packet. 
The temporal dependence of the driver will have the form 
 

    (8) 
 
where a ,b are two constants that define the temporal width and maximum of the 
solitary wave. We chose the width of the pulse to be 10 times . In Fig. 5 is showed 
a comparison between single and double-point excitation in the form for the driver.  
 The oscillation modes generated are the same as in Fig. 4. That is not 
surprising because for both cases we used the same conditions and period for the 
EIT wave. So, there are no differences in the generated modes if the wave is 
modulated or not, at least in this particular case. The main difference between the 
graphs of Fig. 5 is the amplitude of the remanent oscillation, i.e. the oscillation 
sustained after the loop was excited. We can see that, for double-point excitation, 
the induced modes are very weakly self-sustained after the interaction ceased, 
with only about 2% of the maximum amplitude. Practically, the amplitude of the 
oscillations varies with the amplitude of the driving force. 
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Fig. 5. 3D plot of the amplitude of the oscillation (arbitrary units) for double-point 

interaction (left image), and single-point (right image).  
The period of the driving force is the same for both cases (TEIT =200s).  

The black line at t = 2 * 103 s represents the point at which the solitary wave has  
entirely left the coronal loop, i.e. the driving force is practically zero. 

 

 In the second case (Fig. 5, right image), the oscillation amplitude grows 
gradually, and the oscillation is self-sustained with no loss in amplitude after the 
interaction ceased. This is a consequence of resonance. 
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 A more general case would be a “train” of such wave-packets, i.e. wave 
packets coming one after another, periodically. Considering this “period” between 
two wave-packets to be 10 , the evolution of the system is presented in Fig 6. 
In this case, for the system in resonance (right image), we can see how the 
contributions from each wave packet add up, resulting in a smoothed staircase 
grow in amplitude. For not self-sustaining case (left image), the amplitude of 
oscillations follows the period of wave-packets, with no adding up in time.  
 

 
Fig 6. 3D plot of the amplitude of the oscillation f(arbitrary units) for double-point 

interaction (left image), and single-point (right image).  
The period of the driving force is the same for both cases (TEIT =200s). 
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 Finally, we consider a non-harmonic driver: a pulse of finite amplitude of 
the form 

   (9) 

Which means that the external driving force is represented by a finite 
width ( - ) front acting only at  = 0s. This form of the EIT wave will produce 
oscillations at the natural frequency of the loop only. 
 Now, we discuss about the changes induced by modifying the length of 
the loop. The natural frequency of the loop varies with length. Using the property 
that a non-harmonic driver will produce oscillations only at the natural (fundamental) 
frequency of the loop, we perform numerical simulations for different loop lengths to 
see what is the period of the induced natural mode.  

The considered loop lengths were: 200Mm (used previously in our study), 
150 Mm and 100 Mm, and the associated natural frequencies of the fundamental 
mode, in this order, were: 400s, 300s, 200s. Consequently, for a loop of 100 Mm 
length, for example, a single-point excitation with driver of the form eq.(6), TEIT = 200 s, 
will produce the same oscillation like in Fig 2, of course, with smaller amplitude. From 
our results, we see that in resonance mode (400s, 300s, 200s ), the amplitudes at 

 decreases proportional with the loop length, in the same ratio:  
2 : 1.5 : 1. 

 

    
Fig 7. The displacement of the apex as a functon of time, for a loop length of 150 Mm (left 

image), 100 Mm (right image). The driver used is listed as eq.(7), with no delay time between 
the interactions. The period of the driving force is the same for both cases (TEIT =400s). 
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 In Fig.7 we compared the oscillations of the apex for the same driving 
period for different loop lengths. For 200 Mm the graph is not shown, the reader 
can see this case in Fig. 2. For shorter lengths, there is a superposition of two modes: 
the natural mode and the “forced” mode with the same frequency of the driver. 
This case appears for larger periods than 400 s in Fig. 3 of [5].  
 
 
CONCLUSIONS 

 The oscillations generated in coronal loops by interactions with EIT-waves 
is studied. 
 Given the equation describing the motion of the loop, an inhomogeneous 
Klein-Gordon-type equation, we solve it numerically considering different types of 
external forces. We can conclude that our results are in good agreement with the 
analytical results of [5]. The main objective of this study was to consider other 
forms for the acting EIT-wave, since there exists various explanations for its nature. 
We found that resonance modes are self-sustaining (see e.g. Fig 5, right image), 
i.e. the oscillations are maintained even after the interaction with the EIT-wave ceased.  
 Of course, in reality, the remaining oscillations would damp rapidly. For 
the case when the driver is composed of an envelope and a carrier wave, there is 
no strong dependence of the resulting oscillations on the form of the envelope of 
the harmonic driver. The frequency of the driver has the most important role in 
the resulting oscillations of the loop. 
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ABSTRACT. This study is focused on the structural, morphological and textural 
characterization of the (64-x)SiO2(36-x)CaO·2xP2O5 bioactive glass system, where 
x=0, 1, 2 and 4 mol%. The obtained sol-gel samples were characterized using X-ray 
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), particle size 
distribution analysis and N2-sorption measurements. XRD patterns of the samples 
with phosphorus content show the presence of the tricalcium phosphate phase. It 
was found that by P2O5 addition, the mesopores diameter decreases below 10 nm 
and the pores become interconnected. 
 

Keywords: bioactive glasses, sol-gel, structure, morphology 
 
 
 
INTRODUCTION 

 The bioactive glasses constitute an important group of bioactive materials 
that have found wide application in medicine as bone implants [1-3].These materials 
have specific response in vivo at the interface with biological media. They are able 
to bind with a strong chemical bond with bone in a living organism through the 
formation of carbonate apatite like layer on the implant site [3]. Glasses based on 
SiO2-CaO-P2O5 compositions can bond to both soft and hard tissue without an 
intervening fibrous layer [2]. 
 Roughness, porosity, pore size distribution and particle size of biomaterials 
play a critical role in protein adsorption [4]. The protein molecules bond to the 
biomaterial surfaces through different ways, such as electrostatic force, hydrophobicity 
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and so on [4-7]. It is generally accepted that on the higher surface area the quantity of 
protein adsorbed is higher [4]. Thus, modeling the roughness, porosity, pore size and 
particle size of biomaterials it can create more surface area. 

Based on the fact that the higher SiO2 amount the higher surface area and 
taking into consideration that glasses with SiO2 content between 58-65 mol% have 
cylindrical pore open at both ends with occasional necks along the pore [1, 8], one 
of our goals has been to analyze the influence of P2O5 content on surface texture.  

The aim of this study was to determine the effects of P2O5 on sol-gel SiO2-CaO-
P2O5 bioactive glass system texture. Therefore, the SiO2/CaO ratio was approximately 
constant; P2O5 was introduced on the expense of both SiO2 and CaO. 
 
 
EXPERIMENTAL 

Formation of System 

The system compositions (64-x)SiO2(36-x)CaO·2xP2O5with x=0, 1, 2 and 
4mol% were prepared by sol-gel method. The sol-gel precursors were tetraethyl 
orthosilicate (TEOS) and calcium nitrate tetrahydrate (Ca(NO3)4H2O), hydrolyzed in 
presence of nitric acid, the (HNO3+H2O)/(TEOS+TEP) molar ratio being constant and 
equal to 8. Reactants were added consecutively after 1-h intervals, with continuous 
stirring. The solution (sol) was poured into closed containers which were kept at room 
temperature until gelation (gel) was reached (2-3 days depending on the sol 
composition). The resultant gel was aged at room temperature and by thermal 
treatment at 700C for 72 h and atmospheric dried in an oven at 1200C for 48 h. Nitrate 
elimination and material stabilization was carried out at 7000C/3h. This temperature 
was determined by differential thermal analysis of the dried gels.  

 
Methods 

The X-ray diffraction analysis was carried out on a Shimadzu XRD-6000 
diffractometer using CuKα radiation (λ=1.5418 Å), with Ni-filter. The diffractograms 
were recorded after the samples were annealed at 700°C. 

FT-IR spectra were recorded in reflection configuration in the range of 4000-
650 cm-1 with the resolution 4 cm-1 using a Jasco IRT-5000 FT-IR microscope coupled 
to a Jasco FT-IR-6000 spectrometer. The recorded spectra were smoothed by 5-point 
Savitzky-Golay smoothing function. 

The particle size distribution of the bioactive samples was determined on a 
Shimadzu Nano Particle Size Distribution Analyzer SALD-7101 using a laser diffraction 
method with a UV semiconductor laser (375 nm wavelength).  
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The specific surface area, pore volume and pore radius of the samples were 
obtained from N2-adsorption-desorption isotherms, using a Sorptomatic 1990 apparatus. 
The specific surface area was obtained by the Brunauer–Emmett–Teller (BET) method, 
while the pore volume and pore size distribution were determined by the Barret–
Joyner–Halenda (BJH) method.  
 

RESULTS AND DISCUSSION 

SiO2-CaO-P2O5 system is one of the most studied systems in the field of 
bioactive sol-gel glasses. The diffraction patterns of the prepared samples are shown 
in Figure 1. It can be seen that the bioactive system powders exhibit mainly amorphous 
characteristics (Fig. 1a) corresponding to glass, but the weak and broad signal 
centered at 2=32° indicates the presence of a crystalline structure that can be 
associated with the crystallization of tricalcium phosphate phase, identified as 
Ca3(PO4)2·H2O [9, 10].This is more pronounced in the sample with x=2.  

 

 
Fig. 1. XRD patterns of heat treated sol-gel derived samples belonging  

to the system (64-x)SiO2(36-x)CaO·2xP2O5 
 

The FTIR spectra show the typical absorption bands of the bioactive glasses 
(Fig. 2). In these spectra were identified two transverse optical mode of the Si-O-Si 
groups: the bending Si-O vibration identified around 800 cm-1, and the antisymmetric 
stretching mode Si-O located in the range 1000-1300 cm-1 composed of an intense 
adsorption band centered around 1070 cm-1 and a shoulder around 1220 cm-1 [5, 11]. 
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The band at 940 cm-1 can be assigned to SiO non-bridging oxygens (NBO) formed 
because of the presence of network-modifier cations, in particular Ca [2]. The 
spectra exhibit an absorption band located in the range 465-475 cm-1 attributed to 
Si-O-Si bending vibration [12].  

 

 

 

Fig. 2. FT-IR spectra of the (64-x)SiO2(36-x)CaO·2xP2O5samples for different  
spectral ranges as follows: 1800-400 cm-1 (a) and 4000-2500 cm-1 (b) 
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The presence of phosphate groups in the samples with P2O5 content is 
shown in the infrared spectra by double band located around 604 and 565 cm-1 [13]. 
This doublet is usually attributed to the PO4

3- bending vibrations in a crystal-like 
environment [12, 14, 15], but in the results reported by Aguiar et al. [13] these doublet 
corresponds to P-O-NOB vibrations and its signature is associated with the presence 
of the Ca content. They demonstrated that these bands are not visible in the spectra 
of CaO-free glasses [13]. These FTIR doublet increases in intensity with increasing 
the amount of P2O5.The band around 565 cm-1 is not visible for the sample with  
2 mol% P2O5, but the band around 470 cm-1 is broadening (Fig. 2a). The presence 
of the CO3

2-groups in the bending and stretching mode is detected at 712, 875 and 
1420 cm-1 [14, 17]. These bands decrease with the increasing of the amount of 
P2O5. The presence of molecular water is indicated by the band around 1640 cm-1, 
which can be associated with a deformation mode of adsorbed molecular water in 
the sample [2, 5, 13]. This is confirmed by the presence of a broad band around 
3450 cm-1, attributed to O-H stretching vibration [17, 18].  

