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Abstract 
 

     In the present study, the emission spectrum of titanium produced from laser induced plasma has 
been measured at different distances from the target. The Titanium target is irradiated by using the 
high power Q-switched Nd:YAG laser (λ=1064 nm) that generates energy 750 mJ/pulse of duration 
rate 6 ns and repetition rate 10 Hz in vacuum and at different distances. The variation of the distance 
from the target affects the measured plasma parameters, i.e. the electron density, the ion temperature 
and the velocity distribution. The electron density increases with the increase of the distance from the 
target. At a distance 0.6 mm from the target it decreases to 2.28*1016 cm-3. The temperature increases 
with the distance from the target until a distance of 1 mm, after that it decreases. It is found that the 
plasma velocity increases with the distance then it decreases again. Then, Energy levels and transition 
probabilities for 3d2 4p → (3d2 4s + 3d3) lines have been determined by measurement of emission line 
intensities from an optically thin laser produced plasma of Ti II in vacuum. Calculations with 
intermediate coupling using Hartree-Fock wave functions have been carried out in order to place the 
experimental data on an absolute scale and also to evaluate the lifetimes. The plasma parameters in 
different regions of the plasma plume have been measured and used to obtain further transition 
probabilities. 
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1 Introduction 
 
     The interaction of the laser beam with solid matter and the consequent plasma generation has been 
studied for many years [1-5]. Despite great efforts to exploit the laser matter interaction for material 
processing and diagnostic purposes, many aspects still need to be elucidated and clarified. In particular 
the plasma induced by a nanosecond laser is successfully employed for thin film deposition of a wide 
range of classical and novel materials [6,7], and for in situ qualitative and quantitative elemental 
spectroscopic analysis [8]. In these applications what is really important is to understand the 
composition of the species in the plasma. The classical approach in the study of laser induced plasma 
(LIP) is based on the assumption of local thermodynamic equilibrium (LTE) [9]. Under this 
assumption the mass density, temperature and chemical composition can easily be determined. In LTE 
the loss of radiative energy is small compared to the energy exchange between material particles so 
that Maxwell, Boltzmann and Saha relations are still valid locally. For the LTE condition only small 
variations of the system are admitted so that the times associated to the establishment of the kinetic 
balances are smaller than that of the plasma variations [10]. In LIP all the energy is delivered during 
the laser pulse (tenths of ns) and then the system evolves spontaneously for a few microseconds. Most 
of the initial energy is converted into kinetic energy so that the LIP expands with supersonic velocities 
(107 – 105 cm s-1). The strong interest in laser induced plasma applications has been leading to the 
development of many experimental techniques to characterize laser ablation plasmas [11]. 
 
     Measurements of plasma parameters of laser-produced plasma plumes from Ti target are necessary 
for direct comparison with, and validation of theoretical models and computer simulations of the 
ablation process. Moreover, the spectral data obtained from the plasma is of high quality which is 
required for the identification and the support of current astrophysical observations. 
 

     In the present work the emission spectrum of titanium produced from laser induced plasma (LIP) 
has been measured at different distances from the target. The Ti target is irradiated by Nd:YAG laser 
(λ= 1064 nm) that generates 750 mJ/pulse of 6 ns duration in vacuum and at different distances. Series 
of characteristic titanium lines are observed and are interpreted as emission from the exited neutral 
atoms and from singly charged ions (Ti I and Ti II). Plasma parameters are determined from the 
measured spectra and the relative intensities of 59 emitted lines in Ti II are converted to absolute 
values of transition probabilities using the measured data and the computer code of Cowan [12]. 
Energy levels, transition probabilities, lifetimes and population of the excited levels are evaluated. The 
calculations are carried out with (HFR) in the intermediate coupling (IC) scheme and the relativistic 
correction is included also in the calculations.   
 
2 Experimental Set-up 

 
     The experiment is performed in such a way that the source of plasma is formed using a powerful 
pulsed laser beam incident on a titanium target. The characterization of the plasma is determined using 
spectroscopic techniques.  
 
     The experimental set-up consists of:       

 - Ti Target           
 - Vacuum chamber, rotary pump and turbo pump         
 - Nd:YAG laser system 
 - Echelette spectrograph 
 - ICCD camera 
 - PC computer 
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     A schematic diagram of the experimental set-up is shown in Figure 1. A Nd:YAG laser (Brilliantb) 
is used for producing titanium plasma. The plasma emission is generated by focusing the YAG laser 
using a quartz lens (f1 = 20 cm) perpendicularly on the target surface which is mounted in a vacuum 
chamber and is evacuated by using a rotary and a turbo pump. The Nd:YAG laser is operated at its 
fundamental wavelength 1064 nm. The laser operates at a pulse duration of 6 ns, with a power of 750 
mJ/pulse. A repetition rate of 10 shots per second is used. Measurements are carried out in vacuum 
and the chamber is evacuated to a base pressure (4*10-6) mbar. The laser pulse energy is measured by 
using a beam splitter in which the small portion (~4%) of the beam is split on a joule meter. The 
radiative spectrum emission is collected perpendicular to the direction of the laser beam (side – on 
view) with the aid of two lenses (f2 = 20 cm, f3 = 5 cm) {mounted with the optical fiber on a 
micrometric table that allows X and Y movements} onto the entrance of a spectrograph through 
optical fiber with diameter 50 µm . The spectrograph is coupled to an intensified charge coupled 
device camera (ICCD). The entrance aperture of a spectrograph is a circular opening 50 µm in 
diameter. The ICCD is contained in a camera head mounted at the exit port. Plasma emissions are 
collected by scanning the spectrograph over the wavelengths of interest. The spectrograph has a 
grating of 1200 g/mm. The system has KestrelSpec software to acquire images from the supported 
camera, align and focus the images, and calibrate and analyze the spectral data. The ICCD camera is 
ANDOR type. The system of detection covered the wavelength range from 200 up to 1000 nm. The 
intensity of the scanned lines is recorded as a function of the wavelength and time. 
 
     The emission intensities are optimized by accumulating the spectra at a repetition rate of 10 Hz of 
the laser beam and exposure time is two seconds at a laser energy 750 mJ/pulse. The system of 
detection is calibrated by using a mercury lamp. 
 
