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SUPPORTING NUCLEAR SHELL MODEL
CALCULATIONS BY MACHINE LEARNING!

Serkan AKKOYUN?

1. INTRODUCTION

Many phenomena such as ground and excited state spin
and parity of atomic nuclei, existence of nuclear magic numbers,
magnetic moments, Nuclear density can be successfully
explained with the scope of nuclear shell model (Krane, 2001).
According to this model, the motion of each nucleon (proton or
neutron in the nucleus) is governed by an average field created by
all other nucleons. Similar to the atomic shell model that
describes the location of electrons in the atom, a similar model
has been developed for nucleons in the nucleus (Mayer, 1948;
Mayer, 1949; Mayer, 1959; Talmi, 2005, Jensen, 1949).
However, in the atomic nucleus, there is no external potential
source created by the Coulomb field as in the atom. On the other
hand, the nucleons in the nucleus move in an average potential
they create and under the influence of this potential. In the case
where all protons or neutrons in the nucleus fill the shells, nuclear
magic numbers are obtained. The atomic nucleus in which only
protons or neutrons form a filled shell is called a single magic
nucleus. The nuclei in which both protons and neutrons fill the
shells are called double magic nuclei. These nuclei are considered
as core nuclei in shell model calculations. The magic numbers are
2,8, 20, 28, 50, 82 and 126 (Haxel, 1949). For example, “He, %0,
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40Ca, “®Ca, °Ni, "8Ni, 19°Sn, 132Sn and 2%8Pb have magic numbers
for both protons and neutrons. These nuclei have extraordinary
stability. In the nuclear shell model, when the nuclei have filled
shells, the ground state has zero total angular momentum. The
addition of a valence nucleon determines the spin and parity of
the ground state. When nucleons are removed from the ground
state, they change the angular momentum of the nucleus, as well
as the parity and isospin projection quantum numbers.

The nuclear shell model describes how much energy is
required to move nucleons from one orbit to another and how
quantum numbers change. Thereby, excited nuclear states can
decay to more stable states. Measuring the transition probabilities
between nuclear energy levels requires special alpha, beta, and
gamma detectors and associated electronic circuits to precisely
determine the energy and half-life of the decay. Quantum
mechanics and the nuclear shell model allow calculations of the
transition probability, energy, spin, and parity values between
nuclear levels. For nuclei whose structures can be described by
valence nucleons outside of filled shells, the results obtained from
shell model calculations agree very well with experimental values
(Huth, 2018).

As in atomic physics, the degeneracy of each energy level
is the number of nucleons that that level can accommodate and is
calculated by (2j+1). In the use of these potentials, it is possible
to see the magic numbers 2, 8 and 20, but higher magic numbers
cannot be observed. In order to obtain the higher magic numbers,
the spin-orbit interaction term for the centrally symmetric
potential is added to the potential expression. In 1949, Mayer and
his colleagues showed that adding a spin-orbit potential to the
potential would give the exact separation of the subshells. Fukui
et al. investigated the shell model effective Hamiltonian,
including three-body contributions for the p shell nucleus, and
showed how the inclusion of three-body correlations between
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valence nucleons improved the fit of the calculated binding
energies (Fukui, 2018). Navratil and Barrett made calculations for
p shell nuclei with A = 7-11 without considering any core nuclei
(Navratil and Barrett, 1993). Liebig et al. presented an algorithm
for light p-shell nuclei (Liebig, 2015). Yuan et al. studied boron,
carbon, nitrogen and oxygen isotopes with a newly constructed
shell model Hamiltonian developed from the monopole-based
universal interaction (Yuan, 2012). In all these studies, some
isotopes of some elements in the p shell were studied. In the
studies, the three-body interaction contribution was investigated
and different interaction Hamiltonians were produced and used.

In this study, the determination of the single particle term
of the nuclear shell model Hamiltonian, which is considered in
the nuclear shell model calculations, has been modeified by
machine learning methods. Thus, it is aimed to make the nuclear
properties such as energy states obtained from the shell model
calculations more compatible with the experimental data. In the
study, the nuclear shell model, which is a powerful tool in the
investigation of the nuclear structures of atomic nuclei, has been
applied on the atomic nuclei located in the p shell. As can be seen
from Figure 1, the p shell is the shell located between the magic
numbers 2 and 8, containing the psz and pu/2 orbitals.
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Figure 1 The p-shell orbitals between the first two magic numbers
2 and 8.
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In order to perform shell model calculations in this shell,
the first term in the Hamiltonian given below in Eq.1, the single
particle term (), must be known with high accuracy. This term
can be obtained for the p shell from °He, which has 1 valence
neutron, and from °Li, which has 1 valence proton.

+ T
H=) ca’a + ZI”WU‘, ataa, Eqg.1
! ik

Various methods and calculation techniques are used to
obtain neutron single particle energy as summarized following.

(d, p) Reactions: In such experiments, a nucleus is bombarded by
deuterium and occupies a neutron level by emitting a proton.
These reactions are used to examine single particle energy levels.

(p, d) Reactions: A nucleus is bombarded by protons and a
deuterium is emitted. This allows the removal of a neutron from
the target nucleus and provides information about the neutron
levels.

Gamma Rays: By measuring the energies of gamma rays emitted
from excited nucleus levels, information about the energies of the
levels within the nucleus can be obtained. Direct information
about the energy levels of the nucleus can be obtained by gamma
spectroscopy.

Shell Model: The nuclear shell model is based on the assumption
that neutrons and protons are arranged in certain energy levels.
Single particle energies are calculated from the energy
differences between these levels. In particular, shells with magic
numbers are important in determining the stability of the nucleus
and energy levels.

Mean Field Approximation: The interactions of each neutron in
the nucleus with other nucleons create an average potential. The
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energy levels of the neutrons are calculated within this average
potential.

Hartree-Fock Method: This is a method used to calculate the
energies of many-particle quantum systems. The interactions of
neutrons and protons with each other and the energy levels are
calculated using mean field approximations.

Density Functional Theory: The energy levels of nuclear systems
can be calculated using the density functional theory of quantum
mechanics. This method is used to model the distribution of
particles in the nucleus and their energy levels.

2. MATERIALS AND METHODS
2.1. Obtaining Single Particle Energies

Neutron single particle energy is a critical parameter for
understanding nuclear structure and nuclear reactions. Both
experimental methods and theoretical models are used to obtain
this energy. Experiments provide direct information about the
energy levels of neutrons, while theoretical calculations and
models are used to understand and estimate these levels. The
combination of these methods allows important discoveries to be
made in nuclear physics. In the literature, in order to obtain
neutron and proton single particle energies for the p shell
experimentally, the 1/2 spin energy level value is not available in
the energy spectrum of °He and °Li nuclei. Therefore, in the
current shell model calculations, these single particle energies are
obtained by fitting the existing experimental data in the literature.
Within the scope of the study, instead of fitting, different machine
learning approaches were used to obtain the first term of the
Hamiltonian through machine learning models. Machine learning
models are performed with these energy values of the nuclei in
the p shell that have an experimental 1/2 spin energy level value.
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75% of the entire data set was used in the training of machine
learning, and the remaining 25% was used in the test. The used
machine learning models are Random Forest (RF), AdaBoost
(ADA) and Ensemble model (ENS) which give the better results
than the other models. The statistical performance indicators of
these models (root mean square error (RMSE), mean absolute
error (MAE) and correlation coefficient (R?)) are given in Table
1 for the training and test data sets. As can be seen, the lowest
RMSE and MAE values were obtained in the RF model for the
training data set and in the ADA and ENS models for the test data
set. The highest correlation coefficient was obtained with RF in
the training data set and with ADA and ENS in the test data set.
When evaluated in general, it was seen that the ENS model was
slightly more successful compared to the other models.

Table 1. Machine learning model performances

RMSE MAE F
MODEL | Tyain Test Traity Test Traity Test
RF 487 1409 383 1019 054 053
ADA 940 1545 LY ] 1105 0,75 0,57
ENS T18 1358 639 1073 0,83 0,57

In Figure 2, the graphs of the predicted values of the 1/2
energy level in the ENS model compared to the experimental data
are given separately for the training and test data sets. When the
distribution in the training data set is examined, the agreement of
the predicted values with the experimental data is clearly seen. In
the test data set, although there is not such a high agreement, it is
seen that the ENS model results are consistent with the general
trend.
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Figure 2 Predictions of the ensemble machine learning model
(ENS) on training (left) and test (right) datasets.

2.2. Calculation of Neutron Single Particle Energy

The following steps are applied in the calculation of
neutron single particle energy for the p shell. First of all, the
difference between the °*He binding energy and the “He binding
energy gives the energy of the 3/2 level. From here, [-(5x5512
keV-4x7074 keV)=736 keV], the energy of the 3/2 level was
obtained as 736 keV. Therefore, the neutron single particle energy
of the p3/2 orbital is 736 keV. Since the energy of the 1/2 spin
level of °He was estimated as 534 keV, 1285 keV and 1029 keV
by RF, ADA and ENS machine learning models, respectively, the
p1/2 orbital energies are calculated as 1270 keV, 2021 keV and
1765 keV.

2.3. Calculation of Proton Single Particle Energy

The following steps are applied in the calculation of the
proton single particle energy for the p shell. First of all, the
difference between the °Li binding energy and the “He binding
energy gives the energy of the 3/2 level. From here, the energy of
the 3/2 level is obtained as 1966 keV [-(5x5266 keV-4x7074
keV)=1966 keV. Therefore, the proton single particle energy of
the p3/2 orbital is 1966 keV. Since the energy of the 1/2 spin level
of °Li is estimated as 543 keV, 1285 keV and 1026 keV by RF,
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ADA and ENS, respectively, the pl/2 orbital energies are
calculated as 2509 keV, 3251 keV and 2992 keV.

3. RESULTS AND DISCUSSION

These single particle energies obtained are considered as
the single particle energy term of the Hamiltonian in the shell
model calculations. These different single particle energies are
used separately in the shell model calculations and the results are
compared to each other. The production of the ground and excited
level energies of the isotopes are done by different methods and
the following results are obtained.

Table 2 lists the experimental and calculated energy levels
of Li isotopes (EXP: experimental, CKPOT: shell model
calculations, ENS, AB, RF: modified CKPOT with single particle
energies obtained by ensemble, adaboost and random forest machine
learning approaches). For the °Li nucleus, the ground state spin
and parity were calculated correctly in all models. A similar
situation was obtained for °Li, while it was observed that the
excited state energies were obtained more accurately for the 3"
and 0" levels with the RF model. For excited energy levels above
4000 keV, it was observed that RF and ENS gave results closer
to the experimental values. For “Li, the ground states were
obtained correctly with all models. Excited state energies were
obtained more or less close to each other in all models and were
generally found to be consistent with the experimental data.
Among the models, ENS and RF were observed to be slightly
closer to the experimental values than the others. For 8Li, the
ground state spin and parity were obtained correctly with all
models, however, the results obtained from CKPOT were closer
to the experimental data. The ground state spin and parity of the
°Li nucleus were calculated correctly in all models. For this
isotope, where experimental data are scarce, ENS and RF were
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found to be superior to the others. While the ground state was
obtained correctly for the *°Li isotope, it was observed that ENS
and RF were prominent. For 'Li, only the ground state spin and
parity were available in the literature experimentally and were
obtained correctly with all models.

Table 3 lists the results for Be isotopes. While the ground
state spin and parity for ®Be were obtained correctly with all
models, the first excited 2" state energy was calculated with a
value considerably higher than the experimental data with all
models. The ground state of the "Be nucleus was calculated as 3/2°
in agreement with the experiments. It was observed that ENS and
CKPOT were more successful than the others in obtaining low-
level excited states. For ®Be, the ground states were obtained
correctly, while it was seen that first CKPOT, then ENS and ADA
were more successful in low-level excited states. The same
situation was observed for the °Be nucleus. For °Be, ENS was
superior to the others. While it was observed that ENS and then
CKPOT gave values closer to the experimental data for the 'Be
nucleus, a similar situation was observed for *?Be.

Table 4 presents the experimental and theoretical results for
B isotopes. For all B isotopes, the ground state spin and parity values
were calculated correctly with each model. For ®B, the first excited
state energy was calculated more accurately with ENS. For the
second excited state, it was observed that ADA and CKPOT gave
results closer to the experimental data. While ENS gave more
accurate results for the first excited 5/2° level in the °B nucleus, it
was observed that ADA and CKPOT were more successful in
higher-level states. For 1°B, CKPOT gave more accurate results for
some levels and ENS for others. A similar situation is observed for
118, However, for B and *B, it was observed that ENS was more
prominent.
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Table 2. Values of the ground and low excited energy levels of Li

nuclei

isorop EXP CKPOT AB RF
5Li 3/2- 0 3/2- 0 3/2- 0 3/2- 0
5Li 1/2- 1290 1/2- 1285 1/2- 543
6Li 1+ 0 1+ 0 1+ 0 1+ 0
6Li 3+ 2186 3+ 424 3+ 427 3+ 920
6Li 0+ 3563 0+ 1523 0+ 1524 0+ 1621
6Li 2+ 4312 1+ 4160 1+ 4157 1+ 3592
6Li 2+ 5366 2+ 4923 2+ 4921 2+ 4668
6Li 1+ 5650 2+ 6065 2+ 6066 2+ 6152
6Li 3+ 15600 1+ 8492 1+ 8490 1+ 8294
6Li 2+ 9550 2+ 9551 1+ 9460
6Li 1+ 9715 1+ 9714 2+ 9705
7Li 3/2- 0 3/2- 0 3/2- 0 3/2- 0
7Li 1/2- 478 1/2- 1979 1/2- 1976 1/2- 1535
7Li 7/2- 4630 7/2- 5080 7/2- 5081 7/2- 5202
7Li 5/2- 6680 5/2- 8207 5/2- 8204 5/2- 7712
7Li 5/2- 7460 5/2- 8863 5/2- 8864 5/2- 8941
7Li 7/2- 9670 712- 10411 7/2- 10411 7/2- 10437
7Li 3/2- 9850 3/2- 11046 3/2- 11044 1/2- 10560
7Li 3/2- 11240 1/2- 11300 1/2- 11295 3/2- 10785
7Li 3/2- 11908 3/2- 11905 3/2- 11388
8Li 2+ 0 2+ 0 2+ 0 2+ 0
8Li 1+ 981 il 908 il 905 1+ 449
8Li 3+ 2255 3+ 1630 3+ 1630 3+ 1568
8Li 1+ 3210 1+ 2730 1+ 2778 1+ 2484
8Li 1+ 5400 2+ 2946 2+ 2944 2+ 2670
8Li 3+ 6100 0+ 5319 0+ 5313 0+ 4460
8Li 4+ 6530 1+ 5337 1+ 5331 1+ 4498
8Li 1+ 9670 4+ 5543 4+ 5541 2+ 4928
8Li 0+ 10822 2+ 5573 2+ 5568 4+ 5258
8Li 3+ 5585 3+ 5583 3+ 5304
oLi 3/2- 0 3/2- 0 3/2- 0 3/2- 0
oLi 1/2- 2691 5/2- 3787 5/2- 3785 1/2- 3197
oLi - 4301 1/2- 3878 1/2- 3874 5/2- 3531
oLi - 5380 3/2- 4880 3/2- 4878 3/2- 4483
oLi 9/2- 6430 712- 6177 7/2- 6176 7/2- 6035
oLi 3/2- 7565 3/2- 7562 3/2- 7125
oLi 5/2- 7820 5/2- 7819 5/2- 7695
oLi 1/2- 9106 1/2- 9103 1/2- 8600
oLi 7/2- 9849 7/2- 9844 7/2- 9135
10Li 12- 0 1+ 0 1+ 0 1+ 0
10Li 1+ 210 2+ 1186 2+ 1186 2+ 1103
10Li - 470 2+ 3653 2+ 3650 3+ 3199
10Li 1,3+ 2330 3+ 3798 3+ 3794 2+ 3263
10Li 2+ 2820 1+ 5032 1+ 5027 1+ 4339
10Li - 4160 0+ 6535 0+ 6531 1+ 5894
10Li 2+ 4600 il 6730 il 6724 0+ 5942
10Li 2+ 9681 2+ 9672 2+ 8368
10Li 1+ 13078 1+ 13072 1+ 12231
11Li 3/2- 0 3/2- 0 3/2- 0 3/2- 0
11Li - 1266 1/2- 5553 1/2- 5548 1/2- 4806
11Li - 2474
11Li - 3700
11Li - 4860
11Li - 6230

10
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Table 3. Ground and low excited energy levels of Be nuclei

isoToP EXP CKPOT
6Be 0+ 0 0+ 0
6Be 2+ 1670 2+ 4542
6Be 2+ 8027
6Be 1+ 8192
6Be 0+ 11831
7Be 3/2- 0 3/2- 0
7Be 1/2- 429 1/2- 1979
7Be 7/2- 4570 712- 5080
7Be 5/2- 6730 5/2- 8207
7Be 5/2- 7210 5/2- 8863
7Be 7/2- 9270 7/2- 10411
7Be 3/2- 9900 3/2- 11046
7Be 3/2- 11010 1/2- 11300
7Be 1/2- 17000 3/2- 11908
8Be 0+ 0 0+ 0
8Be 2+ 3030 2+ 3820
8Be 4+ 11350 4+ 11958
8Be 2+ 16626 2+ 12871
8Be 2+ 16922 1+ 14397
8Be 1+ 17640 2+ 16194
8Be 1+ 18150 3+ 16602
8Be 3+ 19069 1+ 17102
8Be 3+ 19235 0+ 17168
8Be 4+ 17641
9Be 3/2- 0 3/2- 0
9Be 5/2- 2429 1/2- 1791
9Be 1/2- 2876 5/2- 2942
9Be 3/2- 5590 3/2- 4665
9Be 7/2- 6380 7/2- 6201
9Be 5/2- 7940 5/2- 7381
9Be 7/2- 11282 7/2- 9855
9Be 3/2- 10039
9Be 5/2- 10874
10Be 0+ 0 0+ 0
10Be 2+ 3368 2+ 4160
10Be 2+ 5958 2+ 5811
10Be 0+ 6179 1+ 8134
10Be 2+ 7542 2+ 9157
10Be 2+ 9560 3+ 9758
10Be 1+ 10223
10Be 2+ 10258
10Be 0+ 11054
10Be 4+ 11633
11Be 1/2+ 0 1/2- 0
11Be 1/2- 320 3/2- 2279
11Be 3/2- 2654 5/2- 4660
11Be 3/2- 3400 3/2- 4925
11Be 5/2- 3889 7/2- 7988
11Be 3/2- 3955 5/2- 8387
11Be 5/2- 5255 3/2- 8518
11Be 7/2- 6705 1/2- 9730
11Be 5/2- 10755
11Be 3/2- 11200
12Be 0+ 0 0+ 0
12Be 2+ 2109 2+ 4373
12Be 0+ 2251 2+ 9924
12Be 2+ 4580 1+ 11187
12Be 4,2+ 5724 0+ 17821

11

AB RF
0+ 0 0+ 0
2+ 4542 2+ 4530
2+ 8027 1+ 7840
1+ 8190 2+ 8082
0+ 11826 0+ 11127
3/2- 0 3/2- 0
1/2- 1976 1/2- 1533
7/2- 5081 7/2- 5204
5/2- 8204 5/2- 7712
5/2- 8864 5/2- 8942
7/2- 10411 7/2- 10439
3/2- 11044 1/2- 10561
1/2- 11295 3/2- 10780
3/2- 11905 3/2- 11389
0+ 0 0+ 0
2+ 3819 2+ 3774
4+ 11958 4+ 11974
2+ 12871 2+ 13005
1+ 14395 1+ 14058
2+ 16196 2+ 16436
3+ 16602 3+ 16493
1+ 17101 0+ 16708
0+ 17165 1+ 16887
4+ 17643 4+ 17900
3/2- 0 3/2- 0
1/2- 1787 1/2- 1322
5/2- 2940 5/2- 2706
3/2- 4661 3/2- 4064
7/2- 6201 7/2- 6120
5/2- 7379 5/2- 7078
7/2- 9853 3/2- 9689
3/2- 10036 7/2- 9835
5/2- 10870 5/2- 10332
0+ 0 0+ 0
2+ 4160 2+ 4119
2+ 5809 2+ 5487
1+ 8132 1+ 7911
2+ 9155 2+ 8811
3+ 9755 3+ 9370
1+ 10220 2+ 9582
2+ 10253 1+ 9718
0+ 11051 0+ 10607
4+ 11632 4+ 11624
1/2- 0 1/2- 0
3/2- 2276 3/2- 1872
5/2- 4659 5/2- 4463
3/2- 4922 3/2- 4470
7/2- 7985 7/2- 7420
5/2- 8383 5/2- 7897
3/2- 8514 3/2- 7933
1/2- 9726 1/2- 9132
5/2- 10751 5/2- 10201
3/2- 11196 3/2- 10585
0+ 0 0+ 0
2+ 4373 2+ 4421
2+ 9920 2+ 9413
1+ 11183 1+ 10583
0+ 17813 0+ 16612
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Table 4. Ground and low excited energy levels of B nuclei

isoToP EXP CKPOT AB RF
7B 3/2- 0 3/2- 0 3/2- 0 3/2- 0
7B 1/2- 863 1/2- 860 1/2- 557
7B 5/2- 3340 5/2- 3337 5/2- 3034
7B 3/2- 3979 3/2- 3975 3/2- 3511
7B 3/2- 9771 3/2- 9767 3/2- 9322
8B 2+ 0 2+ 0 2+ 0 2+ 0
8B 1+ 770 =k 908 sk 905 1+ 454
8B 3+ 2320 3+ 1630 3+ 1630 3+ 1572
8B 0+ 3500 1+ 2780 1+ 2778 1+ 2485
8B 2+ 10619 2+ 2946 2+ 2944 2+ 2674
8B 0+ 5319 0+ 5313 0+ 4466
8B =k 5337 sk 5331 1+ 4497
8B 4+ 5543 4+ 5541 2+ 4927
8B 2+ 5573 2+ 5568 4+ 5264
8B 3+ 5585 3+ 5583 3+ 5309
9B 3/2- 0 3/2- 0 3/2- 0 3/2- 0
9B 5/2- 2345 1/2- 1791 1/2- 1787 1/2- 1327
9B 5/2- 2751 5/2- 2942 5/2- 2940 5/2- 2708
9B 1/2- 2780 3/2- 4665 3/2- 4661 3/2- 4070
9B 7/2- 6985 7/2- 6201 712- 6201 712- 6122
9B 712- 11640 5/2- 7381 5/2- 7379 5/2- 7079
9B 3/2- 14655 712- 9855 712- 9853 3/2- 9689
9B 5/2- 14700 3/2- 10039 3/2- 10036 7/2- 9737
9B 5/2- 10874 5/2- 10870 5/2- 10334
10B 3+ 0 3+ 0 3+ 0 3+ 0
10B 1+ 718 1+ 903 1+ 898 dlr 280
10B 0+ 1740 0+ 1419 0+ 1417 0+ 1144
10B 1+ 2154 1+ 2384 1+ 2383 1+ 2258
10B 2+ 3587 2+ 3339 2+ 3336 2+ 2811
10B 3+ 4774 3+ 4718 3+ 4712 3+ 3898
10B 2+ 5164 2+ 5531 2+ 5525 2+ 4672
10B 1+ 5182 2+ 5578 2+ 5576 4+ 5230
10B 2+ 5920 4+ 5719 4+ 5715 2+ 5263
10B 4+ 6025 1+ 6188 1+ 6182 1+ 5315
11B 3/2- 0 3/2- 0 3/2- 0 3/2- 0
11B 1/2- 2125 1/2- 1708 1/2- 1705 1/2- 1268
11B 5/2- 4445 5/2- 4348 5/2- 4344 5/2- 3836
11B 3/2- 5020 3/2- 5390 3/2- 5385 3/2- 4730
11B 712- 6742 712- 5845 712- 5843 712- 5618
11B 3/2- 8560 5/2- 8105 5/2- 8103 5/2- 7808
11B 5/2- 8920 5/2- 10692 5/2- 10687 5/2- 9961
11B 3/2- 10262 3/2- 11437 3/2- 11434 3/2- 11017
11B 5/2- 10330 1/2- 11617 1/2- 11614 1/2- 11123
11B 1/2- 12017 1/2- 12013 1/2- 11646
12B 1+ 0 1+ 0 1+ 0 1+ 0
12B 2+ 953 2+ 1606 2+ 1607 2+ 1724
12B 0+ 2723 1+ 4421 1+ 4418 1+ 3983
12B 2+ 3760 0+ 4513 0+ 4510 3+ 4029
12B 1+ 4990 3+ 4546 3+ 4542 0+ 4101
12B 3+ 5610 2+ 4955 2+ 4951 2+ 4368
12B 1+ 6600 1+ 6471 1+ 6467 1+ 5835
12B 3+ 8486 3+ 8483 3+ 8069
12B 2+ 8893 2+ 8888 2+ 8098
12B 2+ 10401 2+ 10395 2+ 9483
138 3/2- 0 3/2- 0 3/2- 0 3/2- 0
13B 3/2- 3536 1/2- 3998 1/2- 3994 1/2- 3363
138 1/2- 3713 5/2- 6475 5/2- 6471 5/2- 5841
13B 1/2,3/2- 5388 3/2- 8101 3/2- 8096 3/2- 7342
13B 3/2- 15054 3/2- 15046 3/2- 13910

Table 5 presents the experimental and theoretical results
for C isotopes. For all C isotopes, the ground state spin and parity
values were calculated correctly with each model. For °C, the first
excited state energy was calculated more accurately with RF.

12
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While RF gave more accurate results for the first excited 2* level
in the 1°C nucleus, ADA and CKPOT were more successful in
higher-level states. For 1C, CKPOT gave more accurate results
for some levels and ADA for others. For 12C, all model results
were close to each other. In the calculations for the $3C isotope,
CKPOT and ADA were seen to be prominent. For *4C, ENS was
more successful in predicting the first excited 0" level.

The results for N isotopes are listed in Table 6. While the
ground state spin and parity for 1°N are experimentally 1, they
are calculated as 1" by theoretical models. A similar situation is
observed for !N, and the 1/2* ground state is calculated as 1/2".
It is observed that CKPOT and ADA are a little more prominent
in the calculation of low excited levels. The ground state spin and
parity for 2N are calculated correctly by all models. Again, it is
observed that CKPOT and ADA are prominent compared to the
others. For 3N, it is seen that the predictions of each model are
superior to the others for different excited levels. While CKPOT
and ADA are more successful below 10000 keV, ENS and RF are
more successful above 10000 keV. A similar situation is observed
for 1*N. Finally, the energy of the first excited 3/2" level for 15N
was calculated more accurately with CKPOT and ADA.

13
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Table 5. Ground and low excited energy levels of C nuclei

isoTop EXP CKPOT
8C 0+ 0 0+ 0
8C 2+ 4716
8C 1+ 7339
9C 3/2- 0 3/2- 0
9C 1/2- 2218 5/2- 3787
9C 5/2- 3542 1/2- 3878
9C - 5750 3/2- 4880
9C - 9000 7/2- 6177
9C - 15000 3/2- 7565
9C 5/2- 7820
9C 1/2- 9106
9C 7/2- 9849
9C 5/2- 10709
10C 0+ 0 0+ 0
10C 2+ 3354 2+ 4160
10C - 5220 2+ 5811
10C - 5380 1+ 8134
10C 2+ 6580 2+ 9157
10C - 9000 3+ 9458
10C - 1000 1+ 10223
10C - 16500 2+ 10258
10C 0+ 11054
10C 4+ 11633
11C 3/2- 0 3/2- 0
11C 1/2- 2000 1/2- 1708
11C 5/2- 4319 5/2- 4348
11C 3/2- 4804 3/2- 5390
11C 7/2- 6478 7/2- 5845
11C 3/2- 8105 5/2- 8105
11C 5/2- 8654 5/2- 10692
11C 3/2- 11437
11C 1/2- 11617
11C 1/2- 12017
12C 0+ 0 0+ 0
12C 2+ 4440 2+ 4648
12C 0+ 7654 1+ 12449
12C 2+ 9870 0+ 13467
12C 0+ 9930 4+ 13503
12C 0+ 10300 1+ 15084
12C 5,7+ 12400 2+ 15730
12C 1+ 12710 2+ 16691
12C 4+ 13300 3+ 17261
12C 4+ 14079 2+ 18129
12C 1+ 15110
13C 1/2- 0 1/2- 0
13C 3/2- 3685 3/2- 3587
13C 5/2- 7547 5/2- 7404
13C 1/2- 8866 1/2- 8782
13C 3/2- 9895 3/2- 10433
13C 7/2- 10754 7/2- 11079
13C 5/2- 10813 5/2- 13180
13C 1/2- 11076 1/2- 13812
13C 3/2- 11727 3/2- 14005
13C 1/2- 12055 3/2- 14794
14C 0+ 0 0+ 0
14C 0+ 6589 2+ 6834
14C 2+ 7012 1+ 9094
14C 2+ 8317 0+ 13634
14C 0+ 9746 2+ 15190

14

AB 7
0+ 0 0+ 0
2+ 4715 2+ 4592
1+ 7339 1+ 7348
3/2- 0 3/2- 0
5/2- 3785 1/2- 3192
1/2- 3874 5/2- 3533
3/2- 4878 3/2- 4483
712- 6176 7/2- 6037
3/2- 7561 3/2- 7125
5/2- 7819 5/2- 7695
1/2- 9103 1/2- 8600
712- 9844 7/2- 9144
5/2- 10704 5/2- 9964
0+ 0 0+ 0
2+ 4160 2+ 4119
2+ 5809 2+ 5488
il 8132 1+ 7912
2+ 9155 2+ 8809
3+ 9755 3+ 9371
1+ 10220 2+ 9586
2+ 10253 1+ 9716
0+ 11051 0+ 10610
4+ 11632 4+ 11628
3/2- 0 3/2- 0
1/2- 1705 1/2- 1267
5/2- 4344 5/2- 3834
3/2- 5385 3/2- 4727
7/2- 5843 7/2- 5622
5/2- 8103 5/2- 7809
5/2- 10687 5/2- 9959
3/2- 11434 3/2- 11016
1/2- 11614 1/2- 11122
1/2- 12013 1/2- 11647
0+ 0 0+ 0
2+ 4645 2+ 4344
1+ 12449 1+ 12419
0+ 13466 4+ 12995
4+ 13499 0+ 13430
1+ 15084 1+ 15133
2+ 15726 2+ 15236
2+ 16692 2+ 16857
3+ 17258 3+ 16906
2+ 18126 2+ 17684
1/2- 0 1/2- 0
3/2- 3583 3/2- 2913
5/2- 7401 5/2- 7035
1/2- 8779 1/2- 8450
3/2- 10431 7/2- 9986
712- 11071 3/2- 10089
5/2- 13173 5/2- 12203
1/2- 13807 1/2- 13153
3/2- 13999 3/2- 13161
3/2- 14791 3/2- 14428
0+ 0 0+ 0
2+ 6831 2+ 6320
1+ 9090 1+ 8616
0+ 13627 0+ 12679
2+ 15182 2+ 14003
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Table 6. Values of ground and low excited energy levels of N

nuclei

isoToP EXP CKPOT AB RF
10N 1- 0 1+ 0 1+ 0 1+ 0
10N 2- 900 2+ 1186 2+ 1186 2+ 1105
10N 2+ 3653 2+ 3650 3+ 3208
10N 3+ 3798 3+ 3794 2+ 3269
10N 1+ 5032 1+ 5027 1+ 4340
10N 0+ 6535 0+ 6531 1+ 5890
10N 1+ 6730 1+ 6724 0+ 5939
10N 2+ 9681 2+ 9672 2+ 8368
10N 1+ 13078 1+ 13072 1+ 12233
10N 0+ 20207 0+ 20203 0+ 19614
1IN 1/2+ 0 1/2- 0 1/2- 0 1/2- 0
11N 1/2- 730 3/2- 2279 3/2- 2276 3/2- 1877
1IN - 1570 5/2- 4660 5/2- 4659 5/2- 4464
1IN 3/2- 2860 3/2- 4925 3/2- 4922 3/2- 4473
1IN 5/2- 3630 7/2- 7988 7/2- 7985 7/2- 7430
1IN 5/2- 4420 5/2- 8387 5/2- 8383 5/2- 7902
11N 3/2- 5080 3/2- 8513 3/2- 8514 3/2- 7931
1IN 1/2- 9730 1/2- 9726 1/2- 9130
1IN 5/2- 10755 5/2- 10751 5/2- 10196
1IN 3/2- 11200 3/2- 11196 3/2- 10582
12N 1+ 0 1+ 0 1+ 0 1+ 0
12N 2+ 961 2+ 1606 2+ 1607 2+ 1723
12N 0+ 2439 1+ 4421 1+ 4418 1+ 3978
12N 2+ 3558 0+ 4513 0+ 4510 0+ 4036
12N 1,2+ 4561 3+ 4546 3+ 4542 3+ 4101
12N 3+ 6275 2+ 4955 2+ 4951 2+ 4365
12N 0+ 12196 1+ 6471 1+ 6467 1+ 5832
12N 3+ 8486 3+ 8483 3+ 8062
12N 2+ 8893 2+ 8888 2+ 8091
12N 2+ 10401 2+ 10395 2+ 9481
13N 1/2- 0 1/2- 0 1/2- 0 1/2- 0
13N 3/2- 3500 3/2- 3587 3/2- 3583 3/2- 2914
13N 5/2- 7377 5/2- 7404 5/2- 7401 5/2- 7029
13N 1/2- 8918 1/2- 8782 1/2- 8779 1/2- 8449
13N 3/2- 9476 3/2- 10433 3/2- 10431 7/2- 9988
13N 5/2- 10360 7/2- 11079 7/2- 11071 3/2- 10084
13N 7/2- 10360 5/2- 13180 5/2- 13173 5/2- 12205
13N 1/2- 10383 1/2- 13812 1/2- 13807 1/2- 13149
13N 5/2- 11700 3/2- 14005 3/2- 13999 3/2- 13157
13N 3/2- 11740 3/2- 14794 3/2- 14791 3/2- 14428
14N 1+ 0 1+ 0 1+ 0 1+ 0
14N 0+ 2313 0+ 2690 0+ 2688 0+ 2465
14N 1+ 3948 1+ 3617 1+ 3612 1+ 2857
14N 1+ 6204 2+ 6991 2+ 6986 2+ 6286
14N 3+ 6446 2+ 9524 2+ 9519 3+ 8688
14N 2+ 7029 3+ 10145 3+ 10135 2+ 8782
14N 0+ 8618 1+ 11783 1+ 11779 1+ 11079
14N 5+ 8964 1+ 15239 1+ 15230 1+ 13884
14N 2+ 8980 0+ 16323 0+ 16315 0+ 15139
14N 3+ 9129 2+ 17880 2+ 17870 2+ 16461
15C 1/2- 0 1/2- 0 1/2- 0 1/2- 0
15C 3/2- 6324 3/2- 6363 3/2- 6358 3/2- 5616

4. CONCLUSIONS

In this study, it is aimed to support nuclear shell model
calculations by machine learning models. The results of the used
methods clearly show the applicability of machine learning in the
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field of nuclear physics. Single particle energy estimations made
using Random Forest (RF), AdaBoost (ADA) and Ensemble
(ENS) models revealed that the ENS model is particularly
superior when compared to experimental data. RF and ADA
models also give successful results in certain cases, but in general,
ENS provided the most consistent estimates. Calculations
performed on p shell nuclei show that the energy levels of this
shell can be estimated quite accurately with machine learning.
However, the accuracy of the estimates depends on the scope of
the data set used and the quality of training the models. Especially
in cases where experimental data is missing, machine learning
estimates play a complementary role rather than replacing
experimental studies.

The results of this study show that machine learning
approaches can be used effectively in nuclear shell model
calculations. The obtained results can be summarized as follows:

1. Machine learning models have been successfully
applied to nuclear physics calculations. The ENS
model has shown better performance compared to
other models for the generations of single particle
energi values.

2. The agreement with experimental data has been
achieved at a high level, especially in calculations
performed on p-shell nuclei.

3. The machine learning approach can be used as a
powerful tool to support nuclear shell model
calculations in cases where experimental data are
missing or limited.

4. Future studies can increase the general validity of the
method by investigating the applicability of this
approach with larger data sets and in different nuclear
regions.
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In conclusion, machine learning offers an innovative
solution in the field of nuclear physics, and such approaches are
considered as a promising method to support theoretical modeling
and complement experimental data.
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BAZI GLUTAMIK ASIiT TUREVLERININ
MANYETIK DEGERLERININ
KARSILASTIRILMASI

Mehmet Halim BASKAN!?

1. GIRIS
Elektron Paramanyetik Rezonans (EPR) spektroskopisi,

serbest radikallerin yapisini incelemek ve kimligini belirlemek
icin kullanilan yontemlerdendir [1-5].

Bu ¢alismada daha once caligilmis ve gama ile 1sinlanmis
L-Glutamik asit dimetil ester hidrokloriir, L-Glutamik asit
hidroklorir, DL-Glutamik asit Monohidrat, L-Glutamik asit y-etil
ester, DL-2-Metil glutamik asit hemihidrat, N-Asetil-L-Glutamik
asit, N-Metil-L-Glutamik asit, L-Glutamin hidroklortr, Glisil-L-
Glutamin, L-Glutamin, Alanil-L-Glutamin, Glisil-L-Glutamin
monohidrat toz drneklerinin manyetik degerleri (a ve g degerleri
gibi), oOrneklerde olusan radikaller ve ¢izgi siddetleri
karsilagtirilarak, benzer ve farklhiliklarla ilgili yorumlar
yapilmistir. Ayrica 6rneklerin biyolojik 6zellikleri incelenmistir.

Glutamik asit (Glu, E), proteinleri olusturan 20
aminoasitten biridir. Glutamat olarak da bilinir. 1 amino ve 2
karboksil icerir. Polar, asidik aminoasittir. Fizyolojik pH'da
iyonize olup negatif yuklidir. Non esansiyel ve glukojeniktir.
Glutaminin  anyonik formudur. Karacigerde sentezlenen
pthtilasma faktorlerinin yapisinda, protein S ve C'nin yapisinda
ve kemiklerde osteokalsinin yapisindaki aminoasit olup K

L Prof. Dr., Dicle Universitesi, Ziya Gokalp Egitim Fakiiltesi, Matematik ve Fen

Bilimleri Egitimi Bolimii, Fizik Egitimi Anabilim Dali, hbaskan@dicle.edu.tr,
ORCID: 0000-0001-9288-4947
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vitaminine bagli olarak gama karboksile olur. Folik asitin
yapisinda bulunur. Eksitor etkili norotransmitter (siniriletici)dir.
Oksidatif deaminasyona giren tek aminoasittir.

Glutamik asidin biyolojik 6zellikleri, vicutta 6nemli

islevler gormesinden kaynaklanir. Iste bazi temel biyolojik
ozellikleri:

1.

Protein Sentezi: Glutamik asit, viicutta proteinlerin yap1
tasi olarak kullanilan bir amino asittir. Bu, hiicrelerin ve
dokularin yapilarint olusturmasit ve onarilmast ig¢in
gereklidir.

Norotransmitter Olarak Roll: Glutamik asit, merkezi sinir
sistemi tizerinde dnemli bir etkiye sahip olan glutamatin
Onciistidiir. Glutamat, sinir hiicreleri arasinda iletisimi
saglayan bir ndrotransmitterdir ve 6grenme, hafiza, dikkat
gibi biligsel fonksiyonlar i¢in ¢ok dnemlidir.

Enerji Metabolizmasi: Glutamik asit, vicutta enerji
uretimi icin de rol oynar. Glutamat, hticreler icinde enerji
iiretimiyle ilgili olan gesitli metabolik yollarla iliskilidir,
ornegin, trikarboksilik asit (TCA) dongiisiine katilabilir.

Asidik Ozellik: Glutamik asit, yan zincirinde iki karboksil
grubu igerdigi i¢in asidik bir amino asittir. Bu 6zellik,
viicutta asidik veya bazik dengeyi diizenlemeye yardimci
olabilir.

Detoksifikasyon: Glutamat, amonyak gibi toksik
maddelerin viicuttan atilmasinda da rol oynar. Ozellikle
beyin hiicrelerinde, glutamatin amonyagi baglayarak
detoksifikasyon saglamasi, norolojik sagligi koruma
acgisindan onemlidir.

Bagisiklik Sistemi ve Hiicre Iletisimi: Glutamik asit,
bagisiklik sistemi hiicrelerinin iglevlerinde de rol oynar.
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Ayrica, hiicreler arasi iletisimi etkileyebilir ve hiicre
biiylimesini tesvik edebilir.

Bu biyolojik 6zellikleri nedeniyle glutamik asit, viicuttaki
bircok 6nemli siiregte kritik bir bilesen olarak gorev alir.

Glutamin, vicutta bulunan ©6nemli amino asittir ve
glutamik asidin amide doniismiis halidir. Kimyasal olarak,
glutaminin yapisinda bir amino grubu (-NH:) ile bir karboksil
grubu (-COOH) bulunur. Ancak, glutaminin yapisindaki
karboksil grubunun bir azot atomu tarafindan amide
doniismesiyle glutamik asitten farklilagir. Glutamin, viicudun
¢ogu hiicresinde bulunan, en bol amino asitlerden biridir ve
bircok biyolojik stirecte dnemli roller Ustlenir.

Glutaminin biyolojik 6zellikleri, onu vicutta birgok
hayati siiregte kritik bir bilesik haline getirir. Bagisiklik sistemi,
sindirim sistemi, kas saglig1 ve sinir sistemi gibi pek ¢ok alanda
onemli islevlere sahiptir. Bu nedenle, glutaminin saglikli bir
metabolizma ve genel viicut fonksiyonlar1 i¢in vazgecilmez bir
amino asit oldugunu soyleyebiliriz.

2. MATERYAL VE METOT

Toz ornekler %°Co y(gama)-isin1  kaynagi ile oda
sicakliginda ¢esitli doz oranlarinda 1silanmiglardir. g faktord
(spektroskopik yarilma faktorii) dipenhylpicrylhydrazyl (DPPH)
ormegi (g = 2.0036) ile karsilagtirillarak hesaplanmistir.
Spektrumlar ~ simiilasyon  programi  kullanilarak  simdle
edilmislerdir[6]. Spektrumlar ¢esitli araliklarla Olgiilerek, toz
orneklerde olusan radikallerin kararlilig1 tespit edilmistir.
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3. SONUC VE TARTISMA
3.1. L-Glutamik asit dimetil ester hidroklortr(LGA)

L-glutamik asit dimetil ester hidrokloriir, yapisal olarak
glutamatin bir tiirevidir ve cesitli biyolojik etkiler yaratabilir.
Beyin ve merkezi sinir sistemi (zerinde 06nemli etkiler
yaratabilmesi, 0Ozellikle noérolojik bozukluklarin tedavisinde
potansiyel bir uygulama alan1 sunabilir. Ancak, bu bilesigin
klinik kullanimi ve uzun donem etkileri hakkinda daha fazla
aragtirmaya ihtiyag¢ vardir.

Kimyasal formili C7H13CIN204 dir.

Toz 6rnek, oda sicakliginda 30 kGy'lik dozla gama ile
radyasyona maruz birakildi. Spektrumlarin oda sicakliginda 2
aydan daha fazla kararli (sénmedigi) kaldig1 goriilmiistiir.

LGA'nin oda sicakligindaki gama 1s1n1 ile 1s1nlanmis tozu,
Sekil la'da gosterilen spektrumu verir[7]. Bu spektrum yaklagik
olarak 1:3:3:1 yogunluk dagilimina sahiptir. Bu spektrum —CH2C
HCOOCHSs radikaline atfedilebilir. Bu sonuglar eslenmemis
elektronun a-protonu ve iki B-protonu ile etkilesime girdigini
gostermektedir. Protonlarla olan asirt ince yapi etkilesimleri su
sekilde verilmistir: a®p =2.50 mT, 0@p=1.94 mT ve aa = 1.94
mT. a-protonu ve iki B-protonu yaklasitk manyetik olarak
esdegerdir. Bu radikalin g-degeri g = 2.0041 £+ 0.0005 olarak
Olciilmiistlir. Bu asir1 ince yap1 parametreleriyle simiile edilmis
spektrum, Sekil 1b'de gosterilmistir. Deneysel ve simiile edilmis
EPR spektrumlarinin birbirleriyle iyi bir uyum gosterdigi
bulunmustur. Bu sonuglara gore,-CH2CHCOOCHs: radikalinin,
COOCHS3 grubuna bagh karbon atomundan NH2 grubunun
uzaklastirilmasiyla elde edildigi s6ylenebilir.
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| 3mT | H
'-..-'
Sekil.1 a) LGA toz 6rneginin EPR spektrumu b) Simiile edilmis

spektrum.
3.2. L-Glutamik asit hidroklortr(LGAHCI)

L-glutamik asit hidroklortrin biyolojik 6zellikleri,
genellikle L-glutamik asidin biyolojik aktiviteleriyle yakindan
iligkilidir. L-glutamik asit hidroklorir, norolojik ve metabolik
fonksiyonlarda kritik rol oynayan bir bilesiktir. Ancak, dengeli ve
kontrollii kullanimi 6nemlidir ¢linkii asir1 glutamat salinimi,
norotoksisiteye ve norolojik hastaliklara yol agabilir.

Kimyasal Formill: CsHoNO4-HCI dir.

Toz 6rnek, oda sicakliginda 30 kGy'lik dozla gama ile radyasyona
maruz birakildi. Spektrumlarin oda sicakliginda 2 aydan daha
fazla kararli (sonmedigi) kaldig1 goriilmiistiir.

Gama 1smi ile 1ginlanmis LGAHCI tozlarmin EPR
spektrumu, Sekil 2a'da gosterilmistir [8]. 1:2:2:2:1 yogunluk
dagilimina sahip spektrum detayli incelendiginde, 3.87 mT'lik bir
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cift ¢izgi igerdigi goriliir. Ardindan, ¢ift ¢izginin her biri, 2.14
mT'lik {i¢ ¢izgiye daha boliinmiistiir ve bu ¢izgilerin yogunluk
dagilimi 1:2:1'dir. Bu spektrum i¢in binom ag¢ilimi su sekilde
verilir:
1:2:1+1:2:1=1:2:2:2:1

Sonu¢ olarak, eslenmemis elektronun o-proton ve
manyetik olarak esdeger olmayan iki B-protonu ile etkilesimde
oldugunu gosterir. Protonlarla olan asir1 ince yapi etkilesimleri
sunlardir: as = 2.14 mT, a® = 3.87 mT, a®s = 2.14 mT ve
AH=0.48 mT. a-proton ve p@-proton manyetik olarak esdegerdir.
Bu EPR spektrumunun HOOCCH2CH2CHCOOH'ye ait
oldugunu varsayabiliriz. Bu serbest radikalin g degeri g =2.0035

+ 0.0005 olarak oOlgiilmiistiir. Yukarida verilen degerlerle yapilan
spektrum simiilasyonu Sekil 2b'de gdsterilmistir.

3.5mT o

Sekil.2 a) LGAHCI 6rneginin EPR spektrumu b) Simiile edilmis
spektrum.
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3.3. DL-Glutamik asit Monohidrat(DLGAM)

DL-glutamik asit monohidrat bir amino asit olarak,
merkezi sinir sistemi fonksiyonlarini destekler, bagisiklik ve
sindirim sistemlerinde énemli bir rol oynar ve vicuttaki asidik-
bazik dengeyi korur. Ayni zamanda enerji lretimi ve
metabolizma igin kritik bir bilesiktir. Bu biyolojik 6zellikleri,
DL-glutamik asit monohidrati1 bir¢ok tibbi ve biyolojik
arastirmada 6nemli bir bilesik haline getirir.

Kimyasal formilti CsHsNOa4-H20 dur.

Toz ornek, oda sicakliginda 20 kGy'lik dozla gama ile
radyasyona maruz birakildi. Spektrumlarin oda sicakliginda 3
aydan daha fazla kararli (sénmedigi) kaldig1 goriilmiistiir.

Sekil 3a, DLGAM tozunun gama 1sin1 ile 1silanmis oda
sicakliginda kaydedilen EPR spektrumunu gdstermektedir[9].
Spektrum, yogunluk dagilimi 1:2:1:1:2:1 olan alt1 ¢izgiden
olugmustur. spektrum, 4.20 mT'lik bir ¢ift ¢izgi(dublet) icerdigi
goriilmektedir. Ardindan, ¢ift ¢izginin her biri, yogunluk dagilimi
1:2:1 olan 1.74 mT'lik {i¢ ¢izgiye daha boliinmiistiir. Eslenmemis
elektron, a-protonu ve manyetik olarak esdeger olmayan iki f3-
protonu ile bir etkilesimde oldugunu gostermektedir. Protonlarla
olan asir1 ince yapi etkilesimleri sunlardir: aq = 1.74 mT, a®g =
4.20mT, a®s=1.74 mT ve AH=0.40 mT. a-proton ve a®s-proton
manyetik olarak esdegerdir. Elde edilen sonuglar, bu EPR
spektrumunun HOOCCH2CH2CHCOOH radikaline ait oldugunu
acikca gostermektedir. Bu radikalin g degeri g = 2.0038 + 0.0005
olarak dl¢tilmiistiir. Yukarida verilen agir1 ince yap1 parametreleri
ile yapilan spektrum simiilasyonu Sekil 3b’de gosterilmistir.
Deneysel ve simile edilen EPR spektrumlari birbirleriyle iyi bir
uyum gostermektedir. Bu toz Ornekte olusan radikal, COOH
grubuna bagli karbon atomundan NH2 grubunun kopmasiyla elde
edilmistir.
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3.5mT

(a)

&)

Sekil.3 a) DLGAM toz 6rneginin oda sicakh@indaki EPR
spektrumu b) Simiile edilmis spektrum.