To determine the effects of changing the SiO2/P2O5 amounts in the bioactive 
glass system, in the next step particle size distribution of heat treated samples was 
measured. The particle size of milled and ultrasonicated samples ranged from 
0.012 µm to 0.034 µm (Fig. 3). Particle size distributions for all samples obtained are 
similar. 

 

 
Fig. 3. Particle size distribution ofSiO2-CaO-P2O5investigated samples 
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The textural analysis was performed using BET and BJH methods by determining 
specific surface area, pore volume and pore size distribution, respectively. In Figure 
4a one can see that the addition of phosphorus in the sample results in increased 
surface area. The difference between specific surface areas recorded for the investigated 
samples which contain phosphorus is negligible. The total pore volume of bioactive 
glass samples ranged between 0.16-0.24 cm3/g. This value was higher for the sample 
x=2 (Fig. 4b). 
 

 
Fig. 4. The BET surfaces area (a) and pore volumes (b) of the  

(64-x)SiO2(36-x)CaO·2xP2O5samples 
 

 
Fig. 5. Pore size distribution of the (64-x)SiO2(36-x)CaO·2xP2O5bioactive glass  

system obtained by BJH method from the nitrogen adsorption isotherms 
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According to the IUPAC classification the textural pore size was therefore 
in the mesopores range with diameters between 2-50 nm [19]. With the addition 
of phosphorus in the system composition one observes a decrease of the pore 
diameters (Fig. 5), reaching values below 10 nm for the samples with x = 2 and x=4. 

The hysteresis loops in the IUPAC classification reflect a widely accepted 
correlation between the shape of the hysteresis loop and the morphology of the 
mesoporous adsorbent [20]. The samples with x=0, 1, 2 exhibit type H1 hysteresis 
loops, and the sample with x=4 type H2 hysteresis loops (Fig. 6). Types H1 and H2 
hysteresis loops, typical for mesoporous silica, correspond to cylindrical pores open at 
both ends and of disordered/interconnected porous material, respectively [20, 21]. 
Thus, one can conclude that with increasing phosphorous content the pores are 
more intensely interconnected.  

Based on the IUPAC classification the isotherms obtained from the sample 
without P2O5 are of type V and those from the samples with P2O5 are of type IV 
(Fig. 8) [19]. When the material is mesoporous the types IV and V occur for strong 
and weak fluid-wall forces, respectively [22]. 

 

.  

Fig. 6. The adsorption-desorption isotherms of nitrogen on the  
(64-x)SiO2(36-x)CaO·2xP2O5bioactive systems 
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CONCLUSIONS 

Bioactive glass samples of (64-x)SiO2(36-x)CaO·2xP2O5 system(0 ≤ x≤4 mol%) 
obtained by sol-gel method present beside the amorphous structure a weak crystalline 
phase, corresponding to tricalcium phosphate phase, as x ≠ 0. FTIR spectra evidence 
the absorption bands typical for bioactive glasses. The results show that specific 
surface area increases with the addition of phosphorus, and higher surface area is 
expected to lead to higher porosity in the samples with phosphorous. Taking into 
account that the total pore volume is high only in the sample with x=1 and the pore 
diameters decrease to value below 10 nm in samples with x=2 and x=4, it could  
be considered that the porosity of bioactive systems can increase by adding the 
phosphorous, but the pore size decreases with increasing the amount of phosphorus. 
The samples with x = 0, 1 and 2 have the cylindrical pores open at both ends. The 
results obtained for the sample with x= 4 show that with increasing phosphorus 
content in the system the pores are interconnected.  
 Based on the fact that ensuring spatially uniform cell distribution, cell survival, 
proliferation and migration in vitro interconnected pores request, we consider 
that the optimal bioactive glass composition is 60SiO232CaO·8P2O5.  
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ELECTRICAL RESISTIVITY AND EXCESS OF CONDUCTIVITY IN BULK  
(Bi-Pb)2223 SUPERCONDUCTORS 

 
 

A.V. POPa, G. STIUFIUCa, V. POPb AND C. LUNGa,* 

 
 

ABSTRACT. Superconducting samples (Bi1.6Pb0.4)(Sr1.8Ba0.2)Ca2Cu3Oy and (Bi1.6Pb0.4) 
Sr2Ca2Cu3Oy(Bi-2223) have been obtained by solid state reaction method and 
characterized by electrical resistivity and X-Ray diffraction measurements. The 
effect of sintering temperature on the electrical resistivity and excess conductivity 
were investigated. The parameters obtained from temperature dependence of 
resistivity data in the normal state and superconducting transition are sensitive to 
the sintering temperature. The fluctuation induced conductivity analysis of the 
samples were performed in the light of Aslamasov–Larkin (AL) theory.The composition 
and sintering temperature dependence of crossover reduced temperature between 
2D and 3D regimes in excess conductivity have been analysed.  
 
Keywords: ceramic (Bi,Pb):2223 superconductor, XRD, electrical resistivity, excess 
conductivity. 

 
 
 
INTRODUCTION 

The Bi:2223 superconducting phase has attracted much attention due to 
its higher Tc and the potential for applications. Bi-based superconductors have a 
relatively high Tc and some advantages of easy formability high chemical stability. 
The values for the critical transition temperature, Tc, and critical current density, 
Jc, are sensitive to the hole concentration and the oxygen content in the sample 
[1-4]. The bulk (Bi,Pb):2223 material consists of grains weakly coupled at the grain 
boundaries by junctions or weak links. 

Since the oxide superconductors have a very short Ginzburg–Landau coherence 
length, GL(0), it is therefore essential to look into the fluctuation induced conductivity 
analysis of excess conductivity (T) at temperatures well above the critical 
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temperature. The fluctuation excess conductivity has been usually well interpreted 
in the Ginzburg-Landau (GL) formalism in terms of gaussian amplitude fluctuations of 
the order parameter [5]. Among the different contributions which can be at play, 
the Aslamazov-Larkin (AL) term either in 2D or 3D appear the most relevant in 
high-Tc cuprates [6-10]. Lawrence–Doniach LD model [11]. It predicts a crossover 
from three-dimensional 3D electronic state of the system to a two-dimensional 
one 2D with increasing temperature. 

In this paper we report the effect of sintering temperature on the electrical 
resistivity, excess of conductivity and superconducting properties of (Bi,Pb):2223 
bulk systems, by measurements of XRD and electrical resistivity function of temperature. 

 

EXPERIMENTAL 

Bulk samples with nominal composition (Bi1.6 Pb0.4)Sr2 Ca2 Cu3 Oy (sample A1) 
and (Bi1.6 Pb0.4)(Sr1.8 Ba0.2) Ca2 Cu3 Oy (samples T1 and T2) were obtained by the 
conventional solid-state reaction of appropriate amounts of the metal oxides and 
carbonates of 99.99% purity. The partial substitution of Sr by Ba was used to induce 
the reduction of the modulation period [12].Appropriate amounts of Bi2O3, PbO, 
SrCO3, Ca CO3, La2O3 and CuO were mixed in agate mortar and calcined at 800 0C for 
36 hours. The calcinated powder was pressed into pellets and presintered at 840 0C 
for 200 hours. The pellets were grinding, pressed and resintered as following: the first 
(named sample A1)for 60 hours at 845 0C, the second (named sample T1) for 60 hours 
at 845 0C, and the last sample (named T2) for 60 hours at 850 0C. 

The X-ray diffraction (XRD) analysis confirmed the majority of peaks belong to 
the “2223” phase with a few of peaks belonging to the “2212” phase in S samples.  
 The four probe method was used for electrical resistance measurements. We 
used conductive silver paste with which golden leads were attached to the specimens. 
 

RESULTS AND DISCUSSIONS 

The temperature dependencies of electrical resistance,  (T), for the samples 
A1, T1 and T2 are shown in Fig. 1. Above the excess conductivity region, in the 
190K-300K temperature range, all samples show a linear temperature dependence of 
the electrical resistivity: 

 

L = 0 + aT       [1] 
where 0 is the residual resistivity and a is the slope of resistivity in the normal state. 
 As shown in Table 1, the 0 and a values changes function of sample composition 
(A1 and T1) and function of sintering temperature (for samples T1 and T2 with the 
same chemical composition). The partial substitution of Sr by x=0.02Ba and the 
increase of sintering temperature decreases residual resistivity. The decrease of 0 
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suggest that the number of scattering centers in the intra-and intergrain regions 
decrease. The granular microstructure and the nature of contacts between the 
grains strongly influenced the residual resistivity. 
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Fig. 1. The temperature dependence of the electrical resistance for samples  

A1,T1 and T2. The inserts show the transition region. 
 
 The measured normal resistivity in bulk samples is related to the intrinsic 
resistivity in CuO2 (a-b) plane of a single crystal, by the relation [13,14]: 
 

 = p( ab +  ct).      [2] 

 The coefficient p account for a mean percolative lengthening of the 
conduction paths and for the mean shrinking of the current cross-section,  ab  is 
the in plane resistivity for a single crystal and ct is associated with the contact 
resistance between the grains. The in plane resistivity for a single crystal is: ab = 
0i + i iT, where  0i is the intrinsic residual resistivity and i = dab/dT is the 
intrinsic slope of linear dependence of ab(T).The coefficient p were extracted for 
each sample by assuming that i = dab/dT in x=0.00 single crystal is weakly affected 
by a small concentration of La. We obtain p = a/ i, therefore the increase of 
parameter p for S1 samples and the decrease for S2 samples [Table 1].  
 For single crystal the intrinsic value is i = 0.5  cm K-1 [14] The partial 
substitution of Sr by x=0.02Ba and the increase of sintering temperature lead to the 
decrease of geometric factor for percolation p, and of intergrain contact resistivity. ct. 
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Table 1. The resistivity parameters in studied samples. 

Sample Tc 
[K] 

Tc(=0) 
[K] 

(0) 
[.cm] 

a=d/dT 
[.cm/K] 

p ct. 