2.1 The Target  
     The sample used in the experiment is pure titanium with a purity of about 99.96 %. The Ti target 
has a disc shape and has a diameter of 1.8 cm, the surface of the target is polished to a mirror - like 
state and is fixed on a holder which is rotated to avoid drilling and to obtain a fresh surface. The target 
is positioned in the focus of the laser beam. Measurements are performed after cleaning the surface 
from contamination several times.  
 
2.2 The Vacuum Chamber  
     The vacuum chamber is made of stainless steel material. It is evacuated by Oil - sealed mechanical 
rotary pump (Edward) plus turbo pump down to less than (4*10-6) mbar. The chamber has several 
ports used for the interaction of laser with the target, pressure gauging, and view ports. In addition the 
chamber has ports for the target and laser beam. 
 
     Measurements are performed through two windows, which are in contact with the viewpoints of the 
vacuum chamber at two different sides. The optical observation of the plasma light output is parallel to 
the surface of the sample. The experiment is performed with a holder that can be rotated and moved 
back and forth to adjust the target position. 
 
     The vacuum chamber pressure is measured using two vacuum gauges, one for low pressure and the 
other for vacuum. The range of the first gauge is down to 1×10-3 mbar, and the second one is down to 
1×10-7 mbar. A sintered stainless steel filter is fitted to the end of the two gauge tube to protect the 
gauge filament from contamination and from the effects of turbulence in the vacuum system when it is 
pumped down. 
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2.3 Nd:YAG Nanosecond Laser 
     The experiment is performed using a short pulse, high power laser system. The laser pulse is 
produced using an oscillator - amplifier system and a Q-switch. The laser head is of modular design 
incorporating a rod end having dielectric antireflective coating. 
 
     The Nd:YAG heads are pumped by linear flash lamps which are in a close coupled configuration 
surrounded by a high brilliance magnesium oxide diffuser. These features are combined to create the 
excellent pumping homogeneity required for producing high gain superior quality beam. Flash lamps 
and laser rods are cooled by distilled - deionized water. The laser works at its fundamental wavelength 
of 1.064 µm with 750 mJ/puls and pulse repetition rate of 10 Hz. 
 
2.4 SE 200 Echelle Spectrograph 
     A spectrograph is usually required for spectroscopic measurements. The spectrograph spatially 
separates light into its components wavelength. The spectrograph we used is SE 200 Echelle type 
where a wide aperture replaces the exit slit found in the monochromator. The spectrograph causes a 
dispersed spectrum to be projected as a continuous band of wavelengths on the ICCD camera at the 
focal plane. The spectrograph and the ICCD camera combination is the optical spectral analyzer. The 
SE 200 is an Echelle type spectrograph with an Echelle designed for the use with CCD (ICCD) 
imaging arrays. The entrance aperture is a circular 50 microns in diameter. The prism and grating are 
contained in what is called a dispersion module. The ICCD is contained in a camera head mounted at 
the exit port. The focal length of the SE 200 system is 190 mm. The SE 200 system comes with 
KestrelSpec software to acquire images from the supported ICCD camera, to align, to focus the 
images, to calibrate and to analyze the spectral data. Figure (2) illustrates a diagram of the optical 
layout of the SE 200 system.  
 
2.5 The Andor (Intensified Charge Coupled Device) ICCD Camera  
     The Andor ICCD is used with the SE 200 Echelle spectrograph. The ICCD camera is mounted 
upright on the SE 200 Echelle spectrograph with the bottom of the camera facing the bottom of the 
spectrograph. The camera is held in place with upper and lower mounting brackets. The Andor camera 
typically inverts the image data. The ICCD camera is connected to the pc computer through an 
interface card to allow the software to control the system. Operation of the ICCD needs intense pulsed 
sources (lasers, xenon strobes, arc lamps, etc.). The main components of the Andor ICCD are:  
 

- Detector head  
- Plug In card: PCI format 
- Cable: Detector Head to Card 

 
The detector head: contains the Image Intensifier, the high voltage supply, the Gating Electronics, and 
the CCD sensor and its Pre-amplifier. It contains also the temperature sensor, the pre-amplifier for the 
temperature sensor, and the thermoelectric cooler. The head is attached to a spectrograph for acquiring 
data. The CCD Sensor is in a sealed housing that has been flushed with dry gas. Thus there is no worry 
about condensation inside the sealed housing if the sensor is cooled to a temperature below the dew 
point.  The controller card contains one or more 16-bit analog-to-digital converters which digitize 
analog data from the detector head. Under software control these data are transferred to the computer, 
where they are stored in the computer memory. ICCDs comprise a CCD-sensor and a Gated Image 
Intensifier. CCD is a silicon-based semiconductor chip bearing a two-dimensional matrix of photo-
sensors, or Pixels. This matrix is usually referred to as the image area. The pixels are often described 
as being arranged in rows and columns, the rows running horizontally and the columns vertically. 
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Fig. (1) A schematic diagram of the experimental set-up   Fig. (2) A diagram of the optical layout  
             1- Nd:YAG laser ; 2- lenses ; 3- Vacuum Chamber;  of the SE 200 system.  
             4- Fiber cable; 5- Echelle; 6- ICCD; 7- PC; 8- turbo  
                 pump; 9- rotary pump.   
  
     When light falls on an element, electrons (photoelectrons) are produced and, in normal operations, 
these electrons are confined to their respective elements. Thus, if an image (or any light pattern) is 
projected onto the array, a corresponding charge pattern will be produced. To capture the image 
pattern into the computer memory, the charge pattern must be transferred off the chip, and this is 
accomplished by making use of a series of horizontal (i.e. parallel to the rows/shift register) 
transparent electrodes that cover the array. By suitable 'clocking', these electrodes can be used to shift 
(transfer) the entire charge pattern, one row at a time, down into the shift register. The shift register 
also has a series of electrodes (which are vertical, i.e. parallel to the columns) which are used to 
transfer the charge packets, one element at a time, into the output node of the 'on-chip' amplifier. An 
image intensifier is a device that amplifies the intensity of an image, not the size of the image. The 
device is small, typically 1 to 2 inches in diameter by about 1 inch thick. An image is projected on-to 
the input window. As well as amplifying, an image intensifier can rapidly be switched on and off, 
allowing it to be used as a very fast shutter. The active pixels are 1024×1024, the effective pixel size is 
13 µm and the active area (mm) is 13.3×13.3. Figure 2 illustrates an SE 200 system with an Andor 
ICCD (intensified) camera. The resolution of the system (an SE 200 system with an Andor ICCD 
(intensified) camera is given by λ/∆λ. 
 