3.4. L-Glutamik asit y-etil ester(LGE)

L-Glutamik asit y-etil ester, glutamik asit (bir amino asit)
tirevlerinden biridir ve kimyasal olarak, glutamik asidin y-
pozisyonunda etil grubu eklenmis bir ester formudur.

L-Glutamik asit y-etil ester, glutamat ile ilgili biyolojik
etkilerin modiilasyonunda ve norolojik hastaliklarin tedavisinde
potansiyel bir bilesik olarak One ¢ikabilir. Ancak, biyolojik
etkilerini tam olarak anlamak i¢in daha fazla arastirma yapilmasi
gereklidir.

Kimyasal formali: C7H13NO. dir.
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Toz 6rnek, oda sicakliginda 24 kGy'lik dozla gama ile radyasyona
maruz birakildi. Spektrumlarin oda sicakliginda 6 aydan daha
fazla kararli (s6nmedigi) kaldig1 goriilmiistiir.

LGE (L-Glutamik asit y-etil ester) tozu, oda sicakliginda
0Co gama-1s1n1 kaynagi ile 1sinlandiginda, EPR spektrumu Sekil
4a'da gosterilmektedir[10]. Bu spektrum,
C2Hs0COCH2CH2C(NH2)COOH radikaline atfedilebilir.
Eslenmemis elektron, iki [B-protonu ve azot c¢ekirdegi ile
etkilesime girmistir. Spektrumun EPR simiilasyonu, Sekil 4b'de
gosterilmistir. Ornegin asir1 ince yapi sabiti degerleri, a®s = 3.60
mT, a®; = 1.80 mT, an = 0.53 mT ve AH=0.58 mT. Azot
cekirdeginin asir1 ince yapi sabiti, spektrumun ¢izgi genisliginden
daha kiiciik oldugundan dolay1 spektrumda
gozlemlenmemektedir. Radikalin g degeri ise g = 2.0032 *
0.0005 olarak bulunmustur.

Sekil.4 a) LGE toz érneginin EPR spektrumu b) Simiile edilmis
spektrum.
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3.5. DL-2-Metil glutamik asit hemihidrat
(DL2ZMGAH)

DL-2-Metil  Glutamik  Asit  Hemihidrat (DL-2-
Methylglutamic acid hemihydrate), bir amino asit turevidir ve
genellikle kimyasal ve biyolojik arastirmalarda kullanilir.
Hemihidrat formu, bir molekiil suyu baglayan kristal yapisini
ifade eder.

DL-2-Metil Glutamik Asit Hemihidrat, glutamatin
biyolojik 6zelliklerini ve ndrolojik etkilerini tagiyan bir bilesiktir.
Bu ozellikler, onu 6zellikle norolojik hastaliklarin tedavisinde,
amino asit metabolizmasinda ve farmasotik arastirmalarda
potansiyel bir bilesik yapmaktadir. Bununla birlikte, bu tiirevin
tam biyolojik etkilerinin daha iyi anlasilabilmesi i¢in daha fazla
arastirma yapilmasi gerekebilir.

Kimyasal formult CeH11NO4-1/2H20 dir.

Toz 6rnek, oda sicakliginda 12 kGy'lik dozla gama ile
radyasyona maruz birakildi. Spektrumlarin oda sicakliginda 3
aydan daha fazla kararli (sonmedigi) kaldig1 goriilmiistiir.

DL-2-MGAH'nin gama-isimm1 ile 1sinlandiktan sonra
kaydedilen EPR spektrumu Sekil 5a’da verilmistir [11]. Metilen
grubundan bir hidrojenin kopmasiyla olusan paramanyetik
merkez  HOOCCH3NH2CCHCH2COOH-1/2H20  radikaline
atfedilmistir. Spektrum, 1:1:4:4:6:6:4:4:1:1 yogunluk dagilimina
sahip on ¢izgiden olusmustur. Spektrumun g-degeri g = 2.0031 +
0.0005°tir. Eslenmemis elektron, bir a-protonu, metilen grubunun
iki esdeger protonu, NH2 grubunun bir protonu, metil grubunun
bir protonu ve azot ¢ekirdegi ile etkilesime girer. Asir1 ince yapi
etkilesimler su sekilde belirlenmistir: a« = 2.1 mT, a®p = a@g =
2.2mT, a%=2.0mT, a% =0.87 mT, an=0.36 mT ve AH=0.30 mT.
Bu parametrelerle elde edilen simiile edilmis spektrum Sekil
5b’de verilmistir. Deneysel ve simiile edilmis spektrumlar
oldukca uyumludur.
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4 I

Sekil.5 a) DL2ZMGAH o6rneginin oda sicakhigindaki EPR
spektrumu b) Simiile edilmis spektrum.

3.6. N-Asetil-L-Glutamik asit(NALGA)

N-Asetil-L-Glutamik Asit, glutamik asidin bir tlrevi olup,
genellikle biyokimyasal ve farmasétik aragtirmalarda kullanilir.
Bu bilesik, glutamik asit molekiiliine asetik asit (CH:COOH)
grubu eklenerek sentezlenir.

N-Asetil-L-Glutamik Asit, glutamatin biyolojik etkilerini
modiile eden bir bilesiktir. Glutamatin ndorolojik etkilerini
duzenleyerek, noroprotektif, anti-inflamatuar ve metabolik
siireclerde etkili olabilir. Potansiyel olarak ndrolojik hastaliklarin

tedavisinde kullanilabilir ve farmasotik arastirmalarda 6nemli bir
bilesik olabilir.

Kimyasal formili C7H.:NOs dir.

Toz ornek, oda sicakliginda 24 kGy'lik dozla gama ile
radyasyona maruz birakildi. Spektrumlarin oda sicakliginda 3
aydan daha fazla kararli (sonmedigi) kaldigi goriilmiistiir.
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NALGA'nin gama 1s1n1 ile 1sinlandiktan sonra karakteristik EPR
spektrumu  Sekil  6(a)da  gosterilmistir[12].  Spektrum
incelendiginde, 2.83 mT' lik, bir ¢ift ¢izgiden olustugu
gorilmektedir. Eslenmemis elektron metilenin bir protonu ve N
cekirdegiyle etkilesmektedir. Spektrumun ¢izgi genisligi biiyiik
oldugundan, azot  c¢ekirdeginin  etkisi spektrumda
gozlemlenmemektedir. Simiilasyon programi kullamlarak, a®p
=2.83 mT, an = 0.43 mT ve AH=0.40 mT olarak elde edilmistir.
Spektrumun g degeri g = 2.0030 £ 0.0005 tir. Paramanyetik
merkez HOOCCH2CH2C(NHCOCH3)COOH radikaline
atfedilmistir.

Sekil.6 a) NALGA o6rneginin EPR spektrumu b) Simiile edilmis
spektrum.
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3.7. N-Metil-L-Glutamik asit (NMGA)

N-Metil-L-glutamik asit( metilglutamat ), amino grubuna
bir metil grubunun eklendigi glutamik asidin kimyasal bir
tirevidir. Metan metabolizmasinda bir ara maddedir.
Biyosentetik olarak, metilamin ve glutamik asitten metilamin-
glutamat N -metiltransferaz enzimi tarafindan tiretilir.

N-Metil-L-Glutamik Asit (NMGA), biyolojik olarak
onemli bir molekiildiir ve genellikle ndrolojik arastirmalarla
iligkilendirilir. Bu bilesik, glutamik asit (bir noérotransmitter)
tirevidir ve bir metil grubu (-CH3) igerir.

N-Metil-L-Glutamik Asit’in norolojik ve farmasotik
arastirmalarda ¢ok yonlii bir bilesik olarak yerini aldigini
sOyleyebiliriz. Henliz tim biyolojik etkileri net olarak
anlagilamamis olsa da, gelecekteki ¢alismalarda bu molekiiliin
potansiyeli daha da aciga ¢ikabilir.

Kimyasal formili CeHi1NOa tir.

Toz 6rnek, oda sicakliginda 20 kGy'lik dozla gama ile
radyasyona maruz birakildi.

NMGA tozunun oda sicakligindaki karakteristik kararli
EPR spektrumu Sekil 7a’da gosterilmistir [13]. Spektrum
dikkatlice incelendiginde, 3,00 mT'lik bir ikili(dublet) ¢izgiden
olustugu, daha sonra her bir ¢iftin 0,65 mT’lik bir mesafe ile lice
boliindiigii goriilmektedir. Bu, eslesmemis elektronu bir metilen
protonu ve bir azot c¢ekirdegi (I=1) ile olan -etkilesimini
gostermektedir. Bu  nedenle, paramanyetik  merkez
HOOCCH2CH2C(NHCH3)COOH  radikaline ait oldugunu
diisiiniilmektedir. Bu radikalin g degeri g = 2.0027 £ 0.0005
olarak olciilmistiir. Sekil 7b’de, etkilesim sabitleri a®p =3.00
mT, an = 0.65 mT kullanilarak yapilan spektrum simiilasyonu
gosterilmektedir. Deneysel ve simile edilen EPR spektrumu
birbirleriyle olduk¢a uyumlu bulunmustur.
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Sekil.7 a) Oda sicakhgindaki NMGA toz érneginin EPR
spektrumu b) Simiile edilmis spektrum.

3.8. L-Glutamin hidroklortur(LGHCI)

L-Glutamin hidroklorlr, L-glutaminin bir tuzu olup,
genellikle viicutta dnemli bir amino asit olan glutaminin biyolojik
ozelliklerini tasir. Glutamin, viicutta bircok temel islevi yerine
getiren, protein sentezi ve enerji Uretiminde rol oynayan bir
amino asittir.

L-Glutamin hidrokloriiriin genellikle sporcular, bagisiklik
sistemi sorunlar1 olan bireyler ve sindirim problemleri yasayan
kisiler tarafindan takviye olarak kullanilmaktadir.

Kimyasal formli CsH1oN203. HCI dir.
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Toz 6rnek, oda sicakliginda 20 kGy'lik dozla gama ile radyasyona
maruz birakildu.

LGHCI1 o6rneginin  EPR  spektrumu sekil.8 a da
gosterilmistir[14]. Olusan radikalin karbon merkezli radikal
oldugunu gosteriyor. Bu spektrum, 1:2:1:1:2:1 oraninda bir
yogunluk dagilimi sergiler ve CH2CHCOOH radikaline
atfedilebilir. Spektrum, 2.87 mT'lik iki ¢izgi (doublet) olustugunu
gosterir. Ardindan, ikili ¢izginin her biri, 1.08 mT'lik bir aralikla
ve 1:2:1 yogunluk dagilimina sahip ii¢ ¢izgiye(triplet) ayrilmistir.
Bu sonuglar, serbest elektronun a-proton ve iki metilen protonu
ile olan etkilesmesini isaret eder. Olgiilen g degeri g = 2.0035 £
0.0005'dir. Bu spektrum, ach = 2.87 mT ve acHz = 1.08 mT ve
AH=0.35 mT degerlerle simiile edilmistir.

Simile spektrum Sekil 8b'nde gosterilmistir. Deneysel ve
simiile edilmis EPR spektrumlarinin birbirleriyle iyi bir uyum
icinde oldugu bulunmustur. Sonug olarak, toz Ornekte gama
1sinlamasinin, -COOH grubuna bagli karbon atomundan bir NH2
grubunun kopmasiyla LGHCIl'de serbest radikal olustugu

sOylenebilir.
i |
\

Sekil.8 a) LGHCI o6rneginin EPR spektrumu b) Simiile edilmis
spektrum.

R
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3.9. Glisil-L-Glutamin(GLG)

Glisil-L-Glutamin (Gly-L-Glu), glisin ve L-glutamin
amino asitlerinin dipeptididir. Bu bilesik, biyolojik sistemlerde
cesitli onemli islevlere sahiptir.

Glisil-L-Glutamin, hem glisin hem de L-glutaminin
biyolojik 0Ozelliklerini tasiyan 6nemli bir bilesiktir ve birgok
biyolojik islevde rol oynayabilir. Bagisiklik, sinir sistemi,
sindirim sistemi, kas sagligi ve antioksidan savunma gibi
alanlarda potansiyel faydalar saglayabilir.

Kimyasal formili C7H13N3O4 dir.

Toz ornek, oda sicakliginda 36 kGy'lik dozla gama ile
radyasyona maruz birakildi.

GLG'nin gama radyasyonuna ugratilmis tozu oda
sicakliginda Sekil 9a'da gosterilen spektrumu verir[15]. Bu
spektrum, CH2CNHCOOH radikaline atfedilebilir. Spektrum, 1:1
cift ¢izginin(dublet) her biri 1:2:1 {i¢ ¢izgiye ayrilmistir. Asiri
ince yapi1 sabitleri, acHz = 2.17 mT, anu = 0.72 mT, an = 0.48 mT,
AH=0.40 mT ve g-faktéru g = 2.0028 + 0.0005 olarak
Olciilmiistiir.

Spektrum ayrintili olarak incelendiginde, 2.17 mT'lik bir
aralikla bir Giglii ¢izginin olustugu goriilmektedir. Ardindan, her
bir ¢l ¢izgi, 0.72 mT'lik bir aralikla iki ¢izgiye daha bolindagi
goriilmektedir, bu Sekil 9a'da gosterilmektedir. Bu sonuglar,
eslenmemis elektronun, iki metilen protonu ve bir NH protonu ile
olan etkilesmesini gostermektedir. Azot ¢ekirdegi ile olan
etkilesme, azotun a sabitinin kii¢iik olmasindan dolay1 ¢6ziiniir
degildir. Bu degerlerle simiile edilen bir spektrum, deneyle iyi bir
uyum igindedir (Sekil 9b). Sonu¢ olarak, gama radyasyonunun,
GLG'de bir hidrojen atomunun CH grubundan kayb1 ile serbest
radikal olustugu soylenebilir.
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(a)

(b)

Sekil.9 a) GLG toz 6rneginin EPR spektrumu b) Simiile edilmis
spektrum.

3.10. L-Glutamin(LG)

L-glutaminin biyolojik 0&zellikleri ¢ok cesitlidir ve
viicudun enerji tiretimi, bagisiklik sistemi, sindirim sagligi, kas
onarimi ve sinir sistemi gibi bir dizi kritik fonksiyonunda énemli
bir rol oynar. Bu o6zellikleri nedeniyle L-glutamin, sporcular,

bagisiklik sistemi zayif olan bireyler ve sindirim sistemi
problemleri yasayan kisiler i¢in faydali bir takviye olabilir.

Kimyasal formili CsH1o0N203 tir.

Toz ornek, oda sicakliginda 36 kGy'lik dozla gama ile
radyasyona maruz birakildi.
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Sekil 10 a, oda sicakliginda gama radyasyonuna
ugratilmis LG tozunun EPR spektrumunu gostermektedir[15]. Bu
spektrum, CH2CHCOOH radikaline atfedilebilir. Bu radikalin,
—COOH grubuna bagli karbon atomundan bir NH2 grubunun
kopmast sonucu olustugu diisiiniilmektedir. Bu 06rnegin
spektrumu, yaklasik 1:2:2:2:1 yogunluk dagilimina sahiptir; bu
spektrumda, 2.30 mT'lik bir aralikla bir ¢ift ¢izginin (dublet)
bulundugu goriilmektedir. Ardindan, her bir ¢izgi, 1.23 mT'lik bir
aralikla ve 1:2:1 yogunluk dagilimma sahip {i¢ gizgiye
bOlinmiistir. Bu spektrumun binom agilimi  su sekilde
verilmistir:

1:2:1+1:2:1=1:2:2:2:1

Esdeger olmayan protonlarin daha biiyiik bir sayis1 i¢in
spektrum, binom a¢ilimi ile bulunabilir; Bu spektrum igin,
Olciilen degerler sunlardir: ach = 2.30 mT, achz = 1.23 mT,
AH=0.45 mT ve g = 2.0027 £ 0.0005. Bu parametrelerle simile

edilen bir spektrum, Sekil 10b'de gosterilmistir. Deneysel ve
simiile edilmis EPR spektrumlar1 arasindaki uyum oldukga iyidir.

Sekil.10 a) LG toz 6rneginin Oda sicakhigindaki EPR spektrumu
b) Simiile edilmis spektrum.
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3.11. Alanil-L-Glutamin(ALG)

Alanil-L-Glutamin (Ala-L-Glu), alanin ve L-glutamin
amino asitlerinin dipeptididir ve biyolojik sistemlerde c¢esitli
islevleri vardir. Alanil-L-Glutamin, hem alanin hem de L-
glutaminin biyolojik 6zelliklerini tagiyan bir bilesiktir. Bagisiklik
sistemi, sindirim sagligi, kas biiylimesi, enerji lretimi ve
norolojik fonksiyonlar gibi birgok alanda énemli biyolojik etkiler
gosterir.

Kimyasal formili CsHisN3Oa4 tir.

Toz ornek, oda sicakliginda 18 kGy'lik dozla gama ile
radyasyona maruz birakildi. Spektrumlarin oda sicakliginda 3
aydan daha fazla kararli (sénmedigi) kaldig1 goriilmiistiir.

Sekil 1la'da, oda sicakliginda gama radyasyonuna
ugratilmis ALG tozunun EPR spektrumu gosterilmektedir[16].
Bu spektrumun hasar merkezi, CH2CNHCOOH ile
iligkilendirilebilir. Eslenmemis elektron, iki metilen protonu, bir
NH protonu ve N ¢ekirdegi ile etkilesir. ALG spektrumunun bir
simiilasyonu, asir1 ince yap1 baglanma sabitleri olan acHz = 2.10
mT, ann = 0.68 mT, an = 0.43 mT ve AH=0.38 mT kullanilarak
Sekil 11b'de gosterilmistir. ALG'nin g-degeri g=2.0028 + 0.0005
olarak Olgiilmiistiir. Deneysel ve simiile edilmis EPR
spektrumlar1 arasindaki uyum oldukea iyidir. Sonug olarak, gama
radyasyonunun ALG'de bir CH grubundan bir hidrojen atomunun
kayb ile serbest radikal olusturdugu soylenebilir.
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Sekil.11 a) ALG toz 6rneginin EPR spektrumu b) Simiile edilmis
spektrum.

3.12. Glisil-L-Glutamin monohidrat(GLGM)

Toz 6rnek, oda sicakliginda 18 kGy'lik dozla gama ile
radyasyona maruz birakildi.

Glisil-L-Glutamin Monohidrat (Gly-L-Glu-H20), glisin
ve L-glutamin amino asitlerinin birlesiminden olusan bir dipeptid
olup, biyolojik sistemlerde 6nemli iglevlere sahiptir. Hem glisin
hem de L-glutaminin biyolojik 6zelliklerine sahip olan bu bilesik,
cesitli fizyolojik siireclerde rol oynar.

Glisil-L-Glutamin  Monohidrat, bagisiklik sistemini
desteklemekten norolojik islevleri iyilestirmeye kadar genis bir
biyolojik etki yelpazesinde rol oynar. Bu dzellikleri, onun vicut
tarafindan biyolojik olarak aktif bir bilesik olarak kullanilmasini
ve cesitli saglik faydalar saglamasini miimkiin kilar.

Kimyasal formuli C7H13N3Oa4 - H20 dur.

Sekil 12a, oda sicakliginda gama ile 1iginlanmig GLGM
tozlarinin EPR spektrumunu gostermektedir[17]. Bu spektrum
icin radikal, CH.CNHCOOH ile iliskilendirilebilir. Eslenmemis

39



Akademik Perspektiften Fizik

elektron, iki metilen protonu, bir NH protonu ve N ¢ekirdegi ile
etkilesir. GLGM spektrumunun bir simiilasyonu, asir1 ince yap1
baglanma sabitleri acH2 = 2.40 mT, ann = 0.63 mT, an=0.53 mT
ve AH=0.40 mT kullanilarak Sekil 12b'de gosterilmistir. Bu
radikaldeki metilen protonlarinin  baglanmasi, Oncelikle
hiperkonjugasyon yoluyla olmustur. Sonu¢ olarak, gama
radyasyonunun, GLGM'de bir CH grubundan bir hidrojen
atomunun kaybi yoluyla serbest radikal olusturdugu soylenebilir.

1.5 mT

(a)

(b}

Sekil.12 a) GLGM orneginin EPR spektrumu b) Simiile edilmis
spektrum.
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4. SONUCLAR

Tablo 1. Gama Isinlamasi Sonucu Glutamik Asit Tiirevlerinde
Olusan Radikaller, g Degerleri ve a Degerleri

. g Degeri < .
Madde Ad1 Olusan Radikal (+ 0.0005) a Degerleri (mT)
L-Glutamik asit _ a —
dimetil ester -CH,CHCOOCH; 20041 | =194 a7 =2.50,
. N a“p =1.94
hidroklortr
L-Glutamik asit . a,= 2.14, a%; =3.87,
hidroklorir HOOCCH,CH,CHCOOH 2.0035 22 =214
DL-Glutamik asit . a,= 1.74, a%; =4.20,
Monohidrat HOOCCH,CH,CHCOOH 2.0038 a®, =1.74
L-Glutamik asit y- . a®;=3.60,a%,=
til ester C,Hs0COCH,CH,C(NH,)COOH 2.0032 1.80, ay= 053
DL-2-Metil a,=2.1,a®=2a®
glutamik asit  |[HOOCCHzNH,CCHCH,COOH.1/2H,0| 2.0031 |;=2.2,a®,=2.0,a" =
hemihidrat 0.87 ay=10.36
N-Asetil-L- . O _
Glutamik asit HOOCCH,CH,C(NHCOCH3)COOH | 2.0030 | a®;=2.83, ay=0.43
N-Metil-L- HOOCCH,CH,C(NHCH;)COOH | 2.0027 | a®,=3.00, ay=0.65
Glutamik asit e 8 : B S AN
L-Glutamin . _ _
hidrokloriir CHchCOOH 2.0035 dcH = 287, acH2 = 1.08
.. . . dcH2 = 217, anH =
Glisil-L-Glutamin CH,CNHCOOH 2.0028 0.72, ay = 0.48
L-Glutamin CHchCOOH 2.0027 dcH = 230, dcH2 = 1.23
. . . achz = 2.10, ann =
Alanil-L-Glutamin CH,CNHCOOH 2.0028 0.68, o = 0.43
Glisil-L-Glutamin . achz = 2.40, ann =
monohidrat CH,CNHCOOH 2.0026 0.63, ay = 0.53

g degeri (spektroskopik yarilma faktorii), bir radikalin
manyetik alandaki enerji seviyelerinin nasil yarildigini (split)
go6steren boyutsuz bir parametredir. Serbest elektronun manyetik
momentinin manyetik alanla etkilesimini ifade eder. Radikalin
kimyasal ¢evresini ve elektron dagilimini anlamak i¢in kullanilir.
Radikalin tiirtinii ve yapisini belirlemeye yardimci olur. g degeri,
EPR spektroskopisinde radikalleri tanimlamak ve karakterize
etmek i¢in kullanilan 6nemli bir parametredir.

Tablo 1. de goriildiigii gibi glutamik asit tiirevlerinin g
degerleri birbirine olduk¢a yakin, genellikle 2.0026 ile 2.0041
arasinda degisiyor. Bu durum, bu molekiillerdeki radikallerin
elektronik yapisinin genel olarak benzer oldugunu gosterir.
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Radikal pozisyonu da bu benzerligi destekler niteliktedir. Ayrica
glutamik asit ve glutamin tiirevlerinin temel yapisi birbirine
benzedigi i¢in, g degerleri arasindaki farklar oldukea kiiciiktiir.

g degerlerindeki kii¢iik sapmalar, molekiildeki farkl
gruplarin (metil, etil, amino, karboksil, peptit baglari) radikalin
manyetik cevresi lizerindeki etkilerinden kaynaklanir. Bu kiiciik
sapmalar, radikallerin lokal yapisindaki kiiciik farkliliklarin bir
yansimasidir. Ornegin; glisin bagmin varligi, g degerini biraz
diistiriirken, ester gruplar1 g degerini daha fazla yiikseltmektedir.

g degerleri, incelenen radikallerin genel elektronik
yapisini ve manyetik ortamini anlamak i¢in 6nemli bir referans
noktasidir.  Kii¢iik  farkliliklar, radikallerin  molekiiler
yapilarindaki spesifik detaylar1 ve ¢cevresel etkilesimleri hakkinda
bilgiler sunar. Bu c¢alisma kapsamindaki molekiillerde, g
degerlerindeki varyasyonlar, radikallerin bagli oldugu gruplarin
ve molekiiler ortamin etkilesimlerinin bir sonucudur.

Glutamik asit ve tlrevlerinde gozlemlenen radikallerin
g degerlerinin birbirine yakin olmasi, bu radikallerin
cogunlukla ayni tiirden (karbon merkezli) radikaller olmasindan
kaynaklanir.

a degeri (Asir1 Ince Yap Sabiti), eslesmemis elektronun,
komsu atom ¢ekirdeklerinin manyetik momentleri ile
etkilesiminin giiciinii gosterir. Bu deger, genellikle mili Tesla
(mT) biriminde o6lg¢alur.

Asir1 ince yapi (hiperfin) etkilesimleri, spektrumdaki
cizgi sayisin1 ve araliklarini belirler. Bu etkilesimler, radikaldeki
eslesmemis elektronun c¢evresindeki manyetik ¢ekirdeklerle
(protonlar, azot ¢ekirdekleri vb.) etkilesiminden kaynaklanir.

a degeri, radikaldeki eslesmemis elektronun, etkilestigi
cekirdek ile olan mesafesi, spin yogunlugu ve bag yapisi gibi
faktorlerden etkilenir.
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a-Proton Etkilesimi: Genellikle a-karbon atomlarina bagl
protonlar, daha biiyiik a degerleri gosterir (1.5-2.5 mT).

Metilen ve Metil Protonlari: Metilen ve metil
gruplarindaki protonlar daha diisiik a degerleri gosterir (0.5-1.5
mT).

Bu calismada, glutamik asit tiirevlerinina degerleri,
radikallerin kimyasal yapis1 ve gevresel etkilesimleri hakkinda
kritik bilgiler sunmustur. Yiiksek a degerleri, protonlarin radikal
merkeziyle giiclii etkilesimlerini yansitirken, diistik degerler zayif
etkilesimleri veya uzak konumlanmayi1 gosterir. Bu bulgular,
bilesiklerin ~ biyolojik  aktiviteleri ~ve  kararliliklartyla
iliskilendirilebilir. Ozellikle, ester ve metil gruplarinin hiperfine
etkilesimleri sekillendirmedeki rolii, bu tiirevlerin farmasétik ve
norolojik uygulamalarda potansiyelini anlamak i¢in énemlidir.

a degerlerindeki benzerlikler, aymi temel radikal
yapisinin  varligindan kaynaklanirken, farkliliklar molekiil
yapisindaki fonksiyonel gruplar, sterik engeller,
hiperkonjugasyon etkileri, cekirdek tlrleri ve cevresel
faktorlerden kaynaklanir.

g degeri ve a degeri (asir1 ince yapi etkilesim sabiti),
Elektron Paramanyetik Rezonans (EPR) spektroskopisinde
radikallerin manyetik 0Ozelliklerini ve cevresel etkilesimlerini
anlamak icin kullanilan temel parametrelerdir. Bu degerler,
radikallerin yapisi, elektron dagilimi ve gevresindeki atomlarla
olan etkilesimleri hakkinda bilgi verir. g degeri radikalin genel
elektronik yapisint ortaya koyarken, a degerleri eslesmemis
elektronun ¢evresindeki atomlarla etkilesimini detaylandirir.

Ornekler icin beta protonlarmin  manyetik
esdegerligi veya esdeger olmamasi durumunu
degerlendirilmesi, her bir molekiiliin yapis1 ve gama 1sinlamast
sonrasi olusan radikallerin 6zellikleri dikkate alinmalidir. Bu
degerlendirme, @ EPR  spektrumlarinin  karmasikligini,
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yorumlanmasini ve elde edilen asirt ince yapi sabitlerinin
anlamini dogrudan etkiler.

Manyetik Esdegerlik: Beta protonlarinin manyetik
olarak esdeger olmasi, bu protonlarin manyetik alan altinda
ayn1 rezonans frekansinda tepki vermesi anlamina gelir. Bu,
kimyasal ¢evrelerinin benzer olmasindan kaynaklanir ve EPR
spektrumlarinda daha az ¢izgi ve daha basit desenlere yol agar.

Manyetik Esdeger Olmama: Beta protonlarinin
manyetik olarak esdeger olmamasi, bu protonlarin farklh
rezonans frekanslarinda tepki vermesi demektir. Bu durum,
farkli  kimyasal c¢evrelerden  kaynaklanir ve EPR
spektrumlarinda daha fazla ¢izgi, karmasik desenler ve farkli
hiperfin kuplaj sabitlerine yol acar.

Hiperkonjugasyon: Beta protonlari, radikaldeki alfa
karbon atomuna dogrudan bagli olmasa da, hiperkonjugasyon
yoluyla eslesmemis elektronla etkilesime girer. Bu etkilesimin
siddeti, protonlarin manyetik esdeger olup olmamasina gore
degisir.

Hiperkonjigasyon, serbest bir radikalin etrafindaki
baglarla etkilesimi sayesinde, elektronlarin daha genis bir alanda
dagilmasina yol agarak, genellikle bu radikalin daha stabil hale
gelmesini saglar.

Donme ve Konformasyon: Beta protonlarinin
esdegerligi, genellikle Co-Cp bagi etrafinda hizli donmeyle
iliskilidir. Bu donme, protonlarin farkli konformasyonlari
arasinda ortalama bir etkilesim olusmasina ve dolayisiyla
esdeger bir manyetik ¢evreye sahip olmasina yol acar. Esdeger
olmama durumunda ise bu donme kisith olabilir veya farkl
konformasyonlar tercih edilebilir.

EPR (Elektron Paramanyetik Rezonans)
spektroskopisinde konformasyon, bir molekilin U¢ boyutlu
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yapisindaki 0zgiil diizeni ya da seklini ifade eder. Yani, bir
molekiilin atomlarinin uzaydaki yerlesimi ve bag yapisi,
Ozellikle serbest radikaller ya da paramanyetik merkezlerin
bulundugu molekiiller s6z konusu oldugunda konformasyon, bu
yapinin nasil oldugunu anlatir.

Serbest radikaller gibi paramanyetik tiirlerde, bu tur bir
yapisal diizen degisikligi, elektron yogunlugunun etkilesime
girebilecegi alani ve dolayisiyla 6lgiillen EPR spektrumunun
ozelliklerini etkiler. Ornegin, bir molekiiliin konformasyonel
degisimi, serbest radikalin ¢evresindeki ¢evreyi degistirerek EPR
sinyalinin ~ siddetini, genisligini veya sekil Ozelliklerini
etkileyebilir. EPR spektroskopisinde konformasyon,
paramanyetik merkezlerin etrafindaki yapisal diizenin, 6zellikle
molekiller arasi etkilesimlerin, bu sistemin EPR Ozelliklerini
nasil etkiledigini anlamada Onemli bir kavramdir. Bu tiir
konformasyonel degisiklikler, 6zellikle kimyasal reaksiyonlar ve
molekiiler diizeydeki etkilesimlerin anlagilmasinda kritik rol
oynar.

Tablo 2. Orneklerdeki Cizgi Siddet Oranlar

Madde Adi Cizgi Siddet Orani
L-Glutamik asit dimetil ester hidroklorur |1:3:3:1

L-Glutamik asit hidroklorir 1:2:2:2:1

DL-Glutamik asit Monohidrat 1:2:1:1:2:1

L-Glutamik asit y-etil ester Similasyonla uyumlu
DL-2-Metil glutamik asit hemihidrat 1:1:4:4:6:6:4:4:1:1
N-Asetil-L-Glutamik asit 1:1 (Cift ¢izgi)
N-Metil-L-Glutamik asit 1:1 (¢ift) — 1:1:1 (Ucli)
L-Glutamin hidroklortr 1:2:1:1:2:1
Glisil-L-Glutamin 1:1 (gift) — 1:2:1 (li¢lii)
L-Glutamin 1:2:2:2:1
Alanil-L-Glutamin Similasyonla uyumlu
Glisil-L-Glutamin monohidrat Simlasyonla uyumlu
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Cizgi Siddet Oranlarinin Anlamm

1:3:3:1 Orant: L-Glutamik asit dimetil ester hidroklorur
(LGA) o6rneginde goriilen bu oran, eslenmemis elektronun bir a-
protonu ve iki B-protonu ile etkilesime girdigini gosterir(Tablo.2).

1:2:2:2:1 Orani: L-Glutamik asit hidroklorir (LGAHCI)
ve L-Glutamin (LG) orneklerinde goriilen bu oran, eslenmemis
elektronun bir a-protonu ve manyetik olarak esdeger olmayan iki
B-protonu ile etkilesimini yansitir.

1:2:1:1:2:1 Orani: DL-Glutamik asit monohidrat
(DLGAM) ve L-Glutamin hidroklorir (LGHCI) orneklerinde
goriilen bu oran, eslenmemis elektronun bir o-protonu ve
manyetik olarak esdeger olmayan iki B-protonu ile etkilesimini
gosterir.

1:1:4:4:6:6:4:4:1:1 Orani: DL-2-Metil glutamik asit
hemihidrat (DL2MGAH) 6rneginde goriilen bu oran, eslenmemis
elektronun bir a-protonu, metilen grubunun iki esdeger protonu,
NH2 grubunun bir protonu, metil grubunun bir protonu ve azot
cekirdegi ile etkilesime girdigini gosterir.

1:1 (Cift Cizgi): N-Asetil-L-Glutamik asit (NALGA)
orneginde goriilen bu oran, eslenmemis elektronun metilenin bir

protonu ve N cekirdegiyle etkilesmektedir. Azot ¢ekirdeginin
etkisi spektrumda belirgin degildir.

1:2:1 (Dublet ve Triplet): N-Metil-L-Glutamik asit
(NMGA) ve Glisil-L-Glutamin (GLG) 6rneklerinde gorulen bu
oranlar, eslesmemis elektronun bir metilen protonu ve bir azot
cekirdegi (I=1) ile olan etkilesimini gdsterir.

L-Glutamik asit y-etil ester (LGE), Alanil-L-Glutamin
(ALG) ve Glisil-L-Glutamin monohidrat (GLGM) 6rnekleri icin
¢izgi siddet oranlar1 simllasyonla uyumlu bulunmustur.

Cizgi siddet oranlari, radikallerin asir1 ince yapi
etkilesimlerini ve yapisal karmasikligini yansitan kritik
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parametrelerdir. Basit oranlar (1:2:1), tek veya esdeger proton
gruplarmi gosterirken, karmasik oranlar (1:1:4:4:6:6:4:4:1:1),
coklu proton/azot etkilesimlerini ifade eder. Bu bulgular,
bilesiklerin radikal stabilitesi, elektronik ortami ve biyolojik
etkilesim potansiyeli hakkinda degerli bilgiler saglar.

Tablo 2 deki aciklamalar, incelenen Orneklerdeki
radikallerin yapisint ve manyetik 6zelliklerini anlamak igin
Onemli bir referans sunar. Cizgi siddet oranlari, her bir radikal i¢in
Ozglindiir ve o radikalin yapist hakkinda detayli bilgiler verir.

Bu calismada incelenen tim glutamik asit trevlerinde,
radikallerin karbon atomu merkezli oldugu hem yapisal formiiller
hem de EPR spektrumlariyla kanitlanmistir. Bu bulgular, serbest
radikallerin kimyasal ve biyolojik davraniglarin1 anlamak igin
temel olusturur.

EPR spektrumlarindaki hiperfine bolinme desenleri ve
yapisal analizler, tim bilesiklerde radikal merkezinin karbon
atomunda lokalize oldugunu agik¢a gdstermektedir. Karbon
merkezli radikal, merkezinde bir karbon atomu bulunan ve bu
karbon atomunun eslesmemis bir elektrona sahip oldugu bir
kimyasal ttrddr.

Glutamik asit ve tiirevleri, viicutta ¢ok ¢esitli ve dnemli
biyolojik fonksiyonlara sahip bilesiklerdir. Temel amino asit
fonksiyonlarinin yani sira, norolojik etkileri, bagisiklik sistemi
ve enerji metabolizmasindaki rolleri nedeniyle, hem temel
bilim arastirmalarinda hem de tibbi uygulamalarda biiyiik 6nem
tagirlar. Bu bilesiklerin her birinin 6zgiin molekiiler yapisi,
onlar1 ¢esitli biyolojik siireglerde farkli sekillerde etkili kilar.

Orneklerin  spektrumlarimin  simiile  edilmis
spektrumlarla uyumlu olmasi, birka¢c oOnemli anlama
gelmektedir:
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Deneysel Verilerin Dogrulanmasi: Simiile edilmis
spektrumlar, deneysel olarak elde edilen EPR (Elektron
Paramanyetik Rezonans) spektrumlarimi teorik olarak
modelleyerek olusturulur. Deneysel spektrumlarin simiile
edilmis spektrumlarla iyi bir uyum gostermesi, deneysel
verilerin dogrulugunu ve giivenilirligini destekler. Baska
bir deyisle, 6l¢iilen spektrumlarin, gercekten o maddeye
ait oldugu ve dogru bir sekilde elde edildigi anlamina
gelir.

Radikal Yapisinin Dogrulanmasi: Simulasyonlar, olusan
radikalin yapist hakkinda varsayimlar kullanilarak
yapilir. Ornegin, spektrumdaki ¢izgi yogunluklari, g
degerleri ve asir1 ince yapi sabitleri (a degerleri) gibi
parametreler, belirli bir radikal yapisina gore hesaplanir.
Deneysel ve simiile edilmis spektrumlarin Ortiismesi,
varsayilan radikal yapisinin dogru oldugunu gosterir. Bu,
hangi atomlarin ve gruplarin radikal merkezini
olusturdugunu ve eslenmemis elektronun hangi
cekirdeklerle etkilesim i¢inde oldugunu anlamamizi
saglar.

Asir1 Ince Yapr Etkilesimlerinin Dogrulanmasi: EPR
spektrumlarinda goriilen ¢izgi yarilmalari (hiperfin yapi),
eslenmemis elektronun manyetik c¢ekirdeklerle (6rnegin,
protonlar veya azot c¢ekirdekleri) etkilesiminden
kaynaklanir. Simiilasyonlar, bu etkilesimlerin siddetini (a
degerleri) ve manyetik esdegerliklerini dogru bir sekilde
modelleyebilmelidir. Deneysel ve simiile edilmis
spektrumlar uyumluysa, bu, eslenmemis elektronun
cevresindeki atomlarla olan etkilesimlerinin dogru bir
sekilde anlasildig1 anlamina gelir.

Spektrum Parametrelerinin  Tutarliligi:  Simulasyonlar
sirasinda kullanilan g degerleri ve a degerleri gibi
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parametreler, deneysel verilerle tutarli olmalidir.
Deneysel ve simiile edilmis spektrumlar arasindaki uyum,
bu parametrelerin dogru bir sekilde belirlendigini ve
kullanildigim1  gOsterir. Bu parametreler, radikallerin
manyetik dzelliklerini ve kimyasal ¢evresini anlamak igin
onemlidir.

e Modelin Gegerliligi: Simiilasyonlar, radikal olusumu ve
manyetik etkilesimler hakkinda belirli bir model varsayar.
Deneysel spektrumlarin simiile edilmis spektrumlarla iyi
bir uyum gostermesi, bu modelin gecerliligini ve
dogrulugunu  destekler. Bu, radikallerin olusum
mekanizmasi ve davraniglar1 hakkinda guvenilir sonuclar
¢ikarilmasina olanak tanir.

Ozetle, orneklerin spektrumlarmin simiile edilmis
spektrumlarla ~ uyumlu  olmasi,  deneysel  verilerin
giivenilirligini, radikal yapilarinin  dogru bir sekilde
belirlendigini ve manyetik etkilesimlerin dogru bir sekilde
modellendigini gosterir. Bu uyum, EPR spektroskopisinin
giiclinli ve analiz sonuglarinin dogrulugunu vurgular.
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MALZEME FiZiGINDEN URUNE: SEKIL
HAFIZALI ALASIMLARIN ENDUSTRIYEL
DONUSUMU

Osman ARMAGAN!
Esra ARMAGAN?

1. GIRIS

Sekil hafizali alasimlar (SHA), 0zel termomekanik
davraniglar1  sayesinde deformasyon sonrasinda orijinal
sekillerine geri donebilen akilli malzeme simifidir. Bu 6zellik,
malzemenin kristal yapisinda meydana gelen faz doniisiimleri ile
iligkilidir (Jani vd., 2014). SHA’lar, hafiza etkisi, termo-mekanik
ve siper elastikiyet gibi benzersiz 6zelliklere sahiptir. Bu
alasimlar, sicaklik ya da manyetik alana bagli olarak iki faz
donilisiimii arasinda gerceklesen siireci hatirlayabilen (Sekil
Hafizali Etki - SHE) 6zellikleriyle bilinir (Shabalovskaya vd.,
2008). Termomekanik ozellik, akillt malzeme biiyiik plastik sekil
degisimine (gerinim) maruz kaldiginda, 1s1 uygulanarak
malzemenin eski sekline veya boyutuna geri donebilmesini ifade
eder. Superelastik 0zellik ise, malzemenin dogrusal olmayan
(elastik simirin Gtesinde) bir sekil degisimine ugradiktan sonra,
uygulanan gerilimin veya yiikiin kaldirilmasiyla aninda eski
formuna donebilme yetenegidir (Balasubramanian vd., 2021).

Dr. Ogr. Uyesi, Karamanoglu Mehmetbey Universitesi, Saglik Hizmetleri Meslek
Yiksekokulu, Tibbi Hizmetler ve Teknikler Boliimii, oarmagan@kmu.edu.tr,
ORCID: 0000-0002-7860-0909.

Ogr. Gor., Karamanoglu Mehmetbey Universitesi, Ermenek Uysal ve Hasan Kalan
Saglik Hizmetleri Meslek Yiiksekokulu, Eczane Hizmetleri Bolimii,
earmagan@kmu.edu.tr, ORCID: 0000-0002-5414-2392.

53


mailto:oarmagan@kmu.edu.tr
https://orcid.org/0000-0002-7860-0909
mailto:earmagan@kmu.edu.tr

Akademik Perspektiften Fizik

Sekil hafizali etki (SHE) ilk olarak 1930 yilinda
kesfedilmistir. Isvecli fizik¢i Arne Olander, altin-kadmiyum (Au-
Cd) alasimlariin bu etkiyi gosterebildigini fark etmistir. Daha
sonra Otsuka ve Wayman, bu alasimin yalanci elastik
(pseudoelastik) davranigini tantmlamistir. Benzer sekilde, 1950°1i
yillarda bakir-aliminyum-nikel (Cu-Al-Ni) alasimlarinda da
SHE gozlemlenmigtir. W. Buehler ve Wang, bu etkiyi nikel-
titanyum (Ni-Ti) alasiminda incelemis ve bu alagima “Nitinol”
ad1 verilmistir. 1980’lerden itibaren, Ni-Ti alasimi hafifligi ve
kompakt yapist sayesinde Dbircok alanda kullaniimaya
baslanmigtir. 1990’11 yillarda ise bu teknoloji, sekil hafizal
malzemeler toplulugu i¢inde daha genis bir sekilde tanitilmistir
(Ylce, 2017).

2. SEKIiL HAFIZALI ALASIMLARIN
MEKANIZMASI

Sekil hafizali alagimlar, dis bir etkiye maruz kaldiklarinda
iki farkli fazda ve ¢esitli kristal yapilarla bulunabilirler. SHA lar,
kuvvet uygulanarak sekil degistirme ve ardindan belirli bir
sicakliga 1sitilarak veya manyetik alan uygulanarak orijinal
sekillerine geri donme gibi basit bir ¢alisma prensibine sahiptir.
Bu alagimlar, yiiksek sicaklik fazi olan 0stenit ve diisiik sicaklik
fazi olan martensit arasinda alt1 farkli faz doniisiimii gosterebilir.
Bu doniisiim, kafes yapisinin kayarak bozulmas ile gerceklesir.
SHA sitildiginda, sicaklik belli bir esige ulastiktan sonra
martensit yapist Ostenit yapisina doniismeye baglar. Soguma
sirasinda ise, herhangi bir dis etki olmadan, yapi tekrar Ostenitten
martensite doniisiir. Martensit — Ostenit doniisiimiine ileri
doniisiim, Ostenit — martensit doniisiimiine ise ters doniisim
denir.

Pratikte bu alasimlar; elektron 1s1n1, vakum ya da plazma
ergitme yontemleriyle Uretilebilir. Ancak en iyi yontem olarak
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vakumla ergitme kabul edilmektedir. Donilisiimiin bagladigi
sicaklik As (Austenite start) ve tamamlandigi sicaklik Ar
(Austenite finish) ile ifade edilir. Ters doniisiim sirasinda
martensit fazina gecis ise Ms (Martensite start) sicakliginda baglar
ve Ms (Martensite finish)  sicakliginda  tamamlanir
(Balasubramanian vd., 2021).

Baslangicta, Ostenit fazi sekil degistirmeye baslar ve
ikizlenmis martensit yapisina doniisiir. Bu ikizlenmis martensit
fazindaki malzemeye yuk uygulandiginda, martensit yapisi
detwin (ikiz yapmin bozulmasi) olur ve bu da malzemenin
seklinin degismesine neden olur. Uygulanan yiik kaldirildiginda
ise, malzeme sekil degistirmis halde kalir (Sekil 1).

Sogutma/Yiik

ikizlenmis ikizlenmefnis
martensit martensit

Sekil 1. Sekil hafizalh alasimlarda faz doniisiimii
(Balasubramanian vd., 2021).

Eger bu sekil degistirmis SHA, As sicakhi@imin (izerine
kadar 1sitilirsa, ters faz doniisiimii gerceklesir ve malzeme orijinal
sekline geri doner. Ardindan sicaklik tekrar Mt sicakliginin altina
disiiriildiigiinde, yap1 tekrar ikizlenmis martensit fazina doner.
Bu sekilde bir fazdan digerine doniisim siireci, SHE olarak
adlandirilir (Sekil 2) (Machado vd., 2008).
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Sekil 2. Sekil hafizalh alasimlarin yapisal degisimi (Machado vd.,
2008).

Bu etkiye gore, sekil hafizali alagimlar ti¢ temel 6zellige
gore siiflandirilir:

1. Tek yonlii sekil hafizah etki: Malzeme soguk haldeyken
sekil degisikligine ugratildiginda bu deforme olmus seklini
korur ve 1sitildiginda tekrar orijinal sekline geri doner.

2. Cift yonlii sekil hafizah etki: Malzemenin hem yulksek
sicaklikta hem de diisiik sicaklikta belirli sekilleri
“hatirlayabilmesi” ¢ift yonlii etki olarak adlandirilir. Bu etki,
tek yonlii SHAlarin olusturdugu sekil degisiminden kismi
geri kazanim saglar.

3. Yalanci elastikiyet (pseudoelastik ozellik): Mekanik bir
yiikleme uygulandiktan sonra, herhangi bir 1si1l etki
olmaksizin, SHA farkli sicakliklarda (Ostenit ve martensit
fazlarinda) orijinal sekline geri donebilir (Balasubramanian
vd., 2021).
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3. YAYGIN SEKIL HAFIZALI ALASIMLAR

Ni-Ti (Nitinol): En yaygin kullanilan SHA’dir. Mevcut
bircok SHA arasinda, Ni-Ti stper elastikiyet ve sekil hafizali etki
gibi  umut vadeden fonksiyonel Ozellikleriyle 0zellikle
biyomedikal uygulamalar icin ideal bir malzeme olarak 6ne
¢ikmaktadir (Maurya vd., 2022; Jani vd., 2014). Yiiksek sicaklik
faz1 olan Ostenit ile diisiikk sicaklik fazi olan martensit arasinda
gerceklesen geri doniisiimlii faz doniisimii sayesinde, Ni-Ti
alasim1 deformasyona ugradiktan sonra, yik kaldirildiginda
(stiperelastikiyet) veya isitildiginda (SHE) (Ozellikle As
tizerindeki sicakliklarda) orijinal seklini geri kazanabilir
(Sevcikova & Goldbergova, 2017; Gallardo Fuentes vd., 2002).
Nitinol, bu iistiin fonksiyonel 6zelliklerinin yan1 sira, mikemmel
biyouyumluluk ve viicut icinde korozyon direnci gibi avantajlar
da sunmaktadir (Patel vd., 2020; Es-Souni vd., 2002). Diger metal
alasimlarindan farkli olarak, Ni-Ti; yuk-gerinim histerezisi,
yiiksek sekil geri kazanim kapasitesi ve gerilme platosu gibi,
viicudumuzdaki malzemelere (6rnegin tendon, sag, kemik vb.)
benzer mekanik davranislar sergiler. Bu 6zel 6zellikler, Ni-Ti
alasimin1 birgok biyomedikal uygulama icin son derece cazip hale
getirmektedir (Tareq vd., 2024).