[.cm] 

A1 108 105 228 4.65 6.2 37 
T1 109 106.5 196 3.88 5.17 38 
T2 109.5 108 50 1.27 1.7 29 

 
 Anothers parameters sensitive to partial Sr substitution with Ba and sintering 
temperature are the midpoint critical transition temperature (Tc), the transition 
width and the temperature for zero resistivity (Tc(=0)). [see Table 1]. Tc(=0) 
change may be in relation by phase content and intergrain dissipation processes. 
Tc(0) is the temperature below which the whole sample is transferred to zero 
resistance state. The samples with weak intergrain coupling possess low values of 
Tc(0) as well as higher normal state resistivity as compared to the sample having 
strong intergrain connectivity.The effects of partial substittution of Sr with Ba and 
the increase of sintering temperature is the increase of intergrain coupling. 
 The analysis of results for the fluctuation contribution on electrical conductivity 
is performed by assuming that the conductivity excess is given by:  
 

 = (T) - L (T)      (3) 

where  (T)=1/(T) is the measured conductivity and L (T) =1/L(T) is the term 
extrapolated from the high-temperature behavior (linear part of L(T)).  
 According to the Aslamasov-Larkin (A–L) theory, the fluctuation conductivity 
diverges as a power law of the type: 
 

 = A       (4) 

where A is the fluctuation amplitude, = (T-Tc)/Tc represents the reduced temperature 
and  is the critical exponent. 
 In order to compare the experimental data with the theoretical expressions 
for superconducting fluctuating behaviour, we plot ln() versus ln() of polycrystalline 
A1,T1 and T2 samples (figure 2) 
 Three Gaussian fluctuation regions were clearly identified above Tc. Critical 
exponent  is -3/2 for 1D (one dimensional) fluctuations), = -1 for 2D (two 
dimensional) fluctuations and =-1/2 for 3D (three dimensional) fluctuations. It 
can be seen from Figure 2 that all the samples have shown 3D fluctuations in the 
lower temperature region with a cross-over to 2D fluctuations in the higher temperature 
region. The 2D and 3D fluctuations were also observed in our samples but the 2D–3D 
cross-over temperature of all the samples has been shifted to higher value for 
sample T1 (by partial substitution of Sr with Ba). 
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 Lawrence and Donaich (LD) modified the AL theory and they predicted a 
dimensional cross-over from 2D to 3D fluctuations near Tc. 
 

 = A-1(1+(2c(0)/d)2      (5) 

The temperature at which 3D–2D cross-over takes place is given as 

TLD=Tc (1+(2c(0)/d)2      (6) 

 The second term in the above equation is the interlayer coupling strength 
J, which is related to the reduced cross-over temperature * through J = */4. In 
the case of polycrystalline samples the AL theory describes fluctuations in the 
intergrain as well as intragrain regions; however, the LD theory is associated only 
with the fluctuations in the intragrain regions [15]. 
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Fig. 2. Fluctuation Induced Conductivity analysis of A1, T1, and T2 samples.  

The solid lines are the 3D and 2D theoretical fits of experimental data following AL theory.
 
 By using the experimental value of reduced cross-over temperature * and 
the interlayer thickness d=15 Å the the coupling constant J and zero temperature 
coherence length c (0) were obtained (see Table 2). It can be seen from Table 2 
that c (0) decrease after the partial substitution of Sr with Ba. 
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 On the other hand by increasing sintering temperature the values for both 
parameters Tc and c (0) have been increased. 
 

Table 2. Parameters extracted from the excess conductivity analysis  
of the A1,T1 and T2 samples. 

Sample Tc [K] J c(0) [Å] 
A1 108 0.0045 1.01 
T1 109 0.0024 0.74 
T2 109.5 0.0032 0.88 

 
 Recentely was evidenced that disorder introduced by electron irradiation 
increases the phase fluctuation regime above Tc, in Y123 system, and that the 
spatial pair extension at high T is limited by the actual density of carriers available 
for pairing [16]. In Bi2212 thin film, the increase of phase fluctuation by decreasing 
doping is related by the presence of disorder introduced by Zn ions, and the possible 
magnetic fluctuation in hole poor island with weak superconductivity [17]. In our 
Bi-2223 the excess of conductivity  is the same in 2D regime for A1 and T1 
samples, but in 3D regime excess of conductivity increase for T1 sample (see fig. 2). 
This suggest that the partial substitution of Sr with Ba increases the phase fluctuation 
regime. 
 

CONCLUSIONS 

 We synthesized the 
 
superconducting samples with nominal composition 

(Bi1.6 Pb0.4)Sr2 Ca2 Cu3 Oy (sample A1) and (Bi1.6 Pb0.4)(Sr1.8 Ba0.2) Ca2 Cu3 Oy (samples 
T1 and T2) by the standard solid state reaction method.  
Above the excess conductivity region, in the 190K-300K temperature range, all 
samples show a linear temperature dependence of the electrical resistivity. The 
partial substitution of Sr by x=0.02Ba and the increase of sintering temperature 
lead to the decrease of geometric factor for percolation p, and of intergrain 
contact resistivity. ct. Another parameters sensitive to partial Sr substitution with 
Ba and sintering temperature are the midpoint critical transition temperature (Tc), 
zero resistivity transition temperature (Tc(=0)). 
 Close and above T

c
, the excess conductivity analysis reveal the occurrence 

of two fluctuation regimes characterized by the critical exponents around λ 
3D

=-0.5 
and λ

2D
=-1 respectively. These regions were interpreted as corresponding to 3D 

and 2D Gaussian regimes, respectively. Another intermediated regime was identified, 
which is related with 1D fluctuations. 
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 Zero temperature coherence length c (0) obtained by using LD theory (and 
associated only with the fluctuations in the intragrain regions) is different influenced 
by partial atomic substitution of Sr with Ba and sintering temperature, respectively. 
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ABSTRACT. This work analyses the possibility that velocity addition (both Galilean 
and in the framework of Special Relativity) can be represented with Boolean algebra. 
 
Keywords: logical operator, velocity composition. 

 
 
 
 

INTRODUCTION 

Boolean algebra has gained an extremely wide applicability in all fields of 
science, be it with a representation function or actually as a built in factor in the 
fundamentals of the respective field. For example, logical operations in electronics 
are indispensable to the field. It is in electronics that logical operations are used 
with a very interesting purpose, namely to detect and implement limitation values. 
One of the most simple and elegant examples of this is the usage of logical gates [1]. 
Of course, in electronics these limitation values are set by humans and have a clear 
purpose.  

Starting from this type of representation, we propose that natural phenomena 
with intrinsic limiting values can be represented by using Boolean algebra. In the next 
Section such a representation is described in detail for velocity composition, both in 
the Galilean framework and in Special Relativity. The final Section contains the 
Conclusions, with an emphasis on the possibility to use this type of representation 
to describe physical phenomena which exhibit a saturation behavior. 
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VELOCITY ADDITION REPRESENTATION 

If a reference system is moving with respect to a fixed observer with 
velocity v1 and a body is moving with respect to the reference system with velocity v2, 
velocity addition answers the question “what is the velocity of the body with 
respect to the fixed observer?” This question is solved in the Galilean description 
by the simple addition of velocities of the two systems, the reference system and 
the moving body [2]. For the simple one dimensional case, the mathematics is 
contained in the following equation 

1. 21 vvv    

It is of course known that this framework is not complete. For large velocities, 
it becomes necessary to introduce the notion of a limiting velocity (a maximum 
velocity for the propagation of information), the velocity of light. With this notion, an 
answer consistent with what we know about fundamental physics today is obtained 
by applying the composition law of Special Relativity (SR). For our purposes, the 
mathematics of this theory is contained in  

2. 

2
21

21

1
c
vv
vvv



 , 

where c is the velocity of light. 
We are not challenging any of the two frameworks, we are bringing forward a 

new way of representing them. For this purpose, we define a Boolean algebra. To 
make the addition law representable in this way, the limitative value of the velocity of 
light is set to mean 1, i.e. by this argument c=1. We continue with our argument by 
setting all other velocities (and their numerical value) to be 0 (false). 

The Galilean composition of velocities can be represented in this way by the 
“AND” relation. The general element }1,0{x  obeys the following relationships [1,3] 

3. 00 x , 

namely that some velocity AND a velocity that is not c, give a velocity that is not c. 

4. xx 1 , 

namely that some velocity AND c give a velocity that is not c (this is possible in 
Galilean dynamics). 

5. xxx  , 

namely that some velocity AND some velocity give some velocity, and 

6. 0 xx , 
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which states that some velocity x  AND its conjugate x  give some velocity. If x is c, 
then the relation states that c AND non-c (some other velocity) gives some velocity 
that is non-c. If x is not c, then the relation states that some velocity AND c give some 
velocity which is not c (again, this type of calculation is allowed by the Galilean 
framework). 

A concise way of seeing the representation value of this framework is to 
look at the Truth Table of the Galilean composition (Table 1) of velocities and of 
the logical AND (Table 2). The forth row which appears in the formal definition of 
the AND truth table is missing in the Galilean framework for the simple reason 
that there is no limiting entry in the case of the Galilean composition of velocity.  

It is known that Nature obeys this rule of addition for small values of v. We 
propose that as soon as the necessity for an entry of a limiting velocity appears, 
Nature commutes to calculating the velocity by SR composition, i.e. the OR. 

 

Table 1. The truth table of the Galilean composition of velocities,  
viewed as a Boolean operation. 

velocity velocity Result 
v v v 
v c v 
c v v 

 

Table 2. The truth table of the logical AND. 

A B Result 
0 0 0 
0 1 0 
1 0 0 
1 1 1 

 
The SR composition of velocities can be represented in this way by the 

“OR” relation. The general element }1,0{x  obeys the relations [1,3] 

7. 00 x . 

If x is not c, this means that the addition of some velocity other than c 
with some other velocity other than c outputs to some velocity other than c. If x is 
c, then according to the table of truth of SR composition shown in Table 3 (and OR 
shown in Table 4) the relation becomes c+0=1. 

8. 11 x , 

which translates the fact that there is a built-in limitation to the velocity, the 
addition of some velocity with c gives c (i.e., 1) (this also works for x=c). 

9. xxx  , 
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which states that the addition of two velocities that are not c will give a velocity 
that is not c.  

10. 1 xx , 
which states that the addition of a velocity that is not c with c is limited to c (this also 
works for x=c). All these issues are better understood by the comparative analysis of 
the table of truth for the SR composition (Table 3) and for logical OR (Table 4). 
 

Table 3. The truth table of the SR composition of velocities,  
viewed as a Boolean operation. 

velocity velocity Result 
v v v 
v c c 
c v c 
c c c 

 
Table 4. The truth table of the logical OR. 

A B Result 
0 0 0 
0 1 1 
1 0 1 
1 1 1 

 
CONCLUSIONS 

This article details the possibility of representing velocity addition in the 
real case of a limiting velocity by simple logical operations. The classical description of 
velocity addition is suitably done by the AND operator with no last entry for the 
limiting parameter. The post-classical description (Special Relativity) of the velocity 
addition conceptually allows for a limitation parameter. This is described by using 
the OR operator.  

In this framework it becomes possible to represent saturation phenomena 
in areas of physics, biology and chemistry. 
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SPECTROSCOPIC INVESTIGATION OF PVA MEMBRANES DOPED 

WITH BLACK CARBON NANOPARTICLES 
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ABSTRACT. The effect of black carbon particles on the spectroscopic properties of 
polyvinyl alcohol (PVA) was investigated by Raman and XRD methods, before and after 
gamma irradiation. Raman spectra of doped membranes contain the characteristic 
vibration bands of the PVA and of the black carbon. The X ray difractogram contains 
the specific peak of PVA at 2θ = 19° and other peaks at 2θ = 24° characteristic to black 
carbon. The amplitude of those peaks increases with the concentration of carbon. 
Possible applications of these membranes are in building fuel cell electrodes. 
 