     There are three different methods of acquiring data, by using the software: acquire spectra does a 
"complete" procedure as specified with the set-up Acquire  menu option, using the defined number of 
scans, number of accumulates, timed delays and exposure time. If the display is currently in image 

2 

4 

5 

6 

7

1

8 

9 

2 

2 

3 



 6

mode, then each new image is displayed as it is acquired. Acquiring one exposure acquires one new 
image, but does not automatically create new curves unless the display is in plot mode. Acquiring one 
dark is the same as to acquire one exposure, except there is no light getting to the CCD. The CCD has 
many advantages compared to traditional light detectors. High quantum efficiency, low noise and wide 
spectral band are among these advantages. 
 
The Echelle system has many advantages 
 

- Echelle system has excellent resolution, this resolution limits the spectral interface, and 
enables the use of weak lines because their corresponding signal to noise ratio is 
enhanced. 

- With its broad spectral range, it is possible to follow several lines of the same element.  
 

Using He–Ne laser on the spectrometer aperture initially aligns the detection system. 
 
     The calibration of the system is checked by experimentally measuring two different known lines 
for emission from excited states of mercury lamp. This calibrated system facilitates the comparison of 
the emission intensities from different plasma species.  
 
3. Results and Discussion 
 
3.1. Plasma parameters measurements 
     The experimental set-up explained in section (2) is used to produce plasma by irradiating pure 
titanium target with a switched Nd:YAG laser at its fundamental wavelength λ = 1064 nm, with a 
pulse duration of 6 ns and a repetition rate of 10 Hz . The laser beam has been fixed at a circular spot 
with diameter 2 mm. Measurements are carried out in vacuum at different distances from the front of 
the target. 
 
     In the present study, the surface of the Ti target is allowed to rotate manually to avoid its 
destruction by the laser radiation. A few preliminary laser shots are used to clean the sample surface. 
The emission intensities are optimized by accumulating the spectra at a repetition rate of 10 Hz of the 
laser beam and exposure time two seconds at laser energy 750 mJ / pulse using the KestrelSpec 
software. This accumulation has the advantage of integrating their intensities, over the line-of-sight in 
the plasma. Therefore, they can be discriminated against the continuum. In this measurement the 
optical observation of the plasma spectra is taken to be in a direction parallel to the target surface.  
 
1. The following plasma parameters are determined:  

i. The electron temperature. 
ii. The electron density. 
iii. The plasma velocity. 

 
     In addition the effect of the distance from the surface of the target on these parameters is discussed. 
 
2. The following atomic data are evaluated: 

 i. Energy levels of the Ti II. 
 ii. The transition probability of Ti II lines in the range (340-520) nm. 
 iii. The lifetime of the excited levels in Ti II. 
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3.1.1 Electron Temperature (Te)  
     The system is first calibrated by using a mercury lamp, the emission of the mercury lamp used for 
calibrating the system is shown in figure 3. Typical emission spectra of the plasma, generated by 750 
mJ/pulse Nd:YAG laser at λ=1064 nm, are shown in figure 4 at a distance of 0.6 mm from the target. 
Plasma is produced in vacuum (4*10-6) mbar. The maximum measured intensity of the Ti line 
emission is at the distance of 0.6 mm from the target.  

     When focusing the laser radiation onto the titanium target, a strong radiation is emitted from the 
plasma. This radiation is detected by the Andor ICCD camera at vacuum at different distances from 
the target in order to estimate the electron temperature and the electron density. 

Fig. (3) Emission line of Mercury lamp used for 
calibrating the system 
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     The wavelength of Ti I lines used for estimating the electron temperature (Te) at different distances 
from the target is tabulated in table 1, where the experimental spectral transition is by Fuhr and 
Wiese[13].  

 
Table 1. The wavelengths of the observed transitions in Ti I used to estimate Te. 

Spectral transition 
 

Wavelength (nm) 
3F-3F* 398.97 
3F-3F* 399.86 
5P-5D* 461.72 
5P-5D* 462.31 
3G-3H* 488.51 
3F-3F* 517.37 

 
     The electron temperature Te of the titanium plasma produced by the Nd:YAG laser is calculated 
using the ratios of the spectrally integrated intensity of Ti neutral lines. The lines must be well 
resolved for an accurate evaluation of their emissivities and the transition probabilities must be known. 
If the plasma is in local thermal equilibrium (LTE), the population of the excited state can be 
estimated using Boltzmann’s formula [14]  
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     A plot of ln (λI/gA) versus E, (where g is the statistical weight of the upper state, A is the 
transitions probability and E is the energy of the upper state) indicates a straight line having a slope 
which is equal to (-1/ kTe), from which we can get the value of kTe. 
 
     For determining Te, the plasma must satisfy the equilibrium conditions i.e. the plasma must reach a 
state of LTE soon after its formation. It is necessary that the velocity distribution of the free electrons 
be Maxwellian. In LTE plasma the collisional excitation and de-excatitation processes must dominate 
over radiative processes and this requires a minimum electron density. 
The lower limit for the electron density at which the plasma will be in LTE is given by  

)2()()(106.1)( 32
1123 Ecm TN ee ∆×≥− 

     Boltzmann plots of these transitions are used in order to obtain the corresponding temperature. The 
accuracy of the electron temperature is limited by the uncertainty in the transition probability Amn 
values of the spectral lines.  
 
The uncertainty of the temperature determination can be estimated using  

)3(
R

R

E
kT

T

T ∆

∆
=

∆
 

where, R= I1/I2. 
 
     In the different regions of the wavelength it is possible to select the lines in which Amn and gm 
values are known, see table 2, where the atomic data are available [13].  
 
     In the present work the electron temperature Te is determined using Ti I transitions listed in table 2. 
These lines are used since their atomic data are available in the literature and their emission intensities 
are quite detectable.  
 