Bakir (Cu) Bazh Alasimlar (Cu-Al-Ni, Cu-Zn-Al): Cu
bazli SHA’lar, mikemmel sekil hafizali etkileri ve yiksek
elektrik iletkenlikleri sayesinde genis bir uygulama potansiyeline
sahiptir (Yamauchi vd., 2011). Ayrica, bu alagimlar uygulanan
gerilme veya sekil degistirme sirasinda martensit sinirlarinin
hareketi sayesinde soniimleyici (damping) alasimlar olarak da
kullanilabilir (Cai vd., 2023). Ornegin, reaktorlerdeki boru
destekleri gibi titresim ve gurlltd azaltma sistemlerindeki
alasimlarin yiiksek calisma sicakliklarina dayanikli olmasi
gereklidir (Wang, vd., 2024). Bu nedenle, ylksek martensitik
doniisiim sicakliklarina ve miikemmel doniisebilirlige sahip Cu
bazli SHA larin gelistirilmesi, bu alagimlarin uygulama alanlarini
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artirmak acgisindan hald Onemli bir konudur. Cu-Zn-Al
alasimlarmma  kiyasla, Cu-Al-Ni  alagimlari  martensitik
stabilizasyona kars1 cok daha yiiksek direng gosterir. Bu
dayanikliligin nedeni, Ni ve Al atomlar1 arasindaki giiclii atomik
baglardir, bu baglar sayesinde bosluk hareketleri dogrudan su
verilmis (sogutma yontemi) Cu-Al-Ni alagimlarinda onemli
Olctide kisitlanir (Nakata vd., 2016). Bu nedenle, Cu-Al-Ni
alasimlar1 473 °K sicakliga kadar martensitik stabilizasyonun
olugmasina karst direnglerini koruyabilmekte ve bu da onlari
yiiksek sicaklik uygulamalart igin ideal adaylar haline
getirmektedir (Zhang vd., 2021).

Demir (Fe) Bazh Alasimlar: Fe—-Mn-Si esasli SHAlar,
Fe bazli SHA’lar arasinda en pratik gruplardan biri olarak kabul
edilmektedir ve bu nedenle ¢ok sayida arastirmanin odagi haline
gelmistir (Zhang vd., 2022). Fe-Mn-Si esasli SHA’lar titresim
azaltma, enerji sonimleme ve yeniden merkezleme gibi
uygulama potansiyelleri nedeniyle insaat sektdriinde yogun
aragtirma ilgisi gormektedir (Khodaverdi vd., 2023). Bu
alagimlar; diisiik malzeme maliyeti, yliksek Young modiilii ve
mukavemet, olaganiistii islenebilirlik, ve yiiksek gerilme-gerinim
geri kazanimi gibi avantajlar1 sayesinde (Gu vd., 2021); baglanti
elemanlar1, mekanik sikigtirma, yapisal elemanlar, aktif kontrol
sistemleri, ©n-gerilim (pre-stressing) ve son-gerilim (post-
tensioning) uygulamalari ve soniimleme cihazlari gibi ¢ok ¢esitli
alanlarda kullanilmaktadir (Khodaverdi vd., 2023).

4. SEKIL HAFIZALI ALASIMLARIN
UYGULAMA ALANLARI

Diinya genelinde yiiriitilen arastirmalar, SHA’larin
kullanim alanlarin1 ve 6zelliklerini gelistirmeyi amaclamaktadir.
Bu hedef dogrultusunda, yeni bilesimlerin kesfedilmesi ve
calisma sicaklik araliklarinin 1iyilestirilmesi iizerine yogun
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calismalar gergeklestirilmektedir. SHA’larin yorulma émriiniin
ve yapisal kararhhi@inin artirilmasi, bu alandaki arastirmalarin
devam etmesini zorunlu kilmaktadir.

Miihendislik alanlarinda en yaygin kullanilan SHA’lar
baslica {li¢ temel uygulama grubunda siniflandirilabilir:

1. Havacilik ve uzay sanayi
2. Otomotiv sektori
3. Biyomedikal uygulamalar

Bu uygulama alanlari, SHA’larin yiiksek esneklik, sekil
hafizasi etkisi ve siiperelastik 6zelliklerinden yararlanilarak kritik
teknolojilerde kullanilmasini miimkiin kilmaktadir
(Balasubramanian vd., 2021).

Havaciik ve Uzay Sanayi: Havacilik endustrisi
uygulamalarinda kullanilmak {izere daha gelismis malzemelere
ve ¢Ozimlere olan ihtiyaglar hala surmektedir. Bu baglamda,
kanat morfolojisinin (wing morphing) degistirilmesi, c¢esitli
kosullara uyum saglayabilen pratik bir ¢0zUm olarak One
cikmaktadir (Hartl & Lagoudas, 2007). Arastirmacilar, havacilik
endiistrisindeki bir¢ok miihendislik problemini ¢6zmek amactyla
sekil hafizas1 ve yalanct elastik (pseudoelastic) etkilerden
yararlanilabilecegini ortaya koymustur. Bu teknoloji, sabit kanatli
ucaklar, doner kanatli hava araglart ve wuzay araglarinda
uygulanabilirligiyle 6nem kazanmistir. Bu caligmalar, SHA'larin
havacilik uygulamalarindaki yerini ve bu tiir sistemlerin
tasariminda karsilasilan zorluklari agiklamaktadir (Quan & Hai,
2015).

Ozellikle hidrolik hatlarin SHA baglanti elemanlariyla
birlestirilmesi, savas ucaklarinda dikkat cekici uygulamalar
arasinda yer almakta; bu durum arastirmacilarin havacilik alanina
olan ilgisini artirmaktadir. SHA'lar; sizdirmazlik elemanlar
(sealers), aktuatorler (actuators) ve titresim soniimleyiciler
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(vibration dampers) gibi pek ¢ok bilesende kullanilmaktadir.
SHA’lar kullanilarak kaldirma yiizeylerinin performansini
optimize etmeyi amaglayan calismalar gerceklestirilmistir. Bu
kapsamda, kanat genislemesini biikiilme yoluyla baslatmak i¢in
bir SHA tipi kullamilmistir. Alasim, gerekli hareketi
saglayabilmis olsa da, tlip belirli bir kuvvet araliginda kanat
acihmmi  tam  kapasiteyle gergeklestirememistir.  Ugak
motorlarinin  hava girisi geometrisinin degistirilmesinde bu
alagimlarin kullanim potansiyeli incelenmistir. Bu teknoloji, F-15
savas ucagmin hava girisi iizerinde tam Olgekli dogrulama
testleriyle degerlendirilmistir. NASA tarafindan gelistirilen bir
riizgar tiinelinde, birbirine zit yonde yerlestirilmis iki farkli SHA
plaka kullanilarak ilk uygulama gergeklestirilmistir (Ikeda,
2011). Bu sistemde, bir plakanin 1sitilmasi  sonucunda
deformasyon saglanmakta ve plaka ilk formuna geri donmektedir.
Isitilan plaka sogutuldugunda, daha once detwin (ikiz yapisi
giderilmig) edilen diger plaka isitilarak ters yonde hareket
saglanmistir (Gangil vd., 2020).

SHA ile tiretilmis uyarlanabilir nozzle (Adaptive Nozzle),
gaz tiirbini motorlarinda giiriiltii azaltimina yonelik gelistirilmis
ileri diizey bir uygulamadir. Ugaklarda, ince SHA plakalar, Ti-
6Al-4V alagimi ile birlestirilerek kullanilir. Yiiksek giig
seviyelerinde, SHA aktiiasyon saglayarak motordaki hava akimi
tizerinde tirtikli yapilar (serrations) devreye sokar. Diisiik giicte
ise, pasif elastik 0zellikteki titanyum bilesenler, SHA nin tirtikli
yapisini orijinal konfigiirasyona dondiirmek icin goérev yapar
(Balasubramanian vd., 2021).

Otomotiv Sektort: Otomotiv sektorinde SHA’larin
aktiiator ~ olarak  kullanimi1  ii¢ ana  bashik altinda
siniflandirilmaktadir:

1. Konfor odakl diisiik gii¢li sistemler
2. Yuksek guclu arag kontrol sistemleri
3. Yiiksek frekansli kontrol sistemleri
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Literatiirde genel olarak disiik gii¢lii konfor sistemleri,
diger iki kategoriye kiyasla daha uygun ve uygulanabilir olarak
degerlendirilmektedir.

Giliniimiizde birgok otomotiv iireticisi, SHA teknolojisini
araclarinda aktif olarak kullanmakta ve bu alandaki uygulamalari
genigletmektedir. Ornegin, 1siya bagl genlesme prensibiyle
calisan basing kontrol vanasi, bir otomotiv firmasinin otomatik
sanziman sistemlerine entegre edilmistir. Baz1 firmalar, arag
koltuklarinda kullanilmak tizere SHA iceren pndmatik vanalar
gelistirmistir. SHAlar, ayn1 zamanda akillh kompozitler (Smart
composites) olarak da adlandirilmakta ve c¢ok islevli
operasyonlarda kullanilmaktadir. Bu teknolojinin otomotiv
bataryalarmma entegre edilmesi zor olarak gorilse de,
uygulamalarin =~ ¢ogu  Ni-Ti  alasimi  ile  basariyla
gerceklestirilebilmektedir. SHA tabanli aktiiatorler, otomotiv
sektoriinde elektromanyetik aktiiatorlerin yerine alternatif olarak
Onerilmektedir ve birgok elektronik bilesenin yerini alabilecek
potansiyele sahiptir. Uyarlanabilirlik 6zellikleri sayesinde,
SHA'lar  otomobillerin  aerodinamik  sistemlerinde  de
kullanilmaya baslanmistir (Balasubramanian vd., 2021).

Son donemde, bazi otomobil iiretici firmalar, bagaj
kapagim1 kapatmak amaciyla SHA aktiiatorlerini entegre
etmislerdir. Ayrica, SHA aktiiatorlerin pantograf sistemleri ve
eagle tipi aynalarin tasariminda da kullanildigi bildirilmektedir.
Bu gelismeler, SHA'larin biiyiik potansiyelini ortaya koymakta ve
ileri teknoloji tasarim siireglerinde tasarimcilar tarafindan daha
fazla tercih edilmelerini saglamaktadir (Jani vd., 2014).

Biyomedikal uygulamalar: SHA’lar, biyomedikal alanda
genis bir uygulama yelpazesine sahiptir ve bu uygulamalar dort
ana kategoride siniflandirilabilir:

1. Ortodonti
2. Ortopedi
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3. Vaskdler cerrahi
4. Norosirurji

Ni-Ti esasli SHA’lar, sahip olduklar1 istiin islevsel ozellikler
nedeniyle biyomedikal alanda en yaygin kullanilan SHA’lar
arasinda yer almaktadir. Bu alasimlar, SHE ve yalanci elastik
davranis gibi islevsel Ozelliklerinin yani sira, %8'e kadar geri
kazanilabilir sekil degisimi gostermeleri ile dikkat cekmektedir
(Elahinia vd., 2016).

Ni-Ti alagiminin  biyomedikal uygulamalarda tercih
edilmesinin baslica nedenleri sunlardir:

e Yiksek biyouyumluluk
e  Ustiin korozyon direnci
e Diistik elastikiyet modiilii

e Manyetik rezonans goriintileme (MRG) ve bilgisayarl
tomografi (BT) ile uyumlu gorinttlenebilirlik (Sabahi
vd., 2020).

Gunumuzde, Ni-Ti telleri, Gstenit fazinda agiz boslugunda
(bukkal kavite) ¢oklu braketli ortodontik tedavilerde yaygin
olarak kullanilmaktadir. Bu teller, dis hareketini optimize etmek
amactyla braketlere ¢cok yonlii kuvvet uygulayarak etkili bir
diizeltme saglar. Ayn1 zamanda bu teller, palatal ark sistemlerinde
de kullanim alani bulmustur. SHA’larin yalanci elastik
(pseudoelastik) davranisi, oOzellikle ortodontik genisletici
(distraktor) sistemlerde avantaj saglamaktadir (Balasubramanian
vd., 2021). Ayrica, Ni-Ti alasiminin yalanci elastik etkisi, kirtk
kemiklerde intramediiller ¢ivi (nail) olarak da kullanilmaktadir.
Ortodontik ve ortopedik tedavilerin her ikisinde de, kismen
atrofik kaslarin fizyoterapisi, SHA’larin sekil geri kazanim
ozelliklerinden faydalanilarak yapilmaktadir (Morgan, 2004). Ni-
Ti alagimlari, geleneksel metalik biyomalzemelere kiyasla daha
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diistik elastik modiile sahiptir. Bu 6zellik, insan kemigi ile daha
benzer mekanik Ozellikler gostermesini saglar. Bu benzerlik,
kemik stres korumasini (stress shielding) azaltarak kemik
iyilesmesini desteklemek a¢isindan kritik 6neme sahiptir. Sekil 3;
Ni-Ti alasimi, diger iki yaygin metalik biyomalzeme ve insan
kemigi arasinda  gerilme—sekil degistirme  egrilerinin
karsilagtirmasini gostermektedir (Sabahi vd., 2020). Goriildiigi
tzere, Ni-Ti hem kemige benzer deformasyon davranisi
sergilemekte hem de %8'e kadar yiiksek geri kazanilabilir sekil
degisimine olanak saglamaktadir. Bu da Ni-Ti implantlarinin,
vucut icerisinde yliklenme—bosalma dongiilerinde biyomimetik
davranis gosterebildigini ortaya koymaktadir.

Paslanmaz celik

Nitinol

Stress

0.

5% Strain 8.0%

Sekil 3. Paslanmaz ¢elik, Nitinol ve kemigin sematik stress
(gerilim)-strain (gerinim) egrileri (Sabahi vd., 2020).

Ayrica, Ni-Ti alagimi yalanci elastik ve plastik
deformasyon rejimlerinde dahi etkilenmeyen, kendini onaran
pasif bir oksit filmi sayesinde mikemmel korozyon direnci
sergiler. Insan viicudu ise, SHA'larin sekil hafiza etkisi ve yalanci
elastik davranigi gostermesi igin ideal bir izotermal ortam
sunmaktadir (Lecce, 2014). Tim bu avantajlar sayesinde, Ni-Ti
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alagimlar1 giiniimiizde ortopedi, endodonti, ortodonti, ndroloji,
vaskiiler cerrahi ve tibbi cihazlar dahil olmak {izere bir¢ok
biyomedikal alanda yaygin bigimde kullanilmaktadir (Song,
2010).

Gindmizde Ni-Ti’nin ortodontideki baslica
uygulamalari:

1. Arktelleri
2. Damak genisleticiler (palatal expanders)
3. Dis frezleri ve fiksatorleri

Bu uygulamalardan elde edilen sonuglar, Ni-Ti’nin Klinik
performanst artirdigini gostermektedir. Yiiksek biiyiiklikte ve
kesintili kuvvetlerin, doku yikimina yol agan hiyalinizasyon
sirecini tetikleyebilecegi bilinmektedir (Lecce, 2014). Ni-Ti’nin
ortodontideki basaris1 ise takma ve konumlandirma sirasinda
sabit ve daha diisiik kuvvetler iiretebilmesine dayanmaktadir.
Bunun temel nedeni, Ni-Ti’nin yalanci plastisite (pseudoplastic)
rejiminde ¢alistirilabilmesi; bu rejimde gerilme, sekil degistirme
artisina ragmen 6nemli Ol¢iide yiikselmez. Boylece:

e Altyap1 ekipmanlari1 korunur
e Hastanin konforu artar
e Tedavi siirecinde istenmeyen doku hasarlar1 en aza iner.

Bu benzersiz mekanik davranis, Ni-Ti alasimlarini
ortodontik tedavilerde vazgec¢ilmez kilmistir.

Ortopedik alanda, iki ayrilmis kemik segmenti arasinda
etkili bir baglantinin saglanabilmesi i¢in temel gereklilikler; stabil
bir fiksasyon ve kemikler arasinda uygun bir sikistirmanin
saglanmasidir. Bu amacla gelistirilen fiksasyon cihazlari, kirik
kemiklerin dogru ve sabit hizalanmasini destekleyerek iyilesme
stirecine katki saglar (Fazel-Rezai, 2011). Bu cihazlarin ayni
zamanda minimal invaziv, biyouyumlu ve mekanik olarak kararli
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olmasi beklenir. Ni-Ti alagimlari, bu gereksinimlerin tamamini
karsilayabilecek ozelliklere sahiptir. SHE, 0Ozellikle zimba
(staple) ve plak gibi uygulamalarda yaygin bigimde
kullanilmaktadir. Ortam sicakliginda martensit fazinda bulunan
Ni-Ti plaklar, kolayca sekil verilebilir ve viicuda yerlestirilebilir.
Viicut sicakliginda ise Ostenit fazina doniiserek sabit bir gerilme
olusturur, bu da kirik kemiklerin sikistirilmasin1 ve birbirine
yaklasmasini saglar.

Ni-Ti sekil hafizali alagimlarinin kullanimi, vaskiiler
cerrahi alanima Onemli katkilar saglamis ve invaziv olmayan
cerrahi yontemlerin gelisimini hizlandirmistir. Bu alandaki
baslica uygulamalar arasinda:

« Kateterler

o Kilavuz teller (guidewires)

« Emboli filtreleri

o Stentler yer almaktadir (Sabahi vd., 2020).

Ozellikle Ni-Ti alasimlarinin sekil hafiza etkisi, kendi
kendine genisleyebilen vaskiiler stentler gibi bir¢ok uygulamada
basartyla kullanilmaktadir. Bu stentler, geleneksel paslanmaz
celik ya da kobalt-krom (Cr-Co) esash stentlere kiyasla daha
kolay uygulanabilir olmalar1 ve damar dokusuna zarar verme
riskinin daha diisik olmasi nedeniyle Onemli avantajlar
sunmaktadir. Bu alandaki temel zorluklardan biri, sistolik basing
donguleri ve bacak hareketleri gibi dinamik biyomekanik
yiiklemeler sonucunda ortaya ¢ikan yorulma kaynakli kiriklardir.
Ancak, pseudoelastik etkiye bagli dogrusal olmayan davranis ve
uretim yontemlerine bagli olarak olusan yiizey ozellikleri ve
malzeme yapisinin 6zgiinliigli, bu cihazlarin in vivo ortamda
yorulma davramiglarimin  arastirilmasini  zorlastirmaktadir
(Morgan, 2004). Bu nedenle, Ni-Ti esash vaskiiler implantlarin

65



Akademik Perspektiften Fizik

yorulma direncini daha iyi anlayabilmek ve bu direnci
artirabilmek icin ileri diizey arastirmalara ihtiyag vardir.

Son olarak, beyin cerrahisi alaninda da Ni-Ti alagimlari,
bobinler, stentler ve mikro rehber tellerde kullanilmaktadir.
Klinik beyin cerrahisi, kiigiikk boyutlu ¢alisma ortamina uyum
saglamak i¢in yeni malzemelerin ve yenilik¢i yapilarinin
kullanimini gerektirmektedir. Baska bir deyisle, cerrahi aletlerin
miimkiin oldugunca kiiciik olmasi ve basit tasarimlar sayesinde
gereksiz bilesenlerin ortadan kaldirilmasi onemlidir. Ni-Ti
alasimimin yiiksek sekil geri kazanim kabiliyeti ve burulma
direnci nedeniyle, Ni-Ti mikro rehber teller, siddetli biikiilme
sorunlar1 yasayan diger rehber tellere kiyasla dnemli bir avantaja
sahiptir (Lecce, 2014).

4. SONUC

Sekil hafizali alagimlar, sahip olduklar1 benzersiz SHE ve
pseudoelastik davraniglart sayesinde, son yillarda ¢ok sayida
mithendislik ve medikal uygulamada 6nemli bir yer edinmistir.
Ozellikle Ni-Ti alasimi, bu zelliklerin yani sira yiiksek korozyon
direnci, biyouyumluluk, diisiik elastik modiil ve gelismis yorulma
omrii  gibi avantajlariyla  dikkat c¢ekmektedir. Yapilan
arastirmalar, SHA’larin havacilik, otomotiv ve biyomedikal gibi
yuksek hassasiyet gerektiren alanlarda  konvansiyonel
malzemelere gore c¢ok daha islevsel ve esnek ¢oziimler
sundugunu ortaya koymustur. Havacilik sektoriinde aerodinamik
yuzeylerin  aktif  kontrolii, otomotivde elektromekanik
aktiiatorlerin  yerine gegen diisiik enerjili sistemler ve
biyomedikal alanda stent, ortopedik implant ve ortodontik teller
gibi triinler, SHA’larin yayginlastig1 baslica uygulamalardir.
Bununla birlikte, SHA’larin islenebilirligine dair baz
sinirlamalar, 6zellikle geleneksel imalat yontemleri agisindan
hala 6nemli bir zorluk olusturmaktadir. Bu sebeple, geleneksel ve
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geleneksel olmayan isleme tekniklerinin  optimizasyonu,
SHA'larin daha verimli kullanilmasin1  saglamak adina
gelecekteki ¢alismalarda odaklanilmasi gereken bir alandir.
Ayrica, yorulma dayanimi, uzun omiirli kullanim ve malzeme-
mekanik uyumlulugu konularinda daha kapsamli in vivo ve
simiilasyon tabanli arastirmalara ihtiya¢ duyulmaktadir. Sonug
olarak, SHA’lar; malzeme bilimi, biyomiihendislik ve
mekatronik gibi disiplinlerin kesisiminde yer alarak akill
malzeme teknolojileri igerisinde Oncii bir konuma gelmistir.
Gelistirilecek yeni kompozisyonlar, {retim teknikleri ve
uygulama stratejileri ile birlikte SHA’larin gelecekte ¢ok daha
genis bir kullanim alan1 bulacagi 6ngoriilmektedir.
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GAS SENSORS

Handan AYDIN!?
Cihat AYDIN?

1. INTRODUCTION

The detection of gases in industry and households has
gained great importance in recent years. Especially harmful gases
need to be detected as early as possible to protect the environment
and human health. Gas sensors are generally developed for two
basic needs. One of them is to protect against safety and health
hazards caused by harmful gases, and the other is to control the
gases produced or consumed as a result of some processes. For
these reasons, studies on gas sensors have increased. While some
of the gas sensor research is focused on improving existing
systems, much of it is focused on developing new systems that
are more efficient and sensitive.

Gas sensors can be defined as gas measurement devices
that enable gas monitoring in any environment. Gas sensors
consist of three main parts:

1. Gas sensing part
2. Electronic evaluation unit (display and control unit)
3. Audible light warning system

Gas sensors are divided into two types according to their
usage areas: industrial and handheld. Handheld gas sensors are

1 Assoc. Prof. Dr. Munzur University, Department of Medical Services and
Techniques Optician Program. haydin@munzur.edu.tr ORCID: 0000-0002-0141-
9773.

2 Prof.Dr. Firat University, Department of Airframe and Powerplant Maintenance,
School of Civil Aviation. caydin@firat.edu.tr ORCID:0000-0001-9997-6326.
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portable and can be easily transported. Industrial type sensors are
designed to be mounted and fixed in one place. At the same time,
industrial type sensors can automatically shut off the gas after
detecting a gas leak. The most important part of gas measurement
devices is the sensor part. Because this part interacts with the
gases in the environment. When the gas to be detected enters the
environment, the sensor material interacts with gas molecules
depending on its electrical, optical or chemical properties and
transfers this to the electronic evaluation unit (Evyapan, 2005).

2. SEMICONDUCTOR POLYMER THIN FILMS

Polymers, in the simplest definition, are long-chain, in
other words high molecular weight compounds formed by a large
number of the same or different groups linked by chemical bonds
in a more or less regular manner. The small molecules that are
chemically bonded with each other to form polymer molecules
are called “monomers”. In a polymer molecule called a
macromolecule, hundreds, thousands and sometimes more of
these building units are linked together. But most polymers are
usually in the 5,000 - 250,000 molecular weight region.

At low temperatures, the energy levels of valence
electrons in semiconductors are full. Therefore, there are no free
electrons to conduct electricity. However, when the temperature
rises sufficiently, some electrons gain enough energy to jump
from their current levels to the conduction band and leave a
charged electron gap, called a hole, in their former places in the
valence levels. Thus, an equal number of mobile electrons and
vacancies can conduct electric current.

Polyacetylene, polypyrrole and polythiophene are almost
impossible to process, but new techniques have made it possible
to turn these materials into semiconductors (Stallinga, Gomes,
Murgia, & Miillen, 2002).
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Other conducting polymers such as polyphenyl vinylin have also
been developed with the same technique. Other processable
conducting polymers have been made by loading covalently
bonded siloxane phthalocyanine (PC) complexes ([Si(PC)O]n).

Despite the wide variety of polymeric materials available,
the vast majority of capsules are based on epoxide and silicone
compounds, with the exception of one or two other compound-
based ones for specialized applications. The use of epoxide resin
as a semiconductor capsule has a 30-year history. The most
commonly used epoxide resin is obtained by reacting
epichloridine with bisphenol A in the presence of an alkali to give
bisphenol A diglycidyl ether.

Another important type of capsule used in the
encapsulation of electronics is silicones. These are synthetic
polymers based on an alternative silicon-oxygen structure with
additional organic groups attached to the silicon atoms.

Polyphenylene sulfide, another semiconductor polymer,
maintains its mechanical properties at high temperatures. Below
200 °C it is resistant to all solvents, above this temperature it is
soluble in some aromatic and heterocyclic solvents.
Polyphenylene sulfides have been mainly used for encapsulating
elements such as ceramic capacitors.

Polyurethanes, which are used as semiconductor
polymers, are not directly used as capsules but have found
widespread use as protective layers. They have excellent
electrical insulation properties, physical durability, resistance to
abrasion, moisture and chemical attack.

Semiconductor polymers are extensively used as chemical
sensors. In the automotive industry, chemical sensors are used to
determine the oxidation and reduction characteristics of the air-
fuel mixture and to adapt the air-fuel mixture to the engine
requirements for maximum efficiency and minimum pollution. In
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the medical sector, chemical sensors are used to monitor blood
pH and blood concentrations of K, Ca, and glucose. One of the
most promising near-future applications of conducting polymers
is in rechargeable batteries (batteries, accumulators, etc.). These
will use polymers as active electrodes because polymers are
lightweight, flexible, reversible at high capacity and electrically
charged.

In the latest advanced technologies, semiconductor
polymers are being used in computer technology to make self-
regenerating chips, computer memory and processors that can
improve memory. For example, IBM, a computer company, is
using semiconductor polymer technology to make Central
Process Units (CPUs) that can reach speeds of 10 ghz (Smith &
Semiconductors, 1978).

3. GAS SENSORS
3.1. Sensors

Sensors act as a bridge connecting the physical
environment and industrial electrical/electronic devices. These
devices have a wide range of applications such as protection and
monitoring in the industrial production process. There are
hundreds of types of sensors manufactured today. The incredibly
rapid advances in microelectronics technology enable new
inventions or new application types to be developed every day. In
general, the working mechanism of a sensor is as follows (Varan,
2005).

" A
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Figure 3.1. Operating Mechanism of a Sensor (Varan, 2005).
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3.2. Types of Gas Sensors

- COg, SOz, NHs glass membrane detects pH change

- Detects HCN, H2S Ag2S membrane, pCN and pS
exchange

- HF LaFs membrane detects pF change

Gas sensors can also be classified as follows;

1. Solid state gas sensors

conductive polymer gas sensors

Metal oxide gas sensors

Amperometric gas sensors (Snow & Barger, 1989;
Temurtas, 2000)

o

The development of semiconductor technology and the
use of microprocessors in sensor applications have been the main
sources of the development of gas measurement systems.
However, new searches are still ongoing, especially in the
production of sensor materials. Because what is important in gas
measurement systems is precision, longevity and easy
applicability to practice. For this reason, different types of sensors
with different working principles have been developed and some
of them are given in Figure 3.2. (Evyapan, 2005).

© @

Figure 3.2: Various Sensors : (A) Metal Acoustic Sensor, (B)
Surface Acoustic Wave Sensor, (C) QCM Sensor, (D) Conductive
Polymer Sensor Array (Karhk, 2004).
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3.3. Sensing Material-Gas Interactions

Regardless of the sensing mechanism, the response
characteristics of an acoustic wave sensor depend on the nature
of the interaction between analyte molecules and the sensing
material used as an interface. Knowing the type of these
interactions is important for interfacial design. The interactions
between the sensing material and analyte molecules can be
categorized into two groups: physical and chemical interactions.

In the case of adsorption, these interactions are called
physical adsorption and chemical adsorption respectively.

Physical adsorption has very small activation energy and involves
relatively weak van der Weals interactions. It is therefore a small
energy production (5-12 kCal/mol, 0.217-0.521 eV). Physical
adsorption is generally reversible at room temperature but is not
selective.

Chemical adsorption can be characterized by the
redistribution of electron density and the formation of chemical
bonds with energies of 25-100 kCal/mol (1.086-4.346 eV) and
higher. In the case of chemical adsorption, the chemical bonds
between analyte molecules can be broken and react with the
interfacial sensing agent and new bonds can be formed. Thus, the
interfacial sensing agent loses its original properties. Physical and
chemical adsorption can be distinguished from each other by the
following features (Rajagopalan & Petit, 2021).

1. The heat of adsorption is small in the case of physical
adsorption and large in the case of chemical
adsorption.

2. In the case of physical adsorption the adsorbed
molecules can be easily removed from the surface, in
the case of chemical adsorption this is very difficult.

3. In the case of physical adsorption, under favorable
conditions of temperature and pressure, an adsorbed
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layer is formed, the thickness of which is several times
the diameter of the adsorbed molecules. In the case of
chemical adsorption a layer of monomolecules is
formed.

In the case of adsorption, there is mixing at the molecular
level of the adsorbed substance and the sensing substance used as
an interface. In the case of absorption, the absorbed molecules are
soluble in the interfacial substance. In other words, absorption
interactions are not limited to active adsorption centers on the
surface as in adsorption.

The amount of substance absorbed at equilibrium is called
the solubility of that substance. If the interfacial material is a
polymer, the solubility of the diffusing substance is determined
by the interactions between the chains in the polymer and between
the chain and the diffusing substance (Nikolic, Milovanovic,
Vasiljevic, & Stamenkovic, 2020).

4. CONSTRUCTION OF GAS SENSORS

Over the past 30 years many gas-sensitive electrochemical
assemblies have appeared on the market. In the manufacturers'
literature, these assemblies are usually not gas-sensitive
electrodes, but electrochemical cells consisting of a reference
electrode and a specific ion immersed in an internal solution
retained by a thin gas-permeable membrane. Therefore, gas
sensors are a more appropriate name than gas-sensitive
electrodes.

Gas sensors are highly selective and sensitive systems for
the determination of soluble gases or ions that can be converted
into soluble gases by pH adjustment. The gas sensor consists of a
tube containing a reference electrode, a specific ion electrode and
an electrolyte solution. Attached to one end of the tube is a thin
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replaceable  gas-permeable  membrane, a  complete
electrochemical cell that acts as a barrier between the inner
solution and the analyte solution. Gas sensors are widely used in
the determination of gases dissolved in water and other solvents.
A gas sensor is a galvanic cell whose potential is related to the
concentration of the gas in solution. The selectivity of gas sensors
depends only on the permeability of the gas membrane.

Gas sensors are useful for the determination of soluble
gases such as NHs, COz, H2S, SO2, NO2. The gas molecules react
with the buffer solution by diffusing across the membrane and the
pH of the buffer solution changes. This change is determined by
the gas sensor combination (Gdre, 2005).

4.1. Components of a Gas Sensor
A gas sensor consists of four components. These are
A. Gas Permeable Membrane
B. Electrode
C. Electrolyte
D. Filter
4.2. Potentiometric Gas Sensor

In potentiometric gas sensors, the potential change is
obtained by the electrical interaction of neutral gas molecules
with the sensor. The sample can be gas or liquid phase. The
potential difference indicates charge separation. There must be a
mechanism at an interface within the sensor where electrons or
ions interact electrically with neutral gas molecules.
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Inner Sohtionr—" |

Figure 4.3. A Potentiometric Sensor (Varan, 2005).

Although different specialized designs have been
developed for the detection of carbon dioxide, the general
principle by which this instrument works is similar to that of other
gases. It is based on the measurement of the limited ion-activity
change caused by the diffusion of gas molecules across the inner
electrode and their subsequent hydrolysis. The mechanism can be
described by the generation of a series of equilibria between the
electrode and the sample in which the gas diffuses. For the carbon
dioxide sensor, this step is given by the following dissolution
equilibrium (Varan, 2005).

(aco2 )w =P, (5.1)
(aco2 )w = Activity of CO; dissolved in water

o = Dissolution coefficient

Peo, = Partial pressure of carbon dioxide

Gas sensors are widely used for the determination of gases
dissolved in water and other solvents. The selectivity of the gas
sensor depends only on the permeability of the gas membrane.
The gas permeable membrane is thin and replaceable. It acts as a
barrier between the inner solution and the analyte solution.
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Gas sensors respond to the concentrations of gases
dissolved in aqueous solution. These sensors consist of an ion-
selective electrode connected to a thin layer of the solution held
in place by a membrane that passes the desired gas such as NHs,
CO2. When the gas passes through the membrane, the change in
the thin layer of solution is sensed by the electrode.

In short, gas sensors are useful for the measurement of dissolved
gases. Among its advantages;

- Fast response time
- Less sample preparation
- Ease of design development .

Gas sensors are also highly selective and sensitive devices
for the determination of ions that can be converted into soluble
gases by pH adjustment (Varan, 2005).

4.3. Features Required in a Gas Sensor
4.3.1. Selectivity

It is one of the most important features to have. Selectivity
IS more important in sensors because if the selectivity of the
sensor is not very good, additional processing will be required.
The selectivity of a sensor is measured by its sensitivity to a
specific component.

4.3.2. Repeatability

An ideal gas sensor should show more or less the same
results in successive measurements under the same conditions.
When a gas sensor is being studied, its repeatability must be
measured. The higher the repeatability, the better the sensor can
be said to be.
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4.3.3. Stability

Stability depends on the physical durability of the material
used. In addition, factors such as pH, humidity, environment,
temperature, Oz concentration affect the stability. High stability
is necessary for the sensor to be an ideal gas sensor.

4.3.4. Calibration Requirement

Normally, for a sensor to be ideal, it would need to be
calibrated either never or at most once. However, this theoretical
situation has not been possible in practice. Gas sensors are
frequently calibrated throughout their use.

4.3.5. Wide Measurement Range

The so-called measurement range is the concentration
range where the current concentration curves from the gas sensor
are linear.

Linear Sensor

Non-Linear Sensor

Figure 4.4. Measurement Range of Sensors (Varan, 2005).
4.3.6. Fast Response Time

The response time of the sensor can be understood from
the curves obtained. For example, if the shape of the steps in the
resulting curve is flat and wide, the response time is long (slow),
and vice versa, the response time is short (fast).

4.3.7. Fast Reversal Time

It indicates how long after the first sample the second
sample should be measured. In other words, after a constant value
is observed after the first sample, the second sample should be
added after the same period.
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4.3.8. Lifetime

The life of a gas sensor is affected by factors such as
temperature, humidity, dust and high gas concentration. Under
normal operating conditions, sensors will last at least one year and
in most cases two years. If exposed to high gas concentration, the
performance of the sensor is shortened. In addition, the lifetime
of the sensor affects other parameters of the gas sensor such as
calibration frequency, stability, repeatability.

4.3.9.Simple and Cheap

Gas sensors that are simple and inexpensive to design and
easy to use are ideal gas sensors. With the studies carried out in
recent years, the gas sensor has achieved this suitability.

4.3.10. Miniaturization and Sterilizability

Sterilization and size reduction of sensors are important in
sensor design. However, the physical strength of the material that
goes into the sensor structure is the most important parameter
limiting sterilization.

4.3.11. High Sensitivity

An ideal sensor is one in which the material attached to
the sensor is only sensitive to certain substances. It is very
difficult to make a sensor that provides all these properties and is
free of interference. However, sensors that provide some of these
properties can be obtained.

4.3.12. Limit of Determination

The detection limit of a designed sensor should be below
a certain concentration value. This limit is influenced by factors
such as the size of the sensor surface, the affinity of the material
to the substance to be determined, and the amount of substance
retained (Varan, 2005).
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4.4. Toxic Gas Sensors

The following reactions take place on the electrode
surface of the CO gas sensor;

CO + H20 _ CO2 + 2H+ + 2e-
%02 + 2H+ + 2e- _ H20
Total reaction: CO + %202 _ CO:2

ELECTROCHEMICAL CO CELL

Figure 4.5. Shape of the CO Gas Sensor (Varan, 2005).

Similar reactions occur for all other toxic gases with
electrochemical oxidation and reduction tendencies (HzS, Clz).

Typical CO gas sensors are difficult to measure when
hydrogen is present in the environment and show significant
responses to hydrogen. However, when all CO electrodes and
some hydrogen-responsive electrodes are used together, they are
separated from electrodes that are only sensitive to hydrogen.

5. APPLICATIONS OF GAS SENSORS

- Combustion control systems (automobile, industrial
furnaces)

- Toxic and flammable gas detectors (for leaks)

- In medical diagnostics, in electronic noses in the
manufacture of quality food.
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5.1. What is an Electronic Nose?

E-noses are systems that mimic the human odor detection
mechanism by using fewer sensors and with the support of an
artificial intelligence network, and basically consist of four parts.
These four parts (Bartlett, Elliott, & Gardner, 1997);

Sensor array
Microprocessor
Signal regulator
- Power supply

Unlike simple gas analysis sensors, e-noses can be used
not only to detect an odor but also to classify odors and assess
their quality. The sensor array is the most important part of the
system. Because the performance of an e-nose depends primarily
on the sensitivity, repeatability, selectivity, stability, response
time, size and cost of the sensors used in the array. We can
analyze the sensors used in e-noses in two groups according to
their operating temperatures. Hot sensors and cold sensors.

Hot sensors are the most widely used sensors as they have
a longer lifespan (5 years) than cold sensors. Another advantage
of hot sensors is that they are easily available as they are
commercially produced, have high sensitivity and short response
times. The disadvantage is the high cost due to their high
temperature (400-600 ° ) operation. Cold sensors, on the other
hand, operate at room temperature, so their response time (20-40
s) is quite long. Since they are laboratory-made, they are very
difficult and expensive to obtain. Their lifetime is at most 18
months and it is difficult to make measurements because they are
poor conductors (Ampuero & Bosset, 2003).

5.2. Application Areas of Gas Sensors [36-37]

- ldentification of Chemicals
- Water Analysis
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- Food and beverage industry

- Finding and Treating Diseases

- Inchemical plants

- In ventilation installations of houses, workplaces,
automobiles, etc.

- pharmaceutical industry

- Space Industry

- Automatic cooking controls in microwave ovens

- Ventilation control systems

- Inelectrical processes

- Alcohol controls

- Waste water treatment

- Inthe automotive industry (Ampuero & Bosset, 2003;
Liu, Parisi, Sun, & Lei, 2014)

5.3. Use of Thin Films in Gas Sensor Applications

Recent research in gas sensors has been directed towards
more sensitive, long-lasting, nano-sized and cost-effective
sensors. Technological developments are now moving from
micron to nano dimensions and studies in gas sensors are
accelerating in this direction. Thin films produced using
Langmuir- Blodgett (LB) thin film technique can be used as
sensitive thin layers in gas sensor studies (Shin, Choi, Lee, &
Kwon, 1997; Zhang, Chen, Bao, & Li, 1998). Due to the easy
synthesis of organic materials, attachment or removal of desired
groups on the molecular structure, easy processing and low cost,
both organic materials and thin films produced with these
materials are used in many studies. For these reasons, films made
of organic materials are used as gas-sensitive materials in gas
measurement devices and in most of the studies using organic
materials, the interaction between the organic material and gas
molecules is studied. As a result of these interactions, changes in
electrical properties (conductivity, resistivity, etc.), optical
properties or mass are measured. Techniques such as Quartz
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Crystal Microresonator (QCM), UV-Visible spectroscopy and
Atomic Force Microscopy (AFM) are used to measure these
properties (Evyapan, 2005; Shiratori, Kohno, & Yamada, 2000).

6. CONCLUSION

As events such as burning, explosion, being affected by
toxic gases increase day by day, the interest and demand for
sensors is increasing. Thus, the importance of sensors in our daily
lives has gained importance and studies related to this subject
have been focused on. Sensors are devices that can detect
chemical and physics differences in the external environment and
convert these changes into electrical signals. Sensors that control
these changes in the gas environment are gas sensors. In order for
a material to be used as a good sensor, it must have a short
response time, a stable structure, good sensitivity, be cheap and
easy to design, and have good recycling.

87



Akademik Perspektiften Fizik

REFERENCES

Ampuero, S., & Bosset, J. (2003). The electronic nose applied to
dairy products: a review. Sensors and Actuators B:
Chemical, 94(1), 1-12.

Bartlett, P. N., Elliott, J. M., & Gardner, J. W. (1997). Electronic
noses and their application in the food industry. Food
Technology (Chicago), 51(12), 44-48.

Evyapan, M. (2005). Organik gaz sensor maddelerinin
Langmuir-Blodgett ince film teknigi ile incelenmesi.
Balikesir University (Turkey).

Gure, R. (2005). Diisiik sicaklik amonyak gaz sensorlerin
gelistirilmesi ve uygulamalar:. Fen Bilimleri Enstitlsu.

Karlik, B. (2004). Tehlikeli ve Zararl1 Kokular1 Gergek-Zamanli
Tanima ve Koku Bilgisinin Iletimi. Havacilik Ileri
Teknolojiler ve Uygulamalart Sempozyumu, Hava Harp
Okulu, Istanbul.

Liu, Y., Parisi, J., Sun, X., & Lei, Y. (2014). Solid-state gas
sensors for high temperature applications-a review.
Journal of Materials Chemistry A, 2(26), 9919-9943.

Nikolic, M. V., Milovanovic, V., Vasiljevic, Z. Z., &
Stamenkovic, Z. (2020). Semiconductor gas sensors:
Materials, technology, design, and application. Sensors,
20(22), 6694.

Rajagopalan, A. K., & Petit, C. (2021). Material screening for gas
sensing using an electronic nose: Gas sorption
thermodynamic and kinetic considerations. ACS sensors,
6(10), 3808-3821.

Shin, H.-K., Choi, Y.-S., Lee, B.-J., & Kwon, Y.-S. (1997).
Characteristics of organic gas sensitivity in copolymer LB
films. Synthetic metals, 86(1-3), 2253-2254.

88



Akademik Perspektiften Fizik

Shiratori, S. S., Kohno, K., & Yamada, M. (2000). High
performance smell sensor using spatially controlled LB
films with polymer backbone. Sensors and Actuators B:
Chemical, 64(1-3), 70-75.

Smith, R., & Semiconductors, I. (1978). Edition: Cambridge
University Press.

Snow, A. W., & Barger, W. (1989). Phthalocyanine films in
chemical sensors (Vol. 1): John Wiley and Sons: New
York.

Stallinga, P., Gomes, H. L., Murgia, M., & Miillen, K. (2002).
Interface state mapping in a Schottky barrier of the
organic semiconductor terrylene. organic Electronics,
3(1), 43-51.

Temurtas, F. (2000). Kimyasal Sensor Dzilerinde Yapay Sinir
Aglart ve Bulamk Mantik Uygulamalari: Gazlarin
Swiflandiriimast  ve  Gaz  Komsantrasyonlarinin
Belirlenmesi. Sakarya Universitesi (Turkey).

Varan, S. (2005). Diisiik sicaklik kompozit amonyak gaz
sensorler. Fen Bilimleri Enstitusa.

Zhang, S., Chen, Z., Bao, G., & Li, S. F. (1998). Organic vapor
detection by quartz crystal microbalance modified with
mixed multilayer Langmuir-Blodgett films. Talanta,
45(4), 727-733.

89



Akademik Perspektiften Fizik

ORGANOBROMINE COMPOUND FROM
ALGAE: A THEORETICAL STUDY ON THE
BASIS OF THERMODYNAMICS

Cem Cuineyt ERSANLI?

1. INTRODUCTION

The name algae is from Latin, where it originally
referred to sea grasses. Today it means a broad group of
photoautotrophic organisms that thrive in an astounding
diversity of habitats: aquatic and marine and brackish
environments; wetted surfaces of terrestrial plants and animals;
lighted caves; even snowfields. Algae can be unicellular or
multicellular and are classified in the Thallophyta, a group
distinguished by the presence of chlorophyll.

Depending on their pigment content, algae are
traditionally grouped into five large lineages. The Cyanophyta,
or blue-green algae, are prokaryotic cells that contain blue (and
sometimes red) pigments in addition to chlorophyll and are
found in freshwater and oceanic habitats. Chlorophyta, the
green algae, are the most universal lineage; they are
eukaryotic, possess well-formed chloroplasts and nuclei, and
are found in freshwater and also wet tree trunks and rocks,
varying from bright to yellow-green in color. Diatoms,
members of Bacillariophyta, are golden-yellow to brown and
exhibit an extraordinary range of shape-rectangular, triangular,
round or oval-and are found in fresh and marine water. Red

L Prof. Dr., Sinop University, Faculty of Arts and Science, Department of Physics,
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algae or Rhodophyta are found in predominance of salt-water
habitats and usually occupy lower strata than the bulk of other
algal groups; they are quickly recognizable by their red color
and often branched thalli. Finally, the brown Ochrophyta are
common in cold shallow marine habitats where they fix
themselves to substrata in intertidal zones with an enormous
variety of species (Akkayan, 1987). Being primary producers,
algae form the base of aquatic food webs (Cirik & Cirik,
2011). Algae are broadly classified into two groups:
prokaryotic algae, represented only by the Cyanophyta, and
eukaryotic algae, a heterogeneous group represented by a
plethora of taxa including Chlorophyta, Charophyta,
Euglenozoa, Bacillariophyta, Cryptophyta, Haptophyta,
Miozoa, Ochrophyta, and Rhodophyta (Guiry & Guiry, 2015).
Aside from their ecological role, algae also have an invaluable
contribution to make toward a vast range of biotechnological
applications. They are utilized in the generation of bioenergy -
biodiesel, biogas, and bioethanol- and as sources of nutrients,
nutritional supplements, pharmaceuticals, animal feeds,
cosmetics, and fertilizers. Additionally, bioactive secondary
metabolites produced by algae make them promising
candidates in drug discovery (Gumiis, 2006; Cirik & Cirik,
2011). During photosynthesis, algae fix CO2 and evolve Oz and
therefore contribute significantly to oxygen production and
carbon cycling in aquatic habitats (Zeybek et al., 2003).
Because of their impact on the environment, the development
of blue-green algae in drinking and farming water supplies,
reservoirs, rivers, and recreational waterbodies must be closely
monitored. A number of scientific investigations have analyzed
the taxonomic composition, distribution characteristics, and
ecological relations of algal communities in freshwater
environments (e.g., Celik & Ongun, 2007; Tezel Ersanli &
Hasirc1, 2013; Tezel Ersanli & Gonilol, 2014; Hasirct Mustak
& Tezel Ersanli, 2015; Deniz & Tezel Ersanli, 2016a; Tezel
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Ersanli & Hasirc1 Mustak, 2017; Tezel Ersanli & Oztiirk, 2017;
Yilmaz et al., 2018; Deniz & Tezel Ersanli, 2020a; 2020b;
Solak et al., 2020; Aswathy et al., 2021; Deniz & Tezel
Ersanli, 2021a; 2021b; 2022). Nutritionally, algae are valued as
high in protein, minerals, and fiber content, low in fat, and
composed of easily digestible carbohydrates. Some Ulva
species, for example, are consumed as dietary supplements
since they are low in calories. They are traditionally used in
some regions to treat conditions such as goiter and kidney
issues due to their anthelmintic property. Ulva lactuca, highly
utilized in South America, contains goiter-preventive qualities
due to its vitamin A content (Serrano et al., 1998). In recent
years, algae have gained significant attention in the field of
bioremediation. Algae such as Spirogyra sp. and Rhizoclonium
sp. were investigated for the adsorption of synthetic dyes from
contaminated water (Deniz & Tezel Ersanli, 2016b). Likewise,
macroalgae such as Chaetomorpha sp., Polysiphonia sp., Ulva
sp., and Cystoseira sp. were reported to possess high
biosorption capacity (Sari & Tuzen, 2008; Li et al., 2015;
Deniz & Tezel Ersanli, 2018a; 2018b). In red algae
(Rhodophyta), the genus Laurencia is among the most
biochemically and ecologically diverse. Typically found on
rocky substrates in intertidal warm waters (Masuda et al.,
1996), Laurencia consists of 421 described species, with only
146 being taxonomically confirmed (Guiry & Guiry, 2015).
The genus is well known for producing a wide range of
secondary metabolites with remarkable molecular structures
(Suzuki et al., 2009). These compounds -particularly
polyhalogenated terpenoids- are defensive in nature and have
varied biological activities such as antifeedant, anthelmintic,
antimalarial, antifouling, antimicrobial, and cytotoxic activities
(Kurata et al., 1998; Davyt et al., 2001; Paul et al., 2011). A
compound,  8-bromo-3,7,7-trimethyl-11-methylene-spiro[5.5]
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undec-1-en-3,9-diol (1), a new rigidol isomer, was first isolated
from Laurencia rigida (Suescun et al., 2001).

Thermodynamic parameters such as standard molar heat
capacity (C%,m), entropy (S°m), and enthalpy change (H%) are
crucial to understand the energetic and dynamic profile of
molecules at varying temperatures. In this study, these
parameters were estimated for the (I) via Density Functional
Theory (DFT) at the B3LYP/6-311G(d,p) level of theory in the
gas-phase. The obtained thermodynamic values were fitted to
second-order polynomial equations of the form:

y=a+bT+cT? (1)

(where T is the temperature in Kelvin.) to facilitate continuous
interpolation of these properties over a wide range of
temperatures. These equations are very crucial to explain
reaction thermodynamics, phase behavior, and process
simulations with this molecule.

In this study, molecular structure of compound with
molecular formula CisH23BrO2 (1) (Suescun et al., 2001) was
investigated by DFT. All quantum chemical computation was
carried out at the gas-phase (¢ = 1) level of B3LYP/6-
311G(d,p) by using the Gaussian 03 computer package (Frisch
et al., 2004; Dennington et al., 2007). Apart from the
thermodynamic behavior of (1), its room temperature and a
wide range of temperatures (100-1000 K) were also studied.

