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Abstract 

Plasma energy is used to enhance the antibacterial properties of a Fe2O3 

nanoliquid on Staphylococcus aureus and Acinetobacter baumannii. 

Fe2O3 plasma was produced using laser-induced plasma spectroscopy 

(LIPS) technique with a wavelength of 1064 nm. Spectral irradiation was 

conducted with a pulsed laser at different energies (600–900 mJ) under 

ambient conditions in air. The electron temperature was determined at 

different peak laser powers using the Boltzmann (-1/K_B T) and Saha 

equations, and the electron density was deduced from the Stark 

broadening. The effect of the iron oxide on the intensity of the emission 

lines and plasma parameters is discussed. Electron temperatures of Fe2O3 

were measured in the range of 1.66–2.4 eV. We observed an effect due 

to Fe2O3 at 800 mJ against Staphylococcus aureus and Acinetobacter 

baumannii with inhibition zones of 30 mm and 23 mm, respectively, but 

no effect was observed for either bacteria at 600 or 700 mJ on either type 

of bacteria. 

Keywords: Inhibition bacteria, Iron and iron oxide plasma, Laser induced 

plasma spectroscopy, Plasma parameters. 
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1.  Introduction 

Laser-induced plasma spectroscopy (LIPS) has recently been used for the 

spectrophysical analysis of biological samples such as bacteria, bone,   

microorganisms and tissues.  The spectroscopy technique has many applications in 

the biomedical sciences, of which the identification of pathogenic bacteria is an 

important one. LIPS is a rapid diagnostic that could confirm the presence of bacteria 

and diagnose the species or strain [1].The spectrum emission from a plasma Equipped 

information about the plasma parameters, where Laser-induced Breakdown 

Spectroscopy (LIBS) used to calculate different parameters, as electron density (ne), 

electron temperature (Te) and plasma frequency (f_p). To expect the (OES) the 

spectral emission from plasma must be studied. [1]. Optical emission spectroscopy 

(OES) as a flexible technique and easy method to diagnostics the parameters with an 

easy experimental setup. The radiations emitted from plasma take place by collisions 

laser spectral with atoms, molecules, and causes to excited them, and analyzed the 

spectral by spectroscopy [2-4]. 

The spread and development of intense lasers have allowed creating easy tools 

and good techniques for the control of electronic motions in different forms of 

matter (gas, liquid, solid, and plasma). These techniques at the same time provide 

direct information about spectral lines and a wide range of collisions electron 

phenomena (energy, density, thermal and other information) [5, 6]. 

The Boltzmann plot is a basic method to expect and estimate the electron 

temperature in plasma by imposing that the plasma condition is in a state of 

thermodynamic equilibrium a reason to high collisions between particles and 

incident laser [6, 7].  Saha - Boltzmann distribution is the best method to evaluate 

the atomic transitions for upper levels. Where suppose the excitation and electron 

temperatures are same [8]. 

There are two reasons theoretically study plasma and optical properties. One 

understands the phenomenon of collisions between electrons and atoms in the 

plasma and evolution of the parameters generated and analytical spectral lines. The 

other reason is related to the search for absolute analysis by laser-induced plasma 

spectroscopy (LIPS) [9, 10]. 

LIPS one of the most important techniques to study the more biological 

applications such as inhibition bacteria, it’s a very small organism. The size of 

bacteria between 0.3 µm and 5µm, divided in two groups relies on cell wall, Gram-

positive and Gram-negative bacteria, cell wall of Gram-negative bacteria features 

a porous outer membrane into the outer surface of which the lipopolysaccharide 

responsible for the pathogenesis of Gram-negative infections is integrated. The cell 

wall of Gram-negative bacteria does not possess such an outer membrane. Its 

murein layer is thicker and contains teichoic acids and wall associated proteins that 

contribute to the pathogenic process in Gram-positive infection [11]. 

Spectroscopic is the best dives to estimate the data generated by plasma, by the 

line intensities and their ratio between two lines which reflect of neutral or ionic 

excited. The more relevant parameters are the plasma frequency, fp, temperature, 

Te, and electron density, ne. We can estimate the plasma temperature from the 

Boltzmann and Saha equations and calculated from Eq. (1) [12, 13] 
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𝑇𝑒 =
𝐸1−𝐸2

𝑘𝐵𝑙𝑛(
λ2𝐼2𝑔1𝐴1
λ1𝐼1𝑔2𝐴2

)
                                                                                           (1) 

where 𝐼, 𝑔, 𝐴 𝑎𝑛𝑑  λ  represent the intensity (Mw/cm2), statistical weight, 

absorption oscillator strength and wavelength, and 𝐸 is the excitation energy of one 

state in (eV), and 𝑘𝐵 is the Boltzmann constant. 

