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Abstract: Theta Pinch is one of the promising methods for the generation of hot and dense plasma. 

In this paper we describe the results of experimental research on a small-scale Theta Pinch creating 

with Helium or Hydrogen plasmas. Different plasma diagnostics, namely, optical, microwave cut-

off, laser interferometry, visible spectroscopy, Thomson scattering, and Laser Induced Fluorescence 

were used to characterize the time- and space-resolved evolution of the plasma parameters, and the 

specific features of these diagnostic results obtained are discussed. The measured plasma density 

and the electron and ion temperature evolution, obtained by these various diagnostic tools agree to 

a satisfactory level. These methods will be applied for studies of the parameters of the plasma in the 

device which is developing in Nt-Tao company towards the fusion energy. 

Keywords: theta pinch; laser interferometry; spectroscopy; Thomson scattering; laser induced 

fluorescence 

 

1. Introduction 

One of the first methods used in the attempts towards achieving inertial confinement fusion was 

the Theta Pinch (TP) introduced more than 70 years ago [1]. Since its conceptualization, many 

theoretical, numerical simulations and experimental studies were carried out to characterize the 

temporal and spatial behavior of the plasma in this device [1–20]. In the TP configuration, the plasma 

is generated by ionization of a gas inside a dielectric tube, the result of an azimuthal voltage, induced 

by a fast-rising high current in an external coil, supplied by a pulse power generator. This induced 

voltage accelerates background free electrons in the gas to an energy sufficient for impact ionization 

of gas atoms or molecules. An avalanche is initiated, leading to the formation of a highly ionized 

plasma sheath in the vicinity of the internal tube surface, where the induced voltage obtains maximal 

value. A current is induced in the plasma sheath, carried by the electrons, generating a self-magnetic 

azimuthal field. The interaction of this field with the magnetic field of the current flowing in the coil, 

leads to a significant magnetic field gradient (magnetic pressure) acting as a piston on the current 

carrying plasma sheath. This piston creates a shock, propagating inwards toward the axis, while the 

gas is ionized behind its front. As the main plasma sheath’s radial propagation is accompanied by 

increasing density and temperature which reach their maximal values in the vicinity of the axis. 

Earlier research demonstrated that a large electron density plasma, with values exceeding 1016 cm-3, 

and a few hundred eV temperature, forms due to this implosion process [2]. 

The most common model describing the TP, and so far best, was introduced by Lee [8,12]. This 

model assumes that a plasma sheath acts as a compressing piston, generating an imploding 

shockwave which sweeps and ionizes the gas behind its front, a process known as the snow-plow 

model. The set ordinary differential equations (ODEs) derived by Lee, calculates the shockwave and 

plasma sheath compression with quite good accuracy accounting for the parameters of the electrical 

circuit, gas type, and the geometry of the TP. There are two fitting parameters in these equations. The 

first parameter f is related to the coupling between the circuit and the plasma current while the second 

parameter fm describes the fraction of mass being swept by the shock. The time evolution of the loop 

current and piston and shock front radii are obtained by solving the following ODEs:  
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where V0 is the charging voltage of the pulse power supply based on capacitive storage, and C0, R0, 

L0 are the capacitance, resistance and inductance of the electrical circuit, respectively. I is the 

discharge current, μ0 is the vacuum permeability, lc, rc are the coil width and radius, respectively. rp 

and rs are the piston and shockwave radii, respectively, γ≈1.67 is the specific heat ratio assuming a 

fully ionized hydrogen plasma [21], ρ0 is the gas initial density and f and fm are the fitting parameters. 

Non-perturbing diagnostics of the plasma generated in the TP, measuring its parameters is 

crucial. We present the results of experimental studies of plasma generated by a compact Theta Pinch 

which was designed and assembled in the Plasma Physics and Pulsed Power Laboratory at the 

Technion. To characterize the TP, several non-perturbing, temporally and spatially resolved, 

diagnostic methods were employed. These include electrical current and voltage monitors, optical 

imaging, microwave cut-off, laser interferometry, visible spectroscopy, Thomson scattering, and 

Laser Induced Fluorescence (LIF) which were applied for the characterization of the plasma dynamics 

parameters. The main purpose of this study is to explore the applicability of these various, non-

perturbing diagnostic methods that will be applied in a much more powerful plasma device being 

developed at nT-Tao [22]. 