2. MATERIAL AND METHOD
2.1. Computational Details

In order to determine the quantum chemical
characteristics of the compound CisHBrO. (Suescun et al.,
2001) (Figure 1), all the thermodynamic calculations and
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geometry optimizations were carried out under the Gaussian 03
computational package (Frisch et al., 2004). The B3LYP
hybrid functional and the 6-311G(d,p) basis set was utilized, a
common protocol for good thermochemical predictions in
organic systems (Becke, 1993; Lee et al., 1988). Frequency
analysis confirmed that the optimized structure is actually a
genuine minimum on the potential energy surface (i.e., no
imaginary frequencies were observed).

Figure 1. Chemical diagram of (I) molecule (Suescun et al., 2001).

3. RESULT AND DISCUSSION

Suescun et al. 2001 performed crystallographic research
of the molecule of the alga. Figure 2 is Olex2-1.5 (Dolomanov
et al., 2009) projection of (1) (Suescun et al., 2001).
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(b)

Figure 2. (a) The Olex (Dolomanov et al., 2009) diagram of (1)
molecule (Suescun et al., 2001), (b) Optimised structure view
(Hydrogen atoms are omitted for clarity).
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3.1. Temperature Dependence of Thermodynamic
Properties

3.1.1. In the Range of 100-1000K

Table 1 depicts the thermodynamic values calculated
for (1) within the range of 100-1000 K, obtained through DFT
calculations at B3LYP/6-311G(d,p) level in gas-phase. The
values reflect total thermal energy (EEE), constant pressure
heat capacity (C%,m), entropy (S°%n), and enthalpy change
(H%).

The EEE increases progressively with temperature,
from 223.877 kcalmol™ at 100 K to 329.450 kcalmol™ at 1000
K. The increase is from the contribution of vibrational,
rotational, and translational modes in storing thermal energy
input. The greatest increases are at high temperatures, as
predicted for activation of higher-frequency vibrational modes
out of reach thermally at low temperatures (Table 1).

Table 1. Temperature dependence of EEE, C°% m, S°%m, and H°, for
(1) calculated at the B3LYP/6-311G(d,p) level in gas-phase.

Temperature EEE C%m S Hom
(K) (kcalmolY) (calmol*K?) (calmoliK?) (kcalmol?)
100 223.877 27.181 82.430 1.667
200 227.895 52.465 110.654 5.884

298.15 234.182 75.643 136.718 12.366
400 243.076 98.608 162.798 21.463
500 253.939 118.069 187.401 32.524
600 266.575 134112 210.756 45.359
700 280.667 147.314 232.760 59.650
800 295.965 158.330 253.436 75.147
900 312.277 167.652 272.872 91.657
1000 329.450 175.618 291.168 109.029

The heat capacity is significantly boosted from 27.18
calmol*K1at 100 K to 175.62 calmol*K1at 1000 K. This is an
indication of the enhanced ability of the molecule to absorb the
heat energy as more and more degrees of freedom (in this case,
vibrational) become populated. The smooth rise is in
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accordance with expectations for flexible, polyatomic organic
molecules, in which variety and number of vibrational modes
favor enhanced thermal energy accommodation at increased
temperatures (Figure 3a).

Calculated entropy increases from 82.43 calmol*K™ at
100 K to 291.17 calmol*K? at 1000 K. Smooth and nearly
linear rise indicates an increasing number of accessible
microstates with rising temperature. With a decrease in
temperature, the system’s configurational space is reduced, but
with more thermal energy, more rotational and vibrational
freedom is employed, and the disorder among the molecules
rises. This follows the general thermodynamic definition of
entropy as molecular dispersal and randomness of energy
(Atkins & de Paula, 2014) (Figure 3b).

The enthalpy of standard also increases smoothly with
temperature, from 1.67 kcalmol*at 100 K to 109.03 kcalmol*
at 1000 K. The smooth increase is a sign of the accretion of
thermal terms to internal energy, an item of direct relevance in
the assessment of thermal stability and reactivity of the
molecule in different regimes of temperature. This data can
also assist in the modeling of enthalpic change in chemical
processes involving (1) (Figure 3c).
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Figure 3. Plot of calculated thermodynamic parameters vs.
temperature of (1) in gas-phase.

The computed thermodynamic values for (1) were fitted
to second-order polynomial functions of temperature T in
Kelvin units. The results of the fit are provided below:

Heat Capacity (C%,m):

C%m = -1.97562+0.29955T—1.22686x10T? (R?=0.99982)  (2)

Entropy (S°m):
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SO = 53.0863+0.29925T—6.1102x10°°T? (R?=1) (3)
Enthalpy (H%m):
Hn = -3.3623+0.03137T+8.20767x10°5T2 (R?=0.99954)  (4)

These high correlation coefficients indicate the
excellent goodness of the polynomial fitting and verify the
accuracy of the computational results.

The positive linear term in the heat capacity equation
reflects a steady increase in the capacity for thermal energy
storage with temperature. However, the extremely small
negative quadratic term reflects a slowing of the increase at
high temperatures, in agreement with most polyatomic
molecules’ behavior as their vibrational states come to full
excitation (Moran & Shapiro, 2010). Entropy equation shows
an essentially linear increase with temperature, evidenced by
the dominance of the linear coefficient and the very small
negative quadratic coefficient. This is as expected with an
increase in molecular disorder with higher thermal energy
(Atkins & de Paula, 2014). The enthalpies rise steadily with
temperature, dominated by linear and quadratic positive terms.
This is consistent with molecular systems gaining vibrational
and rotational energy as they are heated.

3.1.2.Electronic and Thermodynamic Parameters at
Standard Temperature (298.15 K)

The electronic and thermodynamic values of (I) at
298.15 K in the gaseous phase were computed with DFT
methods at the level of B3LYP/6-311G(d,p). The presented
values in Table 2 clearly reflect the energy distribution and
molecular motion at standard temperature.
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Table 2. Electronic and thermodynamic values computed by
DFT with the basis set B3LYP/6-311G(d,p) for (1) in the gas-
phase at 298.15 K.

Parameters Gas-phase (¢=1)
Energy (kcalmol?)

Electronic 0.000
Translational 0.889
Rotational 0.889
Vibrational 232.405
Total 234.182
Zero-point vibrational energy 222.40843
Nuclear repulsion energy (Hartree’s) 1888.8702094894
Heat capacity [C%m (calmol*K )]

Electronic 0.000
Translational 2.981
Rotational 2.981
Vibrational 69.681
Total 75.643
Entropy [$°n (calmol*K?)]

Electronic 0.000
Translational 43.130
Rotational 33.923
Vibrational 59.665
Total 136.718
Rotational constants (GHz)

A 0.65381
B 0.19496
C 0.17664
Thermal correction to Gibbs free energy

(Hartree/Particle) 0.309178
Dipole moment (D) 1.6110420

At 298.15 K, the total thermal energies of the molecule
are 234.182 kcalmol?, with the component from vibrational
energy contributing significantly (232.405 kcalmol?) and
translational and rotational components contributing negligibly
(0.889 kcalmol™? each). This is as expected for polyatomic
molecules at room temperature, when vibrational modes are
fully activated. The electronic energy contribution at this level
of theory is 0.000 kcalmol™?, since the molecule remains in its
ground electronic state under conditions of thermal excitation.
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The zero-point vibrational energy is calculated as 222.41
kcalmol™, i.e., the intrinsic vibrational energy of the molecule
at 0 K. This is crucial in determining reaction energetics,
particularly for estimating total reactant and product energies.
The nuclear repulsion energy is 1888.8702 Hartree, i.e., the
electrostatic attraction of atomic nuclei and one component of
the total molecular electronic structure.

The total molar heat capacity at constant pressure is
calculated as 75.643 calmolK?, overwhelmingly accounted
for by the vibrational contribution (69.681 calmolK™). The
translational and the rotational contributions are equal (2.981
calmol*K?) because in a nonlinear polyatomic gas-phase
molecule they have to be, and electronic contribution is again
0.000, as it should be because the molecule is in its electronic
ground state. The overall entropy of the system is 136.718
calmol*K™, a sum of contributions from translational (43.130
calmol*K™?), rotational (33.923 calmol*K™), and vibrational
(59.665 calmol™K?) degrees of freedom. The illustration
shows how molecular entropy is mass, geometry, and
vibrational complexity-dependent at room temperature. The A,
B, and C rotational constants are 0.65381, 0.19496, and
0.17664 GHz, respectively. They are consistent with the
asymmetric top nature of the molecule, as the spirocyclic non-
planar structure would be anticipated to lead to. These values
are valuable in the simulation of microwave or rotational
spectra and for information on the dynamic molecular behavior
in the gas-phase. The thermal correction to Gibbs free energy
is determined as 0.309178 Hartree, and it is a measure of
thermal effects at 298.15 K which can be used in estimating
relative stabilities or reaction equilibrium constants in
thermodynamics. The molecule has a dipole moment of 1.611
Debye, indicating moderate polarity. This value is a good
indicator for intermolecular dipole-dipole interactions and
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indicates something about the compound’s capability to act in
polar solvents or when performing molecular docking against
polar targets.

4. CONCLUSIONS

In this study, the organobromine compound (1), isolated
from the marine algae Laurencia rigida, was theoretically
investigated using the density functional theory (DFT) at the
B3LYP/6-311G(d,p) level of theory in the gas phase. The
thermodynamic  properties of the compound were
systematically investigated in a broad range of temperatures
(100-1000 K), and standard thermodynamic functions like total
thermal energy (EEE), heat capacity (C%m), entropy (S°m), and
enthalpy change (H%n) were thoroughly investigated. Results
showed uniform and replicable improvement in all the
thermodynamic properties with rising temperature as observed
for polyatomic organic molecules. Vibrational motion’s
significant contribution to thermal energy and heat capacity,
especially at room temperature, reflects the molecule’s
complexity in internal structure and flexibility. Entropy and
enthalpy values also increased smoothly, reflecting increasing
molecular disorder and capacity for energy storage within the
molecule as the temperature increased. All the computed
parameters were well-represented by second-order polynomial
equations with excellent correlation coefficients, making them
dependable for future theoretical and practical modeling. At
298.15 K (room temperature), the compound exhibited a
reasonable dipole moment (1.611 D), significant zero-point
vibrational energy, and a thermodynamically reasonable
profile. The findings reveal that compound (I) has the potential
to exhibit good thermal stability and could be a good contender
to pursue for further investigations in bioactivity, bearing in
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mind its derivation from a genus with known diverse and
strong secondary metabolites.

In total, the theoretical thermodynamic analysis created
here provides useful insight into the energy characteristics of
this sea-derived organobromine compound and is part of the
underlying knowledge needed for its potential application in
pharmaceutical or materials science research.
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KARBONLU METEORITLER!

Ceren KAMIL?2
Cisem ALTUNAYAR UNSALANS?
Ozan UNSALAN*

1. GIRIS

Asteroit, meteoroit, meteor ve meteorit terimleri, sik¢a
karistirilsa da aslinda birbirinden tamamen farkli kavramlardir.
Asteroitler, bilindigi kadariyla Mars ile Jiipiter arasinda bulunan
ve “‘Asteroit Kusagi’” olarak bilinen bolgede yer alirlar. Mevcut
bilgilere  go6re,  asteroitlerin  atmosferlerinin ~ olmadigi
diistiniilmektedir. Bu gokcisimlerinden, ¢arpismalar gibi ¢esitli
nedenlerle  kopan kuclk parcalar “‘meteoroit’” olarak
adlandirilir. Bu meteoroitler, uzun zaman i¢inde Diinya’nin
yercekimi etkisiyle atmosferine girdiginde ‘‘meteor’” ismini
alirlar. Atmosfere 11 ile 75 km/s hizla giren meteorlarin
kitlelerinin ~ %90°’dan fazlas1 yiksek sicaklik ve sirtlinme
nedeniyle yok olur. Ancak bu zorlu kosullara dayanip yeryiiziine
ulasabilen pargalar, artik ‘‘meteorit’”” olarak adlandirilir.
Asteroitlerin, meteoritlerin kaynak (ana) govdeleri olduklari
diisiiniilmektedir. Diinya atmosferine giriste, artan sicaklik ve
sirtinmenin de etkisiyle birlikte ortaya c¢ikan meteorlarin

1 Bu kitap bolimi “*Vigarano Tirii Karbonlu Goktasi NWA 5508 Uzerine
Petrografik, Titresimsel Spektroskopik ve Mikroskobik Analizler’” baglikli
doktora tez ¢aligmasindan {iretilmistir.

2 Dr., Ege Universitesi, Fen Bilimleri Enstitiisii Malzeme Bilimi ve Miihendisligi
ABD, cerenkamil697 @gmail.com, ORCID: 0000-0002-7311-9550.

3 Dr.,, Ege Universitesi, Fen Bilimleri Enstitiisii, cisemaltunayar@gmail.com,
ORCID: 0000-0001-6479-4223.

4 Prof. Dr., Ege Universitesi, Fen Fakultesi, Fizik Bolum,
physicistozan@gmail.com, ORCID: 0000-0001-5736-7530.
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renkleri c¢iplak gozle gozlemlenebilir (Sekil 1.1°de goriildigi
gibi) ve bu renkler meteorun sahip oldugu kimyasal bilesim
hakkinda ipuglar1 verebilir (Lada, 2016).

Bir meteorun renkleri
kimyasal bilegime baghidir.

vV \ §

Kalsiyum Magnazyum

Sekil 1.1. Kimyasal bilesimlerine bagh olarak meteorlarin renkleri
(Lada, 2016).

Bir numunenin meteorit olabilmesi icin, 1 mm’den daha
ince yanik dis kabuga sahip olmasi, dis ylizeyinde kabarciklar,
tabakalar, damarli yapi, delikli yapi, cok koseli, sekilli ve
tiraglanmig goriinim olmamalidir. Dis ylizeyi ise “regmaglipt”
olarak adlandirilan ve parmak izini andiran girintili ve ¢ikintili
bir yapiya sahip olmalidir. Demirli, tags1 ve tagsi-demirli olmak
Uzere baglica ii¢ tiir meteorit vardir. Ay ve Mars kdkenli
meteoritler ile karbonlu meteoritler de bu U¢ gruba ek olarak
verilebilir. Tagsi-demirli meteoritler, yaklasik olarak esit
miktarda Si (Silikat) ve Fe-Ni (Demir-Nikel) alasimi igerir.
Tass1 meteoritler, gozlenen meteorit diismelerinin yaklasik
%94’1inii olusturur ve bu nedenle en yaygin meteorit tiiriidiir. Bu
meteoritler, “kondritler” ve “akondritler” olmak tiizere iki farkli
kategoriye ayrilmaktadir. Kondritler, Si agisindan zengin,
neredeyse kiiresel yapilar olan kondriillerden olusur ve en bol
bulunan tagsi meteorit tlridir. Ayrica Arizona State
University’nin  Buseck Center for Meteorite Studies ekibi
(2025), kondritlerin  erime ge¢irmeden olustugunu ve
olusumlarindan bu yana diger nesneler ile ¢ok az kimyasal
etkilesime girdikleri i¢in kimyalarinin son derece ilkel oldugunu
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belirtmistir. Diinya’da bulunan tiim meteoritlerin yaklasik
%86’s1m1 tagst meteoritler olusturur. Bu nedenle, Ozellikle
karbonlu kondritler, Giines Sistemi’nin erken doénemleri
hakkinda bilgi edinmek amaciyla bilim insanlar1 tarafindan
detayli sekilde incelenmektedir.

Kondritlerdeki kondriiller yapilarina gore sekiz farkl
siifa ayrilmaktadir (Sekil 1.2).

Kondriil Yapilan ‘

Porﬁrud. Firoksen Porfirik Poikilitik Piroksen | Rmh'II Piroksen

Sekil 1.2. Kondritlerdeki kondriil yapilar1 (Norton & Chitwood,
2008).

Meteoritlerin siniflandirilmasinda petrografik Kriterler
ayirt edici  Ozellikler olarak kullamilir ve kondritlerin
siniflandirilabilmesi i¢in Oncelikli olarak o kondritin ait oldugu
kimyasal grup bilinmelidir. Petrografik siifin belirlenmesinde,
meteorit icerigindeki mineraller ve bu minerallerin bollugu,
kondrullerin varligi, bollugu ve boyutlart ile refrakter kapanim
Ozellikleri 6nemlidir. Kondritlerin petrografik tipleri Tablo
1.1°de 6zetlenmistir (Norton & Chitwood, 2008). Meteoritlerin
genel siiflandirilmasi ise Tablo 1.2°de verilmistir.
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Tablo 1.1. Petrografik tipler (Norton & Chitwood, 2008).

Kriterler | |
1 2 | 3 4 5 [ 6
1.0livin ve . . .
. Piroksenin Tekdiizede :
piroksen | _ ortalama sapmast | ortalama sapma | oK P ferromagnezyen
sim exin >%5 <%5
homojenligi
;2)|Ir)(:lkS:el:1ﬁ|an B Aaﬁ:ﬁ I?rl:iiak Monoklinik kristaller Ortorombik
0, 0 i
yapisal durumu Kristaller >%20 <%20 kristaller
3.ikincil
fe}d{spatm - Yok <2 um taneler <30 pm >50 um
buytme taneler
derecesi
4.Kondrillerde | _ Secfiﬁ_vgel,zfggflk Var ise Gozlenmez
volkanik cam ; ACB1Y bulanik/opak
bolluk
taenit
5 Metalik xs}‘fa
mineraller - cok az kamasit ve taenit var ise (>%20)
(maksimum (Ni
o N
wt% Ni) <200
mg/gr)
6.Sulfur
mineralleri >5 o
(ortalama Ni mg/gr <%0.5
icerigi)
. . Kolayca Ayt
7.Kondrul Kondril Keskin olarak Iyi tamimlanmig tanimlana- edilmesi
mevcut tanimlanan . X .
yapist deil kondriiller kondriller bilen glic
5 kondriiller kondriller
Tumi Matris Saydam
8.Matris yapist op_ak ve daha Opak mikrokristalin Yeniden kristallenmis
ince cok matris - matris
. matris
taneli opak
9.Y181n karbon o2 %1,5- o R o
(Wto6) 9%3-5 2 060,1-1 <%0,2
10.Y1gn su 0n18_ e o
icerigi (wt%) 618-22 | %3-11 <%2
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Tablo 1.2. Meteoritlerin stmflandiriimasi (NASA Johnson Space
Center, 2022).

CB

CH

CK

CM

CR

ov

Cco

Cl

CL

(24

Farklilasmamis | &

Meteoritler H
]
LL
o
EL

Lodranitler

Mars
Aubritler Chassignitler
ubri
IALH 84001 opx

I Akondritler

Tlkel ]

z Akondritler Aszlpulk(.)ltler
£ E Winonaitler
A
23 e
SE A Sergot_ltler
2& Nakhlitler
S

wn)

okl

Howarditler
HED A
Grubu .Ok.rltl.er
- Diyojenitler
Angritler
Brachinitler
Feldspatik Bresler
.{ Ay Bazaltik
(Lunar) - IZ _Ik
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|| Demirli INAB

Meteoritler IVAB
- Gruplanmayanlar
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Meteoritler | Mezosideritler
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CB (Bencubbin-benzeri), CH (ALH 85085-benzeri), CK
(Karoonda), CM (Mighei), CR (Renazzo), CV (Vigarano), ve
CO (Ornans), CI (lvuna), CL (Loongana), CY (Yamato), Cung
(gruplandiriimamis) H (ylksek Fe), L (disiik Fe), LL (disiik Fe
ve diisiik metal), EH (enstatit kondritlerin yiiksek Fe), EL
(enstatit kondritlerin diisiik Fe), opx (ortopiroksen) Tablo 1.2’de
kullanilan kisaltmalardir. Kondritler, karbonlu (CB, CH, CK,
CM, CR, CV, CO CI, CL, CY ve Cung), siradan (H, L ve LL),
Rumuruti (R) ve enstatit (EH, EL) olmak tzere, genel olarak
dort gruba ayrilmaktadir ve petrografik 0Ozelliklere gore
simiflandirma Tablo 1.3’te 6zetlenmistir (Norton & Chitwood,
2008).

Tablo 1.3. Petrografik ¢zelliklerine gére kondritlerin

siniflandirilmasi.
Karbonlu Siradan R Enstatit
Kriter Cl | cM | co|cv |CK|CR|CH]| CB H L LL | R EL EH
Kondrdl
Boyutu - 03 01 1,0 1,0 0,7 0.0 2 03 0.7 09 | 04 0.6 0.2
5 2 10
(mm)
Matris >9 30- 10- | 10- | 10- 2-
%) 9 70 34 40 40 0 5 <1 15 15 15 | 3| 215 | Io
Kondral 50- 20- | 60- | 60- | 60- | >4 | 60- 60-
(%) <L 20 | 48 4 1045 5 | ™ | 40 | 80 | 8o | 80 | o | 8o | 80
CAl (%) | <1 5 13 10 10 05 | 01 <1 <1 <1 <1 0 <1 <1
Metal 60-
%) 0 0,1 15 | 05 | 05 | 58 20 20 8 4 2 0.1 10 10
Olivin 50
<1 30 >50 | >50 | >50 | 40 6 ? 39 48 58 - <1 <1
(%) 75
Piroksen 0-
(%) <1 az az az az 10 60 ? 28 24 16 13 70 65

Not: Bu tablo Norton & Chitwood (2008)’den uyarlanmuistir. CL, CY ve Cyy
(siiflandirilmamis) gruplari igin veriler literatiirde tam anlamiyla derlenmedigi i¢in burada yer
verilmemistir.

Sekil 1.3., meteoritlerdeki yedi farkli petrografik tipi
gostermektedir. Bu tipler, tip 3’ten tip 7’ye dogru siralanir ve
sicaklik arttikca 1s1ya bagl degisimlerde (termal metamorfizma)
artar. Bu degisimlerin sicakligi 950°C’ye kadar ¢ikabilir. Tip 3
kondritler, icerdikleri minerallerin kimyasal olarak tam dengede
olmamasi nedeniyle dengesiz kabul edilir. Buna karsilik, tip 4
ile tip 7 arasindaki kondritler dengeli ve daha homojen yapilara
sahiptir. Sicakligin daha diisilk oldugu (yaklasik 400°C’den
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—20°C’ye kadar) bir aralikta ise, su etkisiyle olusan degisiklikler
goriiliir. Bu degisim ozellikle tip 1 ve tip 2 kondritlerde daha
belirgindir. Su, kayalardaki catlaklardan girerek orijinal
minerallerle tepkimeye girer ve kil ve manyetit gibi su iceren
yeni mineraller olusturur. Tip 3, hem suyla olan bu
degisimlerden hem de yliksek sicaklik etkisinden en az etkilenen
tiirdiir; bu ylizden gegis tipi olarak kabul edilir. Baz1 karbonlu
kondrit tiirleri (6rnegin CI1, CM2 ve CR2) c¢ok diisiik
sicakliklarda suyla yogun sekilde tepkimeye girmistir. Bu
tepkimeler biiylik olasilikla meteoritlerin  baglhi  oldugu
asteroitlerde gerg¢eklesmistir (Norton & Chitwood, 2008).

al]

CR

co

v

K

cB

CH

R

K*

EH

EL

<150°C  <200°C 400°C &00°C 700°C 750°C 930°C
- — =

Artan suln degisim Artan termal metamorfirma

*Begten daha az fiyesi olan bir gruptos,

Sekil 1.3. Kondritlerin simflandirilmasi (Norton & Chitwood,
2008).

Kondritlerin degerlendirilmesinde sok derecesi (S) ve
hava maruziyeti (W) o6nemlidir. Hava maruziyeti derecesi
meteoritin yeryiiziinde gecirdigi zaman ile dogru orantilidir
(WO: hi¢ oksidasyon, W6: ileri diizeyde degisim) (Wlotzka,
1993). Sok derecesi ise diisme kosullarina bagli olarak S1’den
S6’ya kadar degisir; S6’da yiiksek basing ve erime goriiliir
(Jinping, 2016). Kondritlerin bircogu, yere c¢arpma aninda
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ve/veya atmosferik giriste yliksek basing ve sicaklik dalgalarina
maruz kalir. Bu etkiler, meteoritin yapisinda bozulma, ¢atlak ve
eriyik damarlar olusturur. Bunlar, Tablo 1.4’te detayli olarak
aciklanmis olup sok derecesi belirlenmesinde kullanilir (Norton
& Chitwood, 2008).

Tablo 1.4. Petrografik tipleri tammlama 6zellikleri (Norton &
Chitwood, 2008).

Su Degisimi Cok az fiegmm / Termal Metamorfizma
Degisim yok
Kriterler Tip1 Tip2 Tip3 Tip4 Tip5 Tip 6
Kondrullerin Kondril L(Izsrle::(n _ fyi Kolayca Zayifca
Durumu yok tanimlanmig tanimlanmig tanimlanmig
tanimlanmig
Plajiyoklaz Yok - - Taneler 2 pm Taneler 2-50 Taneler >50
um um
Kondrullerde Yok C‘if%“f“.“k‘?‘ Temiz Bulanik Kristal -
cam degistirilmis cam
Yar saydamdan (tip 4) saydamliga (tip 6) kadar
Matris Opak - - smiflar; tane biiytikligi tip 4 ten tip 6’ya kadar
iridir.
Piroksen Yok Agurlikh — Bir rr_uktar — Ortopiroksen
olarak ikiz klinopiroksen

Meteoritler ilizerine yapilan arastirmalar, yildizlarin ve
Giines Sistemi’nin olusumu, Diinya ve Ay’in jeolojik tarihi ile
yasamin gelisimi hakkinda &nemli bilgiler saglar. Ozellikle
karbonlu kondritler, Giines Sistemi’nin en eski ve ilkel
malzemeleri olarak biliylik 6nem tagir. Bu meteoritler nadir
bulunur (%0,04 oraninda) ve karbon agisindan zengin, kil
mineralleri, oksitler ve organik maddeler icerir. Ornegin,
Murchison meteoritinde giliniimiize kadar 96 c¢esit aminoasit
tespit edilmistir (Koga & Naraoka, 2017). Karbonlu kondritlerde
bulunan organik maddeler, hem c¢6zinebilen (aminoasitler,
karboksilik asitler gibi) hem de ¢oziinmeyen (polisiklik aromatik
hidrokarbonlar gibi) tirlerde olabilmektedir. Bu organik
maddelerin olusumuyla ilgili iki temel teori vardir: biri organik
maddenin Gilines bulutsusundan geldigini ve meteorit igindeki
degisikliklerin asteroitlerdeki islemlerle olustugunu, digeri ise
organik maddenin Giines bulutsusundaki heterojen yapiy1
yansittigin1 savunur (Starkey, Franchi, & Alexander, 2013).
Karbonlu kondritlerin incelenmesi, erken gezegensel diskteki
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stirecler ve Diinya’daki yasamin kimyasal kdkeni hakkinda bilgi
verir. Bu meteoritler ayrica, termal ve metamorfik gecmisi
anlamada yardimci olan grafitik organik malzemeler igerir
(Gasda, 2014). 1960’lardan beri yapilan g¢alismalar, karbonlu
kondritlerin astrobiyolojik agidan ¢ok degerli 6rnekler oldugunu
gostermigtir.  Orne@in, bazi  aragtirmalarda  karbonlu
kondritlerdeki organik bilesiklerin Diinya’daki deniz ¢okeltileri
ile benzerlik tasidig1, bazi1 minerallerin uzayda tarim icin gerekli
fosfat sagladigi ve belirli minerallerin yiiksek sicaklik ve
basingta olusabildigi bulunmustur (Meinschein, Nagy, &
Hennessy, 1963; Mautner & Sinaj, 2002). Bazi karbonlu
kondritlerde belirli sicakliklarda ve belli basing kosullarinda var
olabilecek minerallerle karsilasilmasi da miimkiindiir. Bunlardan

bazilari, “kirschsteinite” ve “hedenbergit” mineralleridir
(Ganino & Libourel, 2017).

2. KARBONLU METEORITLERIN TURLERI,
OZELLIKLERi VE ONEMI

Tasst meteorit olan karbonlu kondritler, kondriil
icermekte olup, “karbonlu kondritler’” olarak adlandirilirlar.
Karbonlu kondritler, Giines Sistemi’nin kokenini ve evrimini
anlamak i¢in 6nemli meteoritlerdir. Bu, Glines Sistemi’ndeki en
eski ve en ilkel kayaglar arasinda olmalarindan kaynaklanir.
Cesitli mineralojileri, bulutsu tarihin farkli yonlerini kaydeden
parcaciklari igerir. Ayrica, Glines Sistemi olusumundan 6nceki
yildizlararasi taneciklerin ev sahibidirler ve sonraki islemlerden
sag cikmig olabildikleri diistiniilmektedir. Ayrica, erken Giines
Sistemi’nde kisa omiirlii radyontiklitlerin varligina dair kanitlar
da dahil olmak {izere genis bir izotopik bilesim c¢esitliligi
gosterirler. Karbonlu kondritler, ¢esitli ve belirgin mineralojilere
sahip bir dizi alt grup icerir ve genellikle koyu bir gérinim
veren ince dagilmis karbonlu malzemelerin varligiyla
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karakterize edilirler. Ancak bu kriter, element bollugu ve
oranlar gibi diger 6zelliklere dayanan siniflandirma semalartyla
yer degistirmistir. Kompozisyonlara bagli bu kriterler, oksijen
izotopik varyasyonlari, mineralojik ve petrografik farkliliklar ve
oksidasyon durumu gibi digerleriyle tamamlanmaktadir
(Cloutis, Hudon, Hiroi, Gaffey, & Mann, 2011).

Karbonlu kondritler, Giines Sisteminin olusumundan bu
yana nispeten degigsmemis asteroit parcalaridir. Bu nedenle, bu
ilkel nesneler erken Giines sistemi ortaminin ve Glines
sisteminin inga edildigi malzemelere dair bir kayit niteligi
tasirlar. Bu kaydin 6nemli bir kismi, yap1 ve kdken bakimindan
bliyiik 6l¢ciide degisen karbon ve nitrojen tasiyan bilesenlerde
korunmustur. Bu bilesenler arasinda organik madde, karbonat,
elmas, silisyum karbur ve grafit bulunur. Nispeten bol miktarda
bulunan organik maddenin yildizlararas1 Onciillerden bir araya
getirildigi ve daha sonra ana gdvdenin sulu ve termal iglenmesi
sirasinda degistirildigi diisiiniilmektedir. Karbonatin, meteorit
ana govdelerindeki sulu degisim sirasinda  ¢okeldigi
gorunmektedir, ancak yildiz c¢evresindeki kabuklarda sulu
olmayan reaksiyonlarla bir koken de olasidir. Elmaslarin karbon
yildizlarindan gelen yildiz c¢evresi yogunlagmalari oldugu
diistiniiliirken, silisyum karbiiriin (SiC) ¢ogunlukla kirmizi dev
yildizlardan kaynaklandigr disiiniilmektedir. Genis grafit
tabakalar1, meteorit ana govdelerindeki organik maddenin termal
metamorfizmasindan kaynaklanabilirken, grafit taneciklerinin
novalar, kirmizi devler ve Wolf-Rayet yildizlar1 gibi birkag
yildiz kaynagi olabilir (Sephton, Verchovsky, Bland, Gilmour,
Grady, & Wright, 2002).

Karbon, Giines Sistemi’nde en temel ve bol miktarda
bulunan elementlerden biridir. Bununla birlikte, karbonlu
kondritlerin de temel bilesenlerindendir (Varela & Meétrich,
2000). Ornegin, Antarktika’da bulunan ve buz iizerinden
toplanan tags1 meteorit ornekleri, radyoaktif yas tayini amactyla
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kullanilmistir. Analiz sonucunda, 0,1 milyar yildan daha az bir
belirsizlik ile 4,54 milyar yillik bir geg¢misleri olduklari
belirlenmistir. Bulunan bu deger, Giines Sistemimizin yasina
dair kuvvetli ipuglar1 vermektedir (Fraknoi, Morrison, & Wolff,
2000). Karbonlu meteoritler (Tablo 1.2.) on bir kimyasal gruba
ayrilir (Sekil 2.1). Bununla birlikte, petrografik siniflama olarak
tip 1 ve tip 7 arasinda degisen alt gruplara sahiptirler. Burada C
karbonlu sinifi ifade ederken, diger harflerin her biri ise benzer
Ozellige  sahip oldugu  meteoritlerin  bas  harflerini
gostermektedir.

Karbonlu
Meteoritler

Sekil 2.1. Karbonlu meteorit tirleri.

Karbonlu kondritlerin ¢esitli siniflari, ugucu elementlerin
(6rnegin karbon, nitrojen ve soy gazlar) bollugu bakimindan
sistematik olarak birbirlerinden farklidir. Bu farkliliklar en ¢ok
sayida ve en iyi ¢aligilmig olan CV, CO, CM ve ClI tipleri i¢in en
iyi sekilde tanimlanir. Bunlardan CV ve CO tipleri ugucu
maddeler bakimindan fakirdir, CI tipi ugucu maddeler
bakimindan zengindir. CM tipi ise bir dizi ara ugucu bollugu
kapsar. Benzer sekilde, bu gruplar arasinda sistematik dokusal
farkliliklar vardir: CO ve CV Xkondritleri, kondruller, CAl
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(Kalsiyum-Aliiminyum kapanimi) yapilart ve ince taneli matris
Si’leri dahil olmak tizere susuz Si’ler bakimindan zengindir. CM
kondritleri de bu bilesenleri igerir ancak sulu sivi ile dnceden
var olan susuz mineraller arasindaki reaksiyonla iiretilen sulu
Si’ler (¢ogunlukla serpantinler) bakimindan zengindir. CI
kondritleri sulu mineraller tarafindan domine edilir ve CAI
yapilarmin ve kondrillerin belirgin kalintilarindan yoksundur.
Bu gozlemlerin makul bir agiklamasi tiim karbonlu kondrit
tiplerinin CO ve CV kondritleri gibi nispeten ugucu-zayif susuz
Si koleksiyonlar1 olarak birikmis olmasi ve bu susuz bilesenlerin
sulu degisimle susuz Si’lere ve kismen CM Kkondritleri
durumunda ve tamamen CI kondritleri durumunda diger fazlara
doniistiiriilmiis olmasidir (Eiler & Kitchen, 2002).

Karbonlu kondritlerin CI, CM, CO, CV, CR, CH ve CK
olarak alt boliimlere ayrilmasi esas olarak refrakter ve ucucu
element konsantrasyonlarina dayanir. Refrakter litofil elementler
icin CV/CI 1,33’tur, oysa CO/CI ve CM/CI igin bu oran
1,11’dir. CM, Zn/Mn oranlar1 gibi ugucu element
fraksiyonlarina gore CO’dan ayirt edilebilir. CK kondritleri, CV
ve CO arasinda refrakter element bolluguna ve CV’ye benzer
ucucu element bolluguna sahip metamorfozlu kayalardir. CR
kondritleri, CI seviyelerinde refrakter litofil elementlere sahiptir
ve biiyiik kenarli kondrilleri ve bol miktarda Fe-Ni metali
barindirmast ile dikkat ¢ekicidirler. CH kondritleri, bol miktarda
metal ve ugucu element igermeleri bakimindan CR kondritlerine
kimyasal olarak benzerler, ancak ¢ok daha kugcik kondrillere
sahip olmalar1 bakimindan farklilik gosterirler (Clayton &
Mayeda, 1998).

CI kondritleri, Glines Sistemi’nin kimyasal olarak en az
degisime ugramis Ornekleridir ve elementlerin  kozmik
bolluklarinin temelini olusturur. CI ve CM kondritleri, zengin
organik molekiil igerigiyle abiyotik sentez i¢in dnemli ipuglar
sunar; izotop bollugu degisimleri ise giines bulutsusunda diisiik
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sicaklikta gerceklesen iyon-molekiil tepkimelerini yansitir. CM
karbonlu kondritleri, esas olarak kil, oksit ve siilfiirlerden olusan
C agisindan zengin bir matristen olusan eski meteoritlerdir.
Giines sisteminin ve belki de giines oncesi molekiiler bulutun
erken evrelerini kaydederler (Garvie & Buseck, 2004).

Ek olarak, Acfer 094, Lewis Cliff (LEW) 85332 vb. gibi
o6nemli ve dikkat cekici meteorit Orneklerinin kategorize
edilmesi daha zor oldugundan °‘gruplandirilmamis’ (Cung)
olarak adlandirilirlar. Bu gruplandirilmamis kondritler, asteroit
kusaginda bulunan malzeme ¢esitliligine iligkin anlayisimizi
genisletmeleri ve erken Giines Sistemi’nde hikim stren
kosullara iligkin ek bilgiler saglamalari ag¢isindan oldukca
onemlidirler. Ornegin Yamato (Y)-82094 kondriti, diger
potansiyel olarak iligkili kondritlerden ayiran bir¢cok ozellige
sahip olan benzer bir karbonlu kondrit 6rnegidir. Bu benzerlikler
arasinda (1) kondriillerin olduk¢a bol miktarda olmasi (hacimce
%78), (2) kondril boyut dagiliminin CV ve CO arasinda olmasi
ve (3) matris bollugunun diisiikk olmasi (hacimce %14) ve
siradan (O) kondritlere benzemesi yer alir. Ancak, refrakter
kapanimlarin bollugu ile toplu oksijen izotopik ve kimyasal
bilesimi C kondritlerinin tipik 06zellikleridir. Kondriillerin
oksijen izotopik bilesimi, diger C kondritlerinin igerdigi
kondrullere benzer bir dagihm egilimi gostermektedir. Bu
nedenle, Y-82094 kondriti gruplandiriimamis bir C kondrit
ornegi olarak siiflandirilmistir (Garenne et al., 2019).

Son zamanlarda, King ve ark. (2019) heniiz tam olarak
gruplandirilmamig olan Yamato (CY) karbonlu kondrit grubunu
tanimuislardir. CI grubu CY grubundan 6zellikle farklidir ¢linkii
bu grubun {yeleri tanimlanabilir kondriil igermez ve hacim
kimyalar1 Glines fotosferinin agir element bileseniyle yakindan
uyusur. Her kondrit grubunun tek bir ana gévdeyi (veya birkag
iligkili ana govdeyi) temsil ettigi diisiiniilmektedir. Bu nedenle,
yeni kondrit gruplarinin tanimlanmasi, erken Giines Sisteminde
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olusan gezegenciklerin ¢esitliligini ve bu ¢esitlilige yol agan
stirecleri anlamak icin 6nemlidir (Metzler et al., 2021).

Gruplandirilmis karbonlu kondrit gruplarina ek olarak,
bu gruplardan birine atanamayan gruplandirilmamis karbonlu
kondritler de vardir. Bunlara 6rnek olarak Tagish Lake, Tarda,
Essebi ve Bells (C2-gruplanmamig) ve Ninggiang (C3-
gruplanmamig) meteoritleri verilebilir. Benzer 0zelliklere
dayanarak, bazi gruplandirilmamis kondritler, Coolidge ve
Loongana 001 durumunda oldugu gibi, 5’ten az bireysel Gyeden
olusan gruplarla birlestirilebilir. Coolidge, baslangicta CV4
kondrit olarak siniflandirilan bir meteorittir. Ancak, McSween
(1977) bunun indirgenmis bir CV kondritinin basitce
metamorfoza ugramis bir Ornedi olamayacagl sonucuna
varmustir. Buna karsilik, Coolidge’in bir CV kondritini temsil
ettigini, ‘‘muhtemelen agik sistem metamorfik yeniden 1sitmaya
maruz kaldigint’’ ifade etmislerdir. Ancak, Kallemeyn ve
Wasson (1981) daha sonra, ugucu elementlerin hizlica
tikenmesinin daha cok bulutsu sureclerini yansittigini ve bu
nedenle bu meteoritin bir CV kondrit olmayabilecegini ileri
slrmistiir. Dahas1, Noguchi (1994), indirgenmis Efremovka CV
kondriti ile karsilastirildiginda, Coolidge’deki kondrdllerin ve
matrisin sistematik olarak Na’da tiikkendigini, bunun da bir
metamorfik siirecten ziyade bulutsu bir siirece isaret ettigini
bulmustur. Son olarak, petrografik gozlemlere ve ucgucu
elementlerin  envanterlerindeki  karakteristik ~ farkliliklara
dayanarak, Kallemeyn ve Rubin (1995), Coolidge’in agik¢a CV
grubu, yeni kesfedilen Loongana 001 meteoriti ile yeni bir
karbonlu kondrit grubunu tamimlamaktadir (Metzler et al.,
2021).

Karbonlu kondritler, Giines Sisteminin olusumundan
kalan en ilkel malzemeler olarak kabul edildiginden, diger
meteorit tiirlerine gore karbonlu meteoritlerin arastirilmasi,
Diinya ve erken Gilines Sisteminin anlasilmasi acisindan daha
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fazla 6neme sahiptir (Stokke, 2018). Ozellikle CAI yapilari
acisindan zengin olan Vigarano meteoriti, 22 Ocak 1910
tarihinde Italya, Ferrara yakinlarinda diisen (CV3) karbonlu bir
kondrittir. Burada C karbonlu sinifi, V Vigarano grubunu ve 3
petrografik tipi ifade etmektedir. Vigarano, The Meteoritical
Society’ye gore, cogu magmatik rimler, biiyiik refrakter
(sicakliga dayanikli) kapanimlar ve bol miktarda matris
(hacimce %40) ile cevrili buyik (mm boyutlu) kondriller ile
ayirt edilen CV grubu meteoritleri igin tipik bir drnektir. Bu
gruba Ornek olarak, NWA 5508 meteoriti verilebilir. NWA 5508
meteoriti, bir CV3 kondritidir ve bol miktarda CAI yapilari
icerdigi i¢in onemli, spesifik ve ilgi cekici bir érnektir. CV3
kondritik meteoritleri, refrakter kapanimlarin varligi nedeniyle
olduk¢a Onemlidirler. Metamorfik derecenin dogru bir sekilde
degerlendirilmesi, bu cisimlerin ilkelligi ve CAI yapilarinin
sahip oldugu 6zellikler hakkinda bilgiler saglar (Bonal, Quirico,
& Bourot-Denise, 2004).

CAI yapilar, erken Giines Sistemi’'nde gergeklesen
olaylara 151k tutmakta olup bu olaylarin meydana geldigi zaman
ve cevresel kosullar hakkinda bilgi saglar. Cogu CAI yapisinin
boyutu 1 mm’den daha kicuktir. En blyik CAI yapilarin
boyutu ise 2-3 cm’ye kadar varabilir ve bunlar yalnizca bir
karbonlu kondrit tipinde (CV3) meydana gelir. Bu yapilar ilk
olarak 1968 yilinda Vigarano meteoritinde tanimlanmistir
(Christophe Michel-Lévy, 1968) ancak ilk kez 1969 yilinda
diisen Allende meteoritinden elde edilmistir (MacPherson,
Simon, Davis, Grossman, & Krot, 2005). CAl yapilari, melilit
(Ca2(Al,Mg,Fe)((Al,Si,B)SiO7), spinel (MgAI204) ve anortit
(Ca(Al2Si208)) gibi yiiksek sicakliga dayanikli oksitlerden ve
Si’lerden olusan karmasik bir mineralojiye sahiptir (Norton &
Chitwood, 2008).

CV3 kondritlerinde, kondriillerde, CAI yapilarinda ve
matris yapisinda genis yelpazede mineralojik ve kimyasal
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Ozellikler goze ¢arpmaktadir. Birgok CV3 kondriti, yogun sulu
degisime ugramistir (Krot, Scott, & Zolensky, 1995). CV3
kondritleri, cesitli derecelerde sulu degisiklik ve/veya termal
metamorfizma gosterir ve bu durum CV3 kondritlerinin
mineralojik ve petrografik olarak karmasik yapiya sahip
olduklarma isarettir. Allende (CV3) meteoriti 1969 yilinda
Meksika’ya  distliglinden  beri kondritler, meteorit
calismalarinda 6nemli bir rol oynamistir. CV3 grubu meteoritler
literatiirde ilk kez 1969 yilinda Van Schmus tarafindan
tamimlanmistir (Van Schmus, 1969; Krot et al., 1995). CV3
kondritleri, mineralojik ve kimyasal agidan karmasik bir yapiya
sahiptir ve farklt derecelerde sulu degisim ile termal
metamorfizmaya ugramiglardir. Bu gruptaki meteoritler,
indirgenmis (reduced-red) ve oksitlenmis (oxidized-ox) alt
gruplara ayrilir. Vigarano alt grubu da petrografik olarak
karmasiktir ve metal, manyetit ve siilfit minerallerindeki
farkliliklarla tanimlanir (McSween, 1977; Krot et al., 1995;
Bonal, Quirico, Bourot-Denise, & Montagnac, 2006).

Termal metamorfizma, kondritlerde farkli diizeylerde
degisimlere neden olur ve CV3 kondritleri bu acidan iyi
incelenmistir. Allende meteoritinin analizleri, en diisiik 325°C
olmak (zere 600°C’ye kadar uzanan bir sicaklik araligi
saglamigtir. Ayrica Raman spektroskopisi ile karbonlu
kondritlerde, organik maddenin yapisal diizeni (karbon
bantlarimin siddeti, genisligi ve yogunlugu) ve metamorfizma
derecesi gibi ozellikler incelenerek termal gegmis hakkinda
bilgiler elde edilmektedir. Yapilan mikro-Raman g¢aligsmalari
¢coziinmeyen organik maddenin molekiler yapisinin petrografik
tip ile bir korelasyon iginde oldugunu gostermistir (Cody et al.,
2008).

CV kondritlerinin alt gruplarinin kondriil boyut dagilima,
matris bolluklar1 ve metamorfik ge¢mis karsilagtirilmalari,
indirgenmis (CVred) ve oksitlenmis (CV0X) bu alt gruplarin
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farkli kaynak govdelerden kaynaklandigim gostermektedir. Ote
yandan, oksitlenmis alt gruba ait olan Allende-benzeri (CVoxA)
ve Bali-benzeri (CVoxB) CV kondritlerinin kaynaginin
muhtemelen aymi kaynak govde oldugu iddia edilmektedir
(Bonal, Gattacceca, Garenne, Eschrig, & Rochette, 2020).
Termal metamorfizma ¢ogu kondritik meteoritleri bir dereceye
kadar etkilemistir. Siradan kondritlerin bir¢ogunda, bazi
karbonlu  kondritlerde ve bircok enstatit kondritinde
meteoritlerin birincil 6zelliklerini 6nemli 6l¢iide degistirmistir.
Termal metamorfizma esnasinda, kondritlerin dokularinda
bir¢ok degisiklikler olusur ve CV3 kondritlerin alt gruplari, bu
degisikliklerden farkli diizeylerde etkilenir. Buna karsin, diger
karbonlu kondritlerin ne tir bir termal metamorfizma sureci
yasadigia dair ¢ok az kanit vardir ve bu nedenle, karbonlu
kondritlerin termal ge¢misleri hakkinda daha fazla bilgiye sahip
olabilmek i¢in karbonlu meteoritler iizerine ¢alismalar yapilmasi
O6nem arz eder (Huss, Rubin, & Grossman, 2006).

Termal degisim esnasinda, birincil (kondritik bilesenlerin
olustugu ilk dénem) ve ikincil (sulu alterasyon, termal ve sok
metamorfizmasi gibi) surecler s6z konusu olup, bu slreclerde
farkli minerallerin olusumlar1 da miimkiindiir. Bu siireclerde
olusan farkli mineraller Raman spektroskopi teknigi ile ortaya
cikarilabilir. Poliaromatik karbon yapisi igeren bir meteoritin
yapist Raman spektroskopi yontemiyle bir¢ok karbonlu meteorit
icin incelenmis ve Ozellikle spektrumda gozlenen karbon
sinyallerinden yararlanilarak incelenen meteoritlerin termal
gegmisleri hakkinda bulgulara ulasilabilmistir (Bonal, Quirico,
Flandinet, & Montagnac, 2016).
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3. KARBONLU METEORITLERIN
INCELENMESINDE KULLANILAN
ANALITIK TEKNIKLER

Meteoritlerin siiflandirilmasi i¢in oncelikle petrografik
Ozellikleri (doku, minerallerin tiiri, miktar1 ve kondriillerin
yapisi) ile kimyasal bilesimlerinin analiz edilmesi gerekir.
Demirli ve tagsi-demirli  meteoritler genellikle fiziksel
incelemeyle tanimlanabilirken, karbonlu meteoritlerin detayli
siiflandirilmas: i¢in spektroskopik, mikroskobik ve kimyasal
analizler katki saglamaktadir. Bu analizler arasinda baslica
(Taramali elektron mikroskopi (SEM) - Enerji dispersif X-isin1
spektroskopisi (EDS), optik mikroskopi, Raman ve Kirmizi-alti
(IR) spektroskopisi) teknikler yer almaktadir. Ayrica,
kondritlerin siiflandirilmasi i¢in ait olduklar1 kimyasal grubun
belirlenmesi de gereklidir (Kim & Yang, 1998; Paul, 2018;
Stokke, 2018; Dall’Asén et al., 2019; LeBleu-DeBartola, 2019;
Skulteti & Kereszturi, 2019). Ozellikle optik mikroskopiyle
yapilan petrografik incelemeler ise karbonlu meteoritlerin
kimyasal gruplarini ve alt siniflarin1 belirlemeye yardimci olur
(Stokke, 2018).