The free electrons per unit volume can describe by Electron density. So, the 

spectral lines of an element can estimate by the Suha- Boltzmann equation of 

ionization stages. The equation is given as [14], 

𝑛𝑒 =
𝐼1

𝐼2
∗  6.04 × 1021(𝑇)3 2⁄  𝑒

(
−𝐸𝑘−𝐸𝑖−𝑥𝑧

𝐾𝑇
)×𝑇𝑒

3 2⁄

                                                      (2) 

where (𝐸𝑘 , 𝐸𝑖) is the energy for levels (1 and 2) gives a straight line with slope equal 

to Eq. (1). The plasma temperature can determine by graph slope.  

The ionization energy of atoms in (cm-3) Fe₂O₃ targets we can get from,  

𝐼2
∗ =

𝐼2λ2

𝑔2𝐴2
                                                                                                       (3) 

where 𝑔2 represents the statistical weight of transition between two levels from 

level (2) to level (1), λ2 is the wavelength of transition between two levels and 𝐴2 

is the probability of transition from level two to level one. So we calculated plasma 

frequency from Eq. (4) [15, 16], 

𝑓𝑝 =
𝑛𝑒𝑒2

𝑚𝑒𝜀0
                                                                                                               (4) 

One of the most important plasma parameters is the plasma frequency [17]. The 

distance of the individual particle is that carries a reverse charge in the medium of 

plasma and represent the fundamental characteristic is the Debye length λD  (cm), 

this parameter proportional directly with the square root of the electron temperature 

in inversely with electron density dependence to Eq. (5) [18, 19], 

λ𝐷 = √𝜀0𝐾𝐵𝑇𝑒

𝑛𝑒𝑒2 = 7430 (
𝑇𝑒

𝑛𝑒
)

1 2⁄

                                                                             (5) 

where 𝑛𝑒  is the electron density (cm-3), 𝑇𝑒  is the electron temperature eV, (e 

=1.6×10-19 c). On the other hand, we can evaluate the number of particles in the 

Debye sphere, ND, we are dependent on the density and temperature of the electron, 

Debye length or Debye sphere represents second condition to take place the plasma 

existence ND>>1.  The equation of Debye sphere is [20],  

𝑁𝐷 =
4

3
𝜋λ𝐷𝐷

3 𝑛𝑒                                                                                                        (6) 

A Debye sphere is an important parameter where represents the radius of the 

charges, the number of particles in a (Debye sphere) with a radius, equal to the 

Debye radius [21]. 

2.  Experimental Analysis  

2.1. Preparation and method 

In this work used Fe₂O₃ by compaction of powders into a circular geometric form. 

Using iron powder and iron oxide powder with a purity of 99.99% as shown in Fig. 

1(a), where take the weight (3 g) from every material and pressed per tablet of the 
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material as shown in Fig. 1(b), Pressing them usually performed at room temperature 

where the powder put inside a cylinder made of stainless steel and pressed by a 

hydraulic piston with a compressive strength of approximately 6 tons and the powder 

was converted into a disk (pellets) of Fe₂O₃ material so the thickness of the disk (5 

mm and a diameter of 10 mm), which allows. Pressing is the best of the practice to 

reduce the size of the tablet and the air gaps that exist within a single disk. 

The iron oxide employed for LIPS to analysis consists of particles and study the 

spectral emissions from them, different parameters estimate and evaluated as ne,   ,   

and  . All these parameters study at a wavelength (1064 nm), to explain the effect 

same wavelength on the metal (Fe₂O₃). And appear the applications of them through 

the number of particles in Debye length, temperature, and density of electrons. 

 
Fig. 1. Represent (a) Oxide Iron (Fe₂O₃) material with a purity  

of 99.99% before pressing. (b) (Fe₂O₃) material after pressing. 

Use LIBS system Fig. 2 consists of a Q-switched Nd: YAG pulsed laser, 

wavelength (λ=1064) nm at different energies (600-900) mJ. To generate plasma 

incident on the metal and appear difference spectral lines with and without oxide, 

to get Accurate measurements during experimental and avoid delay mechanism 

spectrum of incident laser-generated plasma as excitation,  use very accurate lens 

(200-2000) nm to focusing the laser beam, and in order not to take place any 

breakdown of air in front of the sample (Fe₂O₃), focusing lens and the sample was 

separated by a distance less than the focal length of the lens. Use optical fiber and 

put the fiber in 45ᵒ to collecting and transfer plasma emission. Spectroscopy optics 

use to study the plasma emission (200-1025) nm. 

  

Fig. 2. Spectroscopy Ocean Optics and optical fibre. 

From Fig. 3 note the methods of incident laser on the solid targets (Fe₂O₃), 

where clear from this figure the system consists of (computer, spectroscopy, fiber, 

(a) (b) 
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laser, and targets), we see from plasma plume the intensity and volume of the 

(Fe₂O₃) are limited and increases with increasing the laser energy. 