2. Experimental Setup and General Parameters of the Theta Pinch 

The experimental setup, sketched in Figure 1, consists of a 65-mm inner diameter Pyrex tube, an 

induction coil for plasma production and a pulsed power supply. An initial vacuum in the tube of 1 

mPa was produced by a turbopump (MacroTorr turbo-V 250) and scroll pump (nXDS15i). The tube 

is filled with either Hydrogen or Helium gas at a pressure range of 10 -1330 Pa using precise vents 

and controlled by a baratron gauge (Edwards model 655 AB). 99.99% pure Helium gas is supplied by 

a gas cylinder. An MRC GG-H-200 generator was used to produce Hydrogen. Continuous pumping 

and gas injection, keeping constant pressure and using precise gas vents, ensures gas purity in the 

tube. 

 

Figure 1. The experimental setup used to produce a Theta Pinch with a single loop. 

For reliable plasma discharge ignition, a sharp cone tungsten electrode was installed in the tube. 

The electrode is biased to -2 kV pre-ionization voltage supplied by a DC high voltage unit (VC 952 
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A, Tennelec) via a 2 MΩ resistor connected in series with the electrode. This voltage was sufficient to 

produce a corona-like discharge which supplies free electrons to the gas filling the tube volume.  

Characterization of the plasma using microwave cut-off and laser interferometry were carried 

out with a 3-loop coil (0.5-mm thick, 20-mm wide copper foil) wrapped around the glass tube. The 

advantage of a 3-loop coil is that given an equal dI/dt of the discharge current, a larger magnetic field 

flux, Φ3 , is generated compared to the magnetic field flux, Φ1 , enerated by a single loop. Thus, the 3-

loop coil generates a larger induced voltage, ε3, than that induced by a single loop coil, ε1, as: 

𝜀3 𝜀1 = 3 (𝐿𝑔 + 𝐿1) (𝐿𝑔 + 3𝐿1)⁄⁄ , where Lg and L1 are the inductances of the pulse generator and that 

of a single coil, respectively. 

Although a 3-loop coil can produce a larger induced voltage (when the condition Lg>>L1 is 

satisfied), the plasma forms with spatial non-uniformities across the tube due to the discrete number 

of turns, having, in the present setup, gaps of ~2 cm. Therefore, in experiments involving fast framing 

imaging of the plasma light emission, spectroscopy, Thomson scattering and LIF, we used a setup 

with only a single turn of 0.5-mm thick and 40-mm wide copper foil. 

Two pulse power, high-current, generators were applied in this research for the generation of a 

TP plasma. A Fluke, 40 kV DC voltage divider, was used to control the charging voltage of the 

generators, and a Pierson current monitor (model 5046) was used to measure the discharge current 

the waveform of which was registered by a Tektronix TDS-784A (1 GHz, 4 Gs/s) oscilloscope. The 

generator used for the 3-loop coil setup, consisted of a low-inductance 1 μF, 20 kV capacitor 

(Condenser Products Corp.) charged to 17 kV (stored energy of ~145 J) discharged using a gas spark 

gap switch with an externally triggered middle distortion electrode. A typical waveform of the 

discharge current obtained at He gas pressure of 0.1 Pa when a plasma discharge does not develop, 

is shown in Figure 2. The discharge current is characterized by ~1.5 μs rise time reaching an amplitude 

of I = 17.5 kA and dI⁄dt ≈ 1.1×1010 A/s. However, due to an underdamped discharge, characterized by 

current oscillations with a ~34.8 μs decay, the lifetime of this capacitor was limited to several 

hundreds of shots. A second generator, based on two 0.44 μF, 50 kV, 20 nF capacitors (General 

Atomics) connected in parallel, operated at 25 kV charging voltage (stored energy of 275 J) which is 

smaller than its nominal value by a factor of two. This generator was used in experiments with a 

single loop coil (see Figure 1). For this case, a 0.7 μs rise time, ~29 kA amplitude discharge current 

(see Figure 2) with dI⁄dt ≈ 4.1×1010 A/s was obtained with a fast ~7 μs decay time (see Figure 2). Using 

the decay of the discharge current oscillations, we calculated the impedance, inductance and 

resistance of the 3-loop and single loop setups as ~0.93 Ω, ~0.95 μH, ~17 mΩ and ~0.7 Ω, ~0.56 μH 

and ~14 m Ω respectively.  
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Figure 2. Waveforms of the current for the 1 μF capacitor charged to 17 kV and discharged into the 3-

loop coil (black line) and two 0.44 μF capacitors connected in parallel, charged to 25 kV and 

discharged into a single loop coil (red dashed line). The He gas pressure in the tube was 0.1 Pa. 
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As a result of the fast discharge, a longitudinal oscillating magnetic field is generated in the tube 

which, in turn, induces an azimuthal electric field. Estimating the electric field in the vicinity of the 