Table 2. Spectroscopic data of Ti I lines used for estimating Te. 

Transition λnm (nm) Em (ev) En (ev) gm gn Amn (108s-1) 

3F-3F* 398.97 0.02 3.12 7 7 3.79e-01 
3F-3F* 399.86 0.047966 3.147753 9 9 4.08e-01 
5P-5D* 461.72 1.748882 4.433368 7 9 8.51e-01 
5P-5D* 462.31 1.739309 4.420404 5 7 5.74e-01 
3G-3H* 488.51 1.887088 4.424397 11 13 4.90e-01 
3F-3F* 517.37 0 2.395746 5 5 3.80e-02 

 
     Figure 5 shows the Boltzmann plot where the target is in vacuum (4*10-6) mbar at a distance 
(1mm) using laser pulses with 750 mJ/pulse. The slope yields a temperature of 10602 °K. When 
evaluating the electron temperature by this method, it is important to stress that the plasma is not 
optically thick for the lines used. This is done by checking the ratio of emission intensities used for 
evaluating the electron temperature according to a procedure described [15]. The ratio of the measured 
intensities is observed to be inconsistent with the ratio of their statistical weights, which indicates that 
the plasma is optically thin. 
     The uncertainty in the temperature ∆T is determined by using equation (3).  Applying this equation 
to the two excited states at 398.97 and 399.86 nm, ∆T is found to be about 9.7%. The laser-produced 
plasma depends on many parameters such as laser intensity, wavelength, pulse duration, target 
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material and the surrounding atmosphere. Therefore, it is difficult to compare our results for the 
electron temperature quantitatively with the reported data in literatures. However, our results are in the 
same order of magnitude with the data of Hermann et al. (1995) [16], De Giacomo (2003) [17] and 
Anna (2003) [18].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.1.2  Electron Density (Ne) 
     The importance of knowing the magnitude and the temporal evaluation of the electron density 
arises from the fact that many kinetic reaction rates depend directly or indirectly on this parameter. 
There are different methods for measuring the electron density [19]. 
 
     In the present work the electron density measurement is performed using a high resolution optical 
spectroscopic technique.  
 

     The spectroscopic technique for determining Ne depends on the measurement of the Stark 
broadening of some optical lines [20]. One spectral line of Ti I at 430.59 nm is used for measuring Ne. 
The Stark width parameter ( w ) of the Ti I selected line at 430.59 is experimentally determined 
accurately [16]. The full half width (FWHM) 

2
1λ∆  of the Stark-broadened line from neutral atom is 

given by [16,20] 
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     The contribution is almost entirely due to electron impact, and therefore the half width of the Stark-
broadened transition can be estimated by the first term in the previous equation 

2
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where Ne  is the electron density in cm-3 .  
 

E (eV)
Fig. (5) The Boltzmann plot where the target is in vacuum  at a distance (1mm). 
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The observed line shape is corrected by subtracting the contribution of the instrumental width using 
 

instrumentobservedtrue λλλ ∆∆=∆   -      

In the present study instrumentλ∆  is 0.04 nm (determined by measuring the FWHM of the Hg lines 
emitted by a standard low pressure Hg lamp). The plasma is therefore optically thin for the used line 
and it is unlikely that the measurements are subjected to self-absorption.  
 
     It is found using equation (5) that the electron density of the Ti plasma produced by Nd:YAG laser 
(1064 nm) in vacuum has a maximum value at a distance 0.6 mm from the target and it is about 
2.28×1016 cm-3. The variation of the value of electron density at different distances from the target in 
the range (0.2–3 mm) is listed in table 3.  
 
     The decrease in the density with the increase of the distance above 0.6 mm, see table 3, can be 
attributed to the shielding effect of the target by the plasma particles. The shielding of the target by the 
plasma particles prevents further interaction of laser radiation with the target. Moreover the 
recombination processes are enhanced at large distance. 
 

Table 3. Electron density as a function of the distance from the target. 

Distance (mm) 
 

Electron density( cm-3) 

0.2 2.11×1016 
0.6 2.28×1016 
1 1.95×1016 
2 1.75×1016 
3 1.60×1016 

 
3.1.3 Plasma Velocity (υ ) 
     Whenever the local thermal equilibrium (LTE) criterion is satisfied, the velocity of the Ti 
plasma produced by Nd:YAG laser in vacuum is given by [21] 



















−

=
M

kTγ

γ
υ

1
2  

 (6) 
where M is the mass of the sample species and γ  is defined as the ratio of specific heat of the plume. 
 
     Since kT is 0.91 eV, at a distance of 1mm and the specific heat ratio of the titanium vapour γ is 
1.67, the plasma velocity is found to be 5.4×105 cm/sec in vacuum. 
 
     The emitted spectral line intensity depends upon two main factors namely; the total density of 
neutrals (or ions) and the temperature of the plasma.  
The density of free atoms depends on the mass ablated by the laser shot and on the fraction of particles 
evaporated in the plasma. In the present case and in the distance range of the target (0.2–3) mm, the 
temperature of the plasma is increased until the distance is 1 mm, and then it is decreased by 
increasing the distance till 3 mm. 

The temperature is increased from 9603 °K ±9.7% at a distance 0.2 mm from the target till 10602 °K 
±9.7% at a distance of 1mm from the target and then it decreases. 
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     Using equation (6) to get the plasma expansion velocity at different distances from the target, we 
found that it is reduced to 5.17×105 cm/sec at a distance of 3 mm from the target compared with a 
velocity of 5.4×105 cm/sec at a distance 1 mm from the target. The temperature and velocity of the 
plasma at different distances from the target are listed in table 4.  

Table 4. Temperature and velocity of the plasma as a function of the distance from the target. 

Distance (mm) Temperature ( °K ) Velocity (105 cm/sec) 

0.2 9603 5.17 

0.6 10425 5.35 

1 10602 5.4 

2 10059 5.26 

3 9743 5.17 

 
     The decrease in the electron temperature after a distance of 1 mm from the target is due to the 
adiabatic expansion of plasma plume. During this expansion thermal energy is converted into kinetic 
energy and plasma cools down rapidly.  
 