 
Fig. 3. Schematic diagram experimental of  

the spectroscopy optics and optical fibre. 

3.  Results and Discussion 

In this section illustrate the typical emission spectrum plasma that generated from 

the incident laser beam on surface targets, Fe₂O₃ and compares between them 

through study, the best peak of wavelength, temperature, frequency, and density all 

these parameters under induced laser plasma technique. 

The emission spectrum lines detected and analysed the intensities of it to 

evaluate the properties of plasma thorough electron temperature Eq. (1) and 

electron density Eq. (2) at different laser energies (600-900) mJ.  

From Fig. 4, it is clear that the laser peak power has a strong and important 

effect on the emission line intensities, where the intensities increase with energy. 

Appear from figures the emission of spectral of iron oxide increases where the 

highest peak lies at (FII), wavelength 589.8 at peak 62672.95 and the transition 

3d54s2 - 3d6(3D)4p, but when incident laser on Fe target finds the intensity 

becomes less and the highest peak lie at (FII), wavelength 591.37639 at peak 

55396.52 and the transitions 3d6(3F2)4p - 3d6(5D)5s. 

 

Fig. 4. Emission spectra of (LIPS) for Fe₂O₃ with different energies. 
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Table 1 illustrates the lines emissions from the Fe₂O₃ plasma excitations and 

ionizations that produced by the interaction of pulse Nd: YAG laser a wavelength 

(1064) nm with at different laser energies (600-900).  

Table 1. Spectroscopic parameters of the (Fe₂O₃ I and Fe₂O₃ II) lines [22]. 

Ions 
Wavelength 

λ (nm) 
gkAki (S-1) Ei (cm-1) Ek (cm-1) 

Transitions 

Lower level Upper Level 

FeII 321.8 2.4e+06 
73 

43.346 

104 

09.618 
3d6(1G2)4p 3d6(3H)4d 

FeI 357.38 2.41e+06 
19 

390.168 

47 

363.376 
3d64s2 3d6(3G)4s4p(3P°) 

FeI 373.53235 2.70e+07 
24338.76

7 
50 

475.288 
3d6(5D)4s4p(3P°) 3d6(1G2)4s4p(3P°) 

FeI 382.54025 6.47e+05 
18 

378.186 
44 

511.812 
3d64s2 3d7(4P)4p 

FeI 388.70480 3.52e+06 
7 

376.764 

33 

095.941 
3d7(4F)4s 3d7(4F)4p 

FeI 393.11170 4.8e+06 
26 

339.696 

51 

770.557 
3d6(5D)4s4p(3P°) 3d6(5D)4s (4D)5s 

FeI 399.80525 5.70e+06 
21 

715.732 
46 

720.842 
3d7(2G)4s 3d7(4P)4p 

FeI 406.53809 1.7e+07 
27 

666.348 

52 

257.346 
P°)3D)4s4p(5(63d 3d6(5D)4s (4D)5s 

OII 495.5705 1.81e+07 
214 

229.671 

234 

402.797 
2s22p2(3P)3p 2s22p2(3P)3d 

FeI 518.68670 2.64e+07 
84 

424.422 
103 

698.515 
3d6(5D)4d 3d6(5D2)4f 

FeI 526.33059 6.36e+06 
26 

339.696 

45 

333.875 
3d6(5D)4s4p(3P°) 3d6(5D)4s (6D)5s 

FeII 589.8114 5.4e+05 
54 

275.649 

72 

169.004 
3d54s2 3d6(3D)4p 

OIII 599.528 6.18e+05 
377 

562.31 
394 

197.9 
2s22p(2P°)4d 2s2p2(2D)3s 

FeII 601.78830 3.1e+05 
63 

272.981 

79 

885.523 
3d6(3F2)4p 3d6(5D)5s 

FeI 612.02490 2.12e+01 
7 

376.764 

23 

711.456 
3d7(4F)4s 3d6(5D)4s4p(3P°) 

FeI 616.35441 8.44e+03 
17 

726.988 

33 

946.933 
3d7(4P)4s 3d6(5D)4s4p(3P°) 

OII 649.5802 1.48e+06 
232 

796.298 

248 

186.64 
2s22p2(3P)3d 2s22p2(3P)4p 

Boltzmann plot requires peaks that originated from the ionization stage and the 

same atomic species. We choose five peaks for Fe₂O₃ at (321.8, 373.57, 388.7 and 

601.37) nm as shown in Fig. 4. We get these peaks after incident laser on target in 

air Fig. 1(b) and choose the energies of transition probabilities, high levels and 

statistical weights for element Fe₂O₃ have been obtained from (NIST) [22], where 

Te equals to the invert of the slope of the fitting line according to Eq. (1). The fitting 

lines R2 is a statistical coefficient indicating the goodness of the linear fit which 

takes a value between (0.8, 0.9) as shown in Fig. 5. Using Stark broadening Eq. (2) 

to determine the ne , where the spectral lines of plasma electrons result from 

collisions with charged species. 