loop as |𝐸⃗ | =
𝐿

2𝜋𝑟0

𝑑𝐼

𝑑𝑡
 , where 𝐿 ≈ 𝑁𝜇0𝑟0 [ln (

8𝑙

𝑟0+𝑙
) − 0.5] is the inductance of a coil with N loops, of 

𝑟0 = 3.25 𝑐𝑚  (loop radius) and 𝑙 = 2 𝑐𝑚  foil width. These estimates give |𝐸⃗ 3| 40.5 V/cm and 

|𝐸⃗ 1|50.4 V/cm for the 3-loop and single loop setups, respectively. These electric fields accelerate free 

electrons, which acquire sufficient energy for gas ionization, resulting in an avalanche and a current 

carrying plasma sheath. The interaction of the induced magnetic field created by the plasma current 

with the external magnetic field of the current in the coil, leads to a magnetic field gradient which 

compresses the plasma. Thus, the energy of the time-dependent magnetic field, created by the current 

flowing in the loop, is transferred into ionization and excitation of the gas and radial compression of 

the plasma sheath. 

In Figure 3(a) we present waveforms of the discharge current in a 3-loop coil obtained with He 

gas at P = 2.7 kPa and at P = 0.4 kPa. For the higher pressure, plasma formation was not obtained. 

When plasma forms, a much faster decay of the discharge current is observed due to energy transfer 

to the gas ionization and plasma compression. In Figure 3(b) we present dependencies of the energy 

transfer to Helium and Hydrogen plasmas as function of pressure.  
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(a) (b) 

Figure 3. Three-loops coil Theta Pinch; (a) Waveforms of the discharge current at 2.7 kPa pressure 

when no plasma generation was obtained (black) and with the plasma generation at 0.4 kPa (red) 

pressure of He gas; (b) Energy deposited into the gas discharge vs. gas pressure for He (black squares) 

and H2 (red dots). 

For He plasma, up to 55 % of the stored energy was transferred to the plasma while for Hydrogen 

plasma  38 %. Here, the energy transferred to the plasma was calculated as the time integrated 

power, 𝑃𝑙𝑜𝑜𝑝 = ∫ 𝐼2𝑅𝑑𝑡
𝑡

0
, subtracted from the total energy initially stored in the capacitor. The 

resistance R was calculated using the decay constant 𝜏 of the discharge current 𝑅 = 𝐿/2𝜏. 

In Figure 4(a) we present waveforms like those shown in Fig. 3 but obtained with a single loop 

at 0.1 Pa and 0.4 kPa of He gas pressure. As in the 3-loop scheme, when plasma generation occurs, 

current oscillations decay faster. Figure 4(b) presents the stored energy transfer to the plasma for 

different gas pressures. The efficiency of the energy transfer to the plasma is smaller than those 

obtained for the 3-loop scheme. This can be explained by the smaller period of the current oscillations, 

meaning that the time for energy transfer to the plasma during its compression was not sufficient.  
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Figure 4. Single loop Theta Pinch; (a) Waveforms of the discharge current obtained in the case of 

Helium gas at 0.1 Pa pressure when no plasma generation was obtained (black) and with plasma 

generation at 0.4 kPa (red) pressure of He gas; (b) Energy deposited into the gas discharge versus He 

(black squares) and H2 (red dots) pressure. 

3. Experimental Results 

3.1. Time and Space Resolved Light Emission During Plasma Compression 

In Figure 5 we show an example of Hydrogen plasma light emission images obtained by a 

4QuikE intensified camera (Stanford Computer Optics) during plasma compression at P = 63 Pa. In 

experiments with a single loop, the 4QuikE camera was installed in front of the glass tube along its 

axis, with its focus set to the center of the loop (see Figure 1). The images presented in the upper row 

of Figure 5 reveal that the bright light emission from the plasma is obtained at the periphery of the 

tube, approximately half a period after the beginning of the discharge current and plasma 

compression takes 1 μs. This time is estimated when the spatial size of the plasma emission pattern 

reaches its smallest value (5 mm). The latter allows to estimate the average implosion velocity of the 

plasma as ~3 ⋅ 106 cm s⁄  at 63 Pa gas pressure for both Hydrogen and Helium. Side view images 

obtained for the 3-loop coil setup (see the images in the bottom row of Figure 5), show non uniform 

plasma formation along the width of the loops. Additionally, the plasma is compressed to a larger 

final radius compared to the single loop experiments.  

 

Figure 5. Front view frame images of the light emission (top row) obtained at different times of plasma 

compression for a single loop Theta Pinch at Hydrogen pressure of 63 Pa and at frame duration of 10 

ns and side view frame images of light emission (bottom row) obtained at different times for the 3-

loops setup at Hydrogen pressure of 106 Pa and at frame duration of 10 ns. 