3.1. Taramah Elektron Mikroskopi (SEM) — Enerji
Dispersif X-1s1m1 Spektroskopisi (EDS)

Karbonlu meteoritlerin yiizey yapilari ve element
analizlerinde sik¢a kullanilan taramali elektron mikroskobu
(SEM), alan emisyonlu elektron tabancasindan ¢ikan
elektronlarin ~ 6rnek  yiizeyine  gonderilmesiyle  olusan
etkilesimleri inceleyen bir yontemdir. SEM’de, elektron demeti
ornek yiizeyi ile etkilesime girerek sinyaller iiretir; bu sinyaller
toplanip analiz edilerek yiizeyin goriintiisii olusturulur. SEM
cihazina entegre edilen enerji dispersif X-1s1n1 spektroskopisi
(EDS) teknigi sayesinde, incelenen bdlgede bulunan
elementlerin haritasi ¢ikarilir ve bu elementlerin varligina gore
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mineraller tespit edilebilir. EDS, elektron bombardimani
sonucunda yayilan X-igmlarin1  kullanarak, yaklasitk 1
mikrometre biiytikliigiindeki yiizey bolgelerinin yar1 kantitatif
element analizini saglar. SEM, malzemenin yiizey yapisini ve
mikro ile nano Olgekli detaylarini goriintiilemek icin kullanilir.
Ancak SEM analizi i¢in numunenin elektrik iletken olmasi
gerekir; iletken olmayan 6rnekler, altin, platinyum, karbon veya
paladyum gibi iletken kaplamalarla hazirlanir. SEM-EDS ile
hem nokta ve c¢izgi analizleri hem de element haritalamasi
yapilabilir ve elementlerin oranlar1 yilizde olarak belirlenebilir.
SEM’de farkli dedektorler farkli yapilarin goriintiilenmesini
saglar. Ornegin, ikincil elektronlar (SE) numune yiizeyinden
yanstyan veya kopan elektronlardir ve ylizeyin morfolojik
ozellikleri hakkinda bilgi verir. Bu elektronlar, yilizeyden
yaklasik 10 nanometre derinlige kadar olan bdlgeyi analiz eder.
(Ul-Hamid, 2018).

Geri sagilan elektronlar Backscattered Electron (BSE),
olarak adlandirilir. BSE dedektorii ile farkli atom numarasina
sahip olan elementlerin farkli enerji ile sactigi elektronlarin
yogunlugu Olcllmektedir. Bdylece, elde edilen gorintiide bir
kontrast farki olusur. Ornegin, atom numarasi yiiksek olan bir
element daha parlak (beyaz) goriiniirken, atom numaras: diisiik
olan element daha koyu (gri velveya siyah) renkte
goriinmektedir. BSE dedektori ile numune yuzeyinden 450
nm’ye kadar olan derinlige inilebilmektedir.

SEM-EDS teknigi ile meteoritlerin hem kimyasal hem de
fiziksel ~ olarak  Ozellikleri  belirlenebilir.  Meteoritlerin
icerigindeki mineraller tanimlanabilir. Meteoritlerin kaynak
govdelerine iligkin termal metamorfizma ge¢misleri ve
degisimleri hakkinda bilgi sahibi olunabilir. Bu o6zelliklerin
belirlenmesiyle ortaya ¢ikan yapilar ve sonuglar incelenerek
meteoritler siniflandirilabilir (Morlok, Kéhler, & Grady, 2008;
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Dirri et al., 2018; Dall’Asén et al., 2019; Kayastha, Paul, &
Stokke, 2019).

3.2. Optik Mikroskopi

Optik mikroskopi ya da 1sik mikroskopisi olarak
adlandirilan analiz teknigi, kiiclik nesneleri biiyiitmek icin
merceklerden olusan bir sistem ile goriiniir 15181 kullanan bir
mikroskop turdadar. Optik mikroskop ile malzemelerin mikro
yapist incelenmektedir. En yaygin kullanilan ve en basit yapiya
sahip olan mikroskop ¢esididir. Meteoritlerin incelenmesinde de
siklikla kullanilmaktadir. Optik mikroskopta kullanilan polarize
151k, 15181 olusturan dalgalarin timiiniin ayn1 yonde diizenlendigi
151k akisi tiiriidiir. Petrografik inceleme sirasinda polarize 1s1k
kullanilmaktadir. Petrografik calisma, ince kesit olarak
hazirlanan numuneye alttan 151k verilerek, numunedeki
mineralin tiirli, yapisi, dokusu, sinirlari, boyutu yani numunenin
mineralojisi hakkinda birgok bilgi veren analiz teknigidir (Tosi
etal., 2021).

3.3. Raman Spektroskopisi

Karbonlu meteoritlerin mineralojik analizinde sikca
kullanilan yontemlerden biri de Raman spektroskopisidir. 1928
yilinda Sir Chandrasekhara Venkata Raman, 1s181n bir molekiille
etkilesime girdiginde gonderilen dalgaboyuna gore, sagilan
dalga boylarinda degisiklikler oldugunu kesfetmistir; bu olaya
“Raman sa¢ilmas1” denir. Raman spektroskopisi, 151g1n sagilma
prensibine dayanir ve infrared spektroskopisinde goriilmeyen
bazi titresim modlarin1 tespit edebilir. Bu a¢idan Raman ve
infrared teknikleri birbirini tamamlayic1 niteliktedir. Raman
spektroskopisinde, numuneye gonderilen 15181n dalga boyundaki
degisim, yani “Raman kaymas1” Olgiilerek numunedeki
mineraller belirlenir.

Raman spektrometreleri ii¢ ana parcadan olusur: lazer
kaynagi, numune aydinlatma sistemi ve spektrometre. Konfokal
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Raman spektrometresi, konfokal mikroskop ile hassas Raman
spektrometrenin ~ birlesimidir. Konfokal = mikro-Raman
spektroskopisi (KRS), mineralojik ve petrografik calismalarda
optik mikroskop, kimyasal analiz ve diger spektroskopik
yontemleri destekler ve tamamlar. KRS sayesinde minerallerin
Raman spektrumlart ve hizli Raman goriintiileri elde edilebilir,
ayrica spektrum haritalar1 olusturulabilir. KRS uygulamalar
nokta analizi, ¢izgi boyu analizi, haritalama ve siddet analizi
olarak siralanabilir. Nokta analizinde numunenin tek bir
noktasindan Raman spektrumu alinir ve genellikle mineral
tanimlamada kullanilir. Cizgi boyu analizinde ise numune
tizerinde bir ¢izgi boyunca belirli araliklarla spektrumlar
alinarak zonlanma ve bilesimsel farkliliklar incelenir.
Haritalama ve siddet analizinde ise numunenin bilesimsel
degisimleri ve gecis bolgeleri detayli sekilde ortaya konur.
Raman spektroskopisi, meteoritler ve asteroitler gibi diinya dis1
malzemelerin karakterizasyonu ve bu malzemelerin igeriginde
var olan minerallerin tanimlanmasinda siklikla kullanilan bir
analiz teknigidir (Dall’Asén et al., 2019; Kayastha et al., 2019).
Ek olarak, meteoritlerin geldigi diisiiniilen kaynak gdévdeleri ve
bu govdelerin gecirdigi termal siiregler ile degisimleri anlamak
icin Raman spektroskopi teknigi yine Onemli bir rol
oynamaktadir (Wang, Jollif, Haskin, Kuebler, & Viskupic,
2001; Dirri et al., 2018).

3.4. Kirmizi-alt1 (IR) Spektroskopisi

Karbonlu meteoritlerin  mineralojik ve molekler
analizinde kirmizi-alti (IR) spektroskopisi yaygin olarak
kullanilir. IR  spektroskopisi, molekiillerin IR 1smnimin1
sogurmasi sonucu ortaya cikan titresimsel modlar1 inceler.
Molekiile 6zgii titresimlerin  g6zlemlenebilmesi i¢in  bir
molekilin en yiiksek katli simetri ekseni boyunca degisen bir
dipol momenti olmasi gereklidir. Fourier Dontisiim Kirmizi-alti
Spektroskopisi (FTIR), kati, sivi ve toz haldeki malzemelerin
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kimyasal yapisini belirlemede kullanilan etkili bir yontemdir.
FTIR spektrumlarinda 4000-1550 cm™1 arasi1 grup frekanslari,
fonksiyonel gruplarin taninmasini saglar; 1550-650 cm™1 arasi
ise parmak izi bolgesi olup, molekiil yapisindaki kiicilik
farkliliklar burada belirginlesir. Bu bdlge sayesinde bilinmeyen
maddeler standart spektrumlarla karsilastirilarak tanimlanabilir.

FTIR cihazi, IR 1smnimini interferometre araciligiyla
ayirarak interferogram flretir ve bu sinyal bilgisayar destekli
Fourier doniigiimii ile frekans spektrumuna doniistiiriiliir. IR
bolgesi, uzak, orta ve yakin IR olmak iizere ii¢ alt bolgeye
ayrilir. IR 1smimi, molekiillerdeki  kimyasal baglarin
titresimlerini uyarir ve bu baglarin karakteristik frekanslarda
1sinim1 sogurmasi temel aliarak bilesikler tanimlanir. Ayrica,
IR spektroskopisinde yansima teknikleri de kullanilir; bunlar
icten ve distan yansima olarak ikiye ayrilir. Igten yansima,
numune ile daha yiiksek kirilma indeksli ortam arasindaki
etkilesimi, distan yansima ise numune yiizeyinden yansiyan
1sinim1 inceler. Distan yansimada diizenli (ayna benzeri) ve
dagmik (piiriizlii yiizey) yansimalar séz konusudur. Yansima
spektrumlari, Kramers-Kronig  doniisiimiiyle sogurma
spektrumuna doniistiiriilerek daha ayrintili analiz yapilabilir.
Boylece, meteoritlerin olast kaynak govdeleri ile iligkileri
kurulabilir ve bu govdelerin termal ge¢misleri ve degisimleri
hakkinda 6nemli veriler elde edilebilir (Perkins, 1986; Smith,
2011; Khoshhesab, 2012; Kereszturi, Gyollai, & Szabd, 2015;
Thomas, Thomas, Zachariah, & Mishra, 2017; Jaggi & Vij,
2021).

4, UZAY GOREVLERI ACISINDAN KARBONLU
METEORITLER VE ONEMIi

Karbonlu meteoritlerin ana govdeleri oldugu diisiiniilen
karbonlu asteroitler, Giines Sistemi’nin en ilkel ve en az
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degisime ugramig cisimleri arasinda yer alir. Bu cisimler, 4,6
milyar yil dncesinin kosullarini dolayli olarak inceleme firsati
sunarlar ve Diinya’nin erken donem tarihine 151k tutmalar1 ve
yasamin olas1 yapi1 taglarini igermeleri nedeniyle bilim insanlari
icin biiyiik 6nem tasir. Bu asteroitler, amino asitler gibi yasamin
yapt taslarmi olusturan organik molekiiller ile su igerebilir.
Diinya’daki suyun ve organik bilesiklerin bir kisminin bu tiir
gokcisimlerinden geldigi diisiiniilmektedir. Ayrica gezegen
olusumlarini ve kimyasal ¢esitliligi anlamamiza yardimci olurlar
(Cronin & Pizzarello, 1997; Morbidelli et al., 2000; Alexander
et al., 2012; Pizzarello & Shock, 2017).

2016 yilinda firlatilan OSIRIS-REx uzay araci, Aralik
2018’de Diinya’ya yakin asteroit olan 101955 Bennu’ya
ulagsmigtir. Gorevin amaci, Bennu’dan ornek alip Diinya’ya
getirerek asteroitin bilesimini incelemek olup, 2020 yilinda
alinan 6rneklerin 2023 yilinda Diinya’ya ulagmasiyla, asteroitten
getirilen Orneklerde bol miktarda karbon iceren maddeler ve
suya igaret eden bilesenler tespit edilmistir. Bennu, yaklasik
maksimum 500 m capinda bir asteroittir ve simdiye kadar bir
uzay aracinin yoriingesine girdigi en kiiclik gok cismi olma
Ozelligini tasimaktadir. Diisiik bir kiitle yogunlugu olan 1,19
g/lcm3 ve ylizeyinde belirgin egim ya da biliyiik topografik
yapilar bulunmamasi, Bennu’nun moloz yigmi (rubble-pile)
yapisinda bir asteroit oldugunu gdstermektedir. Bennu’nun
karmasik ve heterojen yiizeyinde, yiiksek c¢oziiniirliiklii
goriintiiler koyu, diisiikk albedolu ve muhtemelen daha zayif
litolojili bolgeler ile, nispeten daha parlak, yuksek albedolu ve
daha saglam litolojili alanlarin varligin1 ortaya koymustur
(Ciceri, 2023). Yilizeydeki bu koyu ve parlak kayalarin
kirilmasina termal gerilmeler, biiyiikk ¢apli carpma olaylar,
mikrometeorit  etkileri ve giines riizgar1  iyonlarinin
implantasyonu  gibi  ¢esitli  siireclerin  neden  oldugu
distiniilmektedir. OSIRIS-REx iizerindeki OVIRS cihazi,
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hidratli mineraller i¢in tipik olan 2,7 um’ye yakin kirmizi-alti
sogurma 0zelligi ve hidratlit CM kondritlerinki ile eslesen termal
kirmizi-altt spektral Ozellikler tespit etmistir. OSIRIS-REX
gorevi sirasinda, Bennu’dan 0,05 ile 3 m/s arasinda hizlarla
firlatilan, caplar1 1 cm’den 10 cm’ye kadar degisen parcaciklar
da tespit edilmistir. Bu parcaciklarin firlatilma nedenleri
arasinda termal kirilma, fillosilikat minerallerinin su kaybi
sonucu ugucu madde salimimi ve meteor ¢arpmalart gibi
mekanizmalar gOsterilmistir. Bennu’dan toplanan Ornekleri
iceren doniis kapsiilii ise 24 Eylil 2023 tarihinde Utah Colii’ne
inmis ve yetkililerce alinmistir (Ciceri, 2023).

2014 yilinda firlatilan Hayabusa2 goérevi, Haziran
2018’de asteroit Ryugu’ya ulasmistir. Gérevin amaci, asteroitten
yiizey ve yer alti 6rnekleri toplayarak Diinya’ya getirmek olup
Ryugu’dan getirilen 6rneklerde su iceren mineraller ve organik
bilesikler tespit edilmigtir. Bu da yasamin yapi1 taslarinin
uzaydan Diinya’ya tasmabilecegi  hipotezini  destekler
niteliktedir. Ryugu asteroidi, Bennu ile ayni olan yaklasik 1,19
g/cm3’liik oldukga diisiik bir kiitle yogunluguna sahiptir (Van
den Neucker et al., 2023). Yaklasik 1 km g¢apinda olan Ryugu,
moloz yigimindan olusan bir yapiya sahiptir. Bennu’da tespit
edilen OH iceren mineraller, ilkel CI ve CM kondritlerinde
bulunan Mg agisindan zengin fillosilikatlar olan serpantin ve
saponit gibi minerallerin Mg-OH d&zelliklerine benzemektedir.
Geri getirilen 6rneklerin incelenmesiyle, Ryugu’nun bilesiminin
karbonlu kondrit meteoritlere, 6zellikle CI tipi gruba oldukca
benzedigi, ancak daha ilkel ve Gilines’in fotosferine ¢ok yakin
bir bilesim sergiledigi dogrulanmistir. Numunelerin ¢ogunlukla,
kaynak gezegenlerde sulu ortamlarda olusan minerallerden
olustugu da belirtilmistir. Ayrica, numunelerin ¢ogunda
diizensiz sekilli i¢ ¢atlaklar gbzlemlenmistir. Numunelerin kiitle
yogunlugunun ise 1,7 ile 1,9 g/cm3 arasinda degistigi
bildirilmistir.  Bu  degerler, Ryugu'nun genel kiitle
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yogunlugundan daha yiiksek olup, asteroitte Onemli oranda
klastlar aras1 gozenekliligin varligina isaret etmektedir (Ciceri,
2023). Asteroit lizerinde yapilan mikro-kirmizialtt ve mikro-
Raman spektroskopi 6l¢limleri, mineralojik ve kimyasal bilesim
belirlemeye olanak saglamaktadir. Bu analizlerde, numunelerde
fillosilikatlar gibi ikincil minerallerin bolca bulundugu, Raman
spektroskopisi ile dolomit varligmin da tespit edildigi
goriilmiistiir. Karbonat minerallerin varlii, Ryugu’nun kaynak
govdesinde gerceklesen sulu degisim siireclerini anlamak ig¢in
onemlidir; c¢linkii karbonatlar, asteroit icinde suyun
varliginin kanitidir. Bu s1vi suyun, Diinya ve diger gezegenlere
su dagitiminda potansiyel bir rol oynayabilecegi de
vurgulanmaktadir. Sulu degisim yoluyla olusan hidrath
minerallerin incelenmesi, Ryugu’nun ve erken gezegenimsi
diskin evriminin daha iyi anlasilmasimna katki saglamaktadir
(Van den Neucker et al., 2023).

S1v1

Ryugu ve Bennu asteroitlerinin  &zelliklerini
karsilagtirmali olarak Ozetleyen bir tablo, Tablo 4.1°de
verilmigtir.

Tablo 4.1. Ryugu ve Bennu asteroitlerinin 6zellikleri (Ciceri,
2023; Van den Neucker et al., 2023).

Ozellik Ryugu Bennu

Gorev Hayabusa2 (JAXA) OSIRIS-REX (NASA)

Goreve Basl 2014 (firlatma) / 2018 (ulagma) 2016 (firlatma) / 2018 (ulagma)
Numune — Déniis 50,4 o, 24 Eyliil 2023

Tarihi

Cap Yaklagik 1000 m Yaklagik 500 m

Yogunluk ~1,19 g/cm3 ~1,19 g/cm?

Yap1 Moloz y1gim asteroit Moloz y1gin1 asteroit

Yiizey Ozellikleri

Heterojen, catlakli, i¢ gozeneklilik yiiksek

Heterojen, koyu ve agik litolojiler, yiizeyde farkli
parlaklik

Litoloji ve Renk

OH iceren mineraller (serpantin, saponit),
karbonat mineralleri

Koyu ve agik renkli litolojiler, termal kirilma
etkileri

Orneklerde  Tespit  Serpantin, saponit, pentlandit, manyetit, OH igeren mineraller, hidratli CM kondritlerine
Edilenler dolomit, karbonatlar benzer bilesikler

Kiitle Yogunlugu R 3 (& _

(6rnek) 1,7 - 1,9 g/cm?3 (6rneklerde)

Spektral Ozellik

CI tipi kondritlerle benzer,
fotosferine yakin bilesim

Giines’in

CM tipi kondritlerle benzer, hidratl mineraller
(2,7 pm IR sogurma)

Organik icerik

Organik bilesikler, karbonatlar

Karbon igeren maddeler,
bilesikler

suya isaret eden

Mineraller

Olivin, piroksen, karbonatlar, CAI (nadir)

Serpantin, saponit gibi OH mineralleri

Bilimsel Onemi

CI tipi kondritlerle benzer, ¢ok ilkel yapi,
Giines Sistemi’nin izleri

CM tipi kondritlerle benzer, Dinya’ya su ve
organik madde tagima potansiyeli
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Ryugu asteroidi iizerinde yapilan arastirmalar, bu
asteroitin CI tipi kondritlerle iligkili olabilecegini gdstermektedir
(Van den Neucker et al., 2023; Zolensky, 2023). Ote yandan,
Bennu asteroidinin CM tipi kondritlerle baglantili oldugu
belirtilmistir (Ciceri, 2023). Spesifik bir CV3 kondrit 6rnegi
olan NWA 5508 meteoriti, organik maddeler ve CAI yapilar
acisindan zengin bir karbonlu meteorit olarak 6ne ¢ikar. Ryugu
orneklerinde nadiren bulunan olivin, diisiik kalsiyum iceren
piroksen ve CAI yapilar1t NWA 5508 meteoritte yaygin sekilde
bulunmaktadir. Meteoritte en bol mineraller olivin ve
piroksendir. Olivin ve piroksenlerin varligi, meteorit icerisindeki
fillosilikatlardan daha baskindir. Ryugu Orneklerinde sikca
rastlanan serpantin, saponit, pentlandit ve manyetit mineralleri
NWA 5508 meteoritinde de mevcuttur. Ayrica, sivi suyun
varligimi  gosteren karbonatlar, NWA 5508 karbonlu
meteoritinde de tespit edilmistir. Bennu’da bulunan OH iceren
mineraller (6rnegin serpantin ve saponit) de NWA 5508’de
gbzlemlenmistir. Bdylece, Ryugu ve Bennu asteroitleri CI ve
CM Kkondritlerine ek olarak, CV kondritleri icin de potansiyel
kaynak govde adaylar1 olarak degerlendirilebilir (Kamil, 2023).

Asteroitlere gonderilen gorevler 6nemlidir ve bu
gorevlerden elde edinilen bilgiler ile meteoritlerin ayrintili
olarak arastirilmasi, olusum ve evrim kavramlarinin
anlasilabilmesi acisindan birbirini tamamlayan niteliklere
sahiptir. Ornegin, organik molekiillerin uzaydaki yaygimnligimi ve
evrimini anlamamiza yardim eder. Su ve yasam i¢in gerekli
bilesiklerin Diinya’ya nasil ulagmis olabilecegine dair ipuglari
saglar. Ek olarak, asteroitlerin yapis1 hakkinda bilgi sahibi
olunarak, ileride uzay madenciliginin daha da gelismesi ya da
potansiyel carpma tehditlerini 6nlemek icin kritik 6neme
sahiptir.

Ozetle, karbonlu asteroitler, hem Giines Sistemi’nin
gecmisine dair bilgi saglar hem de yasamin evrimi hakkinda
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onemli ipuglar tagir. Hayabusa2 ve OSIRIS-REX gibi gorevler,
bu asteroitlerden Diinya’ya 6rnekler getirerek bilimde ¢igir agan
veriler saglamistir. Bu gorevler, yalnizca bilimsel degil, ayni
zamanda insanligin uzun vadeli uzay stratejileri agisindan da
hayati 6Gneme sahiptir.

5. GELECEGE YONELIK PERSPEKTIFLER

Karbonlu meteoritler ve bu meteoritlerin ana govdeleri
oldugu diisiiniilen karbonlu asteroitlere gonderilen gorevler, hem
temel bilim a¢isindan hem de potansiyel teknolojik uygulamalar
acisindan gelecekte olduk¢a Onemli arastirma konulari olmaya
devam edecektir. Gelecekte Ay, Mars ve diger gok cisimlerinin
yani sira karbonlu asteroitlerden daha fazla ve cesitli 6rnekler
getirmek hedeflenmektedir. Ornegin, Ulusal Havacilik ve Uzay
Idaresi (NASA) nin Lucy gérevinin ana hedefi Jilpiter’in Trojan
asteroitleri olsa da ilk olarak karbonlu asteroit (152830)
Dinkinesh’ten geg¢tigi icin karbon icerigi olan cisimleri de
kapsamaktadir (NASA, 2025). Avrupa Uzay Ajansi (ESA) ve
Japon Uzay Arastirma ve Gelistirme Ajansi (JAXA)’nin is
birligi kapsaminda ESA, Japonya’nin MMX (Martian Moons
eXploration) gorevine yonelik Marsa ait Phobos (olas1 karbonlu
kaynak) ve Deimos’un yuzeylerinden 6rnek getirme
calismalarina destek vermektedir. Bu uydularin karbonlu asteroit
kokenli  olabilecegi  hipotezi  bulundugundan, karbonlu
malzemeye dolayli erisim olasilig1r bulunmaktadir (ESA, 2025).
Ozellikle ~ asteroitlerden alman yer alti  drneklerinin
getirilmesiyle organik bilesiklerin uzay ortaminda nasil
evrimlestigi daha iyi anlasilacaktir.

NASA, ESA, JAXA gibi ajanslar ortak gorevlerle
karbonlu cisimlere yonelik daha buyuk 6lcekli projeler
yiiritmeyi planlamaktadir. Ornegin, ESA’nin Hera gorevi,
Didymos ikili asteroit sistemini inceleyerek asteroit savunma
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stratejileri  gelistirmeyi ve karbon igerigi arastirmalarini
hedeflemektedir (ESA, 2024). Karbonlu asteroitlerde su, metal
ve organik bilesikler bulunmasi; bu asteroitleri gelecekte uzay
madenciligi acgisindan cazip hale getirmektedir. Ozellikle su,
uzay gorevleri i¢in yakit (H+O) ve yasam destegi agisindan
olduk¢a oOnemlidir. Ayrica karbonlu asteroitlerin yapisal ve
kimyasal cesitliligi, Giines Sistemi’nin erken ddnemindeki
maddesel dagilimi ve dinamiklerini anlamada daha da 6nemli
olacaktir. Yasam i¢in gerekli olan amino asitlerin ve niikleotit
onciillerinin nasil olustugu, bu gokcisimlerindeki analizlerle
anlagilabilir. Uzayda prebiyotik kimyanin isleyisi ¢6ziilebilir. O,
C ve H izotoplar iizerinden erken Giines Sistemi’ndeki suyun
ve karbonun izleri de siiriilebilir. Diinya’nin erken doneminde
atmosfer ve okyanuslarin olusumuna karbonlu meteoritlerin
katkis1 daha net ortaya konabilir (Pizzarello & Shock, 2010;
Callahan et al., 2011).

Su ve karbon igeren asteroitlerde yerinde kaynak
kullanimi (ISRU - In-Situ Resource Utilization) mumkin
olabilir. Bu da Mars ve Otesine yapilacak gorevlerde yakit ve
yasam destek sistemleri i¢in lojistik avantaj saglayacaktir
(NASA, 2024). Yapisal farkliliklar, ¢arpisma Onleme
tekniklerini dogrudan etkiler. Karbonlu asteroitlerin yapisi
anlasildik¢a, Diinya’ya ¢arpma riski olan cisimlere karsi daha
etkili savunma sistemleri gelistirilebilir.

Spektroskopi, mikroskopi ve izotop analizlerinde yeni
teknikler gelistirilerek, laboratuvarlarda daha kiiciik miktarlarla
daha kesin analizler yapilabilir. Karbon igeren dogal nano
yapilar, Orne8in karbon bazli siiperiletkenler veya uzay
radyasyonu korumasi gibi yeni malzeme tasarimlarinda 6rnek
teskil edebilir. Meteoritler, 6zellikle de karbonlu kondritler,
Giines Sisteminin olusumu ve evrimi, ilkel gezegen diskleri,
gezegenlerin olusumu ve evrimi gibi bircok konu hakkinda
onemli bilgiler saglar. Bugiin asteroitlere gonderilen ve yakin
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gelecekte gonderilecek olan gorevler sayesinde, teknolojinin
gelismesiyle birlikte 6nemli bir uzay malzemesi olan nadir
karbonlu kondrit 6rneklerinin sayisinin artmasi da muhtemeldir.
Bu nedenle, karbonlu kondritler ve asteroitler, genel olarak uzay
ve malzeme bilimi acisindan ilkel ve nadir ornekler olduklari
icin 6nemli diinya dis1 malzemeler olacaktir.

6. SONUC

Karbonlu meteoritler, Giines Sistemi’nin olusumundan
bu yana kimyasal ve yapisal olarak biiyiik 6l¢iide korunmus ilkel
malzemelerden olusmaktadir. Kondrit yapilari, igeriklerindeki
organik molekiiller, hidratli mineraller ve izotopik 6zellikleriyle
bu meteoritler hem Diinya’daki yasamin kokeni hem de erken
gezegenimsi disklerin evrimi hakkinda benzersiz bilgiler sunar.
Ozellikle CI, CM ve CV gibi alt gruplara ayrilan karbonlu
kondritler, kondriill boyutu, matris orani, mineral igerigi ve
ucucu  element  bilesenlerine  goére  detayli  olarak
siiflandirilmaktadir (Clayton & Mayeda, 1998; Eiler &
Kitchen, 2002; Garvie & Buseck, 2004).

Karbonlu asteroitler Bennu ve Ryugu’ya yonelik
gerceklestirilen OSIRIS-REX ve Hayabusa2 gorevleri, bu tir
asteroitlerin karbonlu kondritlerle olan benzerligini dogrudan
gozlemleyebilme firsatt sunmugstur. Ryugu'nun CI tipi,
Bennu’nun ise CM tipi kondritlerle kimyasal ve mineralojik
benzerlik tasidigi belirlenmistir (Ciceri, 2023; Van den Neucker
et al., 2023; Zolensky, 2023). Ancak bu asteroitlerdeki bazi
mineral ve yapisal Ozellikler, CV3 tipi kondritlerle olan
potansiyel benzerlikleri de giindeme getirmistir. Ozellikle NWA
5508 gibi CV3 kondrit 6rnekleri, igerdigi CAI yapilari, olivin ve
piroksen zenginligi gibi 6zellikleriyle karsilagtirmalarda 6nemli
bir referans noktasi olusturmaktadir (Kamil, 2023).
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Spektroskopik (Raman, FTIR), mikroskobik (SEM-EDS,
optik) ve kimyasal analiz teknikleri,  meteoritlerin
smiflandirilmast  ve  kokenlerinin  belirlenmesinde  6nemli
araclardir. Ozellikle SEM-EDS ile yiizey ve elementel
bilesimler incelenmekte, Raman ve IR spektroskopisi ile mineral
tirleri ve organik yapilar detaylica tespit edilmektedir. Bu
analizlerle elde edilen veriler, meteoritin gecirdigi termal ve sulu
degisim siireclerinin anlagilmasina olanak saglar (Perkins, 1986;
Smith, 2011; Khoshhesab, 2012; Wang, Jollif, Haskin, Kuebler,
& Viskupic, 2001; Morlok, Kéhler, & Grady, 2008; Kereszturi,
Gyollai, & Szab6, 2015; Thomas, Thomas, Zachariah, &
Mishra, 2017; Dirri et al., 2018; Dall’Asén et al., 2019;
Kayastha et al., 2019; Kayastha, Paul, & Stokke, 2019; Tosi et
al., 2021; Jaggi & Vij, 2021).

Karbonlu meteoritlerin bilimsel 6nemi yalnizca gezegen
olusumu ile sinirli kalmayip, yasamin yapi taslar1 olan amino
asitler, karbonatlar ve kompleks organik molekuller gibi
bilesiklerin Giines Sistemi’nde nasil olustugu ve Diinya’ya nasil
ulastirildigr sorularina da 151k tutmaktadir. Ryugu ve Bennu gibi
asteroitlerin tasidig1 organik bilesikler ve su iceren mineraller,
bu gokcisimlerinin  prebiyotik kimya sureclerinde rol
oynayabileceklerini gostermektedir (Pizzarello & Shock, 2010;
Callahan et al., 2011; Ciceri, 2023; Van den Neucker et al.,
2023).

Sonug olarak, karbonlu kondritler ve bu meteoritlerin ana
govdeleri oldugu disiiniilen karbonlu asteroitler; Giines
Sistemi’nin kimyasal evrimini, yasamin kokenini ve gezegen
olusum siireglerini anlamada vazgecilmez dogal arsivler olarak
nitelenebilir. Mevcut 6rneklerin detayli laboratuvar analizlerinin
yani sira gelecekte gerceklestirilecek uzay gorevleriyle elde
edilecek yeni drneklerin, bu alandaki bilgi birikimini daha da
derinlestirecegi olduk¢a asikardir. Karbonlu meteoritlerin ¢ok
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disiplinli yaklasimlarla incelenmesi hem bilimsel hem de
teknolojik agidan biiyiik firsatlar sunmaya devam edecektir.
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OPTISYENLIK iSLETMELERININ DOGRU
LOKASYON SECIMINDE KARAR
FAKTORLERI: RiZE KENT MERKEZi
ORNEGI!

Mutlu GUNEY?
Ozge ERDEM?

1. GIRIS

Son yillarda iilkemizde dijital araclarin kullanim siiresi
giderek artmakta ve niifus hizli bir sekilde yaslanmaktadir. Bu
durum optik iirlinlerin tiiketimini her gecen yil arttirmaktadir. Bu
kapsamda iilkemizde bir¢ok iiniversitede optisyenlik programlari
acilmistir ve her yil yaklasik 5 bin 6grenci “Optisyen” olarak
mezun olmaktadir. Mezun &grenciler is hayatina yatirimer veya
calisan olarak katilmaktadir. Yatirim karar1 alan mezunlarin bir
kism1 bagarilt olurken, bir kismi ise yatirimlariyla ilgili yanlis
kararlar alarak basarisiz olmaktadir. Bu durumu etkileyen en
onemli faktorlerden biri, optisyenlik isletmelerinin hastaneye
yakinlik ve kent merkezine yakinlik gibi lokasyonun sundugu
avantajlardan dogrudan etkilenmesidir.

Cesitli  sektorler icin lokasyon sec¢imi sorunu, son
donemde akademik ¢evrede ilgiyle takip edilmektedir (Dérdinci

1 Bu calisma, TUBITAK 2209-A Universite Ogrencileri Arastirma Projeleri Destek
Programi tarafindan 2023 yil/1.dénem 1919B012304231 proje numaras: ile
desteklenen “Optisyenlik islgtmelerinin Dogru Lokasyon Seg¢iminde Karar
Faktorleri: Rize Kent Merkezi Ornegi” isimli projeden tiretilmistir.

2 QOptisyen, Bayburt Universitesi, Saglik Hizmetleri MYO, Tibbi Hizmetler ve
Teknikler Bolima, mutlu_ozyildiz@hotmail.com

3 Dog. Dr., Bayburt Universitesi, Saghk Hizmetleri MYO, Tibbi Hizmetler ve
Teknikler Bolumu, ozgeerdem@bayburt.edu.tr, ORCID: 0000-0003-4542-941X.
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& Karakdprii, 2021). Ornegin; saglik hizmetleri sektoriinde
faaliyet gosteren hastaneler (Akyiz & Kiling, 2016; Hosgor,
2021; Rahmi, 2021; Sutci, 2022), dis sagligi merkezleri (Yiicenur
& Yazici, 2023) ve eczaneler (Yildiz, Kara, & Ozkan, 2021) icin
dogru lokasyon tercihi kapsaminda bir¢ok caligma yapilmistir.
Akpmnar & Kogak (2021), 2021 yilinda yaptiklar1 ¢alismada
saglik merkezleri i¢in uygun ve alternatif alanlarin tespiti
amaciyla cesitli kriterler belirlemistir. Belirlenen kriterler ile
saglik hizmetinden yararlanacak bireylerin bu hizmete erisiminde
en uygun lokasyonlar tespit edilmistir. Buna karsilik saglik
hizmetleri sektoriinde hem talep hem de arz yoniinde biyime
gosteren optisyenlik i¢in bu yonde bir ¢alismaya rastlanmamastir.
Optisyenlik meslek grubunda genellikle mikro 6lcek olarak ifade
edebilecegimiz isletme igerisinde mekansal organizasyon dikkate
almirken, makro Olcekte isletmenin kentin hangi lokasyonunda
yer almasi gerektigi goz ardi edilmektedir.

Sunulan bu g¢alismada, optisyenlik isletmeleri icin daha
Once literatliirde yanitlanmayan su soruya cevap aranmaktadir:
“Optisyenlik isletmeleri i¢in en uygun lokasyon neresidir?”.
Calisma sahasi olarak halihazirda pek cok hastanesi olan ve Rize
Sehir Hastanesi’nin insasinin siirdiigli Rize kenti ele alinmstir.
Calismadan elde edilen bulgular, hem smirli yatirimlarin dogru
yonlendirilmesi hem de toplumsal hizmet bakimindan 6nemli
sonuclar icermektedir.

2. CALISMA iCERIiGi

2.1. Materyal/Metot

Bu ¢alismanin amaci hem optisyenlik yatirimcilart hem de
tiketiciler icin optisyenlik isletmelerine en uygun lokasyon
tercihini belirlemektir. Bu kapsamda calismada Rize Merkez

ilgesindeki optisyenlik isletmelerinin dagilimi ArcGIS 10.6.1
yazilmi ile haritalandirilmistir.  Isletmelerin ~ kiimelenme
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lokasyonlart (yogun bolgeler) Kernel yogunluk analizi ile
belirlenmistir (Glney & Somuncu, 2024). Yogunlugun oldugu
bolgelerde bulunan isletmelerle anket c¢alismasi yapilmistir.
Anket c¢alismas1 “pazara yakinlik, maliyet ve kent merkezine
yakinlik” faktorlerinin optisyenlik isletmelerinin lokasyon
secimindeki etkisini 6lgmek amaciyla yapilmistir. Bu saha
calismasindan elde edilen verilere SPSS 22.0 yazilimi ile
ANOVA ve Post Hoc testi uygulanip yogunlugun oldugu
bolgelerde hangi lokasyon tercihinin neden yapildig1 tespit
edilmeye ¢alisilmistir.

2.2. Bulgular

2.2.1.Rize Merkez Ilgesinde Optisyenlik Isletmelerinin
Dagilimi ve Kernel Yogunluk Analizi

Calisma kapsaminda, Rize Merkez ilgesindeki optisyenlik
isletmelerine iliskin konum bilgileri Rize 11 Saglhk
Midirliigii'nden alinmis ve ArcGIS 10.6.1 yazilimi ile
haritalandirilmistir. Boylece konuma iligkin temel veriler Sekil
1’den goriildigii lizere mekansal veriye doniistiirilmistiir. Bu
haritadan yararlanilarak yapilan Kernel yogunluk analizi sonucu,
optisyenlik isletmeleri arasinda hipotetik olarak kiimelenme
olusturanlar tespit edilmis ve Sekil 2’de gdosterilmistir. Sekil
2’den goriilecegi tizere Rize Merkez ilgesinde lokasyon olarak
yuksek kiimelenme egilimi gosteren ve 1, 2, 3 ile belirtilen ti¢ adet
yogun bolge bulunmustur. Bu bolgelerin yanisira, Sekil 2’den
kiimelenme goOstermeyen yani bireysel isletmelerin oldugu da
gorulmektedir.
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Sekil 1. Arastirma Alanindaki Optisyenlik Isletmelerinin Dagilim
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2.2.2. ANOVA ve Post Hoc Testleri

Bu calismada, optisyenlik isletmelerinin lokasyon
seciminde “pazara yakinlik, maliyet ve kent merkezine yakinlik”
faktorlerinin etkisini 6lgmek igin anket ¢alismasi yapilmustir.
Anket caligmasi, dort farkl grup ile yiiriitiilmiistiir. Bunlar, Sekil
2’de optisyenlik isletmelerinin kiimelendigi ti¢ bolgede yer alan
isletmeler ve dordinci olarak kiimelenme gostermeyen bireysel
isletmelerdir. Bu dort grup; “Meydan, Devlet ve 0zel hastane,
Universite, Bireysel” diye isimlendirilmistir. Bu gruplardan
“Meydan”, Rize kent meydanina yakin konumlanan isletmeleri
temsil etmektedir. Sekil 2’de 2 numara ile gosterilen yogun
bolgedir. “Devlet ve 6zel hastane” grubu, kentin bat1 kisminda
bulunan devlet hastanesi ve iki 06zel hastanenin etrafinda
kiimelenen isletmeleri temsil etmektedir. Sekil 2’de 1 numara ile
gosterilen yogun bolgedir. “Universite” grubu, Recep Tayyip
Erdogan Universitesi Egitim ve Arastirma Hastanesi yakininda
bulunan isletmelerdir. Sekil 2’de 3 numara ile gosterilen yogun
bolgedir. “Bireysel”grup ise, Sekil 2’de bu ili¢ grubun disinda
kalan igletmeleri temsil etmektedir.

Yukarida belirtilen dort grup ile gergeklestirilen anket
calismasindan elde edilen verilere, SPSS 22.0 yazilimi ile
ANOVA ve Post Hoc testi uygulanip kiimelenme gosteren
bolgelerde hangi lokasyon tercihinin neden yapildigi analiz
edilmistir.

Tablo 1, arastirmaya iliskin “Ortalama (Mean), Standart
Sapma (Std. Deviation) ve Giiven Araliklar1 (Confidence Interval
for Mean)” gibi tanimlayici istatistiksel verileri gostermektedir.
Tablo 1’den goériilecegi tizere lokasyon tercihinde, pazara
yakinlik “Meydan” grubundaki isletmeler i¢in, maliyet ve kent
merkezine yakinlik ise “Bireysel” grubundaki isletmeler igin
agirlikli olarak lokasyon tercih nedeni olarak 6ne ¢ikmuistir.
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Tablo 1. Arastirmaya iliskin Tamimlayici statistikler

Descriptives
95%
Confidence
N Mean S_td . Std. Interval
Deviation Error for Mean
Lower
Bound
Meydan 6 3,4167 ,22973 ,09379 3,1756
= Devlet ve 6 3,3333 ,18257 ,07454 3,1417
E ozel
s hastane
s Universite 3 | 2,7778 ,34694 | ,20031 1,9159
g hastanesi
& Bireysel 3 2,7778 ,25459 ,14699 2,1453
Total 18 3,1759 ,36368 ,08572 2,9951
Meydan 6 3,5667 ,29439 ,12019 3,2577
Devlet ve 6 3,1000 ,20976 ,08563 2,8799
= ozel
> hastane
g Universite 3 2,8667 ,30551 ,17638 2,1078
hastanesi
Bireysel 3 4,0000 ,20000 ,11547 3,5032
Total 18 3,3667 ,45633 ,10756 3,1397
Meydan 6 3,4667 ,30111 ,12293 3,1507
b Devlet ve 6 4,0333 ,29439 ,12019 3,7244
N .| ozel
g = | hastane
S —3 Universite 3 3,0000 ,20000 ,11547 2,5032
§ > | hastanesi
2 Bireysel 3 4,0667 ,30551 ,17638 3,3078
Total 18 3,6778 48574 ,11449 3,4362

Aragtirmadaki gruplar i¢in varyanslarin homojenligi
varsayimini  kontrol etmek amaciyla Levene Varyanslarin
Homojenligi Testi yapilmis ve sonuglar Tablo 2’de verilmistir.
Tablo 2’de p-degerleri (Sig.) 0,05'ten biyik oldugundan
calismadaki gruplar i¢in varyanslar homojen kabul edilmistir. Bu
sonu¢, ANOVA'in homojenlik varsayimmin karsilandigini
gosterir.
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Tablo 2. Levene Varyanslarin Homojenligi Testi Sonuclari

Levene Statistic | dfl | df2 | Sig.

Pazara yakinhk ,826 3 14 ,501

Maliyet ,563 3 14 ,648

Kent merkezine yakinhk ,403 3 14 , 753
ANOVA, gruplar arasindaki ortalama farklarin

istatistiksel olarak anlamli olup olmadigini test etmek igin
kullanilir. Tablo 3’de verilen ANOVA testi sonuglarina gore; p-
degerleri (Sig.) 0,05'ten kii¢iik oldugundan, ortalama farklarin
rastlantisal olmadigi kabul edilir. Sonu¢ olarak, calismadaki
gruplar (Meydan, Devlet ve 6zel hastaneler, Universite hastanesi,
Bireysel) arasinda lokasyon tercihinde pazara yakinlik, maliyet
ve kent merkezine yakinlik degiskenlerinin tercih edilme
durumunun anlamli farklar gosterdigi tespit edilmistir.

Tablo 3. ANOVA Testi Sonuclar:

ANOVA
Sum of Mean .
Squares df Square F Sig.
Between
E% Groups 1448 | 3 483 | 8434 | 002
(U - -
N I Within
E2 | Grous 801 | 14 057
Total 2,248 17
- Between 2620 | 3 873 | 13,290 | ,000
o Groups
= Within
©
g Groups 920 | 14 066
Total 3540 | 17
@ getwee” 2858 | 3 953 | 11,563 | ,000
2N £ =roups
g ¥ 3| Within 1153 | 14 082
g £| Groups ' '
Total 4011 | 17

ANOVA testinde anlamli farklar bulundugu i¢in Post Hoc
testler kullanilmis ve gruplar arasi farklarin hangi gruplar
arasinda oldugu incelenmistir. Tablo 4’de verilen Tukey HSD
sonuglarina gore elde edilen bulgular asagida listelenmistir:
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1. Pazara yakinlik degiskeni bakimindan:

a) “Meydan” ile “Universite Hastanesi” ve “Meydan” ile
“Bireysel” gruplar1 arasindaki ikili karsilastirmalarda anlamli
farklar vardir. Her iki grup karsilastirmalari i¢in p = 0,010
bulunmustur.

b) “Devlet ve 6zel hastaneler” ile “Universite Hastanesi”
ve “Devlet ve 6zel hastaneler” ile “Bireysel” gruplari arasindaki
ikili karsilastirmalarda anlamli farklar vardir. Her iki grup
karsilagtirmalari i¢in p = 0,025 bulunmustur.

2. Maliyet degiskeni bakimindan:

a) “Meydan” ile “Devlet ve 0zel hastaneler” ve “Meydan”
ile  “Universite  Hastanesi” gruplar1  arasindaki  ikili
karsilastirmalarda anlamli farklar vardir. Her iki grup
karsilastirmalart igin p degerleri sirasiyla 0,032 ve 0,008 olarak
bulunmustur.

b) “Bireysel” ile “Devlet ve 0zel hastaneler” ve “Bireysel”
ile  “Universite  Hastanesi”  gruplar1  arasindaki ikili
karsilagtirmalarda anlamli fark vardir. p degerleri sirasiyla 0,001
ve 0,000 olarak bulunmustur.

3. Kent meydanina yakinlik degiskeni bakimindan:

a) “Meydan” ile “Devlet ve 6zel hastaneler” ve “Meydan”
ile “Bireysel” gruplar1 arasindaki ikili karsilastirmalarda anlamli
farklar vardir. p degerleri sirasiyla 0,019 ve 0,046 olarak
bulunmustur.

b) “Universite Hastanesi” ile “Devlet ve 6zel hastaneler”
ve “Universite Hastanesi” ile “ Bireysel” gruplari arasindaki ikili
karsilagtirmalarda anlamli farklar vardir. p degerleri sirasiyla
0,001 ve 0,002 olarak bulunmustur.

Yukaridaki analizde p<0,05 olma durumu g6z 6nine
alimmustir. Burada Bonferroni diizeltmesi yapilirsa; ¢alismadaki
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dort grubun ikili kombinasyonlar1 alinmistir ki bu da alt1 adet
eder. 0.05/6=0,0083 eder ki bu durum Tukey HSD testinde
p<0,008 olan ikili gruplar arasinda anlamli fark oldugunu
gosterir. Buna gore Tukey HSD testini yeniden yorumlarsak;

1) Pazara yakinlik degiskeni bakimindan, gruplar arasinda
anlaml fark yoktur.

2) Maliyet degiskeni bakimindan, “Bireysel” ile “Devlet
ve Ozel hastaneler” gruplar1 arasinda anlamli fark vardir (p =
0,001) ve “Bireysel” ile “Universite Hastanesi” gruplar1 arasinda
anlaml1 fark vardir (p = 0,000).

3) Kent meydanina yakinlik degiskeni bakimindan,
“Universite Hastanesi” ile “Devlet ve 6zel hastaneler” gruplari
arasinda anlamli fark vardir (p = 0,001) ve “Universite Hastanesi”
ile “ Bireysel” gruplari arasinda anlamli fark vardir (p = 0,002).

Tablo 4’de Scheffé Testi sonuglarina gore elde edilen
bulgular, Bonferroni duizeltmesine gore degerlendirildiginde
asagida listelenen sonuglar, Tukey HSD testini dogrulamaktadir:

1) Pazara yakinlik degiskeni bakimindan, gruplar arasinda
anlamli fark yoktur.

2) Maliyet degiskeni bakimindan, “Bireysel” ile “Devlet
ve Ozel hastaneler” gruplar1 arasinda anlamli fark vardir (p =
0,002). “Bireysel” ile “Universite Hastanesi” gruplari arasinda
anlamli fark vardir (p = 0,001).