3.2. Determination of Atomic Data for the Plasma 
 
3.2.1 Energy Levels of the Ti II lines 
     The theoretical prediction for the energy levels of the configurations is obtained by diagonalizing 
the energy matrices with Hartree-Fock relativistic (HFR) values for the energy parameters. We used, 
for this purpose, the computer code developed by Cowan [12]. The program allowed us to calculate 
energy levels, wavelengths, transition probabilities and lifetimes. For the even parity configurations, 
we considered the two configurations 3d2 4s and 3d3. The calculations are carried out with (HFR) in 
intermediate coupling (IC) scheme and the relativistic correction is included also in the calculations. 
For the odd parity the only one single configuration 3d2 4p is considered which is described with the 
LS coupling scheme. The interpretation of the configuration level structures are made by least-squares 
fit of the observed levels. The energy levels adjusted by this method are used to optimize the 
electrostatic parameters by a least-squares fitting procedure which is used again to calculate the 
transition probabilities and lifetime values. These methods produce gA values that are in better 
agreement with the line intensity observations and lifetime values that are closer to the experimental 
ones. In tables (5-7) we list the values obtained for the different parameters involved in the 
calculations. The results obtained from these calculations give an average deviation from the resulting 
eigenvalues with respect to the experimental levels provided by Wiese [20], which is 39.6 cm-1 for the 
(3d2 4s) and (3d3) configuration and 21.4 cm-1 for the (3d2 4p) configuration. Table 8 presents the 
energy levels in (cm-1), the observed and the numerical values obtained from the fitting to the 
experimental ones. We also include in the table the percentage composition and the sign of the 
components which show the degree of composition of each level in the even configurations. 
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Table 5. Parameters obtained from the fitting process, applied 
to the energy levels of the 3d2

 4s  configuration of Ti II. 
Configuration 3d2

 4s                         
Parameter        Value (cm-1) 

Eav. 
F2(3d, 3d) 
F4(3d, 3d) 
ζ (3d) 

G2(3d, 4s) 

7740.9 
47903.9 
29634.2 

110.4 
7631 

Average deviation = 39.6 cm-1 

 
Table 6. Parameters obtained from the fitting process, applied 

to the energy levels of the 3d3
  configuration of Ti II. 

Configuration 3d3  
Parameter         Value (cm-1) 

Eav. 
F2(3d, 3d) 
F4(3d, 3d) 
ζ (3d) 

R1(3d, 4s, 3d, 3d) 

11609.9 
41618.2 
25653.5 

89.8 
6614.4 

Average deviation = 39.6 cm-1 
 
 
 

Table 7. Parameters obtained from the fitting process applied 
to the energy levels of the 3d2 4p  configuration of Ti II. 

Configuration 3d2 4p 
Parameter Value (cm-1) 

Eav. 
F2(3d, 3d) 
F4(3d, 3d) 

α 
β 

T(D 2) 
ζ (3d) 
ζ(4p) 

F1(3d, 4p) 
F2(3d, 4p) 
G1(3d, 4p) 
G2(3d, 4p) 
G3(3d, 4p) 

38123 
46433.1 
40460.8 
355.1 

4772.6 
41 

108.5 
140.7 

1507.1 
9607.4 
5142.2 
867.6 

1343.7 
Average deviation = 21.4 cm-1 
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Table 8. Energy levels and LSJ composition in Ti II. 
Energy (cm-1) Configuration Exp. Cal. j Percentage composition and sign of the compositions 

9363 9370 1/2 98%  3d3(4P) 4P -17 % 3d3(2P) 2P -11% 3d2 4s(3P) 2P   
+1% 3d2 4s(3P) 4P                   

9851 9801 1/2 -78% 3d3(2P) 2P -55% 3d2 4s(3P) 2P -20% 3d3(4P) 4P  
+14% 3d2 4s(3P) 4P         

9872 9915 1/2 99% 3d2 4s (3P) 4P +11% 3d3 (2P)2P  
+8% 3d2 4s (3P)2P  +2% 3d3(4P) 4P +1% 3d2 4s(1S) 2S       

16515 16891 1/2 58% 3d3(2P) 2P +1% 3d2 4s(1S)2S +1% 3d3(4P) 4P        
31787 31427 1/2 100% 3d2 4s(1S)2S 

0 60 3/2 -99% 3d2 4s(3F) 4F -1% 3d2 4s(1D) 2D 
908 906 3/2 100% 3d3(4F) 4F +1% 3d3(2D) 2D3       

8710 8724 3/2 92% 3d2 4s(1D) 2D +33% 3d3(2D) 2D3  
-16% 3d3(2D) 2D1 -8% 3d3(2P) 2P        

9935 9394 3/2 -95% 3d3(4P) 4P +23% 3d3(2P) 2P +14% 3d2 4s(3P) 2P 
+7% 3d2 4s(1D) 2D 

9930 9918 3/2 -67% 3d3(2P) 2P -48% 3d2 4s(3P)2P  
+48% 3d2 4s(3P) 4P -24% 3d3(4P) 4P 

9975 9989 3/2 88% 3d2 4s(3P) 4P +37% 3d3(2P) 2P  
+26% 3d2 4s(3P) 2P +12% 3d3(4P) 4P  
+9% 3d2 4s(1D) 2D 

12628 13785 3/2 82% 3d3(2D) 2D3 -43% 3d3 (2D)2D1  
-36% 3d2 4s(1D) 2D +5% 3d2 4s(3P) 2P 

16625 17003 3/2 -81% 3d2 4s(3P) 2P +58% 3d3(2P) 2P +3% 3d3(2D) 2D3  
-1% 3d2 4s (1D) 2D 

3d2 4s + 3d3 

32275 31743 3/2 -87% 3d3(2D) 2D1 -46% 3d3(2D) 2D3 

94 152 5/2 100% 3d2 4s(3F) 4F -1% 3d2 4s(3F) 2F  
+1% 3d2 4s(1D) 2D 

983 982 5/2 -99% 3d3(4F) 4F 
4628 4514 5/2 99% 3d2 4s(3F) 2F -10% 3d3(2F) 2F -2% 3d2 4s(1D) 2D  