We used a fast photodiode (DET02AFC, Thorlabs) to obtain the time evolution of the light 

emission from the plasma. In the photodiode data (see Figure 6) compression is seen as the fast-rising 

intensity and the quality of compression can be estimated by the duration and amplitude of the first 

peak in the light intensity. A light emission from the plasma was obtained over 80 µs, giving an 

estimated plasma lifetime.  
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Figure 6. Typical waveforms of current (black) and photodiode light intensity (red) obtained for single 

loop (a) and for 3-loop (b) setups for 63 Pa Hydrogen.  

In Figure 7 we present the results of numerical simulations using the Lee model for the 3-loop 

and single loop setups. The simulated current waveform shows satisfactory agreement with the 

measured current for fitting parameter values of 𝑓 = 𝑓𝑚 = 0.9. Numerically calculated shock and 

piston radii show maximum implosion velocities of 1.5×107 cm/s and 4.8×106 cm/s, respectively for 

a single loop. This result agrees satisfactorily with the average velocity of the plasma implosion 

obtained using the framing images of the plasma light intensity. For the 3-loop setup, these velocities 

are 5×106 cm/s and 1.5×106 cm/s.  
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Figure 7. Lee model current (solid black) compared with the measured current (dashed black) for a 

single loop (a) and for the 3-loop (b) setups and calculated shock (red) and piston (blue) radii during 

initial compression. He gas pressure is of 63 Pa.  

3.2. Microwave Cut-Off Measurements 

Propagation of electromagnetic (EM) waves in the plasma in the absence of magnetic field, is 

possible only when the frequency of the EM waves 𝜔𝐸𝑀 ,  is higher than the plasma electron 

frequency, 𝜔𝑝 = (𝑛𝑒𝑒
2 𝑚𝑒𝜀0⁄ )0.5, where 𝑛𝑒 is the plasma electron density, e the electron charge, 𝑚𝑒 

the electron mass and 𝜀0 the vacuum permittivity. Here it is assumed that 𝜔𝐸𝑀 ≫ 𝜈𝑒𝑛 , where 𝜈𝑒𝑛  is 

the electron-neutral collision frequency. This can be used to obtain the lifetime of a plasma with a 

density larger than the critical density: 𝑛𝑐𝑟 = 𝜔𝑒𝑚
2 𝑚𝑒𝜀0 𝑒2⁄ . 

In the present research a klystron (model 44151H, Hughes EDD) was used as a 70 GHz 

continuous wave (CW) microwave source. The klystron was connected to a WR15 waveguide (50 – 
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75 GHz) with an ANTT-SGH-50-70 horn antenna (gain of 24.4 dBi) at its output. The antenna was 

located at a distance of 3 cm from the 3-loop setup and positioned between the space between the 

loops, allowing microwaves to pass through the tube wall (see Figure 8). On the opposite side of the 

tube, a receiving NTT-SGH-50-70 antenna was placed at the same distance of 3 cm from the tube. 

This antenna was coupled with a coaxial adapter and the microwave signal was detected by a 

Schottky diode. In these experiments a fast photodiode was used to provide the dynamics of light 

emission from the plasma.  

 

Figure 8. Microwave cutoff setup for a 3-loop Theta Pinch setup. (1) 32 V DC source, (2) the klystron 

and antenna (70 GHz), (3) receiving antenna with the Schottky diode, (4) photodiode, (5) Pierson 

current monitor. Microwaves are marked as green arrows. 

Using this setup, the lifetime of the plasma with 𝑛𝑐𝑟 ≥ 5 ⋅ 1013 cm−3 corresponding to 𝜔𝐸𝑀 =

70 GHz  was studied for Helium and Hydrogen plasmas, generated by the TP for different gas 

pressures. Examples of these measurements are shown in Figure 9. A plasma with electron density 

𝑛𝑒 ≥ 5 ⋅ 1013 cm−3  exists for 100 µs and up to 800 µs for Hydrogen and Helium plasmas, 

respectively. Moreover, increasing gas pressure leads to an increase in the plasma lifetime.  
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Figure 9. Typical waveforms of the discharge current, light emission and transmitted microwave 

intensity (a) obtained for Helium at 63 Pa pressure. The transmitted microwave intensity for 

Hydrogen (b) and Helium (c) plasma experiments at different gas pressures. All results are for the 3-

loop setup.  

3.3. Laser Interferometry 

Since the microwave cut-off experiments only provide the lifetime of a plasma with 𝑛𝑒 ≥ 𝑛𝑐𝑟 , 

laser interferometry was implemented to study the time-resolved line-integrated plasma density 

evolution across the tube’s diameter. Laser interferometry is based on the phase shift acquired by a 

laser beam propagating through plasma, with respect to a reference laser beam propagating in air. 