Keywords: PVA; Black carbon; Gamma irradiation. 
 
 
 
 

INTRODUCTION 

Polymeric membranes have multiple applications, being indispensable 
elements where total or controlled separation of different entities is needed. The 
qualities which imposed the massive use of these materials were theirs good 
mechanical properties, (tensile strength and flexibility), high chemical stability, as 
well as, the possibility to influencing some electrical, optical, chemical, or mechanical 
behaviors in a desired way after the introduction of additional substances into the 
pure polymer during the manufacturing process. A particular application of polymeric 
membrane is the fuel cells construction.  

Polymeric materials often provide surprising solutions, both in achieving 
proton exchange membranes acting as solid electrolytes, as well as the electrodes 
[1, 2]. Improving the electric conductivity of such membranes is possible by addition 
of different dopants such as the black carbon. Usually the carbon nanoparticles 
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induce great increase of the electronic conductivity of doped materials. On the 
other hands, such dopant can modify some microscopic properties of the polymeric 
matrix. These modifications can be observed by specific methods like XRD and 
Raman spectroscopy. 

Other possibility to increase the electric conductivity may be the generation 
of free electrons along the polymeric chain by irradiation with high energy photons 
i.e. gamma radiation. But such aggression exerted on the polymeric matrix may 
induce dramatic modification on the local structure and order of polymeric chain. 

The aim of this study was the observation by spectroscopic methods of 
possible modification induced by the addition of carbon nanoparticles and gamma 
exposure on the local structure of PVA membranes. 

 

EXPERIMENTAL 

Polyvinyl alcohol has the C2H3O monomer and it is a fine-grained, white 
powder. It is very soluble in water, forming a transparent gel, but insoluble in pure 
methanol.  

A 99.9% purity carbon was used, presented in the form of fine black 
nanoparticles. The membranes were made by dissolving PVA powder in distilled water, 
adding carbon nanoparticles, vigorously stirring to homogenize, stretching on a flat 
surface and drying at room temperature. The polymeric concentration (PVA solution 
in water) was 10 % weight and the carbon dopant was added in percentages of 1, 
5, 15, 30 and 50% of carbon nanoparticles with respect to PVA initial mass.  

The porosity of PVA membrane increases progressively with the carbon 
addition and, when a 50% carbon is excelled, the binding role of PVA disappears 
and the membrane is falling apart. Depending on the size of the dryer support, 
membranes of different thicknesses can be obtained – in this case, the required 
thicknesses are larger than 1 mm in order to obtain a considerable absorbent 
amount for reactants.  

The obtained membranes were subjected to spectroscopic investigations, 
to observe the effect of carbon on their behavior compared with the situation 
when they are made of pure PVA. Spectroscopic measurements aimed with Raman 
and X-ray diffraction investigations. Investigations were also conducted for gamma 
irradiated membranes with a cumulative dose of approximately 8000 Gy. 

The gamma exposure was realized using a 60Co source with the dose rate 
of 5.6 Gy per hour. The Raman investigation were performed with R 3000 CN systems, 
with excitation power 150 mW at wavelength λ = 785 nm. The X-ray diffraction 
(XRD) was performed with a Brucker X-ray difractometer with Cr Kα 228 nm at 45 KV 
and 40 mA. The 2 teta range of 10-90 was recorded. 
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RESULTS AND DISCUSSION 

Generally the polymeric materials are very stable chemical compounds 
with very low chemical reactivity after polymerization. For this reason the addition of 
supplementary chemical elements, like the black carbon for ours systems, leads to 
the formation of dispersion of the dopant into the polymeric matrix, without the 
apparition of new chemical bonds. However the presence of the dopant in the 
vicinity of the polymeric segments can induces small modification of the vibration 
modes of some chemical bonds of the monomer. Such changes can be observed 
by comparing the Raman spectra of pure polymeric matrix before doping with the 
spectra of doped membranes. Special care will be done to the vibration bonds of 
the bending OH group of PVA, which are susceptible to be affected by the presences 
of dopant in their vicinity. In order to obsrev possible modification we recorded 
the spectrum of the pure PVA and then the spectrum of doped membranes, (Fig. 1). 
The most important bands observed in the spectrum of pure PVA are located at 
1710 cm-1, 1440 cm-1 corresponding to C-H and O-H bending mixture, 1232 cm-1 
corresponding to C-H wagging, 1145 cm-1 corresponding to C-O and C-C bending, 
918 cm-1 and 856 cm-1 corresponding to C-C torsion, [5, 6]. The peaks belonging to 
the doped samples appear at the following wave numbers: 1710 cm-1, 1598 cm-1, 
1440 cm-1, 1349 cm-1 1232 cm-1, 1145 cm-1, 918 cm-1 and 856 cm-1. For the doped 
membranes the Raman spectra were recorded at different concentration of black 
carbon, from 1% to 50%. Such spectrum contains the specific vibration bands of 
pure PVA, observed at the some wave membranes, 1710, 1440, 1232, 1145, 918 
and 856 cm-1. In addition, two intense bands were observed at 1349 cm-1 and 
1598 cm-1. Theirs amplitude increases significantly with the increase of the amplitude 
of carbon, whereas the amplitude of other bands remains almost constant. (Fig. 1).  

Knowing that the amplitude of the vibration bands increases with the 
number of chemical bonds involved in such vibration, we conclude that these bonds 
are assigned to carbon dopants. On the other hand, the position of the specific 
vibration bands of the PVA, don’t change with the increase of the concentration. The 
Raman spectrum of the doped membranes contains the characteristic bands of pure 
PVA to which are added the bands corresponding to amorphous carbon.  

Consequently, the spectrum of the doped sample appears as a simple 
superposition of spectra. Each component of this combination preserves its own 
identity, as the intermolecular bonds are weak physical bonds. From this observation 
we can conclude that none new chemical bonds appear between the dopant and 
the polymeric matrix. 

Generally the interaction of high energy radiation, such gamma radiation, 
with the polymeric chains, has as effect the excitation of the electronic levels, 
ionization of the atoms and even breaking of some chemical bonds. Breaking of 
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chemical bonds means the vanishing of vibrations associated to these bonds. In 
the Raman spectrum the effect is associated with the decrease of the amplitude 
of the vibration bonds corresponding to these vibrations, or in the extreme event 
where all the chemical bonds were broken, the complete vanishing of these 
bands. Comparison of the Raman spectra before and after irradiation is very 
useful to establish such effect of irradiation. For this propose, we recorded the 
Raman spectra for all the samples after irradiation at dose 8000 Gy. 

 
 

The spectrum of the pure PVA irradiated at this dose contains the same 
vibration bands, without displacement, as the spectrum of pure PVA before irradiation 
(Fig. 2). Only a small modification of the amplitude of all the vibration bands was 
observed after irradiation. The main vibration bands at 856, 918, 1145 and 1440 cm-1 
can be seen in both the spectra, (irradiated and un irradiated samples). 

Similar behavior was observed also for the samples containing black 
carbon. We found peaks at 918, 1095, 1232, 1349, 1440 and 1598 cm-1. It’s observed 
only a slight decrease in amplitude of these bands, which is due to splitting of 
polymeric macromolecules, increasing of molecular dynamics and initiation of a 
rearrangement process of these molecules. The characteristic vibration bands of 
black carbon appear clearly in these spectra at the same wave numbers 1349 and 
1598 cm-1 (Fig. 2). None vibration bands vanish completely after irradiation, meaning 
that the breaking effect of chemical bonds have only a limited character. These 
observations confirm the high chemical stability of this system even at moderate 
gamma exposure.  

Fig. 1. The Raman spectra of pure PVA and PVA doped with 
different concentrations of black carbon. 
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Although Raman spectroscopy gives complementally information concerning 
the local structure of the polymeric system, the more detailed characterization of 
the local order of polymeric chains, before and after irradiation, is provided by 
XRD method. Polymeric materials are know as amorphous materials, but in many 
situations, a local order arrangement of the polymeric chains, can occur [9]. 
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Fig. 2. Comparison between the Raman spectra of pure PVA and PVA  

with 30% Carbon in initial state and after gamma irradiation. 
 

Such local structures, named crystalline domains, behave like a solid state 
crystalline network, producing maximum and minimum of interference when they are 
under the incidence of a parallel beam of X rays. The breaking of chemical bonds or 
scission of polymeric chains determined by gamma radiation can modify the size, and 
the distribution of such ordered structures in the entire volume of samples. The 
amplitude, the shape of width of diffraction peaks are correlated with the size and 
distribution of the ordered domains. Observing these parameters before and after 
irradiation we can describe the effect of radiation on the structure of the system.  

Pure PVA exhibits a broad maximum of diffraction centered at 2θ = 19° by 
reflection on the bundles of macromolecular chains, where the persistence of a 
predominant distance between macromolecules generates some interference 
planes [7], (Fig. 3). This maximum of diffraction is associated pattern of the 
crystalline grid plan (1, 0, 1). The crystalline nature of PVA is determined by the 
hydrogen bonds occurring between H atoms and OH side groups of the same chain or 
parallel chains. The basic unit of such a structure is monoclinic with parameters  
a = 7.81Å, b = 2.5Å, c = 5.51Å and x = 91.42° and contains two vinyl alcohol monomer 
units (CH2CHOH), [4, 8]. 
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Fig. 3. The X-Ray difractogram for pure PVA, pure black carbon and PVA  

with 50% black carbon. 
 

The difractogram of pure PVA is typical to amorphous substances or to 
substances with a low degree of crystalline structure. 

The X-ray difractogram of doped PVA membrane contains specific peaks 
of pure PVA at 2θ = 19° and other one at 2θ = 25°, characteristic to black carbon 
(Fig. 3). The amplitudes of this peak increases with the carbon concentration but, at 
the lowest concentration of 1%, they are not visible in the spectrogram. However 
the deconvolution of difractogram shows clearly the existence of this peak for all the 
concentrations and its increase of amplitude with the concentration of carbon, 
(Fig 4).  
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Fig. 4. The X-Ray difractogram of PVA doped membranes with  

30% before and after gamma irradiation 
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The deconvolution shows only weak variation of the intensity of the PVA’s 
peak with the carbon concentration, meaning that the local order of polymeric 
chains is not strongly affected by the presence of the black carbon. This conclusion is 
in accord with the Raman observation.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Deconvolution of difractogram of PVA doped membranes  
with 30% black carbon 

 
After the gamma irradiation, there weren’t observed significant changes 

in the X-ray difractogram, only a small modification of the amplitude of the pure 
PVA is observed. This behavior can be attributed to a little modification of the 
local order of the polymer determined by possible breaking of the chains. The doped 
membranes behave after irradiation as the unirradiated ones, indicating good 
stability of the system, (Fig.5). Also these conclusions are in accord with the Raman 
observations. 
 

CONCLUSIONS 

PVA membranes doped with black carbon nanoparticles, having 1, 5, 15, 
30 and 50% carbon concentrations from the initial mass, were prepared. 