+2% 3d2 4s(3F) 4F 
8744 8746 5/2 93% 3d2 4s(1D)2D +32% 3d3(2D) 2D3  

-16% 3d3 (2D) 2D1 -10% 3d2 4s(3P) 4P 
9518 9510 5/2 -99% 3d3(4P) 4P +3% 3d2 4s(1D) 2D 
10024 10078 5/2 -98% 3d2 4s(3P) 4P -9% 3d2 4s(1D) 2D  

-4% 3d3(2D) 2D3 +3% 3d3(2D) 2D1 
12758 13908 5/2 -81% 3d3(2D) 2D3 +43% 3d3(2D) 2D1  

+36% 3d2 4s(1D) 2D +2% 3d2 4s(3P) 4P 
20951 20828 5/2 -98% 3d3(2F) 2F -10% 3d2 4s(3F) 2F  +1% 3d3(2D) 2D3  

+1% 3d3(2D) 2D1 
32332 31683 5/2 -87% 3d3(2D) 2D1 -46% 3d3(2D) 2D3 

225 282 7/2 -99% 3d2 4s(3F) 4F +2% 3d2 4s(3F) 2F 

 

1087 1087 7/2 100% 3d3(4F) 4F 
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Table 8 continued. Energy levels and LSJ  composition in Ti II. 
Energy (cm-1) Configuration Exp. Cal. j Percentage composition and sign of the compositions 

4897 4771 7/2 99% 3d2 4s(3F) 2F -10% 3d3(2F) 2F +2% 3d2 4s(3F) 4F 
8997 9004 7/2 97% 3d3(2G) 2G -25% 3d2 4s(1G) 2G  +1% 3d3(4F) 4F  

+1% 3d3(2F) 2F 
15265 14336 7/2 -96% 3d2 4s (1G) 2G  -25% 3d3(2G) 2G 
20891 20782 7/2 99% 3d3(2F) 2F +11% 3d2 4s(3F) 2F 
393 449 9/2 100% 3d2 4s(3F) 4F      
1215 1220 9/2 100% 3d3(4F) 4F -1% 3d3(2G) 2G 
9118 9112 9/2 -95% 3d3(2G) 2G +26% 3d2 4s(1G) 2G   

+5% 3d3 (2H) 2H  -1% 3d3 (4F) 4F 
12676 12174 9/2 100% 3d3(2H) 2H +4% 3d3(2G) 2G -2% 3d2 4s(1G) 2G 
15257 14344 9/2 -95% 3d2 4s(1G) 2G -26% 3d3(2G) 2G -1% 3d3(2H) 2H 

3d2 4s + 3d3 

12774 12267 11/2 100% 3d3(2H) 2H  
32532 32391 1/2 99% 3d2 4p(3F) 4D -11% 3d2 4p(3P) 4D  

+2% 3d2 4p(1D) 2P 
37430 37772 1/2 100% 3d2 4p(3P) 2S -6% 3d2 4p(1D) 2P  

+3% 3d2 4p(3P) 4P +1% 3d2 4p(3P) 2P 
39674 39590 1/2 -98% 3d2 4p(1D) 2P +9% 3d2 4p(1S) 2P   

-6% 3d2 4p(3P) 2S +3% 3d2 4p(3P) 4D 
40330 40326 1/2 99% 3d2 4p (3P) 4D +12% 3d2 4p(3F) 4D  

+3% 3d2 4p(1D) 2P +2% 3d2 4p(3P) 2P 
41996 41929 1/2 -99% 3d2 4p(3P) 4P  +3% 3d2 4p(3P) 2S   

+2% 3d2 4p(1D) 2P 
45472 45452 1/2 99% 3d2 4p(3P) 2P +10% 3d2 4p(1S) 2P  

+3% 3d2 4p(1D) 2P -1% 3d2 4p(3P) 4D 
63276 63320 1/2 -98% 3d2 4p(1S) 2P +10% 3d2 4p(3P) 2P  

-8% 3d2 4p(1D) 2P +1% 3d2 4p(3P) 4D 
30836 30762 3/2 -98% 3d2 4p(3F) 4F -9% 3d2 4p(3F) 2D  

+2 3d2 4p(3P) 2D +1% 3d2 4p(3F) 4D 

3d2 4p 

32602 31827 3/2 93% 3d2 4p(3F) 2D -27% 3d2 4p(3P) 2D  
-17% 3d2 4p (3F) 4D -10% 3d2 4p (1D) 2D  
-9% 3d2 4p(3F) 4F 

31756 32463 3/2 -97% 3d2 4p(3F) 4D -16% 3d2 4p(3F) 2D  
+12% 3d2 4p(3P) 4D +6% 3d2 4p(3P) 2D 

39922 39422 3/2 -94% 3d2 4p(1D) 2P +21% 3d2 4p(1D) 2D  
+17% 3d2 4p(3P) 4S +8% 3d2 4p(1S) 2P 

39602 39900 3/2 -87 3d2 4p(1D )2D -32% 3d2 4p(3P) 2D  
-20% 3d2 4p(1D) 2P -19 3d2 4p(3F) 2D  
+13% 3d2 4p(3P) 4S 

40027 40114 3/2 98% 3d2 4p(3P) 4S +20 3d2 4p(1D) 2P  
+8% 3d2 4p (1D) 2D +3% 3d2 4p(3P) 2D 

3d2 4p 

40425 40397 3/2 98 3d2 4p(3P) 4D +12% 3d2 4p(3F) 4D  
-11% 3d2 4p(1D) 2D -3% 3d2 4p(3P) 2D 
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Table 8 continued. Energy levels and lSJ composition in Ti II. 
Energy (cm-1) Configuration Exp. Cal. j Percentage composition and sign of the compositions 

44914 44966 3/2 88% 3d2 4p(3P) 2D -37% 3d2 4p(1D) 2D  
+22% 3d2 4p(3F) 2D +18% 3d2 4p(3P) 2P            

45548 45534 3/2 98% 3d2 4p (3P) 2P -14% 3d2 4p (3P) 2D 
+8% 3d2 4p(1D) 2D +8% 3d2 4p(1S) 2P 
+ 5% 3d2 4p(1D) 2P

63375 63491 3/2 99% 3d2 4p(1S) 2P -8% 3d2 4p(3P) 2P  
+8% 3d2 4p(1D) 2P  +1% 3d2 4p (3P) 2D 