Table 2 shows surfaces of Fe₂O₃. We found it through the values of parameters 

(Te, FWHM, ne, fp, λD, and Nd ), where fp and ND at different laser pulse energies 

(600- 900) mJ calculated though the FWHM methods appear from Table 2 and Fig. 

6, the plasma generated dependent on the plasma conditions. It shows that (ne, fp) 

increases with laser energy. 
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Fig. 5. Boltzman plot for Fe₂O₃ target with different laser energies in the air. 

Table 2. Plasma parameters (Te, ne, fp, λD, and Nd)  

for the Iron Fe₂O₃ with different laser energies (600-900). 

E (mJ) Te (eV) FWHM ne×1017 (cm-3) fp (Hz)×1012 λD×10-5(cm) Nd 103 

900 1.660 1.350 10.13 9.036 0.951 3.652 

800 1.660 1.340 10.05 9.002 0.951 3.621 

700 1.900 1.320 9.90 8.935 1.025 4.468 

600 2.400 1.300 9.75 8.867 1.161 6.391 

 

Fig. 6. the variation of (Te) and (ne) versus  

the laser energy(600, 700, 800, and 900) for Fe₂O₃. 
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4.  Applications 

Staphylococcus aureus is a microorganism that live in the skin and mucose 

membranes of humans as normal flora, it is a gram-positive cocci, gold-coloured, 

pairs and cluster, it's very common in hospitals wherever patients with open wounds 

and weakened immune systems. They are recognized as foodborne and clinical 

pathogen, inhabiting the skin, skin glands and mucous membranes of humans 

(Matthew, 2012), these bacteria have troublesome in hospitals, prisons and nursing 

homes, where patients with open wounds, invasive devices, and weakened immune 

systems. It has ability to biofilm forming as another human pathogens that causes 

diseases, ranging from minor skin lesions to dangerous deep tissue harm, and 

general infections like respiratory disease, carditis, and toxin syndromes [23]. 

Acinetobacter baumannii is a Gram-negative, non-motile, obligate aerobic 

coccobacilli that is commonly found in soil, water, sewage, and in healthcare 

settings ,it is one of the most important pathogens causing hospital-acquired 

infections (nosocomial infections), particularly in intensive care units (ICUs) 

Acinetobacter baumannii is the causative agent of wide range of infections 

including sever bacteraemia, septicaemia ventilator-associated pneumonia , wound 

infections  meningitis ,endocarditis , skin and soft tissue infections urinary tract and 

catheter-related infections, osteomyelitis, ocular infections, and many other 

hospital and ICU-acquired illnesses especially in patients with impaired host 

defences [23]. 

5.  Well Diffusion - Method 

Different  nano particle liquid plasma energy as shown in Fig. 7 used  to screen for 

their inhibitory activities against human pathogenic bacteria (Acinetobacter 

baumannii  and Staphylococcus aureus). This procedure must be used agar well 

diffusion-method. Plates were prepared by spreading 105 cfu/ml culture broth of 

indicator microorganisms isolate on surface nutrient agar surface. The agar plates 

were left for about 15 min. before aseptically dispensing the 5  µl of Fe₂O₃ solution 

into the agar wells already bored in the agar plates. The plates were then incubated 

at 37 °C for (18-24) hours. Zones of inhibition were measured and recorded in 

millimetres diameter as shown in Fig. 8. 

 

Fig.7. Fe₂O₃ nano particle liquid in different plasma energy (600-900) mJ. 
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Fig. 8. Effect of Fe₂O₃ plasma energy on the 

against S, aureus and Acinetobacter baumannii. 

6.  Conclusions  

Laser-induced Plasma spectroscopy (LIPS) technique has been applied to study the 

emission of plasma from target, and the analysis of Fe₂O₃ plasma plume using the 

fundamental (1064 nm) Nd: YAG laser. Also study the plume intensity, electron 

temperature (Te), and electron density (ne) of plasma plume are determined at 

different Nd: YAG laser energies (600-900) nm. It is observed in case of iron the 

laser energy and the electron temperature increase with it and the highest peak of 

Fe₂O₃ arrives at  2 72. 5. 

This research shows high effect of Fe₂O₃ at 8   against S, aureus with inhibition 

zone 30 (mm) and 23(mm) on Acinetobacter baumannii while no effect at 700, 600 

on both type of bacteria. Their antimicrobial effect is due to blockage of respiratory 

enzyme pathways, the cell wall, inhibition the protein synthesis, may be effect on 

the alteration of microbial DNA and outer membrane permeability.  
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