The phase shift can be calculated as: Δ𝜙(𝑡) =
𝜔0

𝑐
(√𝜀𝑝𝑙(𝑡) − 1)𝐿 + Δ𝜙0  where 𝜔0 is the frequency of 

the laser beam, 𝐿  is the plasma length, c is the speed of light, ∆𝜙0  is the phase shift related to the 
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difference in two arms of the interferometer due to vibration of the optical elements, and 𝜀𝑝𝑙 is the 

dielectric constant of the plasma [23]:  

 𝜀𝑝𝑙(𝑡) = 1 − (
𝜔𝑝𝑙(𝑡)

𝜔0
)
2

=  1 −
𝑛𝑒(𝑡)𝑒

2

𝜀0𝑚𝑒𝜔0
2  , if 𝜈𝑒𝑛

2 <<𝜔0
2, (4) 

Thus, the plasma electron density can be calculated in terms of the phase shift as:  

𝑛𝑒 = 
4𝜋𝜀0𝑚𝑒𝑐2

𝑒2
∆𝜙𝑝𝑙(𝑡),

𝐿𝜆
= 3.55 · 10

19 ∆𝜙𝑝𝑙(𝑡),

𝐿(𝑐𝑚)𝜆(𝑛𝑚)
 , [cm

-3
] , (5) 

where λ is the laser wavelength. 

In the experiment, when two waves 𝐸⃗ 1,2 = |𝐸⃗ 1,2 |𝑠𝑖𝑛(𝜔0𝑡 − 𝑘𝑥 + 𝜙1,2) are added at one point in 

space (at the input of the fast photodiode), the resulting wave intensity is 𝐼 = |𝐸⃗ |2 = 𝐼1
2 + 𝐼2

2 +

2√𝐼1 + 𝐼2cos(∆𝜙). In our case, the phase shift accounting for the acoustic vibration of the optical 

elements is equal to ∆𝜙(𝑡) = ∆𝜙𝑝𝑙(𝑡) + ∆𝜙0. Therefore we use two digitizing oscilloscopes with data 

acquisition with two different time sweeps. The phase shift for the measured signals can be found as:  

𝐼(𝑡)  =  𝐼0𝑠𝑖𝑛[∆𝜙(𝑡)]  +  𝐶, (6) 

where 𝐶 =
𝐼𝑚𝑎𝑥+𝐼𝑚𝑖𝑛

2
 and 𝐼0  =

𝐼𝑚𝑎𝑥−𝐼𝑚𝑖𝑛

2
 obtained from the waveform registered by the digitizing 

oscilloscope with the slow timescale. Here  𝐼𝑚𝑎𝑥  and 𝐼𝑚𝑖𝑛  are the maximum and minimum 

amplitudes of slow interference signal during plasma generation. Thus, the phase shift ∆𝜙𝑝𝑙(𝑡) is 

given as:  

∆𝜙𝑝𝑙(𝑡) = sin−1 [
 𝐼(𝑡) − 𝐶

𝐼0
] − ∆𝜙0 (7) 

We used an in-house MATLAB code for signal processing which includes FFT filtering of the 

noise and signal smoothing procedures. 

In this set of experiments, a Michelson interferometer was assembled (see Figure 10). The 

interferometer consists of either a red laser (λ = 632.8 nm, P = 15 mW) or a green laser (λ = 532 nm, P 

= 200 mW) (1), beam splitter (2), two mirrors (3,4), ND filter 0.3 (7), bandpass filter (λ=632±1 nm or  

530±5 nm) (5) and a fast photodiode FDS010 ThorLabs (1 ns time resolution) (6). A laser beam is split 

between mirrors (3) and (4) using a beam splitter. One of the beams propagates through a Pyrex tube 

where the plasma is generated. The reflected laser beams (Ray 1 and Ray 2) from mirrors (3) and (4) 

are returned and combined by the beam splitter and are registered by a fast photodiode. Ray 2 has a 

phase shift relative to Ray 1 due to a change in the plasma density, resulting in an interference signal 

at the diode output.  
Waveforms of the voltage from the fast photodiode (6) are registered by two digitizing 

oscilloscopes: Tektronix TDS-2014C and Tektronix TDS-784A. The Tektronix TDS-2014C acquires a 

signal with a slow time sweep (250 - 2500 μs/div) and the Tektronix TDS-784A with a faster time 

sweep (20-50 μs/div). Thus, we obtain an interference waveform due to low-frequency vibration of 

optical objects (mirrors, etc.) using the Tektronix TDS-2014C oscilloscope. The signal from the 

photodiode which collects the plasma light, allows us to obtain an initial maximal and minimal 

amplitudes of the interference signal which appears due to acoustic motion of mirrors at the time of 

the plasma density evolution.  
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Figure 10. Michelson interferometer set up for average plasma density measurements for a 3-loop 

Theta Pinch experiment. (1) Laser; (2) beam splitter; (3) and (4) mirrors; (5) bandpass filter matching 

the laser wavelength; (6) photodiode; (7) ND filter.  