Raman spectra don’t show modification of the vibration bands of the 
polymer after the introduction of the dopant. The bonds between the PVA polymeric 
macromolecule and the carbon atoms, used as dopants, are weak physical bonds. The 
polymeric matrix is characterized by amorphous state with a weak degree of local 
ordering. These characteristics remain unchanged after the introduction of black 
carbon nanoparticle. The difractograms show only an increase of the characteristic 
peaks of carbon with the increase of its concentration, without modification of the 
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diffraction angle. The prepared membranes show enough stability at exposure to 
high doses of gamma irradiation. High-dose gamma irradiation causes low degree 
of scission of polymer macromolecules, followed by molecular rearrangement 
processes without modification of their chemical properties.  
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ABSTRACT. Bone is a composite material with a hierarchical structure. Human 
skeleton bones represent important resources for archeological investigations. 
This study reports preliminary results obtained by solid-state nuclear magnetic 
resonance on two-millennia old human bone artifacts. Hydrogen, carbon and 
phosphorus analysis allow structural characterization, which could be further 
useful in assessment of burial/cremation religious ritual, preservation methods, 
as well as preservation environment. 
 
Keywords: solid-state nuclear magnetic resonance, human bones, archaeology 

 
 

INTRODUCTION  

 Over the last decades magnetic resonance methods in general and nuclear 
magnetic resonance (NMR) in particular [1, 2] expand the fields of usage due to 
technological developments in areas like superconducting magnet, electronics, 
radio-frequency or mechanics/dynamic/flow [3-5]. Regardless of the state of the 
system as gaseous, liquid or solid, the method provides important molecular structure 
and dynamic information. In solid-state NMR the technique of Magic Angle Spinning 
(MAS) [6, 7] is the most widespread NMR method due to its capability of high 
resolution NMR spectra acquisition. 
 Bone comprises about 30% organic matrix, interwoven with a framework 
of about 70% poorly crystallized mineral matter composed primarily of calcium 
phosphate with a carbonated hydroxyapatite-like structure [8]. Postmortem processes 
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affecting human remains are themselves important for archeological sciences. 
These processes are most of the time associated with religious rituals. Depending on 
the burial/cremation rituals and on preservation environment, the bones structure 
can change and, indirectly, it can be used to characterize the processes to which 
the investigated bones were subjected [9, 10]. These changes are caused by multiple 
physical, chemical and biological factors and are named diagenesis [11]. The loss 
of nitrogen and carbon, the uptake of fluoride and uranium, and bone mineral 
crystallinity are examples of diagenetic phenomena which have long been used 
for relative dating purposes [12]. Mineral phase of the bone contains structural 
details that could deliver to archaeologists useful information for assessment of 
aspects related to funeral traditions and inclusively on the social status of the 
person the bone remains come from.  

NMR studies bring information on the resonant elements/nuclei irrespective 
of whether the sample is crystalline or not. NMR is useful in giving structural 
information which may not be obtained from X-ray diffraction (XRD), either because 
the lack of peaks in case of the vireous samples or because as the phases are present 
in quantities too small to be detected by XRD. In addition, NMR also gives information 
about the presence and mobility of hydrogen atoms which are not detectable by XRD.  

In this study we applied solid-state NMR and XRD analysis for a preliminary 
investigation of two millennia old human bone artifacts.  
 
EXPERIMENTAL 

 Bone samples were collected from human skeletons found in archeological 
sites from highland Transylvania. Different skeleton parts were on-site and on-lab 
cleaned, then the samples to be analyzed were prevailed using a pneumatic drill 
machine with drill bit made of 316 stainless. Low diameter bit (300 μm) was used 
to better control the bone depth from which samples were collected. Investigated 
bone samples were collected from femurs of buried or incinerated adults. 
 The structure of the investigated samples was first analyzed by X-ray 
diffraction (XRD) with a Shimadzu XRD-600 diffractometer using Cu Kα radiation 
(λ=1.5418 Å). 
 1H and 31P solid-state MAS NMR analysis was performed on Bruker Avance III 
spectrometer operated at 14.1 Tesla magnetic field (1H Larmor frequency 600.13 MHz 
and 31P – Larmor frequency 242.93 MHz).  
 1H and 31P MAS NMR spectra were externally referenced relative to proton 
and phosphorus signal of tetramethylsilane and 85% phosphoric acid solution, 
respectively as 0 ppm. All spectra were processed using Bruker’s TopSpinTM [3] 
program and deconvoluted with DMfit [13]. 
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RESULTS AND DISSCUSION  

Bones are composite materials with a hierarchical structure. Heating and 
burning influence the structure of bone mineral phase and lead to a characteristic 
signature of structural change. This knowledge could deliver valuable information 
in the investigation of burned human remains from archaeological contexts in 
funerary practice. 

The X-ray diffraction patterns of the investigated samples (Fig. 1) show 
hydroxyapatite (JCPDS 9-0432) as main crystalline phase. For the incinerated sample, 
a weak calcite diffraction line (JCPDS 5-0586) also occurs. Changes in crystallite 
size are notable, and a higher crystallinity is evidenced for the incinerated bone. The 
lack of CaO (JCPDS 82-1691) phase could prove that the incineration temperature 
was below 800 oC [14]. 

 

10 20 30 40 50 60 70 80

 (a)

 (b)

 2 theta  (degrees)  
Fig. 1. XRD patterns of (a) buried and (b) incinerated bone samples. 

 

 In bone apatite the basic structural unit is PO4 tetrahedron. The connectivity 
of PO4 tetrahedra according to Q(n) terminology based on n-number of the bridging 
oxygen atoms is well delivered by 31P MAS NMR analysis [15]. One of the four P – O 
bonds is double (P = O) while the other three are simple (P – O). Through these three 
oxygen atoms the PO4 basic unit is further connected. Depending on the number 
of P–O–P bonds, the phosphate structural units are classified as Q(n) type units 
with n = 0, 1, 2, 3 [16].  
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For both bone samples, the 31P MAS NMR spectra (Fig. 2) point out chemical 
shift and sidebands characteristic of hydroxyapatite (HAp). Buried bone sample 
spectra show a single peak, relatively broad, centered at about 2.0 ppm typical for 
amorphous materials. The peaks are covering Q(0) range which indicate a phosphate 
network depolymerization. The increased linewidth of top 31P spectrum can be 
attributed to HAp with Ca substituted by ions like Mg and Zn [17, 18]. 

 

 
 

Fig. 2. 31P MAS NMR spectra of (a) buried and (b) incinerated bone samples,  
recorded under magic angle spinning of 7 kHz.  

 
At expanded scale (Fig. 3), one observes that the incinerated bone sample 

spectrum presents two quite narrow peaks with isotropic chemical shifts of 2.3 
and 4.6 ppm, respectively which are not completely separated. The existence of 
two peaks slightly overleaped in the Q(0) range is due to the phosphorus with 
different second coordination sphere. The dominant peak at 2.3 ppm is attributed 
to pure hydroxyapatite (Ca5(PO4)3OH) [19], while the second one may be attributed to 
calcium-deficient hydroxyapatite or to phosphate surface species. Calcium-deficient 
hydroxyapatites are structures in which Ca:PO4 ratio is lower than 1.67, namely 
1.33 for octacalcium phosphate (Ca8H2(PO4)6∙5H2O) and 1 for dicalcium phosphate 
dihydrated (CaHPO4∙2H2O).  
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Fig. 3. 31P MAS spectra of (a) buried and (b) incinerated bone samples and  
deconvolution of the latter one. 

 
 On the other hand the line broadening of the buried bone samples does not 
allow a unique Gaussian like line-shape simulation of multiple signals. Obviously, the 
line width for the incinerated sample is narrower than that of buried bone and the full 
width at half maximum could be further used to determine the specific surface area. 
The specific surface are values of apatites in bone cementum cannot be measured 
directly using standard adsorption methods. The obstacle is the organic matrix. 
Instead, it can be estimated using 31P MAS NMR by comparison linewidths of cross-
polarization and Bloch-decay peaks, because it was demonstrated [20] that the 
linewidth parameter shows explicit dependence on specific surface area. 
 The bone mineral phase in these samples was further described by 1H NMR 
analysis. The peak coming from Hap’s OH group is centered at 0.8 ppm and in the 
buried bone sample is overlapped by other broad signals (Fig. 4). These are attributed 
to both organic and inorganic phases entering the bone structure, and also to new 
structures formed by bone – environment interaction over the time [21, 22]. A 
broad feature, centred around 5 ppm can be assigned to the presence of hydration 
water, an intense signal at 4.8 ppm was reported as typical of CaCO3,∙nH2O and 
NaHCO3 and could be associated to calcite which was deposited on bones by 
groundwater [23]. 
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Fig. 4. 1H MAS NMR spectra of (a) buried and (b) incinerated bone samples,  
recorded under magic angle spinning of 33 kHz 

 

 It was also reported [23, 24] that a signal around 1.7 ppm in 1H MAS NMR 
spectra is related to type-I collagen of the organic phase of bone and the 
diminishing of this signal shows the degradation of collagen during the time. The 
lack of any future around 1.7 ppm suggests that none of the investigated samples 
kept undegradated collagen. 

The higher crystallinity of hydroxyapatite phase is even better shown by 
1H MAS spectrum of incinerated sample (Fig. 4). Not that the heat lead to organic 
phase disintegration but the temperature value itself was high enough to increase 
the crystallization level.  
 

CONCLUSION 

 Both buried and incinerated bone samples overwhelmingly consist of mineral 
hydoxyapaptite phase. The XRD analysis suggests that the firing temperature of 
the incinerated bone was bellow 800 oC. Changes obtained in the full width at half 
maximum of 31P MAS NMR analysis could be further used to determine the specific 
surface area values. 1H MAS NMR results of two millennia old human bone artifacts 
suggest that none of the investigated samples kept undegradated type-I collagen. 
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The preliminary data obtained in this study present solid-state NMR capability to 
investigate this type of complex materials in which amorphous and crystalline, 
organic and inorganic phases coexist. 
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OPTICAL WAVEGUIDE AMPLIFIERS IN HIGHLY ER-DOPED  
SILICA GLASS SUBSTRATES 

 
 

PAREKHAN M. ALJAFFa 
 
 
 

ABSTRACT. Short amplifiers are currently attracting increased interest, especially for 
use in integrated optics. In this study the simulated gain performance and noise figure 
of Erbium doped on Silica glass substrate pumped in the forward direction are 
obtained taking into account the up conversion effect from the Er3+  levels (4I13/2 and 
4I11/2). The influence of waveguide length, pump power, Er-doping concentration and 
the co-operative up-conversion coefficient on the gain curves and on the waveguide 
noise figure is studied. Optimum results are obtained using a 3-cm length waveguide 
at Erbium ions density of NEr (15×1026 at/m3) and at the up-conversion coefficient 
value of 1x10−24 m3/s−1. The up-conversion process, however, puts limits on both the 
amplifier gain and the maximum favorable concentration. 
 