29544 29694 5/2 -99% 3d2 4p(3F) 4G  -7% 3d2 4p (3F) 2F 
-3% 3d2 4p(1D) 2F +1% 3d2 4p (3F) 4F 
+1% 3d2 4p(1G) 2F

30958 30860 5/2 -99% 3d2 4p(3F) 4F +7% 3d2 4p(3F) 2F 
-4% 3d2 4p (3F) 2D -1% 3d2 4p(3F) 4G 
+1% 3d2 4p(1D) 2F

31207 31375 5/2 -93% 3d2 4p(3F) 2F -25% 3d2 4p(1D) 2F  
-15% 3d2 4p(3F) 2D +9% 3d2 4p(3F) 4G 
 -5% 3d2 4p(3F) 4F 

32025 32072 5/2 -89% 3d2 4p(3F) 2D +27% 3d2 4p(3F) 4D 
+27% 3d2 4p(3P) 2D +17% 3d2 4p(3F) 2F  
+11% 3d2 4p(1D) 2D 

32697 32568 5/2 +95% 3d2 4p(3F) 4D +27% 3d2 4p(3F) 2D  
-11% 3d2 4p(3P) 4D -8% 3d2 4p(3P) 2D 
-2% 3d2 4p(1D) 2D 

39476 39792 5/2 86% 3d2 4p(1D) 2F -36% 3d2 4p(1D) 2D 
-24% 3d2 4p(3F) 2F -14% 3d2 4p(3P) 2D 
-12% 3d2 4p(3P) 4D

39926 40058 5/2 -82% 3d2 4p(1D) 2D -40% 3d2 4p(1D) 2F  
-28% 3d2 4p(3P) 2D -18% 3d2 4p(3F) 2D  
-9% 3d2 4p(3P) 4D 

40581 40513 5/2 98% 3d2 4p(3P) 4D -13% 3d2 4p(1D) 2D 
+12% 3d2 4p(3F) 4D +7% 3d2 4p(1D) 2F
-4% 3d2 4p(3P) 2D

3d2 4p 

42208 42102 5/2 -99% 3d2 4p(3P) 4P -6% 3d2 4p(1D) 2D  
-1% 3d2 4p (3P) 2D 

44902 44960 5/2 -89% 3d2 4p(3P) 2D +37% 3d2 4p(1D) 2D  
-22% 3d2 4p(3F) 2D -1% 3d2 4p(1D) 2F 

47624 47772 5/2 -98% 3d2 4p(1G) 2F -12% 3d2 4p(1D) 2F  
-1% 3d2 4p(3F) 2F 

29734 29839 7/2 100% 3d2 4p(3F) 4G +5% 3d2 4p(3F) 2F  
+2% 3d2 4p(1D) 2F 

 
 

31113 30992 7/2 100% 3d2 4p(3F) 4F -7% 3d2 4p(3F) 2F   
+2% 3d2 4p(3F) 4G -1% 3d2 4p(3F) 2G  
-1% 3d2 4p(1D) 2F 
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Table 8 continued. Energy levels and LSJ composition in Ti II. 
Energy (cm-1) Configuration Exp. Cal. j Percentage composition and sign of the compositions 

31490 31621 7/2 96% 3d2 4p(3F) 2F +26% 3d2 4p(1D) 2F
-8% 3d2 4p(3F) 4D +8% 3d2 4p(3F) 4F
-4% 3d2 4p(1G) 2F

32767 32647 7/2 99% 3d2 4p(3F) 4D -11% 3d2 4p(3P) 4D  
+8% 3d2 4p(3F) 2F +3% 3d2 4p(1D) 2F 

34543 34438 7/2 -97% 3d2 4p(3F) 2G -20% 3d2 4p(1G) 2G  
+2% 3d2 4p(1D) 2F -1% 3d2 4p(3F) 4F

40074 39956 7/2 -93% 3d2 4p(1D) 2F +26% 3d2 4p(3F) 2F  
+20% 3d2 4p(3P) 4D +12% 3d2 4p(1G) 2F 
+3% 3d2 4p(3F) 4D

40798 40670 7/2 -96% 3d2 4p(3P) 4D -19% 3d2 4p(1D) 2F  
-11% 3d2 4p(3F) 4D +5% 3d2 4p(3F) 2F  
+3% 3d2 4p(1G) 2F 

43740 43808 7/2 -97% 3d2 4p(1G) 2G  +21% 3d2 4p(3F) 2G  
+2% 3d2 4p(1G) 2F +2% 3d2 4p(1D) 2F 

47466 47658 7/2 99% 3d2 4p(1G) 2F +13% 3d2 4p(1D) 2F 
+3% 3d2 4p(1G) 2G +2% 3d2 4p(3F) 2F  
+1% 3d2 4p(3F) 4D

29968 30019  9/2 100% 3d2 4p(3F) 4G
31301 31161 9/2 -99% 3d2 4p(3F) 4F +3% 3d2 4p(3F) 2G  

+1% 3d2 4p(1G) 2G
34748 34640 9/2 -97% 3d2 4p(3F) 2G -20% 3d2 4p(1G) 2G  

-2% 3d2 4p(3F) 4F +1% 3d2 4p(1G) 2H 
43780 43832 9/2 98% 3d2 4p(1G) 2G -20% 3d2 4p(3F) 2G  

-3% 3d2 4p(1G) 2H  +1% 3d2 4p(3F) 4F 
45673 45610 9/2 100% 3d2 4p(1G) 2H +4% 3d2 4p(1G) 2G              
30240 30233 11/2 100% 3d2 4p(3F) 4G

3d2 4p 
 

45908 45762 11/2 100% 3d2 4p(1G) 2H +1% 3d2 4p(3F) 4G
 
3.2.2 Transition Probabilities of the Ti II lines 
     Investigation of the present experimental work together with the measurements of the spectral 
emission line intensities leads to the determination of absolute transition probabilities. Absolute 
transition probabilities are obtained by normalizing our relative intensity values on the transition 
probability value of the 439.5 nm line from 3d2 (3F)4p 2F7/2 to 3d2 (1D) 4s 2D5/2 transition in Ti II 
measured by  Pickering et al. [22]. Table 9 gives the transition probabilities for (59) transition lines 
between the 3d2 4p and the (3d2 4s + 3d3) configurations of Ti II. The theoretical values for the 
transition probabilities are also included for comparison. The angular parts of these transitions are 
calculated from IC results given in table 8 considering the detailed composition of each level. The 
radial parts used are calculated in the length approximation form using the HFR wave functions. The 
experimental errors in the transition probabilities are due to the uncertainties in the reference line 
which is (4.7%) and the linearity of the system which is 1%. The results show a fairly good agreement 
with the reference data [13].  
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Table 9. Transition probabilities for lines arising from the 3d2 4p configuration of Ti II. 