Interference waveforms measured in a single shot with the two oscilloscopes on the ms and μs 

timescales are shown in Figures 11(a) and 11(b). On the ms timescale, low frequency oscillations are 

seen due to acoustic motion of the mirrors. These provide the interference amplitude and phase 

difference over the plasma density’s evolution time. On the μs timescale, with plasma formation, a 

change in the amplitude of the interference signal, caused by the phase shift of Ray 2, is registered. 

This effect happens due to the plasma’s rising dielectric index due to its density increase. Results for 

53 Pa Hydrogen plasma density for the 3-loop setup are shown in Figure 11 (c).  
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Figure 11. (A) Interference waveform measured on a ms-timescale ; (b) Interference waveform 

measured on a 100 μs time scale; (c) Electron density (black) and discharge current in relative units 

(red) for 53 Pa Hydrogen plasma and a 3-loop setup.  

In Figure 12 we present the results of the average electron density evolution in Hydrogen and 

Helium plasmas. For Hydrogen, the maximal plasma density increases up to 6×1015 cm-3 in the 

pressure range of 53-105 Pa, respectively. Additionally, the increase in pressure leads to a slower 

decay in the plasma density. Furthermore, the results obtained using green (see Figure 12 (a)) and 

red (see Figure 12(b)] lasers agree quite well. For a Helium plasma, the maximal electron density of 

1016 cm-3 was estimated at 131 Pa [see Figure 12(c)]. Here we emphasize again, that this method gives 
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the line integrated plasma density averaged along the length of the laser propagation, resulting in a 

significantly larger plasma density at the time when the implosion is expected.  
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Figure 12. Electron density evolution at different pressures of a Hydrogen plasma using the green 

laser (a) and the red laser (b) and (c) a Helium plasma (green laser) for a 3-loop Theta Pinch setup. 

3.4. Results of Visible Spectroscopy 

Plasma spectroscopy utilizes high resolution spectral line measurements of the emitted plasma 

light by which the plasma density and temperature can be estimated. Here (see Figure 13), the light 

emitted from the plasma was collected by a 100-mm diameter lens and focused (170-mm focal length) 

onto a 100-µm wide slit of a 1 m long focus spectrometer with a grating of 2400 grooves/mm. At the 

output of the spectrometer a fast-framing 4QuikE intensified camera was installed (see Figure 13). To 

obtain reliable spectral line profiles, the duration of the camera frame in these experiments was 100 

ns. Thus, the density and temperature obtained by analyzing the spectral lines should be considered 

as an average value during the exposure time. Spectral lines were obtained at various times relative 

to the beginning of the discharge current by controlling the time delay of the camera’s trigger time. 

Spectral calibration of the spectrometer at H (656.28 nm) and H (486.13nm) spectral lines using 

Hydrogen spectral lamps resulted in 𝑅𝐻𝛼
= 0.1075Å pixel⁄   and  𝑅𝐻𝛽

= 0.153 Å pixel⁄  .  Using this 

spectral resolution, the instrumental Full Width at Half Maximum (FWHM) broadening of H and 

H spectral lines was found to be ∆𝜆𝑖𝑛𝑠𝑡𝐻𝛼
= 0.432 Å and ∆𝜆𝑖𝑛𝑠𝑡𝐻𝛽

= 0.533 Å.  

 

Figure 13. Spectroscopy setup. A single loop setup. 

For a Hydrogen plasma, the main effects responsible for line broadening are Doppler 

broadenings due to Hydrogen atom temperatures and Stark broadening created by the electric fields 

of the electrons and ions. To distinguish between the contributions of these two effects, the following 
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algorithm was applied. The 𝐻𝛼  line Stark broadening is smaller than the 𝐻𝛽 line Stark broadening 

for the same density of the plasma [23]. However, the Doppler broadening of the 𝐻𝛼  line is larger 

than that of 𝐻𝛽. In general, assuming a Maxwellian energy distribution, the Doppler broadening of 

the spectral line due to the temperature of neutrals can be calculated as [24]:  

Δλ𝐷 =  2𝜆0√2 ln 2
𝑘𝐵𝑇𝑖

𝑚𝑖𝑐
2
, (8) 

where Δ𝜆𝐷 is the Doppler FWHM of the spectral line, 𝜆0 is the central wavelength of the line, 𝑘𝐵 

the Boltzmann constant, 𝑇𝑖  the ion or neutral atom temperature, 𝑚𝑖 the mass of the ion or neutral 

atom and 𝑐 the speed of light in vacuum. 