Keywords: Erbium, waveguide amplifiers, optical amplifiers, waveguide components  
 
 
 

INTRODUCTION 

Erbium-doped silica fiber pumped at 1480 nm or 980 nm shows a linear 
gain response, temperature insensitivity over 100 °C, polarization independence 
and a low noise figure [1], which are all properties predetermining the use of 
erbium doped waveguide amplifiers (EDFA) in commercial transmission systems. 
On the other hand, the typical length of an EDFA is up to 50 m, which limits its 
applicability in the access networks where compact and integral devices are desired. 
Therefore, in the last fifteen years the attention was turned to the planar analogy 
of EDFAs, erbium doped waveguide amplifiers (EDWA). In EDWAs the signal 
enhancement is achieved in a few cm long, highly doped waveguide, which can be 
integrated with other functions to produce lossless’ and small-size network 
components. 
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Waveguide amplifiers fabricated in multicomponent silicate and phosphate 
glass substrates belong among the most common and successful EDWA realizations. 
Glass as a substrate material for integrated optics has many advantages: is highly 
transparent, mechanically rigid and stable, relatively cheap and compatible with 
the current commercial fiber technology. Furthermore, by adjusting the glass 
composition one can control important optical and spectroscopic properties. In 
this way, the amplifier substrates may be optimized and amplifiers without standing 
performance are achieved. To date, a number of glass waveguide amplifiers has 
been presented and it was demonstrated that Er-doped glasses are suitable as 
tunable laser sources as well as broadband signal amplifiers in modern Wave 
Division Multiplexing networks[2-3]. 

The main topics studied in this paper is the signal gain and noise figure 
variations with the waveguide lengths, pump power, Er-ion density and the co-
operative up-conversion at higher value of Erbium ion density [4]. 
 

THEORY 

Since the advent of Erbium doped fiber amplifiers, researchers have 
investigated the possibility of reducing the size of an Optical Fiber Amplifiers (OFA) to 
be comparable to an Semiconductor Optical Amplifiers (SOA). The primary restriction 
was the active fiber length (<3 m); hence, the desire to replace this fiber with  
a planar waveguide. The Planar Waveguide Amplifier (PWA) is basically the same 
as the OFA, except that the active fiber is replaced by an active planar waveguide 
and the Wave Division Multiplexing (WDM) is usually integrated on the same 
substrates.  

The doped waveguide may present more than one mode at the pump or 
at the signal frequencies/wavelength. This is common in integrated optics, in 
which the discontinuity between the refractive index of the core and the cladding 
is raised on purpose to provoke a high confinement of the pump field and, thus, 
obtain higher gain [5].   

We can presume that the device is externally excited by a beam with 
Gaussian field distribution Φ(x, y, ω), with different spatial widths at the pump 
and signal wavelengths. This supposition is experimentally sustained when a 
beam that it is being coupled through a set of lenses excites an integrated optical 
device. Consider that at the wavelengths λs and λp (signal and pump wavelength, 
respectively), Ns and Np modes with field's distributions φi (x, y, λs/p) can propagate. 
The input beam can then be described through a modal expansion of the modes 
present in the waveguide, that is: 
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Where Nq can assume Ns and Np, and Ci represents the coupling 

coefficient between the field of the Gaussian input beam and the field of the 
corresponding mode. Then, the fraction of the total power allocated in each 
expansion mode for the pumping and for the signal will be; 
 

 
In this way, for multimode waveguides, the normalized intensity profile 

for the signals and the pump can be calculated as;  

  
where i

s (x, y) and i
p (x, y) are the normalized intensity profiles at the signals 

and the pump wavelength, respectively. In this way, for multimode waveguides, 
the normalized intensity profile for the signals and the pump can be calculated as: 

 

 
 

SIMULATION RESULTS 

Optical gain measurements were performed on 3-cm long waveguide sample 
using the experimental setup depicted in Fig. 1. The waveguide parameter's are 
shown in Table 1. 
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Fig. 1. Devise configuration 

 
Table 1. Waveguide characteristics 

Name Value Units 

Er ion density 1.5exp (27) m-3 

Er metastable lifetime 11 ms 

Er signal excess loss 80 dB/m 

Er pump excess loss 100 dB/m 

 

A. Signal Gain Variation with Pump Power and Waveguide Length 

The typical signal gain characteristics were examined for a purely Er-doped 
amplifier as function of pump power and the active waveguide length. In Fig. 2 the 
signal gain dependence on the amplifier length is plotted for four different pump 
powers. Initially, the signal gain increases approximately linearly with the amplifier 
length and starts to saturate. Naturally, the higher the pump power, the longer the 
propagation distance at which the saturation occurs. For given pump power there 
always exist an optimum waveguide length above which the amplifier performance is 
strongly degraded. For instance, since the waveguide losses are rather high relatively 
high pump powers of order of 100 mW are needed to achieve a sufficient gain. 
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Fig. 2. Signal gain versus amplifier length for four different pump powers  

(50, 100, 200 and 300mW) 
 

Table 2. Spectroscopic characteristics 

Name Value 

Signal wavelength λs 1535 nm 

Pump wavelength λp 980 nm 

Signal power -30dBm 

 
 
Figure 3 shows the plot of signal gain versus pump power calculated for 

four different waveguides varying in their lengths. Short waveguides exhibit a low 
threshold power (the pump power at which the amplifier gain just compensates 
the waveguide losses), however, the maximum achievable gain is low. On the 
contrary, long waveguides must be pumped heavily to overcome the propagation 
losses, but the saturated gain reaches much higher values. The maximum achievable 
gain increases approximately linearly with the amplifier length. 
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Fig. 3. Signal gain as a function of pump power for varying waveguide length,  

at Cup = 1 x10−24 m3/s−1 . 
 
 

B. The Influence of Er3+ Concentration and Co-Operative Up-Conversion 

The co-operative up-conversion is a substantial gain limiting process that 
becomes important especially at high Er3+ doping concentrations. Since the  
up-conversion and Er3+ doping level are linked closely together, it is almost 
impossible to discuss their effects on the amplifier performance separately. 

First, the influence of erbium concentration is studied for a case of  
Cup = 1x10−24 m3/s−1, and shown in Figure 4 the signal gain versus propagation 
length is shown for five different values of NEr, varying from 0.5x1026 at/m3 to 
15x1026 at/m3. The pump power is set to 100 mW. The maximum achievable gain 
increases with increasing erbium concentration and the optimum propagation 
length decreases. 

A 33dB gain is obtained at NEr =15x1026 for 3-cm length waveguide. In 
literature at NEr.= 1.1x1025 at/m3 the gain obtained is only 4 dB [4]. 

The effect of up-conversion is shown also in Figure 5 where the signal gain 
is plotted as a function of Erbium ion density for three different up-conversion 
coefficients Cup = 1x10−25, 1x10−24 and 1 x10−23 m3/s−1. 
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Fig. 4. The influence of Er3+ concentration on signal gain for  

up-conversion coefficient Cup = 1 x10−24 m3/s−1 . 
 
 

Figure 5 proves that at higher up conversion values the overall gain is 
almost lower than in the lower cases especially at higher Er3+ concentrations  
the influence of up-conversion is enhanced and the maximum achievable gain 
decreases. For low up-conversion values the maximum possible Er-doping level 
would be desired and a high optical gain could be achieved. The up-conversion 
process, however, puts limits on both the amplifier gain and the maximum 
favorable erbium concentration. 

The effect of up-conversion is also demonstrated in Figure 6 where the 
signal gain is plotted as a function of pump power for three different up-conversion 
coefficients Cup =1x10−25, 1x10−24 and 1x10−23 m3/s−1. A three dB maximum gain is 
obtained for Cup = 1x10−24 m3/s−1 at 100 mW. 
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Fig. 5. Gain versus Er3+ concentration for three different  

up-conversion coefficients values. 
 

 
Fig. 6. The influence of the co-operative up-conversion on the amplifier gain plotted  
as a function of pump power. The up-conversion coefficients Cup = 1x10−25, 1x10−24  

and  1x10−23 m3/s−1 were considered. 
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C. The Influence of Noise Figure (NF) 

The amplified spontaneous emission represents a major source of amplifier 
noise and it can deteriorate the amplifier performance especially for long and low 
loss waveguides. The noise as consequence of amplified spontaneous emission is 
depicted in Figures 7, 8 and 9 for a 3-cm long Erbium-doped waveguide amplifier 
pumped at 100 mW. 

 
Fig. 7. The variation of noise with signal input power 

 

Figure 7 shows the noise figure variation as function of pump power for 
different fiber lengths (1, 3, 5 and 8 cm) at -30 dBm signal input power and 
constant erbium ion density, NEr =15x1026, the noise figure decreases with increasing 
the pump power, and at low pump power the noise figure is large for longer fiber 
length than shorter fibers. 

The variation of noise figure with waveguide length for five different values 
of NEr is shown in Figure 8, for a waveguide of 3-cm lengths, the noise value is 
approximately constant and not changed by changing NEr. At the maximum value 
of NEr = 1.5exp27 the noise obtained is 4 dB, the typical value of noise figure in 
erbium waveguide amplifiers is from 4 to 5 dB. 
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Fig. 8. The variation of noise figure with waveguide lengths at different values  

of NEr (3exp26-15exp26) an Cup =1x10−24 m3/s−1. 
 

 
Fig. 9. The influence of the co-operative up-conversion on the amplifier noise figure 
plotted as a function of Er-ion density the up-conversion coefficients Cup = 1x10−25,  

1x10−24 and 1x10−23 m3/s−1 were considered. 
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In Figure 9 the obtained noise at Cup = 1x10-23 is noticeable and increases 
with Er-ion density. Especially at higher Er3+ concentration the influence of up-
conversion is enhanced and the achievable noise increases. On the contrary the 
obtained noise at the other two values of Cup 1x10−24 and 1x10−25 m3/s−1 is low 
and not changes by changing the Er3+ density.  
 
 
CONCLUSION 

1. First the typical signal gain characteristics were examined for a purely 
Er-doped amplifier as function of pump power and the active waveguide length. 
The results demonstrates that a maximum gain is obtained for a waveguide 
amplifier of length 3 cm at 100 mw pump power. 

2. Second part of the amplification measurement consisted in determining 
the influence of Er3+ concentration on signal gain for different waveguide lengths, 
at Erbium ion density (1.5xexp27) and Cup = (1x10−24 m3/s−1) at waveguide length 
of 3cm.The results obtained from the up-conversion coefficients prove that at 
height Er3+ concentrations the influence of up-conversion is enhanced and the 
maximum achievable gain increases. Maximum gain and minimum noise figure 
obtained at Cup = (1x10−24 m3/s−1). 

3. The NF is strongly dependence on the waveguide length, Erbium ion 
density and the up-conversion coefficients value. A 3-cm length waveguide has a 
typical value of noise of 4 dB for the values fixed in the tables. 
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A NEW APPROACH: 29SI MAS NMR AND EDX APPLIED  
TO THE STUDY OF MIDDLE BRONZE AGE POTTERY 

 
 

M. VASILESCUa, b, c,*, A.A. FARCAŞa, V. VASILACHEd, N. BOLOHANb, e 
 
 

ABSTRACT. For many millennia ceramics was the main material used for storage 
or food preparation. Archaeological sites usually contain large amounts of pottery, 
which can be used for cultural and chronological assessment. Ceramic fragments 
belonging to Middle Bronze Age in Eastern Romania were analyzed by 29Si MAS 
NMR spectroscopy for characterization of the local structure. Quantitative analyze 
was done for different structural arrangements: Q2, Q3, Q4. We obtained the 
elemental composition by EDX spectroscopy. We compared the results for two 
pottery groups, Monteoru and Costişa, all samples being founded in the same 
archaeological site.  
 