3) Kent meydanina yakinlik degiskeni bakimindan,
“Universite Hastanesi” ile “Devlet ve 6zel hastaneler” gruplari
arasinda anlamli fark vardir (p = 0,002). “Universite Hastanesi”
ile “ Bireysel” gruplari arasinda anlamli fark vardir (p = 0,004).
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Tablo 3. Post Hoc Testi Sonuglari

Multiple Comparisons

) J) 95% Confidence
isletmenin | Isletmenin Mean Interval
Dependent | bulundugu | bulundugu | Difference | Std. Lower | Upper
Variable konum konum (1-3) Error | Sig. | Bound | Bound
Tukey | Meydan Devlet ve ,08333 |,13809 | ,929 | -,3180 | ,4847
HSD ozel
hastaneler
Universite | ,63889° |,16913 | ,010 | ,1473 |1,1305
hastanesi
Bireysel ,63889" |,16913 | ,010 | ,1473 | 1,1305
Devlet ve Meydan -,08333 |,13809 | ,929 | -,4847 | ,3180
ozel Universite ,55556" |,16913 | ,025 | ,0640 | 1,0471
hastaneler hastanesi
Bireysel ,55556" |,16913 | ,025 | ,0640 | 1,0471
Universite Meydan -,63889" |,16913 | ,010 - -,1473
hastanesi 1,1305
Devlet ve -,65556" |,16913 | ,025 - -,0640
ozel 1,0471
hastaneler
Bireysel ,00000 |,19529]1,000| -,5676 | ,5676
Bireysel Meydan -,63889" |,16913 | ,010 - -, 1473
1,1305
Devletve | -55556" |,16913 | ,025 - -,0640
» ozel 1,0471
= hastaneler
E L"Jniversit_e ,00000 |,19529|1,000| -,5676 | ,5676
S hastanesi
s Scheffe | Meydan Deyletl ve ,08333 |,13809 | ,946 | -,3540 | ,5207
= oze
E hastaneler
Universite ,63889" |,16913 | ,017 | ,1032 | 1,1746
hastanesi
Bireysel ,63889" |,16913 | ,017 | ,1032 | 1,1746
Devlet ve Meydan -,08333 [,13809 | ,946 | -,5207 | ,3540
Gzel Universite ,55556" |,16913 | ,041 | ,0199 | 1,0912
hastaneler hastanesi
Bireysel ,55556" |,16913 | ,041 | ,0199 |1,0912
Universite | Meydan | -,63889" |,16913 | ,017 - -,1032
hastanesi 1,1746
Devlet ve | -,55556" |,16913 | ,041 - -,0199
ozel 1,0912
hastaneler
Bireysel ,00000 |,1952911,000]| -,6185 | ,6185
Bireysel Meydan -,63889" |,16913 | ,017 - -,1032
1,1746
Devlet ve | -,55556" |,16913 | ,041 - -,0199
ozel 1,0912
hastaneler
Universite | ,00000 |,19529 |1,000 | -,6185 | ,6185
hastanesi
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Tukey Meydan Devlet ve ,46667° | ,14800 | ,032 | ,0365 | ,8968
HSD ozel
hastaneler
Universite ,70000" |,18127 | ,008 | ,1731 | 1,2269
hastanesi
Bireysel -43333 |,18127 | ,125 | -,9602 | ,0935
Devlet ve Meydan -,46667" |,14800 | ,032 | -,8968 | -,0365
ozel Universite | 23333 |,18127 | ,585 | -,2935 | ,7602
hastaneler hastanesi
Bireysel -,90000" |,18127 | ,001 - -,3731
1,4269
Universite Meydan -,70000" |,18127 | ,008 - -,1731
hastanesi 1,2269
Devlet ve -,23333 |,18127 | ,585 | -,7602 | ,2935
ozel
hastaneler
Bireysel | -1,13333" |,20931 | ,000 - -,5250
1,7417
Bireysel Meydan 43333 |,18127| ,125 | -,0935 | ,9602
Devlet ve ,90000" |,18127 | ,001 | ,3731 | 1,4269
ozel
hastaneler
Universite | 1,13333" |,20931 | ,000 | ,5250 | 1,7417
§ hastanesi
= | Scheffe Meydan Devlet ve ,46667 |,14800| ,051 | -,0021 | ,9354
S ozel
hastaneler
Universite ,70000" |,18127 | ,015 | ,1259 | 1,2741
hastanesi
Bireysel -,43333 |,18127 | ,175 - ,1408
1,0075
Devlet ve Meydan -,46667 |,14800 | ,051 | -,9354 | ,0021
Gzel Universite 23333 |,18127 | ,655 | -,3408 | ,8075
hastaneler hastanesi
Bireysel -,90000" |,18127 | ,002 - -,3259
1,4741
Universite Meydan -,70000" |,18127 | ,015 - -,1259
hastanesi 1,2741
Devlet ve -,23333 |,18127 | ,655 | -,8075 | ,3408
ozel
hastaneler
Bireysel -1,13333" | ,20931 | ,001 - -, 4704
1,7963
Bireysel Meydan 43333 |,18127| ,175 | -,1408 | 1,0075
Devlet ve ,90000" |,18127 | ,002 | ,3259 | 1,4741
ozel
hastaneler
Universite | 1,13333" |,20931 | ,001 | ,4704 |1,7963
hastanesi
Tukey Meydan Devletve | -56667" |,16571 | ,019 - -,0850
| HSD dzel 1,0483
S hastaneler
X Universite ,46667 | ,20295 | ,145 | -,1232 | 1,0566
hastanesi
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Bireysel -,60000" |,20295 | ,046 - -,0101
1,1899
Devlet ve Meydan ,56667" |,16571 | ,019 | ,0850 | 1,0483
ozel Universite | 1,03333* |,20295 | ,001 | ,4434 |1,6232
hastaneler hastanesi
Bireysel -,03333 |,20295| ,998 | -,6232 | ,5566
Universite Meydan -,46667 |,20295 | ,145 - ,1232
hastanesi 1,0566
Devletve | -1,03333" |,20295 | ,001 - -,4434
ozel 1,6232
hastaneler
Bireysel | -1,06667" |,23435 | ,002 - -,3855
1,7478

Bireysel Meydan ,60000" |,20295 | ,046 | ,0101 |1,1899

Devlet ve ,03333 |,20295| ,998 | -,5566 | ,6232
ozel

hastaneler
Universite | 1,06667" |,23435| ,002 | ,3855 | 1,7478
hastanesi
Scheffe | Meydan Devletve | -56667" |,16571 | ,032 - -,0418
ozel 1,0915
hastaneler
Universite ,46667 | ,20295 | ,200 | -,1761 | 1,1095
hastanesi
Bireysel -,60000 |,20295| ,071 - ,0428
1,2428
Deyletve Meydan ,56667" |,16571 | ,032 | ,0418 | 1,0915
ozel Universite | 1,03333" |,20295 | ,002 | ,3905 | 1,6761
hastaneler hastanesi
Bireysel -,03333 |,20295 | ,999 | -,6761 | ,6095
Universite Meydan -,46667 |,20295 | ,200 - 1761
hastanesi 1,1095
Devletve | -1,03333" |,20295 | ,002 - -,3905
ozel 1,6761
hastaneler
Bireysel | -1,06667" | ,23435 | ,004 - -,3244
1,8089

Bireysel Meydan ,60000 |[,20295| ,071 | -,0428 | 1,2428
Devlet ve ,03333 [,20295| ,999 | -,6095 | ,6761
ozel

hastaneler

Universite | 1,06667° |,23435| ,004 | ,3244 | 1,8089
hastanesi

3. SONUC

Yapilan ¢alismadan elde edilen sonuglara gore, calismada
yer alan dort grup arasinda bulunan anlamli farkliliklar
optisyenlik igletmelerinin lokasyon tercihlerini meké&nda bulunan
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belirli faktorlere (pazara yakinlik, maliyet, kent merkezine
yakinlik) gore yaptigini gostermistir. Buna gore, gruplar arasinda
lokasyon seciminde pazara yakinlik kriteri bakimindan anlamli
bir fark olmadigr saptanmistir. Bu durumun, tiim gruplar igin
pazara yakinligin (hastanelere ve hastalarin yogun oldugu
bolgelere yakinlik) en 6nemli kriter olmasindan kaynaklandigi
diisiiniilmektedir. Maliyet kriteri (¢calisan maliyetinin az olmasi,
rekabetin diisilk olmasi gibi) bakimindan “Bireysel” grup ile
“Devlet ve 6zel hastaneler” ve “Universite Hastanesi” gruplar
arasinda anlamli farkliliklar bulunmustur. Kent merkezine
yakinlik (toplu tasimanin yogun olmasi, park yerlerinin olmasi,
ticaretin canli olmasi1 gibi) kriteri bakimindan ise, “Universite
Hastanesi” grubu ile “Devlet ve 6zel hastaneler” ve “ Bireysel”
gruplart arasinda anlamli farkliliklar tespit edilmistir.

Sonug olarak, bu ¢aligmada pazara yakinlik optisyenlik
isletmelerinin lokasyon sec¢iminde en Onemli kriter olarak
bulunurken, maliyet ve kent merkezine yakinlik ise isletmeler
tarafindan tercih edilen ikincil kriterler olmustur.
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LOSEMIi HASTALIGININ TANI VE iZLEMINDE
KAN ORNEKLERININ FTIR SPEKTROSKOPISI
iLE DEGERLENDIRILMESI

Cisem ALTUNAYAR UNSALAN!

1. GIRIS

Losemi, nispeten yliksek goriilme sikligi ve genellikle
diisiik sag kalim orani nedeniyle toplumda Onemli bir yer
tutmaktadir. Cocuklarda 16semi en yaygin kanser tiirii olmakla
birlikte yetiskinlerde, Diinya Saglik Orgiitii'ne gore en yaygin
15 kanser turi arasinda yer almaktadir (Kampen, 2012). Losemi,
dinya nufusunu 6nemli 6lglde etkileyen en yaygin koti huylu
hastaliklardan biridir. Loseminin cografi dagilimi1 daha gelismis
tilkelerde daha yiiksek yayginlik ve genel 6liim orani ile kendini
gostermektedir. Ancak, 6lim orani gelismekte olan iilkelerde
daha yuksektir. Her iki cinsiyet de etkilense de ldsemiye
erkeklerde daha ¢ok rastlanmaktadir. Akut ldsemiler,
hematopoietik sistemdeki bir veya daha fazla hiicre hattini
iceren kan olusturan organlarin k&tii  huylu  klonal
bozukluklaridir. Bu bozukluklar, kemik iliginin anormal
olgunlasmamis ve farklilagmamis hematopoietik hiicrelerle
yaygin sekilde yer degistirmesiyle belirlenir ve bunun
sonucunda periferik kanda eritrosit ve trombosit sayis1 azalir.
Lenfoid, miyeloid, karisitk veya farklilagmamis gibi ilgili
anormal hematopoietik hicrelerin kokenine gore bu bozukluklar
simiflandirilir. Buna karsin, kronik [6semiler, hematopoietik
sistemin olgun, farklilagmis hiicrelerinin kontrolsiiz ¢ogalmasi

1 Ars. Gor. Dr., Ege Universitesi, Fen Bilimleri Enstitlsa,
cisemaltunayar@gmail.com, ORCID: 0000-0001-6479-4223.
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ve genislemesiyle karakterize edilen genis bir hastalik
yelpazesini kapsar. Bu nedenle, kronik l6semiler, ilgili
hematopoietik hiicre tiiriine bagli olarak smiflandirilir (Tebbi,
2021). Bat1 iilkelerinde 16seminin en sik goriilen formu olan
kronik lenfositik 16semi (KLL), kanda, kemik iliginde, lenf
diigtimlerinde ve dalakta neoplastik B lenfositlerin klonal
cogalmast ve birikmesiyle karakterizedir. Tani sirasinda
hastalarin ortalama yas1 65°tir ve sadece %10 ile %15’i 50 yasin
altindadir. Hastaligin seyri degiskenlik gostermekle birlikte
kronik lenfositik 16semili bazi hastalarin normal bir yasam
stiresi varken, digerleri tanidan sonraki bes yil iginde
6lebilmektedir (Rozman ve Montserrat, 1995).

Losemi hastalarinin sagkalim oranini arttirmak igin erken
tan1 ve tedavi biiyiik 6nem tasir. Losemi tanisi i¢in yaygin olarak
kullanilan birka¢ yontem vardir: (1) Periferik kan muayenesi;
(2) Kemik iligi aspirasyonu; (3) Fransiz-Amerikan-ingiliz
siiflandirmasi; (4) Rutin sitokimyasal degerlendirme. Ancak bu
yontemlerin biiylik Olgiide patologlarin yargilarina, karmasik
prosediirlere ve pahali araglara bagli olmasit gibi birkag
dezavantaji vardir. Bu nedenle l6semiyi erken evrede teshis
etmek icin basit ve hizli bir yontem gelistirmek cok acildir
(Sheng vd., 2013).

Fourier dontisiim infrared (FTIR) spektroskopisi, plazma,
serum (Kendall vd., 2009; Finlayson vd., 2019; Huber vd.,
2021) ve hicresel (Maziak vd., 2007; Babrah vd., 2009;
Bellisola vd., 2013; Wald vd., 2016; Altharawi vd., 2019;)
yapilar ve kanserli karakter dahil olmak tizere hizli, etiketsiz,
tahribatsiz, diisiilk maliyetli bir ara¢ olarak biyolojik 6rneklerin
analizi i¢in yaygin olarak kullanilmaktadir. Farkli molekiiler
siiflar1 aragtirmak ve hastalikla iligkili farkliliklara sahip
proteinlerin, lipitlerin ve nikleik asitlerin icerikleri icin
karakteristik molekiiler degisiklikleri ortaya ¢ikarmak i¢in ¢oklu
bir yoldur ve bunlar spektral degisiklikler olarak ele alinir.
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Dahasi, farkli  Ornekler arasindaki bant giddeti ve
konumlarindaki farkliliklar, makromolekiillerin
kompozisyonunda, konformasyonunda ve/veya
konsantrasyonunda farkliliklar1 gosterir ve bu durum infared
spektrumun en bilyiik avantajlarindan biridir (Xie vd., 2023).

Bu calismanin amaci, I6semi hastaliginin tan1 ve
izlenmesinde, non-invaziv ve hizli bir analiz yontemi olarak
Fourier  dOniisim  infrared  (FTIR)  spektroskopisinin
potansiyelini ortaya koymaktir. Bu dogrultuda, 16semi
hastalarindan ve saglikli bireylerden alinan kan Ornekleri
tizerinde FTIR spektroskopisi uygulanarak, hastaliga 06zgii
biyokimyasal degisimlerin spektral diizeyde belirlenmesi
hedeflenmistir. Veriler dogrultusunda, FTIR spektroskopisinin
l6semiye 0zgili biyobelirteglerin  tespitinde ve hastaligin
molekiler diizeyde karakterizasyonunda  kullanilabilirligi
degerlendirilecektir. Bu yaklasimin, mevcut tanisal yontemlere
tamamlayict bir katki saglayarak, klinik uygulamalarda kullanim
potansiyelini arttirmasi beklenmektedir.

2. GENEL BILGILER
2.1. Losemi Hastahgi

Losemi, ¢ocuklarda ve yetiskinlerde yaygin goriilen bir
malignitedir ve normal hiicre duzenleyici slreclerdeki
degisiklikler kemik iligindeki hematopoietik kok hiicrelerin
kontrolsiiz ¢ogalmasina neden oldugunda ortaya ¢ikar. Amerika
Birlesik Devletleri’nde 16seminin yasa gore ayarlanmis insidans
orant her yil 100.000 kiside 12,8’dir. Losemi prevalansi
genellikle beyazlarda ve erkeklerde daha yiiksektir ve yasla
birlikte artar. Yaklasik 70 kisiden biri yasami boyunca l6semi
gelistirir. Birincil bakim hekimlerinin en sik karsilastigi dort
I6semi alt tipi akut lenfoblastik, akut miyeloid, kronik lenfositik
ve kronik miyeloiddir (Davis vd., 2014).
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Loseminin erken anlagilmasiyla ilgili giincel literatiir
genellikle taninmada 6nemli rol oynayan bir veya iki hekime
odaklanmistir. Alfred Velpeau, Alfred Donné, John Bennett ve
Rudolf Virchow, 16semiyi kesfeden “kisi” olarak siklikla anilan
dort kisidir. Bu, giincel literatiirde l0seminin kesfi ve erken
tarihi hakkinda bir fikir birligi olmadigini agik¢a gostermektedir
(Kampen, 2012).

Kiresel olarak, 2018’de l6semi, 437.033 vaka ve
309.006 oliimle en sik teshis edilen kanserler arasinda on besinci
sirada yer almis ve kotii huylu hastaliklar nedeniyle on birinci
O0lim nedeni olmustur. Belirli genetik bozukluklart olan
bireylerin 16semi gelistirme oraninin daha yiiksek oldugu
bilinmektedir. Li Fraumeni sendromu, Down sendromu,
Shwachman sendromu, nérofibromatozis tip 1, Fanconi anemisi,
ataksi-telenjiektazi, Bloom sendromu, Klinefelter sendromu ve
Diamond Blackfan anemisi gibi bozukluklar1 olan kisiler 16semi
gelistirme agisindan daha yiiksek risk altindadir (Tebbi, 2021).

Genetik, I6seminin etiyolojisinde 6énemli bir rol oynar.
Akut 16semilerin patogenezinde genetigin etkileri en ¢ok 6zdes
ikizlerde belirgindir. Ozdes ikizlerden biri 7 yasindan once
hastaliga yakalanirsa, digerinin bu hastalifa yakalanma olasiligi
genel poplilasyondan iki kat daha fazladir. Losemi gelistirme
olasilig1 daha sonra zamanla azalir. 15 yasina kadar losemi
gelistirmeden ulasan ikizin bu hastalifa yakalanma riski
ortalama populasyondan daha yiiksek gérinmemektedir. Losemi
vakalarinin ¢ogunda bilinen belirgin bir yatkinlik faktorii
bulunmamakla birlikte, baz1 genetik ve edinilmis germ hatti
mutasyonlart ve klonal kromozomal anormallikler I6semi
insidansinin artmasiyla iligkilidir. Otozomal dominant sekilde
kalitilabilen ve potansiyel olarak 16seminin gelisimine neden
olabilen tanimlanmis genler arasinda CEPBA, RUNXI ve
GATAZ2 bulunur (Tebbi, 2021).
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2.1.1. Akut Loésemi

Akut lenfoblastik 16semi (ALL) her y1l Amerika Birlesik
Devletleri’nde 3000 ile 4000 kisiye teshis edilir; bunlarin tigte
ikisi gocuktur. Cocuklarda yaklasik %80’lik mevcut iyilesme
orani, hastaligin direngli alt tipleri i¢in etkili tedavilerin
gelistirilmesinde kayda deger ilerleme oldugunu gostermektedir.
Ilerleme,  presemptomatik  16semi  i¢in  kombinasyon
kemoterapisinin  ve  merkezi sinir  sistemi  tedavisinin
baslatilmasindan, yiiksek niiks riski olan hastalar i¢in daha yeni,
yogun tedavi rejimlerine kadar kademeli olmustur. Buna
karsilik, ALL’li yetiskinlerin yalnizca %30 ile %401
tyilesmektedir. Bu tutarsizlik, kismen yetiskinlerin I6semik
lenfoblastlarindaki olumsuz genetik anormalliklerin daha ytiiksek
sikligina baglanabilir (Pui ve Evans, 1998).

ALL, cok soylu potansiyele sahip ilkel hiicreler de dahil
olmak {izere, gelisimin belirli bir asamasinda bloke edilen
herhangi bir lenfoid hiicreden gelisebilir. Cogu durumda Auer
cubuklari, miyeloperoksidaz veya monosit iliskili esterazlarin
varligiyla kolayca tanimlanabilen akut miyeloid 16semik
hlcrelerin aksine, 16semik lenfoblastlar spesifik morfolojik veya
sitokimyasal 6zelliklerden yoksundur, bu nedenle ALL tanisi
immiinofenotiplemeye baglidir (Pui ve Evans, 1998).

ALL, farkli tlkelerde 100.000 cocukta 0,9 ile 4,7
arasinda degisen siklikta goriilen baskin bir c¢ocukluk ¢ag:
I6semi turudur. Radyasyon, cevresel etkenler, annede alkol
tilketimi ve babada sigara kullanimi ¢ocuklarda ALL riskinin
artmasiyla iligkilidir. ALL, hematopoietik hticrelerdeki genetik
degisikliklerden kaynaklanan klonal bir hematolojik hastaliktir.
Transkripsiyon faktorii onkogenlerindeki genetik degisiklikler
esas olarak lokomogenez surecinde rol oynar. ALL’nin
kombinasyon tedavisi kullanilarak tedavisi, ¢ocuklarda sagkalim
oranint Onemli Ol¢iide iyilestirmigstir. Kliniklerde, minimal
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rezidiiel hastaligr tespit etmek icin olduk¢a hassas PCR
teknikleri uygulanmaktadir (Ramesh vd., 2002).

Akut miyeloid l6semi (AML), hematopoietik sistemin
proliferatif, klonal, anormal sekilde farklilasmis ve bazen de
zayif sekilde farklilasmis hiicrelerinin kemik iligi, kan ve diger
dokulara sizmasiyla karakterize bir kanser tiiriidiir. 50 yil 6nce
tedavi edilemez olmasina ragmen, AML artik 60 yas ve lizeri
yetiskin hastalarin %35 ile %40’ inda ve 60 yas lizeri hastalarin
%5 ile %15’inde tedavi edilmektedir. Kabul edilemez yan
etkiler olmadan yogun kemoterapi alamayan yasli hastalardaki
sonug, yalnizca 5 ile 10 aylik ortalama sag kalimla i¢ karartic
olmaya devam etmektedir. AML’nin sitogenetik heterojenligi 30
yildan uzun siiredir bilinmesine ragmen, hastaligin molekiiler
heterojenligi daha belirgin hale gelmistir (D6hner vd., 2015).

AML, normal iligin kotii huylu hiicrelerle degistirildigi
miyeloid o6ncul hicrelerin  kontrolstiz  proliferasyonu ile
karakterize  bir  hematolojik  malignitedir.  Biyokimya
degisiklikleriyle birlikte bozulmus hematopoezise yol agar.
Yogun kemoterapi tedavisine ragmen ve siklikla otolog veya
allojenik kok hiicre nakliyle takip edilmesine ragmen, yine de
hastalarin yaklasik %40°1 niiks yasar. AML tanisi, immiinolojik,
sitopatolojik ve molekiiler prosediirler yoluyla miyeloblastlar
gosteren periferik kan (PB) yaymas1 ve kemik iligi (BM) biyopsi
incelemesine dayanir. Ancak, BM aspirasyonu hastalar i¢in agir
bir yiiktiir ve oOzellikle erken teshis veya sonraki ziyarette
oldukca travmatik olabilir. Burada, 16semi 06zelligini
degerlendirmek icin PB kullanimi1 erken teshis veya sonraki
ziyaret icin cekici bir alternatif kaynak olmaktadir (Xie vd.,
2023).

Cocukluk l6semisine iligkin ¢ retrospektif vaka
incelemesine gore (vakalarin %75 ile %100°0 akut lenfoblastik
I6semi), yaygin goriilen belirti ve semptomlar arasinda ates

172



Akademik Perspektiften Fizik

(%17 ile %77), uyusukluk (%12 ile %39) ve kanama (%10 ile
%45) yer alir (Rogalsky vd., 1986; Ma vd., 1997; Sinigaglia vd.,
2008). Cocuklarin yaklasik {igte birinde, 6zellikle omurga ve
uzun kemiklerde olmak (zere kas-iskelet sistemi semptomlari
ortaya ¢ikar, %75’inde karaciger veya dalakta buyime gozlenir
ve yaklasik %60’ 1nda lenfadenopati vardir. Merkezi sinir sistemi
tutulumu, tan1 sirasinda ¢ocuklarin  yaklasik  %7’sinde
mevcuttur. Akut miyeloid 16semi yetiskinlerde akut lseminin
%80’ini olusturur. Yetigkinler ayrica ates, yorgunluk ve kilo
kayb1 gibi semptomlar gdsterir. Nefes darlig1 veya gogiis agrisi
gibi anemiyle iliskili semptomlar veya kadinlarda agir1 morarma,
burun kanamasi veya agir adet donemleri gibi trombositopeniyle
iliskili semptomlar gosterebilirler. Yetiskinlerin kemik agrisiyla
gelisme olasihgr daha distiktir. Hepatosplenomegali ve
lenfadenopati akut miyeloid 16semili yetiskinlerde nadirdir,
ancak akut lenfoblastik I0semili yetiskinlerin yaklasik
%50’sinde bulunur. Merkezi sinir sistemi tutulumu akut
lenfoblastik 16semili yetiskinlerin yaklasik %5 ile %8’inde
goralur (Davis vd., 2014).

2.1.2. Kronik Ldsemi

Kronik miyeloid 16semi (KML), dondstiiriilmiis, ilkel
hematopoietik progenitor hiicrelerin klonal miyeloproliferatif
genislemesidir. Miyeloid, monositik, eritroid, megakaryositik,
B-lenfoid ve ara sira T-lenfoid soylar1 igerir. KML, karyotipin -
Philadelphia (Ph) kromozomunun - belirli bir anormalliginin
lokomogenezin patogenetik olaylariyla iliskilendirilebildigi ilk
insan hastaligidir. Biyolojik bir ajanla (interferon) tedavinin
l6semik klonu baskiladigi ve sagkalimi uzattigi bulunan ilk
neoplaztik hastaliklardan biriydi. Heterojen olmasina ragmen,
KML molekiiler diizeyde en iyi karakterize edilmis 16semi olup,
baslamasinda ve ilerlemesinde yer alan molekiiler olaylar1 daha
fazla tanimlamaya ve bu olaylar1 klinik belirtilerle, hastaligin

173



Akademik Perspektiften Fizik

seyriyle ve terapotik miidahalelerle iligkilendirmeye yardimci
olmustur (Faderl vd., 1999).

Kronik 16semi alt tipleri neredeyse yalnizca yetiskinlerde
goriiliir. Kronik 16semi hastalar1 tani aninda asemptomatik
olabilir. Kronik lenfositik 16semi hastalarinin yaklagik %50°’si ve
kronik miyeloid 16semi hastalarinin %20°si, ilgisiz bir nedenle
aliman tam kan sayiminda belirgin 16kositoz bulundugunda,
tesadiifen tani alir. Semptomlar daha az yaygindir ve kronik
lenfositik 16semi hastalarmin %15’inde ve kronik miyeloid
l6semi  hastalarin  yaklasik  iicte  birinde  goriliir.
Hepatosplenomegali ve lenfadenopati, kronik lenfositik 16semili
kisilerde yaygin fiziksel muayene bulgularidir. Splenomegali,
kronik miyeloid 16semi hastalarinda yaygindir; biiyiik,
retrospektif bir incelemede, hastalarin %75’inin elle muayene
edilebilen bir dalagi vardi. Kanama ve morarma kronik 16semi
alt tiplerinde daha az gorulen 6zelliklerdir (Davis vd., 2014).

2.2. Fourier Doniisiim Infrared (FTIR)
Spektroskopisi

Infrared (kizilotesi) (IR) spektroskopisi, son on yilda
hematoloji alanina 6nemli katkilarda bulunmustur. Kandaki ii¢
hicresel elementin, yani l6kositlerin, eritrositlerin  ve
trombositlerin normal fizyolojisi ve patolojik degisiklikleri, bu
yontemle kapsamli bir sekilde incelenmistir. Bu yontem kan
hiicrelerindeki makromolekiillerin yapilarindaki ince
degisiklikleri ortaya cikararak, cesitli yaygin hematolojik
bozukluklar1  teshis etmek i¢in kullanilan  geleneksel
biyokimyasal analizlere ideal bir tamamlayict analitik arag
haline gelmistir. Bu tiir gelencksel analizler, eritrosit membran
akiskanligimi  ve konformasyonel degisiklikleri belirleyen
molekiiler yapt Ol¢limlerini, trombosit membranlarinin lipit
profilini ve lokosit proliferasyonu ve farklilasma analizlerini
igerir. IR spektroskopik tabanli teknikler, DNA degisikliklerini,
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proteinlerdeki ikincil yapisal degisiklikleri analiz etmek ve
hicresel lipitlerin durumlarin1 belirlemek igin kullanilabilir.
Molekiiler ve biyomedikal agidan, IR spektroskopisi l6semi ve
talaseminin tanis1 ve prognozu, kemoterapi hastalarinda ilag
duyarliligin1 ve direncini tahmin etmek ve daha yakin zamanda
kan hicrelerindeki apoptotik  surecleri  incelemek icin
arastirilmistir. Bu c¢alismalar ilaca direngli hastalarin erken
teshisi ve hematolojik bozukluklarin, 6zellikle malignitelerin
erken teshisi konusunda biiyiik umut vadetmektedir. Dahasi, IR
spektroskopik tabanli arastirmalar, kan hiicrelerindeki molekiiler
degisiklikleri ¢ok erken bir patogenez asamasinda ortaya
cikararak hematolojik bozukluklarin altinda yatan spesifik

mekanizmalarin agikliga kavusturulmasini saglayacaktir (Liu
vd., 2005).

Fourier doniisiim infrared (FTIR) spektroskopisi, son
zamanlarda yilda 6nemli gelismeler kaydeden, daha kolay, daha
hizli ve daha nesnel tanilar vaat eden bir alandir. FTIR
spektroskopisi, bir spektrum bigciminde go6rinen madde ve
elektromanyetik radyasyon arasindaki etkilesimleri inceler. Her
molekilin, kendisini benzersiz kilan ve diger molekiillerden
ayirt edilmesini saglayan bir spektrum izi vardir. FTIR
spektroskopisi ayrica hiicresel degisiklikleri izlemek i¢in etkili
ve tahribatsiz bir yontemdir. FTIR spektral analizi, ¢esitli organ
hastaliklarinin karakterizasyonunun yani sira proteinler (Cooper
ve Knutson, 1995), niikleik asitler (Liquier ve Taillandier, 1996;
Banyay vd., 2003) ve lipitler (Brandenburg ve Seydel, 1998)
gibi  farkli  biyomolekiillerin  belirlenmesine  olanak
saglamaktadir. Spektroskopik tekniklerin kanser tespitindeki
Onemini vurgulayan ¢esitli arastirma belgeleri literatiirde
yayinlanmigtir (Mantsch ve Chapman, 1996; Mostaco-Guidolin
vd., 2009; Gremlich, 2001). FTIR, numuneyi olusturan
molekiiler konformasyonlari, baglanma tiplerini, fonksiyonel
gruplar1 ve molekiiller aras1 etkilesimleri kesin olarak belirlemek
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icin bireysel bantlara veya fonksiyonel gruplara bakarak
hiicrelerin ve dokularin farklilasmasma ve karakterizasyonuna
odaklanir (Fadlelmoula vd., 2022).

FTIR teknigi, numunelerin molekiiler bilesimine 151k
tutabilen tahribatsiz bir spektroskopik aractir. Genellikle orta
infrared (MIR) bolgesinde (400-4000 cm™) spektral parmak izi
saglar ve niikleik asitlere, proteinlere, karbohidratlara ve lipitlere
karsilik gelen karakteristik absorpsiyon piklerine sahiptir.
Standart tan1 araglarinin aksine FTIR, hizli, uygun maliyetli ve
tekrarlanabilir bir aragtir. Bir avantaj olarak, bu teknikte numune
hazirlama  asamasinda  hemen  hemen  hi¢  zorluk
cekilmemektedir. Son yillarda, birgcok ¢alisma FTIR
spektroskopisinin  dokularda, hiicrelerde ve biyosivilarda
kansere 0Ozgii kimyasal degisikliklerin erken tespitine
uygulanmasini gostermistir, bdylece neoplazmlarin taranmasi ve
erken teshisi i¢in kullanilabilecegi potansiyelini arttirmistir (Su
ve Lee, 2020; Chaber vd., 2021).

Orta infrared bolgesinin (MIR), insan serumlarinin FTIR
spektrumunu kullanarak hastalik modellerinin tanimlanmasinda
yararli oldugu gosterilmistir (Staib vd., 2001). Glikoz, toplam
protein, kolesterol ve iire gibi serum bilesenlerinin hassas bir
sekilde belirlenmesi bu boélgede FTIR teknigi kullanilarak
gerceklestirilmistir (Erukhimovitch vd., 2006). MIR bolgesinde,
infrared radyasyonu tanimlamak icin dalga boyu yerine dalga
sayist (cm™) kullanilir. Dalga sayis1 (v), dalga boyu (A) ve
frekans (v) ile iliskilidir:

v=v/(c/n)=1/2

burada c, 15181n vakumdaki hizidir (3x10%° cm/s) ve (c/n) 151810
kirilma indisi n olan bir ortamdaki hizidir (nhava = 1.00). Bu
nedenle, dalga sayilarinda MIR spektral bdlgesi 4000 ile 400
cm ! arasinda uzanir (Gaffney vd., 2012). Uluslararasi Birimler
Sistemi (SI) tarafindan infrared spektral bdlgede 6nerilen dalga

176



Akademik Perspektiften Fizik

boyu birimi mikrometredir (um), ancak mikron (u) Ozellikle
eski literatlirde siklikla birbirinin yerine kullanilir. Dalga sayilari
ve dalga boylan asagidaki denklem kullanilarak birbirine
doniistiiriilebilir:

v (cm™) = pm x 10

3. SONUC

Ramesh ve ark. (2002), B ve T hiicreli ¢ocukluk ¢agi
I6semi hastalarindan kemoterapiden o6nce ve sonra alinan
kandan periferik lenfositleri izole etmis ve izole edilen
lenfositlerin FTIR spektrumlarin1 kaydetmistir. Kontrol grubu
ile tedavinin baslamasindan Onceki hastalardan alinan 6rneklere
ait spektrumlar arasinda oOnemli bir spektral degisiklik
gdzlenmemistir. Fosfat grubunun simetrik (1000-1100 cm™) ve
asimetrik (1200-1245 cm™) titresim bdlgelerinin ve ayrica
proteinlerden kaynaklanan amid Il bdlgesinin absorbansinda
kiiglik degisiklikler meydana gelmistir. 15 ve 30 gunlik
tedaviden sonra elde edilen spektrumlar incelenmis ve nikleik
asitlere karsilik gelen fosfat bantlarinin absorbansinda agikca
azalma gorlilmiistiir. Ayrica niikleik asitlerdeki fosfodiester
baglarinin simetrik gerilme titresimini belirten 965 cm™ bandi,
islemden Once ve sonra sgiddet¢e azalma gdOstermistir.
Kemoterapi islemden onceki 6rnek ile islemin son (22/30) giinii
arasindaki farkin biiyiikk oldugu ve fosfat iceren metabolitlerin
simetrik ve asimetrik gerilme titresiminde meydana geldigi
saptanmistir. Ote yandan, kemoterapi tedavisi, B hiicreli ALL
hastasinin spektrumlarinda gozlemlenebilen hiicrelerde koklii
molekiiler degisikliklere neden olmustur. Ayni ¢alismada,
tedaviden once T hiicreli ALL hastasindan izole edilen
lenfositlerin spektrumlar1 kontrollerle karsilagtirildiginda fosfat
bolgesinde absorbans degisiklikleri gostermemistir. 1400-1600
cmt arasindaki bélgede, kontroller ile tedaviden dnceki drnek
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arasindaki siddette belirgin degisiklikler bulunmustur. Protein
konsantrasyonunda azalma, amid II bandi i¢in daha diisiik
siddetle belirginlesmistir. Kemoterapi tedavisi sirasinda,
spektrumlarda  6nemli  degisiklikler meydana gelmistir.
Tedavinin 11. giiniinde olgiilen spektrumlar, 900-1800 cm™
spektral bolgesindeki absorbansin ani bir sekilde azaldigini ve
fosfat bolgesindeki piklerin  genisledigini gostermektedir.
Tedavinin 22. gininde toplanan spektrumlar, tedaviden onceki
(0. giin) spektruma kiyasla 1000 ile 1200 cm™ arasindaki
bolgede ¢ok daha diisiik absorbans ile 6nemli 6lctide daha diisiik
fosfat igerigi gostermistir. Bu durum, kemoterapi tedavisi
nedeniyle hem B hem de T hucreli hastalarda blast (kanserli B
veya T hucreleri) yizdesindeki belirgin azalma ile uyumludur.
Bir haftalik kemoterapi tedavisinden sonraki spektrumlarin,
blast yuzdesinde ciddi bir azalma ile lenfositlerin normal
popiilasyonuna karsilik geldigi belirtilmistir (Ramesh vd., 2002).

Erukhimovitch ve ark. (2006), 16semi hastalarinin
izlenmesi ve tanimlanmasi i¢in biyobelirte¢ gorevi gorebilecek
spektral parametreleri saptamak amaciyla insan plazma
orneklerinin  analizi i¢in  Fourier donisim infrared
mikrospektroskopisi  (mikro-FTIR)  kullanmistir.  Plazma
ornekleri, kronik lenfositik l6semi hastasi saglikli ve hasta
kisilerden elde edilmis ve mikro-FTIR ile analiz edilmistir.
Saglikli ve losemi hastalarinin FTIR spektrumlarinin benzer
oldugunu, ancak hasta orneklerinin bazi1 bolgelerde saglikli
kisilerden farkli oldugunu gostermektedir. Spektrumlardaki
1643 ve 1544 cm™! absorbans bantlari, sirasiyla amid | ve Il
bantlarina karsilik gelmektedir. Amid I bandi, C=0 hidrojen
bagli gerilme titresimlerinden, amid II ise C-N gerilme ve CNH
biikiilme titresimlerinden kaynaklanmaktadir. 1270 cm*’deki
amid III bandi, C-N gerilmesi ve N-H bukilmesinin
birlesmesinden kaynaklanan proteinler tarafindan
saglanmaktadir. 900-1300 cm’deki bantlar sakkaritlerin
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(glikoz, laktoz ve gliserol) C-O biikiilme modlarina, 1360-1430
cmY’deki pikler amino asitlerin COO~’suna ve 1430-1480 cm™
ise yag asitlerine, fosfolipitlere ve trigliseritlere karsilik
gelmektedir. Elde edilen tim spektrumlar dikkatli bir sekilde
incelenmis ve birka¢ spektral parametre losemi hastalarinin
tespiti  i¢in  olast  gelecekteki  biyobelirtegler  olarak
tanimlanabilmistir.  Bunlardan ilki, kontrol  &6rnekleriyle
karsilastirildiginda, 16semi hastalarinin serumlarinda 1056 cm~
L'deki pikte 6nemli ve tespit edilebilir bir azalma oldugunu
gostermistir.  Bu  spektral pik karbonhidratlara karsilik
gelmektedir. Ikincisi, 1270 cm™’deki pik siddeti losemi
orneklerinde normal oOrneklerle karsilastirildiginda onemli
Olctde daha diisiik oldugu ve bu spektral pikin amid III bandina
karsilik geldigi saptanmustir. Ugiinciisii, amid | ve 1l pikleri
arasindaki 1592 cm™’deki pikin tim hasta érneklerinde énemli
Olgiide azaldigi goriilmiis ve bu spektral pikin amino asitlerin
O(NHz2) a¢1 bikiilmesi durumuna karsilik geldigi ortaya
konulmustur (Erukhimovitch vd., 2006).

Sahu ve ark. (2006), FTIR spektroskopisini ldsemi
hastalarinda kemoterapi sirasinda ilaglarin etkinligini izlemek
i¢cin ve yetiskin AML hastasinin beyaz kan hiicrelerinde (WBC)
meydana gelen spektral degisiklikler saptamak icin kullanmistir.
Kemoterapi  sirasinda  normalize  edilen  spektrumlarin
siddetlerinde, karbohidratlar, niikleik asitler, lipitler ve diger
hiicresel bilesenler gibi biyokimyasallara karsilik gelen cesitli
dalga sayilarinda dinamik degisiklikler oldugu goriilmektedir.
Siddet degisikliklerinin belirgin oldugu dalga sayilarindan biri,
niikleik asitler ve lipitlerden kaynaklanan absorbansa karsilik
gelen 966 cm™ civarindaki bant oldugu saptanmustir. Ayrica
spektrumlarin ikinci tiirevleri de alinarak dalga sayilarinda bir
kayma olup olmadigi incelenmistir. Spektrumlarda 0. ve 4.
ginde normal yetiskine kiyasla birka¢ bantta siddet azalmasi
saptanmigtir  ve bu durumun l6semi nedeniyle ilgili
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biyokimyasallarin miktarinin azaldig1 yoniinde yorumlanmuistir.
Glikojen (karbohidratlar) ve fosfatlar, 900-1185 cm™
bolgesindeki absorbansa ¢ogunlukla katkida bulunan molekiiller
olmustur. Absorbansin lipitlerden ve proteinlerden gelen CH2 ve
CHs gerilme titresimlerinden kaynaklandign 2800-3000 cm™*
bolgesinde biiyiik farkliliklar oldugu belirlenmistir. 27. ginde
hastanin normal sekilde taburcu edilmesiyle birlikte, hastanin
WBC spektrumunun her iki bdlgede de saglikli goniilliilerin
WBC spektrumlarina ¢ok benzedigi ortaya konulmustur. Amid
II/Amid I absorbans oraninin degisimi, nikleik asitlerdeki
degisimi temsil etmektedir ve bu oranda 6nemli dalgalanmalar
oldugu gozlemlenmistir. Kemoterapinin sonunda ise amid
II/amid I oram kontrol grubuna benzer sekilde normal bir
seviyeye ulasmigtir. Amid [lI/Amid | orani, Orneklerdeki su
miktari, protein konformasyonu ve bilesimi, niikleik asitlerin
varligi/konformasyonu (amid I siddetini etkileyen faktorler) gibi
cesitli diger parametrelerden etkilenebilmektedir ve bu nedenle
gunden gine biiyiik degiskenlik beklenebilmektedir. Plazma
membranindaki lipitler, esas olarak membran stabilitesini,
akigkanligini ve membran enzimatik aktivitesini belirleyen
fosfolipitlerden olusmaktadir. Bu nedenle, WBC’lerde lipit
absorbansinin izlenmesi 6nemli bir tam parametresidir.
Lipit/protein oranlari, 2852, 1740 ve 1400 cm V’deki siddetler
kullanilarak hesaplanmaktadir. Yetiskin i¢in lipit/protein orani
kemoterapi sonlandirildiginda 7. giine kadar azalir ve daha sonra
oran artar. Tedavinin sonundaki son degerler normal bir
seviyeye ulasir ve bdylece FTIR spektroskopisine dayali tani
icin c¢ikarimlar yapabilmektedir. Ayrica, sifirinct giindeki
baslangi¢c degerinin, saglikli grupla benzer olan son degerden
biraz daha diisiik oldugu da belirtilmektedir. Bu nedenle, bu
oran kemoterapi sirasinda WBC popiilasyonunda normalligi
izlemek icin 6nemli bir parametre olabilmektedir (Sahu vd.,
2006).
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Sheng ve ark. (2013), 16semi hastalarinin serum
orneklerini saglikli kisilerin serum ornekleri ile karsilagtirmak
icin FTIR spektroskopisi kullanmistir. Lésemi hastalarinin
serum Orneklerinin infrared spektrumlarinin saghkli kisilerin
serum Orneklerinin infrared spektrumlarina benzer oldugu,
spektrumlar arasinda belirgin bir pik kaymasi olmadigi ve tim
orneklerin proteinlerden, lipitlerden ve nikleik asitlerden
olustugu belirtilmistir. Losemi hastalarinin serum orneklerini
saglikli kisilerin serum Orneklerinden ayirt etmek igin: 1079,
1542, 1045, 1467, 2959, 2931 cm™ pikleri secilmis ve pik
yiksekligi (H1045, H1079, H1467, H1542, H2959, H2931)
Olglilmiistiir. Daha sonra, H1079/H1542, H1045/H1467 ve
H2959/H2931 oranlar1 hesaplanmis ve l0semi hastalarinin
serum Ornekleri ile saglikli kisilerin serum Ornekleri arasindaki
farkliliklar1 karsilagtirmak icin bagimsiz t-testi kullanilmistir.
1079 cm™ civarindaki band PO2’nin simetrik titresiminden
kaynaklanirken, 1542 cm™ civarindaki bant C-N gerilmesinden
ve N-H bikiilmesinden kaynaklanmaktadir. H1079/H1542
(DNA/proteinler) orani saglikli kisileri kanser hastalarindan
ayirt etmek icin yaygmn olarak kullanilan bir faktordiir.
H1079/H1542’nin ortalama degeri 16semi hastalar1 i¢in 0,247
iken saglikli kisiler i¢in 0,284 olarak bulunmustur. Bagimsiz t-
testi H1079/H1542’nin P degerinin 0,2099 oldugunu goéstermis
(P > 0,05) ve bu durumun 16semi hastalar1 ile saglikli kisilerin
H1079/H1542 oranlarinin 6nemli Olglide farkli olmadigim
ortaya koymus olup H1079/H1542 orani 16semi hastalarini
saghkli kisilerden ayirt edememistir. 1045 cm™ band
karbohidratlardaki C—O gerilmesine baglidir ve glikojeni temsil
ederken, 1467 cm™ bandi kolesterolii temsil etmektedir.
H1045/H1467 nin ortalama degeri l6semi hastalar1 i¢in 2,85
iken saglikli  kisiler i¢in 3,53’tUr. Bagimsiz t-testi,
H1045/H1467 nin P degerinin 0,0514 (P > 0,05) oldugunu
gostermis ve losemi hastalar1 ve saglikli kisiler arasindaki
oranlarin 6nemli Olgiide farkli olmadigini ortaya koymustur.
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2959 cm™t bandi metil gruplarindaki asimetrik C-H
gerilmesinden ve 2931 cm™ bandi metilen gruplarindaki
asimetrik C-H gerilmesinden kaynaklanmaktadir. H2959/H2931
orant CH3s/CH2’yi temsil etmektedir. H2959/H2931’in ortalama
degeri 16semi hastalar1 i¢in 0,988 iken saglikl kisiler ic¢in 1,18
olarak bulunmustur ve bu durum 16semi hastalarinin
serumundaki lipitlerin saglikl kisilerin serumundakilerden daha
uzun zincirlere ve/veya daha az dalli zincire sahip oldugunu
ortaya koymaktadir (Sheng vd., 2013).

Chaber ve ark. (2021), en yaygin pediatrik neoplazm
olan B hicreli 6ncil lenfoblastik 16semiyi (BCP-ALL) tespit
etmek ve erken tarama icin yeni biyobelirtecler belirlemek
amaciyla BCP-ALL’li 10 hastanin kan serumlarini ve neoplazm
disindaki bazi rahatsizliklar1 olan 10 ¢ocugun kontrol 6rneklerini
FTIR spektroskopisi ile incelemistir. Losemi hastalarina ve
saglikli bireylere ait orneklerin ortalama spektrumlar1 arasinda
belirgin bir pik kaymasi gozlemlenmemis iken bazi piklerin
siddetleri arasinda birka¢ farkliliklar bulunmustur. En 6nemli
kaymanin, amid | bandma (1700-1600 cm™?) karsilik gelen pik
icin gozlemlendigi ve bunun peptit baglarinin C=0 gerilme
titresimlerinden kaynaklandigi ortaya konulmustur. Kontrol
grubunun ortalama FTIR spektrumunda amid I bandinin
maksimumunun pozisyonu 1645 cmY’de iken BCP-ALL
hastalariin ortalama spektrumunda ayni pik maksimumu 1641
cm e kaymistir. BCP-ALL grubu igin 1641/1537, 2926/1641,
2926/1537, 1070/1239, 3277/1537, 3277/1641 ve 1641/1239 ve
kontrol grubu igin 1645/1538, 2924/1645, 2924/1538,
1071/1241, 3278/1538, 3278/1645 ve 1645/1241 pik alam
oranlar1 hesaplanmistir. Pik alani oranlarmin ¢ogunlugu her iki
grup arasinda anlamli olarak farkli degil iken 2965/1645 pik
alan1 orami anlamli olarak farkli bulunmustur (Chaber vd.,
2021).
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METAL-ORGANIK KAFES (MOF)
YAPILARIN OPTIK OZELIiKLERININ
INCELENMESI

Ali UGUR!
Arife GENCER IMER?

1. GIRIS

Metal-organik kafes (MOF) yapilar, metal iyonlarinin
poli-fonksiyonel organik baglayicilarin ii¢ boyuta kadar ag
olusturabilen, kristal yapida, goézenekli son derece diizenli
polimerleridir (Lee et al. 2009). Basta gaz depolama, ayirma ve
kataliz gibi alanlarda kullanilsa da gilinlimiizde fotonik ve
optoelektronik alanlarda da 6n plana ¢ikmaktadirlar (Rosi et al.
2003). MOF’larin  optik  ozellikleri  ayrintili  olarak
anlagilabilmekte ve fonksiyonel malzemelerin tasarimi miimkiin
hale gelmektedir. Tasarlanmis bir ince filmin optik ve elektriksel
yapisini anlamak ve bunlardan tam olarak yararlanmak igin
optoelektronik cihazlarin performansini artirmaya yonelik
semalar gelistirmek cok onemlidir. Birgok malzeme arasinda,
MOF'lar benzersiz yapisal 6zellikleri (Metal iyonlar1 ve organik
ligandlardaki degisim), ayarlanabilir optik 6zellikleri nedeniyle
son zamanlarda optik ince filmlerin Gretimi icin pratik bir secim
olarak ortaya ¢cikmistir (Zhai et al. 2022).

Optik  malzemelerin ~ temel  Ozelliklerinden  ve
parametrelerinden biri kirilma indisidir. MOF'un optik sabitini

L Dr., Van Yiiziincii Y1l Universitesi, Fen Fakilltesi, Fizik, uguralil976@gmail.com,
ORCID: 0009-0007-6241-0303.

2 Prof., Van Yizlncl Yil Universitesi, Fen Fakdltesi, Fizik,
gencerimerarife@gmail.com, ORCID: 0000-0002-8147-9169.
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belirlemek i¢in elipsometrik yontem ve girisim sagaklar1 yontemi
gibi cesitli yontemler vardir. Dikkat edilmesi gereken onemli
nokta, MOF ince filmlerinin etkin kirilma indislerinin MOF toz
malzemelerinin i¢sel kirilma indislerinden farkli olmasidir
(Sabzehmeidani et al. 2024).Ince film iiretimi sirasinda olusan
parcaciklar arasi gdzenekler bu tutarsizhigin nedenidir.
Sentezlenen ince filmin kirtlma indisi, film yogunlugu arttik¢a
MOF toplu kirilma indisine yaklasir (Multilayer Thin Films
Versatile Applications for Materials Engineering n.d.).

MOF yapilarin kullanilmasindaki temel amaglardan biri,
emisyon merkezlerinin, inorganik ve organik kimyayi
birlestirerek yapisal ¢esitliligin 6zelliklerini 6rneklendirmek igin
"coklu fotonik birimler" tarafindan olusturulabilmesi nedeniyle
umut verici optik algilama malzemeler olmalaridir (Jiang et al.
2018). Bu yapilarin metal iyon ve organik ligandlarin
birlesiminden olugmasi, yakin kizildtesi, UV, goriiniir bolge gibi
farkli dalga boylarinda 151k yayma ozelligi gostermektedir.
Ayrica, MOF yapilar organik ve inorganik gozenekli
malzemelerin bircok 6zelligini barindiran genis yiizey alanina
sahip, ayarlanabilir gézenek boyutu sayesinde farkli kullanim
alanlarinda da 6n plana ¢ikmaktadirlar (Yi et al. 2015).

Ligantlarin metal atomlarina baglanma uzunlugu,
baglanma agis1 ve sikligit MOF yap1 geometrisinde degiskenlik
gosterir. Boylece MOF yapinin yiizey alani, hacmi ve gbzenek
boyutu bu parametrelere bagl olarak degisir ve ayarlanabilir (Li
et al. 2020; Schneemann et al. 2014).