First, we assume that the Stark broadening of the 𝐻𝛼  line is much smaller than the Doppler 

broadening. Thus, considering the instrumental broadening of the spectral line ∆𝜆𝑖𝑛𝑠𝑡, the Doppler 

line broadening of the 𝐻𝛼  line was calculated as:  ∆𝜆𝐷𝐻𝛼
= √∆𝜆𝑒𝑥𝑝

2 − ∆𝜆𝑖𝑛𝑠𝑡𝐻𝛼

2 , where  ∆𝜆𝑒𝑥𝑝  is the 

FWHM of the experimentally measured spectral line. Next, the temperature of hydrogen atoms was 

calculated. This value of the temperature was used to calculate the 𝐻𝛽  line Doppler broadening 

∆𝜆𝐷𝐻𝛽
, allowing, in turn, to calculate a Gaussian FWHM of the 𝐻𝛽 line as ∆𝜆𝐺𝛽 = √∆𝜆𝐷𝐻𝛽

2 + ∆𝜆𝑖𝑛𝑠𝑡𝐻𝛽

2  

. Now, considering that the Stark effect contributes to the 𝐻𝛽  line broadening, the line becomes 

characterized by a Voigt profile which FWHM is ∆𝜆𝑉 ≈ 0.5346∆𝜆𝐿 + √0.2166(∆𝜆𝐿)
2 + (∆𝜆𝐺𝛽)

2
 [25]. 

Solving this quadratic equation, the Lorentzian FWHM ∆𝜆𝐿𝐻𝛽
 of H was found, given known values 

of ∆𝜆𝑉 and ∆𝜆𝐺 . Next, the electron density is calculated using the empirical relation [24]:  

𝑛𝑒 = 1017 (
∆𝜆𝐿𝐻𝛽

 [𝑛𝑚]

4.8
)

1.468

[cm−3] (9) 

This density is then used to find the Stark contribution ∆𝜆𝐿𝐻𝛼
 to the 𝐻𝛼  line FWHM as [25]:  

∆𝜆𝐿𝐻𝛼
 [nm] = 1.098 (

𝑛𝑒[𝑐𝑚
−3]

10−17
)

1
1.471

 (10) 

With this contribution, a new ion temperature of hydrogen is found, and the process is repeated 

until convergence of the density and temperature obtained for 𝐻𝛼  and 𝐻𝛽  is reached. Results of this 

analysis for different Hydrogen gas pressure are presented in Figure 14. The electron density reaches 

8×1015 cm-3 within the first 15 µs followed by a decrease within 70 µs to <1015 cm-3. The hydrogen 

temperature reaches 25 eV and later decrease to 3 eV. A relatively large temperature of the 

hydrogen can be explained by a possible Doppler shift of the spectral lines due to radial motion of 

the hydrogen atoms, resulting in a thermal temperature which can be significantly smaller. Also, 

using the calculated plasma electron density, we estimated the electron temperature 𝑇𝑒  using another 

approximate expression [25]:  

log(𝑛𝑒) = 22.578 + 1.478 × log (∆𝜆𝐿𝐻𝛽
) − 0.144 × log (∆𝜆𝐿𝐻𝛽

)
2

− 0.1265 × log (𝑇𝑒) (11) 

The temperature of electrons was ≤ 2.5 eV which indicates a small degree of ionization of the 

neutral gas.  
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Figure 14. (A) Ion temperature; (b)electron density; and (c) electron temperature calculated for 

Hydrogen plasma at various gas pressures for the 3-loops setup.  

Additionally, assuming a Boltzmann distribution of the quantum states population, the plasma 

electron temperature can be found using the ratio between 𝐻𝛼  and 𝐻𝛽   spectral line integral 

intensities [24]:  

𝐼𝛼
𝐼𝛽

=
𝜔32

𝛼 𝐴32
𝛼 𝑔3

𝛼

𝜔42
𝛽

𝐴42
𝛽

𝑔4
𝛽
𝑒

−
𝐸3,𝛼−𝐸4,𝛽

𝑘𝐵𝑇𝑒  (12) 

Here 𝐼𝑖  is the integral intensity of the spectral line, 𝜔𝑖𝑗  is the frequency of the emitted 

photon for the 𝑖 → 𝑗  transition, 𝐴𝑖𝑗 is the Einstein coefficient for the same transition, 𝑔𝑖 

and 𝐸𝑖  are the degeneracy and energy of the level, respectively, and 𝑇𝑒  is the electron 

temperature. This estimate also results in ≤ 2 eV electron temperatures. 