Keywords: NMR, EDX, Middle Bronze Age, Pottery 

 

 
INTRODUCTION  

The NMR (Nuclear Magnetic Resonance) spectroscopy is one of the most 
frequently used methods of analysis for study of ceramics and glasses [1-3]. However, 
NMR techniques were rarely used to study pottery from the Bronze Age. A literature 
search reveals no report about the study on such materials by 29Si Magic Angle 
Spinning (MAS) NMR and Energy Dispersive X-ray (EDX). 

Nuclear Magnetic Resonance Spectroscopy applied to Bronze Age ceramics 
can be useful for cultural framing of the monument, determination of the technology 
or the relationship with neighboring and contemporary civilization [4]. 
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In this study solid-state MAS NMR has been used to monitor structural 
composition and phases of different ceramic fragments belonging to Middle 
Bronze Age found in archaeological sites from Costişa, Neamţ County, Romania. 
Significant differences were found between the results of analyzes. 
 
CULTURAL BACKGROUND 

 The Costişa and the Monteoru pottery groups represent for the area situated 
in Eastern Romania the main cultural and chronological frame for the final stage 
of the Early and Middle Bronze Age. 
 Even if there are a lot of archaeological results coming out from the 
eponymous site, there is a permanent need for improving the image about it. Thus, 
starting with the first assertion concerning the periodization and chronology of the 
Costişa pottery group, the eponymous site was considered that it belongs to the 
Middle Bronze Age. The area under study was marked by the contact with different 
communities belonging to the Southern Monteoru group. They have contributed in 
good measure to reconfigure the Middle Bronze Age in Moldavia. This idea is 
confirmed by the archaeological excavations in Siliştea, Borleşti and other places 
situated in west-central Moldavia, mainly in the Cracău-Bistriţa depression. 
 Recently, based on combining archaeological data with the radiometric ones 
was reconfirmed the position of Costişa site as belonging to the Middle Bronze. [5, 6] 
 
EXPERIMENTAL  

 For this study a number of seven shards of pottery taken from the 
archaeological site of Costişa were selected, named 1C to 7C, the most representative 
ones, in good conservation state. According to macroscopic observation made by 
archaeologists the samples 2C, 4C, 6C represent Monteoru pottery group, while 
the samples 1C, 3C, 5C, 7C are part of Costişa pottery group. 

For elemental compositional analysis was used a scanning electron microscope, 
SEM (Scanning Electron Microscopy) VEGA II LSH model, manufactured by Czech 
TESCAN, coupled with an EDX detector type QUANTAX QX2, made by BRUKER / 
ROENTEC Germany. In the last few decades, SEM-EDX techniques have been used 
increasingly for the analysis of ceramics of this type, providing information about 
their production process [7]. 

29Si MAS NMR spectra were recorded with a Bruker Avance 400 Ultra Shield 
NMR spectrometer, operating at 9.4 Tesla, a rotor of 4 mm diameter and spinning 
frequency of 8 kHz. For analysis was taken a quantity of about 500 mg per sample and 
grinding was done to it, thus obtaining a powder. TMS (tetramethylsilane Si(CH3)4) 
was used as a reference for reported isotropic chemical shifts.  
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In oxides, silicon is usually surrounded by four oxygen atoms, forming SiO4 
tetrahedra. One tetrahedron can be connected to other n tetrahedra, via oxygen 
(Qn, n = 0, 1, 2, 3, 4) [8]. 29Si NMR isotropic chemical shift shows the type of local 
structure in which silicon atoms are found. 

The deconvolution of the 29Si MAS NMR spectra was performed using 
DMFIT software [9-10]. 
 

RESULTS AND DISCUSSION 

 According to I. Sandu et al. [11, 12] in the case of ancient pottery, the 
average values of the gravimetric concentration are relevant in archaeometry for Fe, 
Ca, Na and Ti. Nevertheless, equally important are the Si/Al ratio (caustic module), 
the Ca/Mg ratio (alkaline-earth module) and the K/Na ratio (alkaline module), 
evaluated from weight percent (gravimetric concentration). 
 For all samples was studied the structure and elemental composition of 
the inside part, leaving the analysis of the surface (engobe) for a future study. After 
the elemental composition determination through EDX spectroscopy, on all potteries 
has been identified the presence of the following elements: Si, Al, Fe, Ca, Mg, K, 
Na, P, Ti and O (Table 1).  
 

Table 1. Elemental composition of the Costişa pottery 

Weight % 
Sample 

Fe Ca Na Ti O Si Al P Mg K 
1C 5.28 1.93 0.78 0.78 42.58 29.62 10.75 2.04 1.53 3.15 

2C 4.86 2.53 0.39 0.75 41.50 31.36 11.81 2.38 1.22 3.20 

3C 5.82 1.86 0.52 0.66 39.56 33.47 11.81 2.43 1.30 2.57 

4C 5.25 2.09 0.74 0.70 41.07 33.38 11.00 1.45 1.36 2.96 

5C 4.82 2.89 0.65 0.65 42.32 30.47 11.71 2.29 1.48 2.72 

6C 6.52 2.53 0.60 1.05 42.23 25.27 11.97 6.51 0.90 2.42 

7C 4.73 2.83 0.73 0.88 43.76 31.30 10.08 1.94 0.96 2.79 

average 5.33 2.38 0.63 0.78 41.86 30.70 11.30 2.72 1.25 2.83 
 

For Costişa samples the caustic module (Si/Al ratio) takes values between 
2.11 (sample 6C) and 3.11 (7C), with the average of 2.73, the biggest deviation 
being observed for the shard 6C (Table 2). 

The alkaline-earth module for our samples is between 1.26 (sample 1C) 
and 2.93 (7C), with an average value of 2.00, indicating that this elements are 
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present residues from the combustion. A more aggressive type of soil will increase 
the Ca/Mg ratio more than 3.00. This corresponds to a contamination from the 
soil, but we have no such sample here. 

 
Table 2. Si/Al ratio (caustic module), Ca/Mg ratio (alkaline-earth module)  

and K/Na ratio (alkaline module) for Costişa pottery. 

weight % ratio 
Sample 

Si/Al Ca/Mg K/Na 

1C 2.75 1.26 4.04 

2C 2.66 2.08 8.17 

3C 2.83 1.43 4.90 

4C 3.04 1.54 4.02 

5C 2.60 1.96 4.15 

6C 2.11 2.81 4.02 

7C 3.11 2.93 3.83 

average 2.73 2.00 4.73 

 

The K/Na ratio shows the dynamics of the ion exchange, linked to saline 
soil load. If the alkaline module is high, than is possible to have a more saline soil. 
This could be the case for the sample 2C (K/Na = 8.17). 

Analyzing elemental composition in the case of Costişa shards, we can 
easily observe that the sample 6C shows more extreme values, suggesting that 
this object was made of different materials than the other six. 

Also, the sample 3C shows values much different than the average of 
other samples. 

NMR spectra allow us to identify the local order around the nuclei. We 
obtained 29Si MAS NMR spectra for all samples (Fig. 1), using a spectrometer 
operating at 9.4 Tesla. 

The deconvolution of 29Si MAS NMR spectra for Costişa samples (Table 3) 
revealed the presence of 4 lines, corresponding to different types of arrangement 
around the silicon nuclei: Q2, Q3, Q4 in amorphous state, with a sweep with between 
6.96 and 12.87 ppm, as well as a Q4 narrow line, showing a well ordered state, 
probably crystalline, with a sweep-width between 1.89 and 2.29 ppm (Table 4), 
attributed to the presence of quartz [13]. According to Presciutti et al. [13] small 
values of sweep-width for this line prove that the firing temperature of clays was 
below 9000C. 
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Fig. 1. 29Si MAS NMR spectra of Costişa shards, ordered by total Q4 percentage 

 
 

Table 3. Q2, Q3, Q4 and crystalline Q4 percentage of Costişa shards and Q3/Q2 ratio 

Sample Q2 (%) Q3 (%) Q4 (%) Q4 cryst. (%) Q3 / Q2 
1C 24.18 36.32 37.09 2.41 1.50 

2C 29.26 32.98 28.20 9.56 1.13 

3C 15.64 21.94 55.95 6.47 1.40 

4C 38.11 31.46 26.32 4.11 0.83 

5C 27.05 31.49 37.14 4.32 1.16 

6C 38.25 28.09 20.05 13.61 0.73 

7C 27.24 43.49 23.56 5.71 1.60 

Average 28.53 32.25 32.61 6.59 1.6 
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Table 4. Sweep-widths corresponding to Q2, Q3, Q4 and  
crystalline Q4 resonance lines 

Sweep-width (ppm) 

Sample Q2 Q3 Q4 Q4 cryst. 

1C 9.67 10.76 8.52 2.25

2C 10.90 10.85 7.20 2.29

3C 10.34 10.22 12.87 2.02

4C 12.10 11.52 7.92 1.99

5C 12.02 12.60 9.08 2.04

6C 10.19 12.30 6.96 1.89

7C 9.19 11.78 8.20 1.96

Average 10.63 11.43 8.67 2.06

 
Figure 2 is showing an example of deconvolution, corresponding to 29Si 

MAS NMR spectrum for the 5C shard. 
 The 29Si MAS NMR spectrum of the sample 6C give us extreme values after 
deconvolution confirming that this was made of different materials than the 
others. This shard contains a high percentage of well-ordered Q4, 13.63%, which 
can be caused by a different heat treatment. 

 
Fig. 2. Deconvolution of 29Si MAS NMR spectrum of Costişa 5C shard 
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 The sample 3C displays small quantities of Q2 and Q3, respectively very 
high percentage of Q4, which suggest a different type o preparation. This conclusion 
is confirmed by the values of sweep width of Q4 resonance line, which is completely 
unlike the other samples. 
 Sample 1C exhibit the smallest quantity of narrow Q4 resonance (2.41 %). 
 It can be observed that Q3 / Q2 ratio could help us to distingue between 
Monteoru and Costişa pottery groups, as these values are lower than 1.13 for 
samples 2C, 4C and 6C and bigger than 1.16 for samples 1C, 3C, 5C and 7C. The 
difference is relatively small, meaning that this parameter has to be followed on 
some other samples, also. In the same time, to discriminate between these two 
groups we can follow the quantity of Q4 (Fig 1 and Table 3), except for the sample 
7C, a sample with extreme values for the studied modules (Table 2). The presence 
of Q4 is less than 28.2% for samples 2C, 4C and 6C and bigger than 37.09% for 
samples 1C, 3C and 5C. In this way, the quantitative NMR analyses confirm the 
macroscopic observation made by archaeologists. 
 