Yaygin olarak kullanilan ve optik alanda pek c¢ok
uygulamasi olan MIL-101, nano-MIL-101, ZIF-67 gibi bazi
MOF yapilarin ylizey alanlar1 ve elde edilisi Sekil 1,2 ve 3’te
gosterilmisti
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Sekil 2. a) MIL-101 yapis1 b) besgen pencereli sirasiyla 29 veya 34
A ¢apindaki mezogozenekli kafeslerin sematik gosterimi (Zou,
Dong, and Zhao 2022).
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Sekil 3. nano-MIL-101 elde edilisi ve sematik gosterimi (Zou et al.
2022).

Yan Wang ve arkadaslarinin 2017’de yaptigi mikrodalga
emici Ozelliklerin arastirmalari, g¢ekirdek-kabuk kompozitinin
maksimum emilim yogunlugu ve emilim bant genisligi agisindan
Oonemli Olciide 1iyilestirilmis EM dalga emilim &zellikleri
sergiledigini gostermistir (Wang et al. 2017).

Dong, M ve arkadaglari, gozenekli yapida liiminesans
katki molekalleri kapsulleme igin ultra yiksek gozeneklilik ve
degistirilebilir i¢ ylizey 6zelliginin avantajindan yararlanilarak,
MOF yapilara ¢cok modlu 6lglim yetenegi kazandirmak igin bir

liminesans boyutu daha eklenebilecegini gostermistir (Dong et
al. 2014).
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Sekil 4. ZIF-8 sematik gosterimi (Xiao et al. 2022).

Bilindigi tizere UV maruziyeti bir¢ok saglik sorununa yol
acmaya devam etmektedir. Yiksek giivenlik ve etkinlige sahip
yeni UV filtrelerine ihtiya¢ duyulmaktadir. Metal-organik
cerceveler, hassas kontrolli sentezle ayarlanabilir optik,
elektriksel ve fotoelektrik 6zellikleri nedeniyle UV filtresi
gelistirme i¢in uygun birer adaydir. Bu bilgilerden yola ¢ikilarak
Jisheng Xiao ve arkadaglar ¢esitli bant aralig1 enerjilerine sahip
dort ¢inko bazli MOF, optik davranislarini aragtirmak ve giines
kremi olarak olasiliklarini degerlendirmek i¢in se¢mistir. Zeolitik
imidazolat cerceve-8 (ZIF-8) yap1 en yiiksek ve en genis UV
yansimasina sahip oldugu, boylece fare derisinde giines yanigina
ve DNA hasarma karsi koruma sagladigi ve hatta domuz
derisinde ticari olarak mevcut UV filtreleri TiO2 veya ZnO ile
karsilagtirilabilir veya daha yiiksek bir anti-UV etkinligine
ulastig1, insan derisiyle iyi korelasyon gosteren bir model
oldugunu gostermislerdir. Ayrica, ZIF-8 diisiik radikal iiretimi,
diisiik cilt penetrasyonu, diisiik toksisite, yiiksek seffaflik ve
ylksek stabilite ile topikal cilt kullanim1 i¢in cazip o6zellikler
sergilemistir. MOF yapilarin daha etkili ve giivenli UV filtreleri
gelistirmek icin yeni bir kaynak olabilecegini gostermislerdir
(Xiao et al. 2022).
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MOF yapilar fiziksel ozelliklerini tanilama hakkinda
yapilan ¢aligmalar MOF film yapisinin belirlenmesinde en 6nemli
etkenlerden birinin ¢6ziicii tiirli oldugunu gdostermistir. MOF
sentezi sirasinda kullanilan ¢oziicii veya ¢oziicii karisiminin
se¢imi, film olusumunu, kristal boyutunu ve film morfolojisini
etkileyebilir. Yilzey modifikasyonu icin, MOFun vyizey
ozelliklerinde istenen degisiklikleri kolaylagtiran c¢oziictlilerin
secilmesi onemlidir. Toksik olmayan veya geri doniistiiriilebilir
cozuculer, MOF sentezi igin diger onemli unsurlardir. Bu
nedenle, gozenekli MOF sentezinde ¢oziiciisiiz yontem diistincesi
iyi bir yaklagim olarak bilinmektedir (Stassin et al. 2020). Sekil
5’te MOF sentezinde kullanilan organik ligandlarin (a) ve
¢ozicundn (b) temsili érnekleri verilmistir.
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Sekil 5. MOF sentezinde kullanilan organik ligandlarin (a) ve
¢cozacundn (b) temsili 6rnekleri (Sabzehmeidani et al. 2024).

Giliniimiizde elektromanyetik kirlilik kaynaklar1 hizla
ilerleyen teknolojik gelismelerin kaginilmaz sonucu ve ¢oziim
bekleyen &nemli problemlerden biridir. Yiksek frekanslarda
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calisan iletisim cihazlarinin yaygm kullanimi nedeniyle,
elektromanyetik ortami1 bozmalar1 muhtemeldir. Elektronik
tesislerden yayilan yedekli elektromanyetik dalgalar, sagligimizi
ciddi sekilde tehdit etmekte ve normal ekipman g¢aligmasini
bozmaktadir (Li et al. 2018). Agirlastirici elektromanyetik dalga
(EMW) kirliligi sorunlariyla basa ¢ikmak i¢in, yiiksek verimli
EMW emilim malzemelerinin arastirilmasi kaginilmaz bir ihtiyag
haline gelmistir (Wu et al. 2025). Bu bilimsel veriler 1s18inda Xue
Zhang ve arkadaglar1 2021 yilinda yaptigr calisma ile MOF
tiirevleri, ¢esitli uygulama gereksinimlerini karsilamasi beklenen
ayirt edici bilegsenler ve yapilar nedeniyle MOF yapilarin yuksek
gbzenek boyutu yapilarin, yiiksek dagilim, giiglii islerligi ve
kolayca ayarlanabilir kompozisyonlar gibi temel 6zelliklerinin
EMW  absorpsiyon  performansmnin  gelistirilmesi  i¢in
kullanilabilecegini dogrulamistir (Zhang et al. 2021).

Huijie Wei ve arkadaglari 2021°de mikrodalga
solvotermal yontemindeki hizli isitilma sonucu, MOF yapilarda
baz1 kusurlarin olustugunu, bu nedenle reaksiyon sicakligini
ayarlayarak, termodinamik durumundan etkilenen kusurlari etkili
bir bicimde duzenlediklerini boylelikle elektriksel ve manyetik
Ozellikleri, optimum empedans uyumu i¢in moddlasyonunu rapor
etmislerdir. Tek bir demir-kinoid MOF'ta manyetizma ve
elektriksel iletkenligin es zamanli uygulanmasi, etkili
manyetizasyon ve diisiik diren¢g degerine katkida bulunurken
ustin bir elektromanyetik empedans uyumu sagladigini
gosterdiler. Reaksiyon sicakligi 160 °C'ye ulastiginda, optimum
mikrodalga emici performansi, 13,8 GHz'de -73,5 dB'lik
maksimum yansima kaybi RL ile elde edildi. Caligmalarin1 kolay
bir mikrodalga solvotermal yoOntemle yiiksek performansl
mikrodalga emici demir-kinoid MOF'larin sentezi igin timit verici
bir durum oldugunu ortaya koydular. Sonucglar, MOF'un icsel
niteliklerinden  yararlanilarak, = malzeme-yap1  birlestirme
stratejisi, yuksek verimli, hafif ve ayarlanabilir mikrodalga
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emicilerin tasarim siirecini basitlestirecek ve yeni nesil yliksek
performansli mikrodalga emici malzemelerin gelistirilmesinde
etkili oldugunu gostermistir (Wei et al. 2021).

Xiuyun Ren ve arkadaslar1 2022 de ayarlanabilir kristal
yapiya sahip bir dizi MOF-uzerine MOF hibrit trevli Cu nano
kiimeleri, EMW emilimi Gzerindeki nano etkiyi incelemek icin
0z-birlestirme yoOntemi ile iretmistir. Cu nano kimelerinin
polarizasyon merkezleri olusturdugunu ve dipol polarizasyonunu
onemli Ol¢lide artiran yerel yiik birikimini indiikledigini
gOstermistir. Ayrica, nano kiimelerin ve karbon aglarinin sinerjik
etkisi yalnizca arayliz polarizasyonunu indiiklemekle kalmadigi,
ayn1 zamanda karbon aglariin iletken kaybini da destekledigini
gostermistir (Ren, Gao, and Wu 2022).

2. MATERYAL VE METOD

Yapilan bu calismada detayli olarak optik ozellikleri
incelemek icin, Oncelikle nano-MIL-101 literatiirde verilen
adimlar izlenerek hidrotermal yontemiyle sentezlenmistir (Ugur
et al. 2022). ilk énce 10 cm® suya 550 mmol tereftalik asit (0.33
mmol) ve Cr (NO3)3.9H20 (0.33 mmol) katilarak hazirlanmaya
baslandi. Elde edilen siispansiyon 1 saat boyunca 20 °C sicaklikta
karistirildi. Bu islemin ardindan otojen basing altinda 180 °C'de
4,5 saat boyunca teflon haneli otoklavda isitildi. Ardindan
sogumaya birakilarak bir siire beklendi. Oda sicakligina geldikten
sonra elde edilen karisim, yeniden kristallesen tereftalik asidi
uzaklagtirmak i¢in Whatman filtre kagidi ile siizdiirtildii. Numune
santriflije birakilarak 12 saat boyunca 12000 rpm'de bekletildi. Bu
islemin ardindan yesilimsi bir toz elde edildi. Son olarak numune
etanol ile birkag kez yikanarak kurutulmaya birakildi (Jiang et al.
2018).

Sentezlenen nano-MIL-101 solisyonu spin kaplama
yontemiyle temizlenmis cam iizerine kaplanarak, ince film
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olusturuldu. Bu filmin optik gecirgenligini ve optik bant
araliginin degerini belirlemek i¢in UV-Vis 6l¢gimi 300-900 nm
araliginda olan ve 2 nm artiglarla Shimadzu UV-2450
spektrometre ile alindi. Bu Olcim MOF filmlerin emilim
spektrumlarini  belirler. Bant arahigi tayini ve optik filtre
ozelliklerinin degerlendirilmesinde kullanilir.

3. BULGULAR VE TARTISMA
3.1. MOF Optik Ozelliklerin incelenmesi

Metal iyonlar ile organik ligandlardaki degisiklikler
nedeniyle MOF yapilarin benzersiz yapisal farkliligi, 6zel optik
Ozelliklere neden olmus ve onlar1 optik uygulamalarda ince
filmlerin liretimi igin pratik bir secenek haline getirmistir. Genel
olarak, MOF vyapilarin ince tabakasinda ligandlar ve metal
iyonlar1 miihendisligi yapilarak, optoelektronik cihazlar igin
dogrusal ve dogrusal olmayan optik oOzellikler elde etmek
miimkiin hale gelmistir (Gupta et al. 2021).

3.1.1. MOF Yapilarin Optik Filtreleme Ozellikleri

MOF ince filmleri, yiiksek ylizey alani, ayarlana bilirlik
ve goOzeneklilik gibi 06zellikleri nedeniyle optik filtrelerde
potansiyel kullanimlarindan dolay1 da dikkat ¢ekmistir. MOF
ince filmleri, dalga boyu secici filtreler, dar
bant filtreler, ayarlanabilir ~ filtreler, polarizasyon filtreleri
ve bant aralikli fotonik filtreler gibi bircok optik filtrede
kullanilmaktadir. Son zamanlarda, ayarlanabilir bant genisligine
sahip MOF ince film tabanli MIM (metal-yalitkan-
metal) rezonatdrler ile ilgili Zhihuan Li ve arkadaslarinin 2024 te
yayimladigir bir ¢alismasinda MOF ince filmlerin, belirli 151k
dalga boylarin1 secgici olarak iletmek veya yansitmak iizere
tasarlamigtir. MOF tabanli MIM rezonatoriinlin yansima rengi,
MOF filmlerinin kalinliklarini kontrol ederek diizenlenmistir. Bu
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nedenle, LBL yontemi ile alt tabaka zerine biriktirilen MOF
tabakasi1 ve MIM rezonatOrii, Au tabakalar:1 arasina ince MOF
filmleri sikistirilarak olusturulmustur; bu, daha biiyiik yiizeylerde
daha yiiksek aydinlatmaya yol a¢mistir. MOF tabanli MIM
rezonatoriiniin A = 520 nm'deki yansimasi, ksilen gazina maruz
kaldiktan sonra 5 saniye i¢cinde 568 nm'ye kirmiziya kayma
yasadi. Bu kayma (48 nm), rezonatdrlerin yiiksek hassasiyetini
gosterdi (Liu et al. 2024) .

Sonug olarak, MOF tabanli MIM rezonatorleri, yiliksek
¢coziinlirliik i¢in ultra ince optik filtreler degil, ayn1 zamanda
kimyasal algilamay1 ilerletmek i¢in genel bir strateji de
gostermektedir.

3.1.2. MOF yap1 nano-MIL-101 Optik Ozellikleri

Metal-organik kafes yapi nano-MIL-101 i¢in sogurma
Olgtimleri UV-Vis spektrometre cihaziyla yapildi ve bu 6lgtimler
sonucunda elde edilen optik bant araligi grafikleri elde edildi.
Burada numunenin optik sogurma katsayis1 a , optik gecirgenligi
T ve kalinlik ise d ile Es.1 gosterilmektedir (Yakuphanoglu et al.
2009).

a=-In (7)/d 1)

Es.1 ile yapilan hesaplamalarla optik sogurma katsayisi
hesaplanir. Yariiletkenlerde optik sogurma katsayist ile optik bant
aralig1 enerjisi Eg arasinda bagint1 ise Es.2 ile verilmektedir (El-
Hagary et al. 2012).

ahv=B(hv—Eg)*? (2)

Es.2 de yer alan B enerjiden bagimsiz sabit bir say1iyi
gostermektedir. Gelen fotonun enerjisini hv temsil etmektedir.
Filmlerin optik bant araligi enerjisi (ahv)Y?- hv grafiginde
dogrusal boélgenin egimi ile ya da dogrusal kisma yapilan fitin
yatay ekseni kestigi nokta ile belirlenir. Boylelikle, (ahv)?=0
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alindiginda enerji eksenini kesen nokta ise optik bant araligina
karsilik gelir (Antoniadou and Lianos 2009; Johannes, Pingak,
and Bukit 2020).

1.0x10"
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< 40107
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T T T T T T
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Sekil 6. MOF-yap1 nano-MIL-101 sogurma-dalga boyu

Sekil 6 nano-MIL-101 sogurma grafigini gostermektedir.
Sogurma smir1 335 nm dalga boyu degerinde baslayip ve
maksimum emilim 265 nm’de tespit edilmistir ve literatiir ile
uyum gostermektedir. Xiaojing Liu ve arkadaslarinin porfirin
baglayicilar ve gozeneklere gomiili Ceo igeren Kristalin,
yonlendirilmis MOF ince filmleri ile yaptig1 ¢alismada 436 nm,
561 nm ve 600 nm'deki emilim bantlar1 porfirin kromoforuna,
330 nm'deki bant ise Ceo' a ait oldugu rapor edilmistir.(Liu et al.
2019).

Have Wang ve arkadaslarinin TiO2 filme katk1 malzemesi
olarak eklenen ZIF-67 mezogozenekli molekiil yapisi sayesinde,
boya molekiillerinin daha fazla baglanmis olmasindan daha
yuksek sogurmanin gerceklestigini gostermistir (Wang et al.
2021). (Wang et al. 2021).
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Sekil 7. MOF yap1 nano-MIL-101gecirgenlik-dalga boyu

Yapilan calismada 320 nm dalga boyundan biiylik dalga
boyu degerlerinde gecirgenlik yiiksek, daha kiiciik dalga
boylarinda ise diisiik oldugu goriilmektedir. Sekil 7'de, diisiik
gecirgenlik gosterilen diger alt gruplari reddederken, optik
spektrumun bir alt kiimesini segici olarak iletir. Optik gozlemler
arasindaki girisimi 6nlemek i¢in, geleneksel spektroskopide ince
bir spektral tepe ve yiiksek bir spektral derinlige sahip ince filmler
tercih edilir. ince film filtre birkag spektral tepe ve foton dalga
boyuna gore gecirgenlik degerinde hizli degisimler gosterir. Bu
nedenle, her filtre ylksek bir optik verime sahiptir, yani
geleneksel bant gecis filtresi yontemine gore i¢inden daha fazla
enerji akar. Bir altlik tizerine kaplanan ince filmler genellikle bu
sekilde davranir. Kaplanan filmin iist ve alt sinirlarindan yansiyan
dalgalarin girisimi, maksimum ve minimumlarin kaynagidir.
Tiim dalgalar ayni fazdadir ve belirli bir dalga boyunda yapici
etkilesime girerler. Bu, gecirgenlikte bir minimum ve yansimada
bir maksimuma yol acar. Tim dalgalar faz dis1 oldugunda,
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yansima grafiginde bir minimum ve gecirgenlik grafiginde bir
maksimum olusur. Ki-Joong Kim ve arkadaslarinin ZIF-8 MOF
kaplamali optik fiber sensor ile ilgili yapmis olduklar1 ¢alismada
ZIF-8 MOF'un 6zgul adsorpsiyon kabiliyetinden kaynaklanan
diger kii¢tik gazlara (H2, N2, O2 ve CO) kiyasla CO2 gazina kars1
yuksek bir secicilik gosterdigini rapor etmistir (Kim et al. 2018).
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Sekil 8. MOF yap1 nano-MIL-101 yansima-dalga boyu grafigi

Sekil 8’de nano-MIL-101 MOF yapimin yansima-dalga
boyu grafigi verilmistir. ~ Beklendigi iizere gegirgenligin
maksimum oldugu noktada yansima minimum iken, gegirgenligin
minimum oldugu dalga boyunda da maximum yansima elde
edilmistir. Imran Kanmaz ve arkadaslarmm CeOz / MOF ile
yapmis olduklari farkli konsantrasyondaki MOF ince filmlerin
sonuclari, DL ince filmde optik olarak etkili oldugu ve hem
yansimayt hem de gecirgenligi iyilestirdigini gdstermistir. Bu
gozenekli yapist ve piiriizlii yiizeyi nedeniyle gelen 1518
yansimasini engelleyen MOF yapilarin emilim kapasitesine
atfedilir (Kanmaz et al. 2024).
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Sekil 9. MOF yap1 nano-MIL-101 a-E grafigi

Bilindigi gibi, optik sogurma katsayis1 a ile enerji
arasindaki iliski Beer Lambert yasasi ile incelenmektedir. Bu yasa
151tk ve madde arasindaki etkilesimden kaynaklanan etkilerin
dogru bir tanimini saglamaktadir (Dissanayake et al. 2024). Sekil
9’da MOF yapinin sogurma katsayis1 ve gelen 15181n enerjisi arasi
iliskinin grafigi gosterilmistir. Maximum sogurma katsayisi 4,71
eV enerji degerinde elde edilmistir.

Yakuphanoglu ve arkadaglarinin yaptigi bir calismaya
gore sogurma katsayist degerleri artan film kalinligiyla birlikte
arttig1 rapor edilmistir (Yakuphanoglu et al. 2009).
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Filmlerin optik bant aralig1 (Eg) degeri Tauc denklemi
yardimiyla belirlendi ve (ahv)? ile (hv) degerleri kullanilarak
dogrusal bolgenin egimi ile ya da dogrusal kisma yapilan fitin
yatay ekseni kestigi nokta ile belirlenerek Sekil 10 da verilen
grafik cizildi. MOF nano-MIL-101 Eg degeri 4,07 eV olarak
hesaplandi. Elde edilen bu sonugla da genis bant aralig1 sayesinde
UV ismlarint etkili sekilde yansitildigini ve UV koruyucu
malzemelerde kullanilabilecegi fikrini desteklemektedir. Yapisal
olarak ligand ve metal kombinasyonlariyla optik 6zellikler hassas
sekilde ayarlanabilir.

4. SONUCLAR

Bu c¢alismada, farkli MOF yapilarin uygulamalarina
iliskin yapilan ¢aligmalardan 6rnekler ve nano-MIL-101 6zelinde
sogurma, gegirgenlik ve yansima gibi optik 6zelliklerin yani sira
optik bant aralig1 incelenmistir. MOF ince film gesitlerinin farkli
dogasi, gelecekteki teknolojik uygulamalar ic¢in farkli
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kolayliklara ve zorluklara yol agcabilmektedir. MOF yapilarin en
onde gelen giiclii yonlerinden biri, molekiiler yapisinin kati bir
malzemenin 6zellikleriyle koordine edilebilmesidir. Bazt MOF
film c¢esitleri igsel elektriksel Ozellik gosterebilmektedir. Bu
Ozelik sayesinde MOF yapilar elektronik aygit icerisinde yiik
transferini ve enjeksiyonu daha kolay gergeklestirebilir. MOF
ince filmlerdeki organik ligandlar ve metal diigiimler,
malzemelerin baglanma mesafesinin ayarlanmasina olanak
saglarlar. Ancak, pek ¢ok MOF goriiniir 151k bolgesinde zayif
sogurma Ozelligine sahiptir. Bu durum, Ozellikle fotovoltaik
uygulamalar igin ciddi bir dezavantaj olarak gérulmektedir. Bu
modifiye edilebilen 6zellik, optoelektronik cihazlarda MOF ince
filmlerin emisyonu ve adsorpsiyonu i¢in ¢ok dénemlidir. MOF
yapilar, esneklik ve iglevsellikleri hem lineer hem nonlineer optik
Ozellikleri  sayesinde fotonik, optoelektronik ve sensor
teknolojilerinde  gelecegin ~ 6nemli ~ malzemeleri  olarak
gorulmektedir. Genis bant araligi hassas kontrolli sentezle
ayarlanabilir optik, elektriksel ve fotoelektrik 0Ozellikleri
nedeniyle UV isinlarini etkili sekilde yansittiklari, UV-A ve UV-
B 1smlarmi engelleyebilecekleri, bu sayede optik filtreleme icin
de uygun bir aday oldugu soylenebilir. MOF yapilarin ince
filmlerinin kirtlma indisi diisiik olmasindan kaynakli optik
kaplama ve lazer rezonatorlerinde kullanilabilirler. Yuksek
gozeneklilik ve diisiik yogunluk, optik yansima ve gegirgenlik
oOzelliklerini etkilemektedir. MOF yapilarin yiiksek yiizey alani
ve yapisal ¢esitliligi sayesinde, ¢evresel degisikliklere (6rnegin
gaz varligi, nem, pH degisimi) kars1 optik sinyal degisikligi
gosterebilirler. Bu da MOF yapilar1 kimyasal ve biyosensoérlerde
ideal materyaller olarak 6ne ¢ikarmaktadir.

Tesekkiir: MOF yap1 destegi ve degerli katkilarindan dolay1
Prof. Dr. Mehmet GULCAN’a tesekkiir ederim.
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APPLICATION AREAS OF MgB: IN TERMS OF
ENERGY EFFICIENCY

Ozge ERDEM!?

1. INTRODUCTION

Superconductors, which have many applications around
the world, not only contribute to clean energy production, but also
help minimize energy losses in power systems due to their near-
zero electrical resistance. Superconductors have the ability to
exclude the applied magnetic field (Meissner effect) in the
superconducting phase at temperatures lower than critical
transition temperature (Tc), as seen in Figure 1. This property
helps reduce magnetic losses in energy systems. Superconductors
increase energy efficiency when used in generators, transformers
and power transmission lines.

Figure 1. Expulsion of a weak external magnetic field from the
interior of the superconducting material [1]
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Thermal, electrical and magnetic properties of a
superconductor, such as transition temperature to normal
conducting phase, resistance property and current carrying
capacity under applied magnetic field, are the most important
factors affecting energy efficiency. In addition, production
method and fabrication cost of a superconductor, its ability to be
produced in different forms (bulk, wire, tape, thin film etc.) and
sizes, mechanical strength and service life also affect energy
efficiency.

MgB:2, one of the low temperature superconductors and
showing Type Il superconductivity, has the potential to be used
in engineering and electronic applications aiming to increase
energy efficiency. The basic properties of MgB:2 superconductor,
such as being easy to produce and low cost, being lightweight,
having a simple binary composition, being mechanically more
durable than high-temperature superconductors and having the
highest Tc among low-temperature superconductors increase the
interest in the application areas of MgB:2 day by day. In this
section, the use of MgB: superconductors in fault current limiters
(FCLs) is investigated in terms of energy efficiency and the
advantages and challenges of this event are discussed.

2. APPLICATION OF MgB2 AS FAULT CURRENT
LIMITER

Due to the zero resistance and perfect diamagnetism
properties of superconductors, one of the important application
areas of them is power systems consisting of generation,
transmission and distribution. By utilizing the normal-
superconducting  phase  transition  characteristics  of
superconductors, electromagnetic and thermal problems such as
voltage collapse, fault current, short circuit, overloading, current
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surge and high energy losses encountered from time to time in
power systems can be minimized in just milliseconds.

The use of superconductors as FCLs in power systems has
been investigated for approximately 30 years, and many projects
are being carried out on this subject today. In general,
superconducting FCLs (SFCLs) are the passive devices
exhibiting virtually zero resistance and zero impedance to the
flow of current on a power system when operating under nominal
conditions and using the highly non-linear resistance
characteristic of superconductors to limit the fault currents during
a fault event. As coated conductors approach the desired cost and
performance level, SFCLs have begun to be considered as an
alternative by electric distribution companies. SFCLs operate
within a fixed current window of operation that is determined by
the critical transition temperature (Tc), critical magnetic field
intensity (Hc) and critical current density (Jc) of a superconductor.
The superconducting material is in the superconducting phase
below these three critical values shown in Figure 2 and shows
zero resistance to the current flow. When one of these critical
values is reached a maximum threshold, superconductor loses its
superconducting property and transports the normal conducting
phase and shows resistance to the current flow. SFCLs limit the
fault current encountered in power systems using the non-linear
resistance characteristic of a superconductor.

The location where SFCLs are placed in the system is
important to effectively limit the fault current and maintain the
system stability. SFCLs are also used in transmission lines,
distribution networks, renewable energy and HVDC systems to
secure the interconnection to the grid, reduce voltage fluctuations
in distribution, and increase the transient stability and reliability
of the power systems [2].
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Figure 2. The ability of a material to superconductor depends on
three factors: the temperature (T), the magnetic field intensity (H)
and the current density (J) [3]

Normal

Superconducting material used in electrical utilities and
industrial facilities requiring high power operates in the
superconducting phase during the nominal grid operating
conditions. When the power circuit becomes short-circuited and
malfunctions, the superconducting material becomes resistant to
limit the fault current in the circuit. In fault events occurring in
power systems, the fault current can be 5 to 20 times the nominal
current [4]. Currently, for high-temperature superconducting
materials, the current that causes a voltage drop of 1.0 uV/cm
across the conductor is called the critical current [4]. The
superconducting material, which becomes resistant, effectively
limits the fault current with a fast response time, ensuring system
security and protecting the network infrastructure. When the fault
in the system is eliminated and normal conditions are restored,
the superconducting material shows a reversible transition and
operates as a superconductor again. SFCLs have the ability to
limit the fault current within the first cycle and thus maintain the
stability of the power system. SFCLs are available in resistive and
inductive types.
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FCLs operate in AC mode when in normal conditions.
Therefore, AC losses are of central importance for many SFCL
applications. For AC losses, the loss/volume ratio is proportional
to the Jc value of a superconductor. However, since the volume of
material required for a given magnet is inversely proportional to
Je, the AC loss is independent of the material used and depends
only on the width of the conductor [5].

Since its discovery in 2001 [6], the MgB: superconductor
has rapidly been shown as a candidate for BSCO-based and low-
temperature superconductor (LTS)-based wire applications. One
of the early applications of MgB2 wires was for low thermal
conductivity current leads on the ASTRA-2 satellite [7].
Nowadays, MgB2 superconductor is used as SFCL in power
distribution systems [8].

Advantages of MgBz, such as easy production, low cost,
better thermal stability, and cooling with cryocoolers or liquid
hydrogen, which are more practical than liquid helium in large-
scale applications, make MgB2 more advantageous when
compared to high-temperature superconductors such as YBCO
and BSCO. The MgB: superconductor conducts electricity with
zero resistance at temperatures below its Tc value, making it
highly efficient during normal grid operation. Additionally,
ongoing advances in wire and tape processing technologies are
improving the critical current density, thermal conductivity, and
mechanical properties of MgB2. All these features increase the
potential of MgB: as a reliable and efficient current limiter in
medium and high voltage electrical networks.

Figure 3 shows a resistive SFCL (R-SFCL) circuit. When
the R-SFCL circuit is operating in the nominal condition, the
superconductor with low inductance, is in the superconducting
phase and conducts the load current in the system without loss.
During a fault event, the current rises rapidly and when the device
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current exceeds the critical current (Ic) value that the
superconductor can withstand, the superconductor transforms to
normal conducting phase and shows a highly resistive state
referred to as a quench. The critical current threshold is directly
proportional to the temperature. So, an alternative current path is
needed to protect the superconductor. The increase in resistance
creates a voltage on the superconductor, which causes the fault
current to transfer to the shunt in parallel with the superconductor.
It means that the high resistance path of the quenched
superconductor causes the fault current to take an alternate flow
path through a shunt [9]. In this state, the superconductor acts like
a switch that gives millisecond responses that allow the load
current in the system to be transmitted to the shunt [4, 9]. The
shunt in a power system can be an inductive or resistive path that
exhibits a relatively large impedance under nominal conditions,
but is relatively low compared to the quenched superconductor
[4]. The shunt resistor suppresses hot spots and overvoltage on
the superconductor during quenching transients [10]. The sharp
transition of MgB2 from the superconducting phase to the normal
state, its ease of production in different sizes and forms, and its
being a lightweight material make MgB: ideal for use as R-SFCL.

Figure 3. Resistive superconducting fault current limiter (R-
SFCL) [11]
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MgB: has faster normal zone heat propagation compared
to ceramic superconductors. This feature minimizes hot spots and
the superconductor can be designed with a variety of high-
resistance sheath materials [12]. Using Nb-barrier mono-
filamentary and multi-filamentary MgB2 wires with CuNi and
Cu/CuNi sheaths supplied by Hyper Tech Research Inc., Lin et
al. [13] aimed to compare the quench behaviour at 24-26 K in an
AC environment in a self-field at 50 Hz. According to the 1 pV
cm L criterion, the average engineering critical current density (Je)
for the samples with varying sheaths was around 4.8 x 10* A cm ™2
at 25 K in a self-field, with the quench currents recovered from
the pulse measurements falling between 200 and 328 A [13]. The
findings obtained from this study showed that sheathed MgB: is
suitable for SFCL applications.

In 2007, many studies were conducted on the current
limiting properties of different types of MgB2 wires at 50 Hz in
the temperature range of 20-30 K [14-16]. In these studies, MgB:
wires showed good current limiting properties by rapidly
transitioning to the normal state in the first half of the first cycle.
They maintained their limiting properties without damaging the
wire samples in the next six cycles.

In 2012, a prototype R-SFCL was developed. The 1.28
mm diameter MgB2 monofilament round wire was provided by
Hyper Tech Research Inc. and wound staggered to minimize coil
inductance [17]. The SFCL coil, shown in Figure 4, demonstrated
reliable and repeatable current-limiting properties. It effectively
limited the fault current in the first quarter of a cycle and
withstood a potential peak current of 372 A for one second
without performance degradation [17].
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Figure 4. Prototype SFCL coil prior to installation in cryostat [17]

Yao et al. [18] tested the performance of a MgB: based R-
SFCL prototype cooled with liquid helium and helium gas at
different supply voltages in a study conducted in 2013. This
prototype showed superior limiting performance with a short-
circuit current suppression ratio exceeding 45 %. As the voltage
level increased, the current limiting capability also improved,
reaching up to 56 %.

Pei et al. [19] developed an R-SFCL for an 11 kV
substation with multiple MgB2 wire strands and analysed the
different coil designs. Two types of low-inductance solenoidal
coils were investigated and compared: the series-connected coil
and the parallel-connected coil. The function of these two SFCL
coils was tested using a controllable high-current supply (see
Figure 5). In this study, it was reported that both coils
demonstrated repeatable and reliable operation as R-SFCLs. The
quenching mechanism of the parallel coil ensured rapid
quenching, triggered by current transfer once quenching begins
[19].
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Figure 5. High-current test circuit schematic [19]
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Some R-SFCL projects are carried out by the prime
contractor such as SuperPower and Siemens/American
Superconductor using YBCO high temperature superconductors

in the United States.

In recent years, several studies have advanced the
application of MgB:2 in R-SFCL, focusing on their design,
performance enhancement, testing, and performance under
various conditions, integration with other technologies, and
practical deployment in power systems. These studies underscore
the ongoing advancements in MgB2 based R-SFCLs, highlighting
their potential to enhance the protection and stability of modern
power grids.

A study published in March 2020 [20] investigated the
current density distribution in R-SFCLs and its impact on device
stability. The research showed that non-uniform current
distribution can lead to local overheating and potential device
failure. By simulating various construction patterns, design
modifications were proposed to achieve a more uniform current
distribution and thus improve the reliability and longevity of the
R-SFCL [20].
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In January 2025, SuperGrid Institute in France achieved a
significant milestone by combining an R-SFCL with a
mechanical circuit breaker for high-voltage direct current
(HVDC) networks [21, 22]. This integration resulted in an 87%
reduction in fault current, demonstrating the R-SFCL's capability
to effectively protect HVDC systems. The technology's
compactness and rapid response make it particularly suitable for
offshore energy applications, where space and reliability are
critical [21, 22].

Some of the superconducting fault current limiters are
inductive. Inductive fault current limiters used in power systems
should show zero impedance and inductance under normal
conditions. In a fault event, the use of nonlinear SFCLs that
rapidly increase their impedance is required. Inductive SFCL (I-
SFCL) is designed like a transformer connected in series with the
network to be protected and its secondary windings are short-
circuited. In I-SFCL, the primary coil is traditionally made of
copper winding and is directly connected to the electrical circuit.
The secondary winding consists of a superconducting ring and its
function is to protect the iron core from the magnetic flux
produced by the primary winding under normal operating
conditions, thus showing low impedance [23].

I-SFCLs come in shielded core (open or closed core) and
saturable core varieties [9]. Figure 6 shows the I-SFCL circuit
with shielded core. When the power system is operating in
nominal condition, fault current limiters exhibit very small
inductance, negligible impedance and voltage drop in the system.
Thanks to this feature, no significant power loss and voltage drop
occur in the system in nominal operating conditions. The
secondary winding, which contains the coil made of
superconductor, becomes resistive when it encounters a magnetic
flux greater than the critical current value. Thus, the flux from the
primary winding enters the iron core. The effect of the magnetic
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field on the iron core causes the limiting impedance to increase.
In this case, the inductance of the device increases and the SFCL
shows high impedance [24]. Thus, the fault current in the system
is limited. SFCLs have the advantage of limiting the fault current
without adding impedance to the circuit during normal operation,
as compared to reactors or high impedance transformers [9]. The
advantage of I-SFCL over R-SFCL is that the cryogenic power
load is less as there is no superconducting heat input through the
current cables [25]. But even so, R-SFCL has a simpler design
than I-SFCL, is smaller in size, lighter in weight and has less
losses.

Figure 6. Typical circuit diagram of the magnetic-shielded
inductive SFCL [26]
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A study published in 2017 [27] investigated the
application of MgB:2 based superconductors in FCLs. The study
focused on I-SFCL (transformer-type) utilizing ring-shaped bulk
MgB: prepared under high quasi-hydrostatic pressure and hot
pressing techniques, showed in Figure 7. The results indicated
that the SFCLs used in this study possess low impedance under
normal operating conditions and can rapidly increase their
impedance to limit both transient and steady-state fault currents.
The study also examined the quenching currents and AC losses in
the MgB:2 rings, demonstrating their potential for effective fault
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current limitation. It was observed that the quenching current and
critical current densities determined from AC losses could be 10-
20 times less than those determined from magnetization
experiments. This study showed that AC losses play an important
role in the quenching behaviour of MgB:2 based SFCLs [27].

Figure 7. Some tested MgB; rings of various sizes [27]

ASG Superconductors has developed an innovative
inductive SFCL system employing MgB2 wire designed to protect
electrical networks from fault currents [28]. This 36 kV system
has undergone type testing in independent laboratories in Berlin
under short-circuit conditions more severe than those typical in
real power grid. The device operates without cryogenic fluids,
reducing maintenance needs and enhancing efficiency compared
to traditional solutions. It can rapidly transition to a high-
impedance state during faults, limiting fault currents and ensuring
quick recovery times, often within milliseconds. The system's
inductive technology allows for scalability to higher voltage
levels, with designs up to 123 kV suitable for transmission
networks [28].

The total loss in an FCL should be in the range of 0.01%
to 0.1% of the nominal power of the protected circuit and the
voltage drop should be less than 5% of the nominal circuit
voltage. In SFCL, the total loss is due to AC losses in the
superconducting elements, energy consumption required for
cooling and losses in the normal conducting elements of the
system [29-32]. MgB: is suitable for low-cost coil production in
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I-SFCL systems. It is also competitive with I-SFCL coils using
YBCO coated conductors. MgB2 can operate efficiently at
moderate cryogenic temperatures (15-25 K) achievable with
compact cryocoolers, eliminating the need for expensive liquid
helium cooling.

3. ADVANTAGES AND CHALLENGES OF USING
MgB:2 IN ENERGY APPLICATIONS

The Kyoto Protocol, an international agreement on global
warming and climate change adopted in 1997 and entered into
force in 2005 to ensure that greenhouse gas concentrations in the
atmosphere remain balanced at levels that will not adversely
affect the climate, envisages a series of binding targets for
industrialized countries. It is possible to reach the clean energy
field by complying with the Kyoto Protocol by using
superconductors in the energy sector. All high voltage FCL
systems will generally require a fluid dielectric such as oil or
synthetic. In systems using superconductors, energy losses
converted into heat are at a minimum level and since cooling
processes are carried out using liquid nitrogen instead of oil,
greenhouse gas emissions are prevented.

MgB: is a superconductor with low production cost and
easy fabrication method compared to high temperature
superconductors such as YBCO and BSCO, and is mechanically
more durable. It minimizes energy losses in power systems thanks
to its low electrical resistance and sharp transition from the
superconducting state to the normal conducting phase. It provides
system safety with its fast response time in case of failure and
extends equipment life. It reduces magnetic losses by excluding
the magnetic field (Meissner effect) and ensures more efficient
operation of the system [33].
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Since superconductors can change from a normal state to
a superconducting state below a certain critical temperature,
expensive cooling systems (such as liquid helium and liquid
nitrogen) are needed in power systems using superconducting
materials. This is one of the most important factors that increase
the cost in systems using superconductors. Integration of
superconducting cooling systems into power systems may also
create a separate disadvantage. MgB2 can be cooled with
cryocoolers or liquid hydrogen, which are more practical than
liquid helium, especially in large-scale applications, and can
operate efficiently at moderate cryogenic temperatures (15-25
K).

The usability of MgB:2 in power plants, magnetic energy
storage and magnetic levitation systems and its ability to reject
the applied external magnetic field depend on the
superconductivity parameters such as the critical magnetic field
value (Hc2), critical transition temperature (Tc) and critical current
density (Jc). Therefore, further research is needed to increase
these three superconductivity parameters to increase the
application potential of MgB: in these areas.

The use of superconductors in FCL systems is preferred
because of the superconductor's very fast current limiting feature
(less than 1 ms), minimum impedance under normal operating
conditions, and being a proven technology in projects involving
high voltage applications. In addition, SFCLs generally do not
operate on the basis of switching algorithms or sophisticated
control electronics.

4. CONCLUSIONS

MgB: has the potential to increase energy efficiency, but
some factors such as production cost, fabrication method, and
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cooling conditions play an important role in realizing this
potential.

As research and production techniques improve and the
market develops, it is expected that MgB:2 based applications will
increase and MgB2 will be included in projects worldwide where
it will play an important role in increasing system reliability and
energy efficiency.
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PHOTOCURRENT GENERATION AND
MECHANISMS IN TWO-DIMENSIONAL
MATERIALS!

Selim UNAL?2

1. INTRODUCTION

The isolation of graphene in 2004 (GEIM and
NOVOSELOV 2009) opened a new era for materials science,
attracting enormous interest from a wide scientific community
due to an unprecedented combination of properties, including
record-high room temperature charge carrier mobility (Banszerus
et al., 2015; Bolotin et al., 2008), extreme mechanical flexibility
(Shekhawat & Ritchie, 2016) and optical transparency (Nair et
al., 2008). Since then, a diverse range of two-dimensional (2D)
materials have been explored, including transition metal
dichalcogenides (TMDCs), black phosphorous (BP), and
hexagonal boron nitride (h-BN), exhibiting extraordinary
properties with distinct electronic band structures ranging from
gapless (graphene) to large-bandgap (h-BN) (Elias et al., 2019;
Roman et al.,, 2021) and semiconducting (TMDCs). Strong
excitation binding energies, quantum confinement effects, and
enhanced surface-to-volume ratios would make them a strong
candidate material for optical and electrical applications.

L This chapter is derived in part from the author’s doctoral thesis entitled ‘Field Effect
Transistors and Optoelectronic Devices based on Emerging Atomically Thin
Materials’, submitted to the University of Exeter in partial fulfillment of the
requirements for the Ph.D. degree (Unal 2017).

2 Dr. Ogr. Uyesi, Kastamonu Universitesi, Miihendislik ve Mimarhik Fakiiltesi,
Metalurji ve Malzeme Miihendisligi Boliimii, sunal@kastamonu.edu.tr, ORCID:
0000-0003-1521-3327.
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Figure 1. Top view of atomic structure of a 2D material, the
shaded area with dashed line represents the primitive unit cell,
adapted by (Unal 2017).

Photocurrent  generation  mechanisms are  vital
understanding the optical behavior and properties of 2D
materials. Due to the unique properties of 2D materials, as they
present a single atomic layer material, photocurrent is generated
with distinct mechanisms.

2. FUNDAMENTAL MECHANISMS OF
PHOTOCURRENT GENERATION

The photocurrent is generated by absorbed photons, which
are converted into an electrical current. In general, forming an
electron-hole (e-h) pair upon absorption of a photon results in a
free-carrier separation and transport of these -carriers to
electrodes, providing an electrical current.

Several mechanisms contribute to photocurrent
generation in 2D materials depending on the material, device
design, and operating conditions. The dominant mechanisms
discussed in this chapter are the photoconductive, photovoltaic,
photo-thermoelectric, and bolometric effects.

2.1. Photovoltaic Effect

The photovoltaic effect is the primary mechanism for
photocurrent generation in 2D materials and semiconductor
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devices, relying on a built-in electric field that sets apart the
electron-hole pairs in opposite directions. The electrons are
driven to the n-type region, while holes are driven to the p-type
region. This might occur in a Schottky junction. p-n or
heterostructure interface. The separation generates a voltage and
photocurrent when the circuit is closed.

In 2D materials, the photovoltaic effect is more
pronounced in van der Waals (vdW) heterostructures.
Researchers can engineer strong built-in electric fields at the
interfaces by stacking different 2D materials with different work
functions and band alignments. For example, a graphene/MoS2
heterojunction forms a direct bandgap semiconductor and can
separate charge efficiently under illumination (Li et al., 2023;
Roy et al., 2013). The atomically sharp interfaces and clean vdW
bonding minimize interface defects, often recombination centers
in conventional heterojunctions, enhancing charge separation
efficiency. In the case of stacked n and p-type graphene, a built-
in electric field separates the hole and electron (Koppens et al.,
2014).

Gr Graphene has unique photocurrent behavior due to hot
carriers, which produce high-energy electrons through light
absorption. A single photon absorbed in graphene can generate
multiple electron-hole pairs due to the strong electron-electron
interactions. Hot carriers yield tremendous quantum efficiencies
exceeding one electron per photon (Konstantatos et al., 2012). A
single high-energy electron can multiply its energy with others,
multiplying electron-hole pairs from a single photon. In graphene,
excited electrons lose their energy slowly with vibrations in the
lattice, dominating the transport properties, which can lead to
enhanced photocurrents.

The photocurrent changes sign where chemical potentials
are equal, pl = 2, demonstrated in Figure 2 (Song et al., 2011).
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Two adjacent sections of a graphene device are independently
gated to control its gate voltage and tune its carrier type and
density. A laser is positioned at the interface, providing adjustable
electronic environments. The photovoltaic current depends on the
electric field gradient at the interface. When the direction of the
built-in field reverses as the two gate voltages switch relative
polarity, the sign of the current flips. The current is maximized
when the chemical potentials have opposite signs; one is p-type,
and the other one is n-type.

W, (a.u.)

Figure 2. Photovoltaic effect as a function of the chemical
potentials (1 and 2 in the regions 1 and 2 of a dual-gated
graphene device, reprinted with permission from Song, J. C. W.;
Rudner, M. S.; Marcus, C. M.; et al. “Hot Carrier Transport and
Photocurrent Response in Graphene,” Nano Lett., 2011, 11 (11),
4688-4692. Copyright © 2011 American Chemical Society (Song
etal., 2011).

2.2. Photoconductive Effect

The photoconductive effect occurs when the material’s
electrical conductivity increases when illuminated. Photons with
energy above the band gap of a semiconductor can be absorbed
by the material and generate free charge carriers — electrons in the
conduction band and/or holes in the valence band. In systems with
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trap states, one of the photoexcited charge carriers can be
localized while the other remains mobile in the energy band.
When an external bias is applied between the source and drain,
the mobile carrier contributes to the overall conductivity of the
material.

In the photogating mechanism, illumination changes the
carrier density, especially in graphene, which modulates the
photogeneration process (Koppens et al., 2014). Photoexcitation
in graphene or a nearby semiconductor region creates electron-
hole pairs. One of these carriers can be trapped by trap sites,
including defect states, molecular adsorbates, or states in the
conduction or valence band of the surrounding semiconductor
material (Konstantatos et al., 2012). The free carrier traverses the
channel between the source and drain electrodes under the gate
voltage (Konstantatos et al., 2012; Xie et al., 2017).

Both photoconductive and photogating effects show
increased conductivity in the material when exposed to light. If
the trapped carrier relaxation time is much larger than the free
carrier transit time, the free carrier can circulate through the
channel multiple times before recombination occurs. This allows
internal photoconductive gain, leading to external quantum
efficiency (EQE) greater than 100%.

In the case of graphene-WS: heterostructure, the primary
photocurrent generation mechanism is the photogating effect.
Figure 3a shows a change in the drain current with gate voltage
under illumination and in a dark environment. When the light
collides with the WS: layer, it absorbs photons and generates
excitons. Due to the work function between WS; and graphene, a
built-in electric field at the junction drives the electrons toward
the graphene, leaving the holes trapped in the WSz (Mehew et al.,
2017). The holes act like a persistent positive gate voltage on the
graphene channel, which is measured as a photocurrent, as shown
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in Figure 3. The longer the holes stay trapped, the more electrons
circulate through the graphene, leading to high internal gain. The
mobile ions in the LiCIO4/PEO ionic polymer gate enhance this
effect by screening charge traps and improving charge transfer
efficiency. This mechanism enables high responsivity and fast
response times, overcoming typical speed limitations caused by
long-lived trap states in similar devices (Mehew et al., 2017).
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Figure 3. a) Photogating effect on a 2D material showing the
change in the gate voltage (V) versus drain current (lgs), adapted
from (Mehew et al. 2017; Unal 2017) licensed under CC BY. I is

the photocurrent. b) Schematic of charge transfer at
graphene/WS2 interface, adapted from (Mehew et al., 2017; Unal,
2017) licensed under CC BY. lonic polymer is used as a
transparent top gate.

2.3.Photo-thermoelectric Effect (PTE)

The photo-thermoelectric effect is related to heating due
to the illumination. When light hits a material, such as graphene,
the area the light shines becomes hotter than the surrounding
parts. The temperature difference causes electrons to move from
the hot to cooler regions, generating small electric currents (Xu et
al., 2010). The light turns to heat rather than the excited electron-
hole pairs. The different parts of the material have different
Seeback coefficients where electrons move, triggering the
Seeback effect.
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When graphene absorbs light, it does not just excite
electrons; it heats them very quickly, within about 10 to 50
femtoseconds (Tielrooij et al., 2015). These hot electrons do not
immediately transfer their energy to the graphene lattice because
the lattice cools down slowly thanks to its high-energy optical
phonons. Instead, there is a temporary temperature difference
between two parts of the material, especially if those regions are
differently doped, such as one being p-type and the other n-type
(Koppens et al., 2014).

The temperature difference, combined with different
Seebeck coefficients (which describe how voltage is generated
from a temperature gradient), creates a voltage. The PTE converts
the heat of photoexcited electrons directly into an electric signal
without needing a junction or bias (Koppens et al., 2014). In a
graphene-bilayer graphene heterostructure, the difference in
thermoelectric response between two regions leads to strong
photocurrent generation under illumination. The effect can
increase 10 times at cryogenic temperatures compared to room
temperature (Xu et al., 2010).

The PTE-based detectors can be ultrafast because the
heating occurs in 10 to 50 femtoseconds driven by hot electrons
rather than electric fields. This phenomenon paws the way for
building  extremely  responsive and  energy-efficient
photodetectors in 2D materials.

Figure 4 demonstrates the image maps of the photocurrent
generated as a laser-focused on a spot scanned across the surface
of the graphene device. Red and green regions indicate the
direction and magnitude of the photocurrent measured at the drain
contact. The central horizontal feature corresponds to the top-gate
electrode, while outer red/green patches align with the metal
source and drain contacts. No source-drain and top-gate voltage
were applied. Strong photocurrent appears near the edges of the

236



Akademik Perspektiften Fizik

top gate and at the metal contacts, even though no bias is applied,
suggesting local potential gradients and junctions within the
graphene are sufficient to separate photogenerated carriers and
produce a measurable current (Lemme et al.,, 2011). The
symmetry and spatial localization of the photocurrent signals
imply enhanced carrier dynamics at the p-n junctions performed
naturally by differing doping levels, which is controllable by a
gating bias (Lemme et al., 2011).