Transition levels This work  
A (108 s-1) 

Upper Lower 

λ (Ǻ) 

Experiment Theory 

Ref. [13] 

3d3  4F5/2   347.72 0.011 0.057 0.060 3d2 (3F) 4p 4G7/2
 

3d2 (3F) 4s 2F7/2 402.51 0.009 0.001 0.005 
3d2 (3F) 4p 4G9/2 3d3  4F7/2  346.14 0.006 0.061 0.062 
3d2 (3F) 4p 4G11/2 3d3  4F9/2  344.43 0.006 0.065 0.073 
3d2 (3F) 4p 4D3/2   3d2 (3F) 4s 2F5/2 357.37 0.011 0.130 0.028 

3d2 (3F) 4s 2F5/2 372.16 0.056 0.053 0.039 
3d2 (1D) 4s 2D5/2  439.50 0.124 0.0912 0.094 

3d3  2G7/2     444.46 0.080 0.003 0.003 

3d2 (3F) 4p 2F7/2    

3d3  2G9/2     446.85 0.097 0.113 0.100 
3d2 (3F) 4p 4F3/2     3d2 (3F) 4s 2F5/2 381.46 0.013 0.002 0.022 

3d2 (3F) 4s 2F7/2 358.71 0.009 0.078 0.011 3d2 (3F) 4p 4D7/2     
3d2 (1D) 4s 2D5/2 416.15 0.071 0.006 0.002 
3d2 (3F) 4s 2F7/2 359.61 0.011 0.086 0.052 

3d3 4P3/2       429.02 0.050 0.114 0.046 
3d2 (3F) 4p 4D5/2     

3d3 2P3/2       439.98 0.089 <0.001 0.031 
3d2 (1D) 4s 2D3/2   433.79 0.051 0.079 0.066 
3d2 (1D) 4s 2D3/2    434.43 0.012 0.009 0.007 

3d3  4P1/2        446.45 0.065 0.003 0.007 
3d3   2P1/2          456.38 0.076 0.157 0.088 

3d2 (3F) 4p 2D3/2     

3d3  2P3/2           459.00 0.014 0.027 0.013 
3d2 (3F) 4s 2F5/2     376.13 0.336 1.400 0.990 
3d2 (1D) 4s 2D3/2    444.38 0.097 0.085 0.110 

3d2 (3F) 4p 2F5/2     
 

3d3  2G7/2     450.13 0.093 0.115 0.100 
3d2 (1D) 4s 2D5/2    429.41 0.034 0.066 0.047 

3d3  4P3/2       441.77 0.122 0.001 0.021 
3d2 (3P) 4s 4P5/2     454.4 0.078 0.001 0.002 

3d3  2D3/2         515.41 0.020 0.006 0.005 

3d2 (3F) 4p 2D5/2     

3d3  2D5/2         518.87 0.015 0.031 0.025 
3d3  2G7/2          388.23 0.054 0.006 0.009 
3d3  2G9/2            390.06 0.101 0.243 0.160 

3d2 (3F) 4p 2G9/2     

3d2 (1G) 4s  2G9/2    512.92 0.023 0.007 0.010 
3d3  2G7/2           391.35 0.105 0.241 0.160 3d2 (3F) 4p 2G7/2     
3d3  2H9/2            457.20 0.100 0.215 0.120 

3d2 (3F) 4p 4G5/2     3d3  2G7/2            486.56 0.009 <0.001 0.001 
3d3  4P1/2            431.50 0.080 0.122 0.13 3d2 (3F) 4p 4D1/2     
3d3  4P3/2            432.10 0.032 0.024 0.024 
3d3  4P1/2            356.19 0.005 0.022 0.013 
3d3  4P3/2            356.59 0.008 0.053 0.039 
3d3  2P3/2            364.13 0.036 0.599 0.490 

3d2 (3P) 4s 2P1/2     478 0.063 0.072 0.062 

3d2 (3P) 4p 2S1/2     

3d2 (3P) 4s 2P3/2     480.51 0.039 0.146 0.110 
3d2 (3F) 4p 4D7/2     3d3  4P5/2            430.00 0.768 0.150 0.077 
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3.2.3. Lifetimes of the excited levels in Ti II 
     We have listed the calculated lifetimes for the upper excited levels in table 10 by using the 
Cowan code program. 
 

Table 10. Lifetime in (ns) for excited levels in the 3d2 4p configuration of Ti II. 
Excited levels Lifetime (ns) 

(3F)  4G7/2
 4.92 

(3F)  4G9/2 4.88 
(3F)  4G11/2 4.84 
(3F)  4D3/2 3.20 
(3F)  2F7/2 5.59 
(3F)  4F3/2 3.59 
(3F)  4D7/2 3.13 
(3F)  4D5/2 3.18 
(3F)  2D3/2 3.20 
(3F)  2F5/2 5.77 

(3F)  2D5/2 5.33 

(3F)  2G9/2 4.09 

(3F)  2G7/2 4.08 

(3F)  4G5/2 4.96 

(3F)  4D1/2 3.04 

(3P)   2S1/2 5.23 

(3F)   4D7/2 3.14 

(1D)  2F5/2 3.084 

(1D)  2D3/2 3.58 

(1D)  2P3/2 3.03 

(1D)  2D5/2 3.54 

(1D)  2F7/2 3.05 

(1G)  2G9/2 2.89 

(1G)   2G7/2 2.89 

(3P)   2P3/2 3.15 

(3P)   2D5/2 3.01 

(3P)   2D3/2 2.99 
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