CONCLUSIONS 

 We analyzed seven shards from Middle Bronze Age pottery, found in the 
archaeological site from Costişa, Neamţ County, Romania.  

Elemental composition was found using EDX spectroscopy and offered 
some suggestions about the structural and heat treatment differences between 
the samples.  

29Si MAS NMR spectra proved the differences between the samples 3C, 6C 
and the others. Deconvolution of the spectra made possible a quantitative analyze, 
observing the Q2, Q3 and Q4 states of SiO4 tetrahedra, amorphous or crystalline. Q3 / 
Q2 ratio and Q4 quantity have different values for the Monteoru pottery group finding 
compared with Costişa pottery group. That confirms the macroscopic observation 
made by archaeologists. This paper proved that combining SEM / EDX with 29Si MAS 
NMR spectroscopy can be a powerful tool for analyzing ancient pottery. In the 
same time, was demonstrated that NMR spectroscopy can make the difference 
between shards belonging to two different groups, produced from similar clays. 
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ABSTRACT. The average secondary structure content of proteins is often evaluated by 
FTIR spectroscopy. This study is focused on discussing the assessment of the 
secondary structure of lyophilized bovine serum albumin, fibrinogen and collagen 
proteins using amide I FTIR band analysis. The comparison of the obtained results 
with other data reported in the literature warns on the limited reliability of the 
quantitative information about protein secondary structure extracted from the 
analysis of the infrared spectra. 

 
Keywords: FTIR, protein secondary structure 

 
 
 
INTRODUCTION 

Interactions of proteins with biomaterials in recent years have become an 
intensely studied topic because of three main reasons: (1) protein adsorption on the 
biomaterial surface as biocompatibility indicator [1, 2]; (2) surface functionalization 
with proteins in order to improve the living cells contact with biomaterials [3]; (3) 
obtaining of new composite biomimetic materials [4]. 

In all these studies the most common proteins are serum albumin, 
fibrinogen and collagen. Serum albumin is the most abundant protein in the circulatory 
system. The three dimensional structure of bovine serum albumin (BSA) is believed to 
be very similar to the human serum albumin [5], so in most studies BSA was used [5-8]. 
It is a globular protein with the molecular mass of 67 kDa. The albumin structure is 
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predominantly helical, approximately 65 %, with the remaining polypeptides occurring 
in turns and extended or flexible regions between subdomains [9]. The next major 
protein is globulin, and the third one is fibrinogen, which plays a vital role in regulation 
of both haemostasis and thrombosis. Human plasma fibrinogen is a 340 kDa dimeric 
protein. The simplest fibrinogen model comprises three spherical regions, one E 
domain and two D domains, connected by two narrow rods [1, 2, 10]. The protein has 
two sets of three non-identical polypeptide chains, held together with disulfide 
bonds [1, 2, 10]. The amino termini of all six α, β and γ chains fold in the central E 
domain and the carboxyl termini of the two sets of β and γ chains folds into the 
two outer D domains [10]. The coiled-coil connector regions between the E and 
each D domain correspond to the α-helical structure of the three intertwined 
chains [1, 2, 10].  

Due to biodegradability, biocompatibility and role in tissue formation the 
collagen has long been used as material for biomedical applications [11]. Collagen 
fibres provide tensile strength and rigidity to a variety of tissues such as bone, tendons, 
cartilage, skin, and blood vessels [12]. The essential role of collagen is the cell 
proliferation and differentiation, although the types of collagen responsible for cell 
proliferation are not yet identified [13]. Actually it was reported to be referenced 
about 30 types of collagen [14]. The characteristic structure of collagen is right-handed 
triple helix. Collagen consists of three polypeptide chains, each one composed of 
at least one gly-X-Y sequence structured in left-handed α helices. These three α-
helices organized together form the triple helix [14].  

The conformation of proteins would be changed when they are adsorbed onto 
surface, which has a great effect on the biological activity of substrate materials [15]. 
FTIR spectroscopy is the most largely used method for the investigation of protein 
conformation [1, 2, 5, 6, 10, 14]. For investigation of protein secondary structure 
content the most commonly used spectral region is that of amide I (1700–1600 cm−1), 
primarily due to its strong signal [16, 18]. The protein solutions are prepared with 
soluble lyophilized proteins. Before the attachment of the proteins on material 
surface it is necessary to know the proteins conformation.  

Therefore, the aim of this study was to determine the secondary structure 
of lyophilized proteins by FTIR spectroscopy. The obtained results were compared 
with results from the literature. 
 
EXPERIMENTAL 

Materials 

Lyophilized bovine serum albumin (BSA), bovine plasma fibrinogen and calf 
skin collagen type I were purchased from Sigma-Aldrich.  
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Methods 

FT-IR spectra were recorded in reflection configuration in the range of 
4000-400 cm-1 with the spectral resolution of 4 cm-1 using a Jasco FT-IR-6000 
spectrometer. The spectra were smoothed by 5-point Savitzky-Golay smoothing 
function. Second-derivative spectral analysis was performed by using the JASCO 
Spectra Manager in order to locate the position of the overlapped components of 
amide I and to further assign them to different secondary structures. The bands 
were deconvoluted with a Gaussian band profile, a linear baseline between 1600 cm-1 
and 1720 cm-1 being previously applied. 
 

RESULTS AND DISCUSSION 

The FTIR spectra obtained for BSA, fibrinogen and collagen show general 
characteristics for proteins (Fig. 1). The band around 1650 cm-1 (Fig 1A) can be assigned 
to amide I vibration. This vibration arises from the C=O stretching vibration with 
minor contribution from out-of-phase C-N stretching vibration [16]. The bands of 
amide II appear at 1550 cm-1 value (Fig. 1A). Amide II results from combination of 
the N-H in plan bending and the C-N stretching vibration with minor contributions 
from the C-O in plan bending and C-C as well as N-C stretching vibrations [10, 16]. 
The absorption signal located in the 1490-1460 cm-1 spectral domain (Fig. 1A) is 
attributed to the amide II mode that arises from the N-deuteration conversion of 
the amide II mode to the largely stretching vibration [16]. The amide III vibration  
 

 
Fig. 1. FT-IR spectra of the lyophilized BSA (a), fibrinogen (b) and collagen (c) for different 

spectral ranges as follows: 2000–450 cm−1 (A) and 4000–2500 cm−1 (B). 
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occurs in the 1400-1200 cm-1 spectral region [1, 2, 16] and results from the N-H 
bending and C-N stretching vibration with small contribution from the C-O in plan 
bending and C-C stretching vibration [10, 16, 17]. The bands of amide A and amide 
B appear between 3310-3270 cm-1 and 3100-3030 cm-1, respectively (Fig. 1B). They 
originate from a Fermi resonance between the first overtone of amide II and the N-H 
stretching vibration, and its frequency depends on the strength of the hydrogen 
bond [16]. Amide A and B bands of BSA occur at lower values, i.e. 3291 cm-1 and 
3063 cm-1, respectively (Fig. 1Ba). In contrast, in the case of the collagen they are 
shifted to the higher values, i.e. 3330 cm-1 and 3099 cm-1 , respectively (Fig. 1Bc).  
 The amide I band of proteins appears very sensitive to their secondary 
structure, therefore it is used to follow their conformational changes [16, 18]. By 
using amide I absorption signal of the proteins their secondary structure can be 
determined through different approaches. The two most common ones are: the 
fitting of the amide I band with component bands after identifying their position 
with narrowing techniques and decomposing the amide I band into basis spectra 
which have been calculated from a calibration sets of proteins with known 
structure [16]. In the present study the secondary structures of proteins were 
estimated based on the deconvolution of the large absorption amide I band with a 
Gaussian line function. The number of components and their position were 
determined by second-derivative FTIR spectra of lyophilized proteins. The baseline 
of the amide I region was adjusted from 1600 cm−1 to 1720 cm−1. Deconvolution of 
the lyophilized BSA and fibrinogen amide I bands were performed assuming five 
components, while for the lyophilized collagen six components were considered 
(Fig. 2). The obtained amide I frequencies were correlated with the presence of 
the α-helices, β-sheets, β-turns and side chains structures. The α-helix vibrations 
have been shown to absorb in the 1650-1658 cm-1 spectral range. It should be 
noted that in this region the α-helical structure overlaps with random structure 
[16, 17]. The native β-sheets and antiparallel β-sheets conformation have spectral 
characteristics located in the following domains: 1623–1641 cm−1, and 1674–1695 cm−1, 
respectively [16, 17]. Absorbances between 1662–1686 cm−1 have been assigned 
to the β-turns, or turns by some investigators [1, 2, 10, 16-18].  

The percentage of each component was calculated according to the 
corresponding integrated area (Fig. 3). The obtained values were compared with 
data reported in the literature [2, 14, 19-21]. In the case of BSA the values 
indicated in Fig. 3a were calculated from the FTIR spectra of lyophilized BSA. The 
values of α-helix component are almost identical, but for the β-sheet and β-turns 
components the deviation is much larger. This may occur due to the bands 
overlapping. 
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Fig. 2. Deconvolution of the amide I (1700–1600 cm−1) absorption band of lyophilized  

BSA (a) fibrinogen (b) and collagen (c) with Gaussian line function.  
 

The values obtained for the secondary structure of lyophilized fibrinogen show 
a much larger deviation (Fig. 3b). Lin at al. [21] obtained these values from FTIR spectra 
of lyophilized fibrinogen too, and Tunc et al. [2] from FTIR spectra of fibrinogen in 
solution. The fibrinogen is more sensitive to environmental changes; in lyophilized 
form should be stored at -20°C. The large variation in the value of secondary 
structure of fibrinogen obtained by the different groups occurs due to overlapping 
bands and due to the environmental changes the protein is being exposed. 

The secondary structure of collagen is more complex. The literature is not 
unified; some groups introduced triple helix structure with spectra located at 1638 cm-1 
[14]. The secondary structure content for lyophilized collagen investigated in our study 
was calculated with the model used for the other proteins, and the data point out 
a difference for α-helix component, while the values of β-sheet and β-turn components 
are almost identical (Fig. 3c). 
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Fig. 3. Distribution of α helix, β sheet and β turn secondary structures  
in lyophilized BSA (a), fibrinogen (b) and collagen (c).  

 
 

According to other reported studies [22, 23] the approach of representing 
the percentages of the particular secondary structure using the relative band area 
for each components of the band is not rigorously at all, because excitation 
coefficient for different secondary structures may be different among proteins 
and within a single proteins and extensive regions would produce sharp bands at 
characteristic predictable frequencies. Comparing the obtained results with 
results from the literature we can conclude that this approach can be successfully 
used for proteins with great stability. Otherwise, the deconvolution of FTIR 
spectrum in the region of amide I can be used only as qualitative information 
without representing the percentages of the secondary structure components.  
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CONCLUSIONS 

The secondary structure content of lyophilized bovine serum albumin, 
fibrinogen and collagen was quantitatively assessed using amide I FTIR band analysis, 
based on percentage corresponding to the area under the deconvolution components. 
The comparison of the obtained results with other data reported in the literature 
denotes a limited accuracy of the quantitative information, which could arise from 
the overlapping of the bands as well as from the changes in the protein environment in 
solutions. 
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