(d)

Figure 4. Scanning photocurrent image of the graphene
photodetector device when no gate bise or voltages are applied,
V4¢=V:=0, reprinted with permission from Lemme, M. C.;
Koppens, F. H. L.; Falk, A. L.; et al. “Gate-Activated
Photoresponse in a Graphene p—n Junction,” Nano Lett., 2011, 11
(10), 4134-4137. Copyright © 2011 American Chemical Society
(Lemme et al., 2011). The middle red dashed line represents the
top gate electrode, and the green dashed lines are the source and
drain electrodes deposited on top of the graphene.

2.4 Bolometric Effect

The light-induced heating changes the conductance of a
material such as graphene. Instead of directly generating a
photocurrent similar to photovoltaic detectors, bolometers
measure incoming electromagnetic radiating by detecting the
temperature rise it causes (Buscema et al., 2015; Koppens et al.,
2014; Xie et al.,, 2017). The temperature changes alter the
material's electrical resistance, which can be measured under an
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externally applied bias. Graphene's tiny heat capacity and
considerable thermal resistance make it ultra-sensitive to small
temperature changes. An external bias is required in this effect,
and the bolometric effect changes the material's resistance.

3. EXCITON DISSOCIATION IN TWO-
DIMENSIONAL SEMICONDUCTORS

Monolayer TMDCs, with their large exciton binding
energies on the order of hundreds of meV, exhibit photoexcited
electron-hole pairs from tightly bound excitons rather than free
carriers at room temperature (ltzhak et al., 2025; Malic et al.,
2023). For efficient photocurrent generation, these excitons
dissociate into free electrons and holes, which can be collected by
the electrodes (Perea-Causin, Brem, and Malic 2021). To solve
this problem, several strategies can be applied to 2D materials.

3.1. External Electric Fields

Applying an external in-plane electric field to 2D TMDCs
reduces exciton binding energies and facilitates dissociation. The
field distorts the Coulomb potential between the electron and hole
in an exciton, reducing the energy, keeping them together, and
making them easier to separate (Zhu et al., 2024). As the field
increases, a strong potential gradient is introduced, enough to
overcome exciton binding.

3.2. Heterojunction Formation

Built-in electric fields form heterojunctions with different
2D materials, assisting exciton dissociation (Frisenda et al.,
2018). A potential well is produced due to the band alignment at
the interface for one carrier type, and a barrier is introduced for
the other, promoting charge separation. Interlayer excitons across
the interface in vdW heterostructure can exhibit longer lifetimes,
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leading to more time for dissociation (Narciso Pedrosa et al.,
2025).

3.3. Defects and Strain Engineering

Introducing defects such as dopants or grain boundaries
generates localized energy states within the bandgap of 2D
semiconductors, which can trap an exciton, assisting exciton
dissociation and contributing to the photogating effect (Malik et
al., 2022). Furthermore, applying tensile or compressive strain to
a 2D material modifies its band structure, resulting in changes in
exciton binding energy. A strain can produce spatial bandgap
gradients, forming built-in electric fields that drive electron-hole
separation (Malik et al., 2022).

4. CONCLUSION

2D material photocurrent generation is a popular research
area with massive potential for next-generation optoelectronics.
The wunique properties of 2D materials enable various
photocurrent mechanisms, photovoltaic, photoconductive, photo-
thermoelectric, photogating, and bolometric effects. Efficient
exciton dissociation, especially in semiconducting 2D materials,
is a big challenge and an active area of research. Progress in
understanding and controlling charge separation and transport
mechanisms and advances in material synthesis and device
fabrication will drive the development of high-performance 2D
material-based  photodetectors, solar cells, and other
optoelectronic devices. Future research will focus on integrating
different 2D materials into complex heterostructures to leverage
their synergistic properties, optimizing device architecture for
specific applications, and developing scalable fabrication
methods for industrial relevance. This will enable 2D materials to
go mainstream in optoelectronics.
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EXPLORING NUCLEAR REACTORS:
HISTORY, TYPES, AND EDUCATIONAL
SIMULATIONS FOR PUBLIC AWARENESS

Ali AKYUZ!
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Yesim OKTEM?®

1. INTRODUCTION

The historical development of nuclear reactors represents
one of the most complex and multi-layered success stories of
modern science and engineering. It began with the understanding
of the structure of the atomic nucleus and accelerated with
fundamental experimental and theoretical work in the early 20th
century. Ernest Rutherford's discovery of the atomic nucleus in
1911 provided the first concrete clues to the internal structure of
the atom, while James Chadwick's discovery of the neutron in
1932 was a critical turning point in understanding the mechanism
of nuclear reactions. In 1938, Otto Hahn and Fritz Strassmann's
observation that bombarding a uranium atom with neutrons split
it in two led to the experimental confirmation of nuclear fission.
Lise Meitner and Otto Frisch theoretically explained this
phenomenon and predicted that the energy released during fission
could be sustained through a chain reaction (Fernandez and
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Ripka, 2012; Compton, 2019). These developments led to the
idea that nuclear energy could be released in a controlled manner.
With the outbreak of World War 11, the military and strategic
importance of nuclear energy rapidly increased and scientific
research was largely transferred to practice. As part of the
Manhattan Project initiated in the United States, the Chicago Pile-
1 (CP-1), built at the University of Chicago on December 2, 1942
under the leadership of Enrico Fermi, became the first reactor in
human history to successfully carry out a controlled and self-
sustaining nuclear chain reaction. Using a graphite moderator and
natural uranium fuel, CP-1 proved the practical feasibility of
nuclear fission. This success paved the way for the use of nuclear
energy for both military and civilian purposes. During the war
years, reactors were primarily used for plutonium production and
atomic bomb development, with large-scale reactors being built
at facilities such as Hanford and Oak Ridge (Angelo, 2004;
Johnston, 2012; Shirk, 2018). In the post-war period, the use of
nuclear energy for peaceful purposes came to the agenda and
electricity was generated from nuclear energy for the first time
with the EBR-I reactor in Idaho in 1951. This reactor
demonstrated that nuclear energy could be used to generate
electricity by lighting four light bulbs. The Obninsk Nuclear
Power Plant, built in the Soviet Union in 1954, made history as
the first nuclear power plant to energize the electricity grid. The
1950s and 1960s were a period of rapid diversification and
commercialization of nuclear reactor technology. Different
designs such as the Pressurized Water Reactor (PWR) and
Boiling Water Reactor (BWR) in the USA, Magnox and
Advanced Gas-cooled Reactor (AGR) in the UK, Pressurized
Heavy Water Reactor (CANDU) in Canada, and RBMK and
VVER in the Soviet Union were developed and widely used. In
1956, Calder Hall in the UK became the first nuclear power plant
to generate electricity for commercial purposes, while the
Shippingport plant in the US, which came online in 1957, was the

246



Akademik Perspektiften Fizik

first full-scale PWR reactor for civilian purposes (Michal, 2001;
Rachkov et al., 2014). In the 1970s and 1980s, interest and
investments in nuclear energy increased rapidly worldwide, and
dozens of reactors were built in many countries, particularly in
the USA, France, the Soviet Union and Japan. During this period,
standardization in reactor designs, fuel cycle optimization and
increased safety measures came to the fore. However, the Three
Mile Island (USA) and Chernobyl (USSR) accidents in 1979 and
1986, respectively, raised serious concerns about nuclear safety
on a global scale and led to significant regulations in the sector.
These accidents necessitated the development of passive and
active safety systems in reactor designs and the revision of
emergency management and radiation protection standards.
Moreover, the public's loss of confidence in nuclear energy has
also affected the public acceptance of new reactor projects
(Mamun, 2013; Filburn et al., 2016). In addition, intensive
research is being conducted on small modular reactors (SMR) and
IVth generation reactor concepts (such as fast reactors, molten
salt reactors, high temperature gas reactors). In 2011, the
Fukushima Daiichi nuclear accident in Japan once again raised
the importance of reactor safety, especially against natural
disasters, and led to a reassessment of international safety
standards. Figure 1 summarizes the history of nuclear energy
(Adamantiades and Kessides, 2009; Marques, 2014).

2. NUCLEAR REACTOR DISTRIBUTION BY
COUNTRY: TECHNOLOGY PREFERENCES
AND ENERGY POLICIES

Today, nuclear energy plays an important role in the
energy policies of many countries. In particular, the increasing
demand for energy, the fight against climate change and carbon
emission reduction targets have brought nuclear energy back to
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the forefront. By 2024, more than thirty countries around the
world will have hundreds of nuclear reactors in operation, with
many new reactors under construction. Each country's energy
strategy, technological developments and preferred reactor types
directly affect the share of nuclear power in total electricity
generation and its installed capacity. In Figure 2, the number of
active and under-construction nuclear reactors, reactor types, total
power, their share in electricity generation, and the major cities
where the reactors are located are presented together as of 2024.
This information helps us better understand the current global
spread of nuclear energy and its role in energy production (world-
nuclear, 2024; statista.com, 2025). In general, the share of nuclear
energy in electricity generation varies greatly from country to
country. For example, in France, around 70-72% of electricity
generation is provided by nuclear power plants, whereas in the
US this ratio is around 18-20%. However, the US is the world
leader in terms of the number of reactors and total capacity. China
is rising rapidly in terms of the number of reactors and capacity,
but its share in electricity generation is still low (5%). This shows
that nuclear is not yet dominant in China's energy portfolio, but
its growth potential is high. In countries such as Russia and South
Korea, the share of nuclear energy hovers around 20-30%. Apart
from France, the share of nuclear energy in electricity generation
is quite high in countries such as Sweden, Slovakia, Hungary,
Belgium. Especially in Slovakia, Hungary and Belgium, this ratio
approaches or exceeds 50%. For these countries, nuclear energy
plays a critical role in terms of energy supply security and
reducing carbon emissions. In Japan, most of the reactors were
shut down after the Fukushima disaster in 2011; currently, the
share of operating reactors in electricity generation is around 7%.
However, Japan is signaling a return to nuclear power. Germany
is a striking example of nuclear power. A major nuclear power
producer for many years, Germany accelerated its nuclear phase-
out (Energiewende) policy after the Fukushima disaster in 2011
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and shut down all its nuclear power plants by 2023. This decision
led to a greater emphasis on coal and renewables in Germany's
energy portfolio. However, Japan is signaling a return to nuclear
power. Germany is a striking example of nuclear power. A major
nuclear power producer for many years, Germany accelerated its
nuclear phase-out (Energiewende) policy after the Fukushima
disaster in 2011 and shut down all its nuclear power plants by
2023. This decision led to a greater emphasis on coal and
renewables in Germany's energy portfolio. However, the impact
of the nuclear phase-out on security of energy supply and carbon
emissions remains a matter of debate.

1938 1942 1944 1951 1954
Discavery of Flssion Chicaga File-1 Hanfard Reactors EBR-1 Obninsk Nuclear Power
¥ L T Plant

1979 1986 2011

Three Mile Island Chernobyl Fukushima Dabichi

Figure 1. History of nuclear energy: key events and milestones

In addition, some countries with already operating nuclear
power plants are building new reactors in addition to their existing
plants. Countries such as China and Russia, for example, are both
increasing the number of existing reactors and investing in next-
generation reactor technologies. South Korea, India and the
United Arab Emirates are also aiming to increase their nuclear
capacity through new reactor construction. These countries see
nuclear power as a strategic option in response to rising energy
demand and the fight against climate change. Countries such as
Turkiye, Bangladesh and Egypt do not yet have operational
nuclear power plants, but they are taking important steps to
transition to nuclear energy. With the commissioning of the
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Akkuyu Nuclear Power Plant under construction in Turkiye, the
share of nuclear in energy production will increase. This
development is of great importance in terms of energy supply
security, reducing foreign dependency and reducing carbon
emissions. Countries with nuclear energy in the world generally
continue to keep nuclear in their portfolios in line with energy
supply security, low carbon emissions and sustainability goals.
However, there is also a tendency in some countries to exit or
slow down nuclear power due to public pressure, security
concerns and economic reasons. For example, Germany has
decided to completely phase out nuclear energy, while some
countries in Asia and the Middle East are making new nuclear
investments. Although each country's approach to nuclear energy
varies, nuclear energy plays an important role in the strategies of
many countries in line with the goals of energy supply security,
combating climate change and economic development. In
particular, new reactor constructions indicate that the role of
nuclear energy on a global scale may increase even further in the
coming years. The paths that countries follow to meet their energy
needs and achieve their sustainability goals bring different
approaches to the use of nuclear energy. In this context, the
reactor types preferred by countries also influence their energy
policies (Khaleel et al., 2025; Toklu et al., 2025). Apart from
Russia, VVER reactors are also widespread in former Soviet
countries and in countries to which Russia exports nuclear
technology.

3. NUCLEAR REACTOR TYPES: DIFFERENT
APPROACHES TO ENERGY PRODUCTION

Different reactor types used in nuclear power generation
offer various solutions to the energy sector, each with its own
unique design, operating principle and advantages.
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3.1. Pressurized Water Reactor (PWR) and
Simulation

Pressurized Water Reactors (PWR), by far the most
widely used nuclear reactor type worldwide, have an important
place in the nuclear energy sector thanks to their reliability,
mature technology and economic advantages (Sikorska et al.,
2024). In PWRs, heat from the reactor heart is transferred to water
kept under high pressure. This hot water is sent to the steam
generator, where it vaporizes water in a second water circuit,
turning turbines. It is a reliable and mature technology. It offers
high thermal efficiency. Low risk of radioactive contamination in
the turbine circuit, as the reactor heart and turbine circuit are
separate. Requires a thicker and more costly reactor pressure
vessel because it operates under high pressure. Uranium-235
enriched fuel must be used. It is used in the USA, France, China,
China, Japan, South Korea, the United Kingdom, Brazil,
Pakistan, Iran, Argentina and many other countries (Aksan, 2019;
Zhang et al., 2025; world-nuclear, 2024). The operating principle
of a PWR is basically based on the conversion of heat generated
by the nuclear fission reaction into electrical energy. The large
amount of heat released as a result of nuclear fission in the
uranium fuel rods at the heart of the reactor is transferred to water
in the primary circuit. Since this water is kept under a very high
pressure of about 150-160 bar, it cannot boil and remains liquid
despite reaching temperatures above 300°C. This hot water in the
primary circuit leaves the reactor core and goes to the steam
generator, where it transfers heat to the water in the secondary
circuit. At this stage, where the two waters do not mix, the water
in the secondary circuit evaporates and high-pressure steam is
produced. The steam produced is sent to the turbine, allowing the
turbine to rotate and thus generating electricity by running the
generator. The steam from the turbine is converted back to liquid
in the condenser with the help of cooling water, which is pumped
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back to the steam generator to complete the cycle. Finally, the
heat from the condenser is discharged to the environment, usually
via a cooling tower or sea/lake water (Durmayaz and Yavuz,
2001; Yu, 2024). In this study, an interactive web simulation was
developed for educational purposes to demonstrate the working
principle of a pressurized water reactor (PWR). The simulation
shows the main components of the reactor, flow paths and typical
pressure, temperature, flow rate, and yield values at each stage.
The source code of the simulation is available on GitHub
(https://github.com/AliAkyuz12/pwr-simulation) and can be
viewed online. In a pressurized water reactor (PWR) system,
3000 MW of thermal power is generated inside the reactor at a
pressure of 155 bar and an outlet temperature of 325°C. The
system's pressure regulator operates at 155 bar pressure and
345°C temperature, while water circulates in the primary circuit
at a rate of 15,000 kg/s. In the steam generator, water at a pressure
of 155 bar and a temperature of 325°C on the primary side
produces steam at a pressure of 70 bar and a temperature of 280°C
on the secondary side. The produced steam enters the turbine with
an inlet pressure of 70 bar and operates the turbine with an outlet
pressure of 0.05 bar with 90% efficiency. The generator provides
1000 MW electricity output and operates with 98% efficiency. In
the condenser, steam condenses at a pressure of 0.05 bar and a
temperature of 33°C, while water circulates in the cooling system
at a flow rate of 45,000 kg/s, with an inlet temperature of 20°C
and an outlet temperature of 30°C.As a result of all these
processes, the PWR system operates with a total efficiency
between 33-36%. A screenshot of the output of the code is given
in Figure 2. The simulation code was developed using a
combination of modern web technologies. HTML5 was used for
basic structure and content organization, CSS3 for visual styling
and layout, JavaScript for interactivity and dynamic content
creation. SVG (Scalable Vector Graphics) technology was used
for drawing reactor components, pipelines and particle
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animations. Since the code is written in pure web technologies
without any additional libraries or frameworks, it can run
smoothly in all modern web browsers without external
dependencies. By dynamically manipulating SVG elements with
JavaScript, the movement of fluid particles and interactive
highlighting of system components are allowed. PWR are a core
subject in nuclear power engineering education and
understanding PWR technology provides students with in-depth
knowledge of energy production, thermodynamic principles and
nuclear safety. As these reactors are the most widely used type of
nuclear power plant worldwide, understanding the operating
principles and components of PWRs is critical for students
seeking knowledge in the nuclear power industry. The interactive
web simulation we have developed can be an important tool in
the education of PWRs; it makes the complex structure and
operating principles of the reactor visually understandable, allows
students to observe the effects on the system by changing
different parameters, can be accessed and used from anywhere
thanks to its web-based nature, and provides practical
applications of theoretical knowledge. Simulation can be
integrated into the curriculum to support the theoretical
knowledge taught in the courses, to be used as an alternative or
complement to traditional laboratory experiments, and to give
students the project of modeling or optimizing a specific PWR
system. The technical details of the simulation (HTML5, CSS3,
JavaScript, SVG) are also important to demonstrate the use of
modern web technologies, and its open-source nature (GitHub)
can encourage students to learn more deeply by reviewing and
modifying the code. To further improve the simulation, more
detailed models of the different components of the reactor can be
added, more realistic animations can be used to show the
movement of fluids and heat transfer, the user interface can be
made more user-friendly, and different scenarios (e.g. emergency
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scenarios) can be created to help students understand the behavior
of the reactor under different conditions.

3.2. Boiling Water Reactors (BWR): Key Features
and Operating Principle

The Boiling Water Reactor (BWR) is the second most
common type of reactor for the use of nuclear energy in electricity
generation. BWRs use light water (normal water) for heat transfer
and neutron moderation. The principle of operation is to boil
water directly in the reactor pressure vessel and send the resulting
steam to a turbine to generate electricity. In these reactors, light
water (H20) is used as coolant and moderator, while low enriched
uranium dioxide (UQO:) is preferred as fuel. BWRs operate at
lower pressure (about 7 MPa) than PWR and steam is produced
directly inside the reactor vessel, without a separate steam
generator. For safety reasons, they are equipped with multiple
emergency cooling and control rods (Ortiz-Villafuerte et al.,
2007; Mehtap, 2021; Siorska et al., 2024).

Step 5: Secondary Loop - Steam to Turbine

The stearm flows throuigh the Turine, causing i 0 spn The 10 the Generator,

Figure 2. Screenshot of one of the steps of the PWR operating
principle simulation

BWRs have the advantages of being relatively simple in
design, producing steam directly in the reactor vessel and
requiring less equipment and piping. They can also operate at
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high efficiency. However, the fact that the steam going to the
turbine carries radioactivity due to direct contact with the reactor
requires more stringent maintenance and safety measures.

Boiling Water Reactor (BWR) Working Principle
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Figure 3. BWR working principle and screenshot from simulation

Therefore, they are less common than PWRs. Countries
where BWRs are in use include the USA (about 30 operating
reactors), Japan, Sweden, Germany, Spain, Mexico and Finland.
Typical power ranges from 600 MW to 1400 MW (electrical) and
examples include Fukushima Daiichi (Japan), Oskarshamn
(Sweden) and Nine Mile Point (USA) (Umasankari and
Mohanakrishan, 2021; world-nuclear, 2024). BWRs differ from
PWRs mainly in that they use a single circuit (the primary circuit
is directly connected to the turbine), water boils and steam forms
in the reactor, there is no steam generator, the pressure is lower
(~75 bar), and the steam to the turbine is radioactive. BWRs are
characterized by a single circuit system (water boils directly in
the reactor, steam separators are used, no steam generator), lower
pressure and temperature (~75 bar, ~285°C), and radioactive
steam to the turbine. These features allow BWRs to have a
simpler design (Singh, 2021; Umasankari and Mohanakrishan,
2021). The BWR simulation (screen excerpts are given in Figure
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3) is built on the basic structure of the PWR simulation, but is
developed taking into account the unique features of the BWR. In
the BWR system, unlike the PWR, water is boiled directly in the
reactor and the resulting steam is sent directly to the turbine
without a separate steam generator. This fundamental difference
is shown in the simulation as a single circuit system. In the BWR
simulation, 2000 MW thermal power is generated in the reactor
at a pressure of 75 bar and a temperature of 285°C. The steam
generated in the reactor passes through steam separators and is
sent to the turbine at 70 bar pressure and 285°C temperature. The
turbine operates at 85% efficiency with an inlet pressure of 70 bar
and an outlet pressure of 0.05 bar, rotating the generator and
generating 700 MW of electricity. Steam condenses in the
condenser at a pressure of 0.05 bar and a temperature of 33°C,
while water circulates in the cooling system at a flow rate of
30,000 kg/s. The BWR system operates with an overall efficiency
between 32-35%. As with the PWR simulation, the simulation
code was developed using HTML5, CSS3, JavaScript and SVG
technologies. Since both simulations are written with pure web
technologies without using external libraries or frameworks, they
can run smoothly in all modern web browsers. The source code
of  the simulations is available on GitHub
(https://aliakyuz12.github.io/brw-working-principle/) and can be
used for educational purposes.

3.3. CANDU (PHWR) Reactor Main Features,
Operating Principle and Simulation

A Heavy Water Reactor (PHWR) is a type of nuclear
reactor that uses heavy water (D-O, deuterium oxide) as coolant
and neutron moderator. The best known PHWR design is the
CANDU (CANada Deuterium Uranium) reactor developed in
Canada. PHWRs use natural uranium fuel in the reactor core and
are cooled by heavy water, with heavy water also used as a
moderator. Operating under high pressure, these reactors have the
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ability to change fuel without going offline. They are equipped
with multiple safety systems and passive safety features (Strachan
and Brown, 1984; Han and Zhon, 2024). One of the major
advantages of PHWRs is that they do not require fuel enrichment
as they can use natural uranium. In addition, the ability to change
fuel during operation ensures a high-capacity factor. Since heavy
water absorbs neutrons less, fuel utilization efficiency is also
high. However, the production and supply of heavy water is
costly, and reactor design and operation are more complex. It
requires careful control in terms of plutonium production and
proliferation risk. Countries where PHWRs are in use include
Canada, India, China, South Korea, Romania, Argentina and
Pakistan. Typical power ranges from 600 MW to 900 MW
(electrical) and examples include Bruce, Darlington, Pickering
(Canada), Kakrapar, Rajasthan (India) and Cernavoda (Romania)
(Nayak and Banaerjee, 2017; Vitorino and De Stefani, 2021;
world-nuclear, 2024). CANDU reactors are nuclear reactors that
can operate on natural uranium thanks to the use of heavy water,
have a high-capacity factor and are particularly common in
Canada and India. They are characterized by the advantages of
flexible fuel utilization and hot fuel switching. PHWR/CANDU
reactors use heavy water (D:20) in the primary circuit (both
coolant and moderator). Pressurized heavy water heats up as it
passes through the reactor tubes and goes to the steam generator.
The secondary circuit works similarly to the PWR: Steam
generator, turbine, generator, condenser and cooling circuit. The
efficiency of these reactors is about 30-33% (Suk et al., 1995;
Abbasi and Wallam, 2014). The CANDU reactor simulation is
built on the basic structure of the PWR simulation, but has been
developed by taking into account the unique features of CANDU.
In the CANDU system, unlike the PWR, natural uranium fuel is
used and heavy water (D20) is preferred as the neutron moderator.
In addition, there are fuel elements in horizontally positioned
pressure tubes and fuel can be changed while the reactor is
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operating. These basic differences are shown in the simulation as
two separate heavy water circuits (moderator and coolant). In the
CANDU simulation (screenshot is provided in Figure 4), thermal
power is generated in the reactor at 10 MPa pressure and 310°C
temperature. The heavy water circulating in the primary circuit
transfers heat to the steam generators, creating steam at 4.7 Mpa
pressure and 260°C temperature in the secondary circuit. The
turbine rotates the generator with the steam passing through the
high-pressure and low-pressure stages, and electricity is
generated. While the steam condenses in the condenser, heavy
water circulates in the cooling system at a flow rate of
approximately 7500 kg/s. The CANDU system operates with a
total efficiency of 32-33%. The simulation codes, as in the PWR
simulation, were developed using HTML5, CSS3, JavaScript and
SVG technologies. Since both simulations are written with pure
web technologies without using external libraries or frameworks,
they can run smoothly in all modern web browsers. The source
codes of the simulations are available on GitHub
(https://aliakyuz12.github.io/ CANDU-phwr/) and can be used for
educational purposes.

3.4.VVER Reactor Main Features, Operating
Principle and Simulation

VVER (Bono-BoasHON 3HEpreTMuyeckuil peakrop), Or
Water-Water Power Reactor, belongs to the Pressurized Water
PWR family and uses ordinary (light) water as both coolant and
neutron moderator. In the reactor core, low-enriched uranium
dioxide (UO2) fuel rods are usually used. These fuel rods
generate heat by initiating a controlled chain reaction in the heart
of the reactor. They operate under high pressure (about 15-16
Mpa), preventing the water from boiling and allowing more
efficient heat transfer. This high pressure allows the water to
reach higher temperatures, increasing thermodynamic efficiency
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and allowing more electricity to be generated (Poullikkas, 2013;
Bojinoy et al., 2024).

CANDU (Heavy Water) Reactor Working Principle

- ™
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Figure 4. CANDU (PHWR) Reactor and screenshot from
simulation

Modern VVER designs have been developed in
accordance with international safety standards and feature
multiple active and passive safety systems. While active safety
systems rely on external power sources, passive safety systems
rely on natural forces such as gravity and natural circulation to
safely shut down the reactor in the event of an accident. For
example, core catchers in VVER-1200 reactors minimize the
environmental impact in the event of a meltdown by preventing
molten fuel from spreading outside the reactor vessel. In addition,
emergency cooling systems are designed to prevent the reactor
from overheating and melting. VVVER-440s have a 6-loop cooling
system, while VVER-1000 and VVER-1200 have a 4-loop
cooling system. VVER reactors, whose main purpose is
electricity generation, can in some cases also provide heat for
district heating systems, which increases energy efficiency and
reduces dependence on fossil fuels (Brutschin, 2023; Sabotinov
et al., 2014). Modern VVER designs have been developed in
accordance with international safety standards and feature
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multiple active and passive safety systems. While active safety
systems rely on external power sources, passive safety systems
rely on natural forces such as gravity and natural circulation to
safely shut down the reactor in the event of an accident.

VVER Reactor Simulation
=3

Step 4: Secondary Loop and Turbine

The steam from the secondary loop drives the turbine, which is connected 1o the generator. The steam pressure & arcund
6.3 MPa and lemperature is about 278°C. The hwbine converts thermal energy o mechanical energy.

Feactor Pressere 157 MPa Fieactcs Temperature: 320°C Thermal Power: 3200 MW Electric Power: 1200 MW
Cootant Flow Rate: 5000 m*m Eficiency; ~3T%

Hide VWER vs PWR Compasison

Figure 5. VVER Reactor and screenshot from simulation

For example, core catchers in VVER-1200 reactors
minimize the environmental impact in the event of a meltdown
by preventing molten fuel from spreading outside the reactor
vessel. In addition, emergency cooling systems are designed to
prevent the reactor from overheating and melting. VVVER-440s
have a 6-loop cooling system, while VVER-1000 and VVER-
1200 have a 4-loop cooling system. VVER reactors, whose main
purpose is electricity generation, can in some cases also provide
heat for district heating systems, which increases energy
efficiency and reduces dependence on fossil fuels (Brutschin,
2023; Sabotinov et al., 2014). VVER reactors are widely used in
Russia and former Soviet countries. In addition, VVER reactors
have been or are being built in countries such as China, India, Iran
and Turkiye. The widespread use of these reactors can be
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explained by their reliability, efficiency and the accumulated
experience gained due to the fact that it is a technology that has
been in operation for many years. VVER-440s have been widely
used in Eastern Europe since the 1970s, while VVER-1000s have
included higher power and improved safety systems since the
1980s. VVER-1200s, first commissioned at Novovoronezh Il in
2016, are characterized by advanced passive and active safety
systems, digital automation and control systems, a 60-year design
life (extendable), and early warning and emergency cooling
system (Asmolov et al., 2017; Fernandez-Arias et al., 2020).
VVER-TOI (VVER-1300) is the newest and most advanced
VVER design, with higher power and more advanced safety
features than VVER-1200 and a more compact and modular
design. However, it also has disadvantages such as high initial
investment cost and management of nuclear waste (Gagarinskiy
et al., 2022). Safe storage and disposal of nuclear waste is crucial
to minimize environmental impacts and new technologies are
constantly being developed. Turkiye’s first nuclear power plant,
Akkuyu NPP, uses VVER-1200 type reactors, designed in
accordance with modern safety standards (Saylan and Aygin,
2024; Toklu et al., 2025). The VVER reactor simulation was built
on the basic structure of the PWR simulation, but was developed
taking into account the unique features of VVER. Similar to the
PWR, the VVER system uses normal (light) water as both coolant
and neutron moderator. However, VVER is distinguished by its
unique design features such as horizontal steam generators,
hexagonal fuel arrangement, and typically a 4- or 6-cycle cooling
system. These key differences are shown in the simulation as a 4-
cycle primary circuit and horizontal steam generators. In the
VVER simulation, 3200 MW of thermal power is generated
inside the reactor at a pressure of 15.7 Mpa and a temperature of
320°C. Water circulating in the primary circuit transfers heat to
the steam generators and generates steam in the secondary circuit.
The turbine turns the generator with this steam and 1200 MW of
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electricity is generated. While steam condenses in the condenser,
water circulates in the cooling system at a flow rate of about
86000 m3/h. The VVER system operates with a total efficiency of
about 37%. As in previous simulations, the simulation code was
developed using HTML5, CSS3, JavaScript and SVG
technologies. Since all three simulations are written with pure
web technologies, without using external libraries or frameworks,
they can run smoothly in all modern web browsers. The source
code of the simulations is available on GitHub
(https://aliakyuz12.github.io/VVER/) and can be used for
educational purposes. Unlike the PWR simulation, the VVER
simulation (screen excerpts in Figure 5) emphasizes the 4-cycle
primary circuit system and horizontal steam generators. Also
included is a comparative information box showing how the
VVER differs from the Western PWR. This comparison
highlights the distinctive features of the VVER, such as its
Russian design, hexagonal fuel arrangement, horizontal steam
generators, 4- or 6-loop design, and passive safety systems such
as the core arrestor found in modern VVER-1200 models.

3.5. Advanced Gas Cooled Reactor (AGR) Key
Features, Operating Principle and Simulation

The Advanced Gas Cooled Reactor (AGR) is a type of
nuclear reactor developed in the United Kingdom and widely
used only in that country. An improved version of Magnox
reactors, AGRs cool the reactor core with carbon dioxide (CO-)
gas and use graphite as a neutron moderator. Lightly enriched
uranium dioxide (UQO) is preferred as fuel. The fuel is contained
in casings made of stainless steel, which allow the fuel to
withstand high temperatures. The reactor operates under high
pressure (about 4 Mpa), which allows the coolant gas to transport
heat more efficiently. One of the most important technical
advantages of AGRs is that they can produce steam at
temperatures as high as about 650°C and thus achieve a high
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thermal efficiency of about 41% (Goodjohn, 1991; Zohuri, 2020).
This means higher efficiency, less fuel consumption and lower
operating costs. Equipped with a thick steel pressure vessel and
multiple safety systems, AGRs have good neutron economy
thanks to the graphite moderator. Control rods are inserted into
the core from the top of the reactor and are used to control the
nuclear reaction. Emergency shutdown systems are designed to
shut down the reactor quickly in the event of a malfunction.
However, these reactors are only used in the UK and have not
become widespread in other countries due to their complex design
and maintenance requirements. The complex structure of AGRs
requires regular and meticulous maintenance, which increases
operating costs. In addition, no new AGR reactors are being built
and existing reactors are being decommissioned as they reach the
end of their life. The UK government plans to build new nuclear
power plants to replace these reactors. Power plants such as
Heysham, Hartlepool, Hinkley Point B, Hunterston B, Dungeness
B and Torness generate between 600-660 MW of electricity.
These plants meet a significant portion of the UK’s energy needs
(Abraham and lon, 2008; Taylor, 2016; Wealer et al., 2018). The
AGR reactor simulation (screenshots are shown in Figure 6)
builds on the basic structure of previous simulations, but is
enhanced by taking into account the unique features of the AGR.
Unlike other reactors, the AGR system uses carbon dioxide (CO-)
gas as coolant and graphite as neutron moderator. In addition, the
reactor core is located in a pre-stressed concrete pressure vessel
and the fuel is contained in stainless steel casings. These main
differences are shown in the simulation as CO. gas flow and
graphite moderator structure. In the AGR simulation, 1500 MW
of thermal power is generated inside the reactor at a pressure of 4
Mpa and a temperature as high as 650°C. The CO: gas circulating
in the primary circuit transfers heat to the boilers (steam
generators) to form high pressure steam at 565°C in the secondary
circuit. The turbine turns the generator with this steam and 625
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MW of electricity is generated. While steam condenses in the
condenser, water circulates in the cooling system. The AGR
system operates with a high overall efficiency of about 41%,
which is higher than other reactor types. As in previous
simulations, the simulation code was developed using HTMLS5,
CSS3, JavaScript and SVG technologies. Since all simulations
are written with pure web technologies without using external
libraries or frameworks, they can run smoothly in all modern web
browsers. The source code of the simulations is available on
GitHub (https://aliakyuz12.github.io/AGR-Reactor/) and can be
used for educational purposes. The AGR simulation, unlike other
simulations, includes different color coding to show the CO: gas
flow and highlights the graphite moderator structure. Also
included is a comparative information box showing how AGR
differs from PWR. This comparison highlights the distinctive
features of the AGR such as the CO: gas cooler, graphite
moderator, higher operating temperature (650°C), higher thermal
efficiency (41%), concrete pressure vessel and stainless-steel fuel
casings.

Advanced Gas-cooled Reactor (AGR) Simulation

== = =

Step 4: Steam Generation and Turbine

led 10 high-temperature, Nigh-pressure sieam (around 565°C). This stéam arives the
ical energy, The high steam lemperalure Contribules 1o the AGR's high

Hide AGR vs PWR Comparison

Figure 6. AGR Reactor screenshot from simulation
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4. CONCLUSION

The historical development of nuclear reactors is a
complex and constantly evolving process extending from
scientific discoveries to technological innovations. While
different reactor types offer various advantages in energy
production, they require different approaches and solutions in
terms of safety, efficiency and sustainability. Simulations used to
increase the general level of knowledge about nuclear energy and
to facilitate the understanding of this technology make significant
contributions, especially to raising public awareness and
eliminating misperceptions about nuclear energy. These
simulations provide interactive learning environments, conveying
the working principles of nuclear reactors, safety precautions and
potential risks in a more understandable way. In order for nuclear
energy policies to be successfully implemented, decisions based
on scientific data must be made, technological developments
must be closely followed, transparent communication strategies
must be developed and training programs must be constantly
updated. In addition, international cooperation and compliance
with safety standards are of great importance.
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NUCLEAR ENERGY: RISKS, SOCIETY AND
TURKIYE'S EXPERIENCE

Ali AKYUZ!
Elif P. TUNCER?
Yesim OKTEM?3

1. NUCLEAR ACCIDENTS: THE FRAGILE
BALANCE BETWEEN HUMANITY AND
TECHNOLOGY

The Chernobyl nuclear accident occurred on April 26,
1986 at reactor No. 4 of the Chernobyl Nuclear Power Plant, and
is recorded as one of the worst nuclear disasters in history, with a
nuclear reaction that went out of control as a result of a series of
errors and violations during a safety test. Deficiencies in the
design of the RBMK-type reactor, especially the inability to
control reactivity at low power levels and the positive void
coefficient, were one of the main causes of the accident.

Human error also played an important role, as the
operators performing the safety test violated safety procedures
and put the reactor in an unsafe condition. In addition, the lack of
safety awareness in the nuclear industry in the Soviet Union and
non-compliance with safety procedures made it difficult to
prevent the accident. Explosions and fires in the reactor caused
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large amounts of radioactive material to be released into the
atmosphere, and radioactive clouds affected a large part of
Europe. The accident directly killed 31 people, but the long-term
health effects were much more serious, with radiation exposure
causing cancer, thyroid disease and other health problems in
thousands of people. The World Health Organization (WHO)
estimates that around 4,000 people could lose their lives due to
the long-term health effects of the accident. Following the
accident, a 30-kilometer area around Chernobyl (the Exclusion
Zone) was evacuated, forcing around 115,000 people to leave
their homes. Radioactive contamination adversely affected soil,
water, vegetation and animals, and agriculture and forestry
activities were halted for long periods. The cost of the accident
amounted to billions of dollars, and the cleanup of the plant,
environmental remediation, compensation for evacuees and
health care have imposed a huge economic burden. The accident
caused psychological problems such as stress, anxiety, depression
and post-traumatic stress disorder (PTSD) in the community, and
the fear of radiation changed people's lifestyles and behaviors.

The lessons learned from the Chernobyl accident include
important principles such as prioritizing safety in the design of
nuclear power plants, training operators and ensuring compliance
with safety procedures, developing a safety culture in the nuclear
industry, preparing emergency plans and conducting regular
drills, strengthening international cooperation and ensuring
transparency and public information (Anspaugh et al., 1989;
Tuttle and Becker, 2000; Saenko et al., 2011; Friedman, 2011).
The Fukushima Daiichi nuclear accident, triggered by a 9.0
magnitude earthquake off the east coast of Japan on March 11,
2011, and the subsequent tsunami that hit the Fukushima Daiichi
Nuclear Power Plant, painfully illustrated the potentially
devastating effects of natural disasters on nuclear facilities. The
tsunami knocked out the plant's cooling systems, causing a
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meltdown of the reactor cores and releasing significant amounts
of radioactive material into the atmosphere and ocean. The main
causes of the accident include the severe damage caused by the
earthquake and tsunami to the plant's infrastructure, the plant's
inadequate protection against the tsunami (emergency generators
were not located in a watertight area), and the failure of Japan's
nuclear regulators to adequately oversee the safety of the plant
and ignore the tsunami risk. The meltdown of the reactors resulted
in radioactive materials spreading over a wide area, 20 kilometers
around the plant were evacuated and around 160,000 people were
forced to leave their homes. The radioactive contamination
adversely affected soil, water, vegetation and animals, and
radioactive material in the ocean threatened marine life. The cost
of the accident amounted to hundreds of billions of dollars, and
the cleanup of the plant, environmental remediation,
compensation for evacuees, and losses in energy production
imposed a huge economic burden. The accident caused
psychological problems such as stress, anxiety, depression and
post-traumatic stress disorder (PTSD) in the community, and the
fear of radiation changed people’s lifestyles and behavior.

The lessons learned from the Fukushima Daiichi accident
include critical measures such as ensuring that nuclear power
plants are resilient to natural disasters, emergency generators and
other essential equipment are located in a watertight area, nuclear
regulators rigorously oversee the safety of the plants, emergency
plans are prepared and drills are regularly conducted,
international cooperation is strengthened, and transparency and
public information are ensured (Friedman, 2011; Blandford and
Ahn, 2012; Thielen, 2012; Rhodes, 2014). The Three Mile Island
nuclear accident occurred on March 28, 1979 at reactor No. 2 of
the Three Mile Island Nuclear Power Plant in Pennsylvania, USA,
causing a partial meltdown of the reactor core as a result of a
combination of a failure in the cooling system and operator errors.
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The main causes of the accident included overheating of the
reactor due to a valve in the cooling system not closing, operators
misjudging the situation and not taking correct interventions
(inadequate training and failure to follow procedures), and
inadequate indicators in the control room (making it difficult for
operators to correctly understand the situation). The reactor
meltdown resulted in the release of radioactive gases into the
atmosphere, but there was no large-scale environmental disaster.
Radiation exposure did not cause short-term health problems, but
concerns about long-term health effects remained. Evacuations
were ordered in some areas around the plant and around 140,000
people had to leave their homes. The cleanup and repair of the
plant caused huge economic losses. The accident caused stress,
anxiety and feelings of insecurity in the community (Corey, 1979;
Bowen et al., 1983; Friedman, 2011).

The Windscale (UK, 1957), Kyshtym (Russia, 1957) and
Tokaimura (Japan, 1999) accidents are important events that
show how critical safety measures and the human factor are in the
nuclear industry.

The fire at Windscale exposed the Wigner energy problem
in graphite moderated reactors and the dangers of improper
annealing procedures, causing the release of substances such as
radioactive iodine-131 into the atmosphere, with environmental
and health impacts.

The Kyshtym accident showed what cooling system
failures and inadequate safety precautions at nuclear waste
storage facilities could lead to, affecting a large area with a
massive radiation leak and causing the evacuation of thousands
of people.

The Tokaimura accident, on the other hand, emphasized
the importance of training and compliance with procedures by
workers at nuclear fuel fabrication facilities, and led to a
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criticality accident caused by human error, resulting in radiation
leakage and loss of workers' lives. These accidents emphasize the
importance of safety standards and procedures that must be
strictly adhered to during the operation and management of
nuclear facilities, and remind us of the need for constant vigilance
and care in the use of nuclear technology (Kumagai, 1999; Penny
etal., 2017; Wakeford, 2017).

2. SOCIETAL IMPLICATIONS OF NUCLEAR
REACTORS

The sociological impacts of nuclear reactors have a
profound and multi-layered impact on energy production,
economic structures, environmental sensitivities, security
perceptions, political decision-making mechanisms and cultural
values of modern societies. These impacts are not limited to
technical and economic aspects, but can also profoundly affect
social relations, psychological states and cultural identities (Kosai
and Unesaki, 2024).

In terms of energy production, nuclear power plants offer
the potential to increase energy independence and reduce
dependence on fossil fuels, especially for developed and
industrialized countries. This reduces the risks arising from the
geopolitical distribution of energy resources and provides a
significant advantage for national security strategies. The
construction and operation of nuclear power plants increases the
demand for highly skilled labor in various sectors such as
engineering, construction, technology, management and security.
This stimulates local economies, raises the level of education and
encourages technological innovation.

Moreover, nuclear power plant projects contribute to the
overall development of the region by requiring the development
of infrastructure systems such as transportation, communication,
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energy distribution and water management. However, public
perception of nuclear energy is shaped by various factors such as
environmental risks, safety concerns and ethical values. The long-
term storage and disposal of nuclear waste raises serious concerns
about environmental pollution, potential risks to human health
and the rights of future generations (He et al., 2019).

Major nuclear accidents such as Chernobyl and
Fukushima have deeply shaken confidence in nuclear energy and
created widespread public skepticism about the safety of such
facilities. These accidents have resulted not only in environmental
and economic costs, but also in the displacement of thousands of
people, health problems, psychological trauma and social
disintegration. Therefore, the security of nuclear power plants and
their protection against various threats such as terrorism,
sabotage, cyber-attacks and natural disasters is vital to ensure the
safety of society.

Nuclear energy policies require governments to strike a
complex balance between energy needs, economic development,
environmental sustainability, security, international relations and
societal values. These policies are often based on various sources
of information, such as scientific data, economic analyses, risk
assessments, social surveys and political negotiations.

Nuclear energy projects often give rise to divergent views
in society, which can increase political polarization. Social
movements that oppose nuclear energy use a variety of
arguments, such as environmental risks, lack of democratic
participation, the potential of alternative energy sources, the risk
of nuclear proliferation, and ethical values. By protesting the
construction and operation of nuclear power plants, these
movements draw public attention and seek to influence political
decision-making (Kessides, 2012; Belyakov, 2015).
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Ensuring public participation makes nuclear energy
projects more transparent, democratic, accountable and
acceptable. Taking community views into account helps to tailor
projects to local needs, values and cultural characteristics, and
reduces social tensions. Community participation should not only
be limited to decision-making processes, but should also cover all
phases of the project: planning, implementation, monitoring and
evaluation. The construction and operation of nuclear power
plants have significant socioeconomic, cultural, demographic and
psychological impacts on local communities. While new jobs,
educational ~ opportunities, infrastructure  improvements,
increased tax revenues and technological transfers can improve
local quality of life, negative impacts such as environmental
changes, disruption in social relations, loss of cultural identity,
demographic shifts, stress, anxiety and insecurity can also occur.
Therefore, it is critical for the sustainability, social acceptance
and long-term success of nuclear energy projects that they take
into account the needs, expectations, values and cultural
characteristics of local communities (Anderson et al., 2003;
Huang and Chen, 2021).

Consequently, the sociological impacts of nuclear
reactors create a complex and dynamic interaction between the
energy  future, economic development, environmental
sustainability, security, political decision-making processes and
cultural values of modern societies. Successful implementation of
nuclear energy policies requires consideration of society's needs
and expectations, transparent communication, high safety
standards, democratic participation, principles of long-term
sustainability, respect for ethical values and international
cooperation.
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3. TURKIYE'S NUCLEAR ENERGY JOURNEY

Turkiye's nuclear energy adventure started in 1955 with
the vision of "using atomic energy for peaceful purposes”, and the
first step taken in this direction was the 1 MW experimental
reactor established at Cekmece Nuclear Research and Training
Center in 1961. This reactor provided an important basis for basic
research and training activities.

The idea of establishing a nuclear power plant for
electricity generation began to materialize in 1968 with feasibility
studies, and in 1976, the Akkuyu site west of Silifke was
identified as the location for the first nuclear power plant and the
necessary site license was obtained (Authority, 2018; Karahan,
2018). However, tender attempts with various international firms
throughout the 1970s and 1980s were inconclusive due to
financing problems, technological preferences and management
model disagreements.

The Chernobyl disaster in 1986 had a negative impact on
the view of nuclear energy in Tilrkiye and projects were
temporarily suspended. Although nuclear energy was back on the
agenda in the 1990s, concrete steps could not be taken due to
economic uncertainties, technological developments and public
concerns (Mesut et al., 2025).

In the early 2000s, nuclear energy became a priority issue
again in line with the goals of energy supply security and reducing
foreign dependency, and the Akkuyu Nuclear Power Plant project
was realized with the intergovernmental agreement signed with
Russia in 2010. The Akkuyu NPP is planned to consist of four
VVER-1200 type reactors and will have a total installed capacity
of 4800 MW. The project is being financed by Russia and
constructed by Rosatom. As of 2023, the goal is to bring the first
reactor into operation, and significant steps have been taken in
this direction, with the first nuclear fuel being delivered to the
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site. With the completion of the Akkuyu NPP, it is aimed to meet
approximately 10% of Turkiye's electricity needs and to enhance
energy supply security (Tagotra, 2025; Hijriyanti, and Rodrigues,
2025). Besides Akkuyu, a nuclear power plant project has also
been planned in Sinop, and international agreements have been
signed with Japan and France for this project. However, due to
increasing costs and technological preferences, the project was
stopped in 2019. As of 2023, the "Founder" status of EUAS was
transferred to the Turkish Nuclear Energy Corporation (TUNAS)
and site approval was obtained for the Sinop site. In addition,
studies are being carried out to establish a nuclear power plant
with a fourth reactor in the Thrace region (Igneada), negotiations
are being held with China and site determination studies are
ongoing. Although Turkiye's transition to nuclear energy has
followed an up-and-down course due to technical, economic,
social and environmental factors, with the construction of the
Akkuyu NPP, the country has taken an important step in the field
of nuclear energy and is progressing towards diversifying its
energy portfolio, reducing external dependency and achieving
low carbon emission targets. However, issues such as social
acceptance of nuclear energy, environmental impacts, waste
management, earthquake risk and security continue to be
discussed in the public (Duru, 2025; Balc1 ve Erbay, 2025).

4. TURKIYE'S NUCLEAR ENERGY JOURNEY

While nuclear energy stands out with its high potential and
low carbon emission advantages in meeting humanity's energy
needs, it is also at the center of debates due to the risks and social
impacts it brings with it. Major nuclear accidents such as
Chernobyl, Fukushima and Three Mile Island have painfully
demonstrated the delicate balance between technological
sophistication and the human factor. These accidents have
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demonstrated how vital a nuclear safety culture, transparency,
international cooperation and continuous training are.

The societal impacts of nuclear energy are not limited to
technical and economic aspects, but are manifested in multi-
layered areas such as public trust, social acceptance,
psychological effects and cultural values. Public concerns,
participation and information are critical to the success and
sustainability of nuclear projects. Turkiye's nuclear energy
journey is shaped by the lessons learned from global experiences
in line with the goals of energy supply security, reducing external
dependence and sustainable development. With the construction
of the Akkuyu Nuclear Power Plant, Tirkiye has taken an
important step towards diversifying its energy portfolio.
However, issues such as social acceptance, environmental
impacts, waste management, earthquake risk and safety continue
to be debated in terms of the future of nuclear energy.

In conclusion, balanced management of the opportunities
and risks of nuclear energy, ensuring high safety standards,
increasing public participation and maintaining transparent
communication are indispensable for nuclear energy to be a
sustainable and acceptable option both in Turkiye and globally.
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