In the case of Helium plasma, the electron temperature was estimated using a Boltzmann plot 

as [26]:  

ln (
𝜀𝑗𝑖𝜆𝑗𝑖

𝐴𝑗𝑖𝑔𝑗

) = −
1

𝑘𝐵𝑇𝑒

Δ𝐸 + 𝐶 (13) 

Here, 𝜆𝑗𝑖  is the wavelength of the emitted photon, 𝜀𝑗𝑖  is the energy difference between the 

upper and lower energy levels, 𝑔𝑗 is the degeneracy of the upper level and C is a constant. 

Spectral lines of He I 388, 402, 501, 587 and 706 nm were measured prior to the plasma 

compression (4 μs) and during compression (5 μs). In Figure 15, a linear fit of the Boltzmann plot 

is presented, resulting in an electron temperature of < 1.5 eV, similar to the results with Hydrogen 

plasma.  
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Figure 15. Electron temperatures estimated 4 and 5 μs after the start of the current, using a Boltzmann 

plot. 

Moreover, for Helium plasma we used the forbidden transition 23P - 43F of the He I 447.1 nm 

line to obtain the plasma electron density using relations [27,28]:  
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 log 𝑛𝑒 = 22.563 + 1.658 log
𝐹

𝐴
+ 0.257 (log

𝐹

𝐴
)
2

, (14) 

 log 𝑛𝑒 = 21.041 + 3.372
𝐷

𝐴
− 1.38 (

𝐷

𝐴
)
2

, (15) 

 log 𝑛𝑒 = 23.056 + 1.586 log(𝑠 − 0.156) + 0.225(log(𝑠 − 0.156))2 (16) 

Here 𝑛𝑒 is the electron density in 𝑚−3, F and A are the amplitudes of the forbidden and allowed 

lines, respectively, D is amplitude of the dip between the lines, and s is the difference in wavelength 

between the lines in nm. Comparison between the three relations shows consistent results (Figure 

16).  
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Figure 16. Electron density calculated using the three relations involving the Forbidden - Allowed 

transition of the 447.1 spectral line of He I atom. 

3.5. Thomson Scattering 

During plasma compression, the electron energy distribution function changes in time. The most 

appropriate method to study the evolution of this distribution function is by Thomson scattering 

measurements. Calculating the scattering of electromagnetic (EM) radiation in the plasma the 

electron oscillations due to rapidly changing fields of EM waves need to be considered. These 

oscillations of the plasma electrons and the resulting electron trajectories are very complex, even 

when it is assumed that the electrons do not interact with each other. As an EM wave propagates 

through the plasma, each electron oscillates according to the alternating electrical field of the wave. 

For a dilute plasma, one can neglect the Coulomb interaction between electrons and ions and 

therefore the scattered EM waves will only be broadened due to electron temperature (Doppler effect) 

resulting in a Gaussian broadening of the scattered spectral line FWHM can be used to calculate the 

electron temperature. 

For dense plasmas, the fields produced by neighboring electrons and ions cannot be neglected. 

Electron and ion density fluctuations contribute small Coulomb perturbations to the electron 

trajectories. Therefore, the scattered photons are not considered as interacting with each electron, but 

rather scattered by these electron density fluctuations. These fluctuations lead to various features in 

the scattering spectrum. In order to distinguish between the different behaviors of the scattered 

radiation, the Salpeter parameter [29] is used, defined as 𝛼 =
1

Δ𝑘𝜆𝐷
=

𝜆

4𝜋𝜆𝐷sin (𝜃/2)
 , where  Δ𝑘 =

|𝑘⃗ 𝑠 − 𝑘⃗ 0| ≅ 2𝑘𝑜 sin (
𝜃

2
), 𝜆 is the wavelength of the laser, 𝑘⃗ 0  𝑘⃗ 𝑠 are the wavevectors of the incident 

and scattered photons, 𝜃 = 900  is the angle between the incident and scattered wave vectors and 𝜆𝐷 

is the Debye radius of the plasma. For 𝜃 = 900  and 𝜆 = 5320 Ȧ one obtains 𝛼 = 0.87(𝑛𝑒 𝑇𝑒⁄ )1/2 , 

where electron density is in units of 1016cm-3 and electron temperature is in eV. 

The value of Δ𝑘 is a fixed parameter determined by the observed angle of the scattered light 

and the Debye radius 𝜆𝐷~(𝑇𝑒𝑇𝑖 𝑛𝑒(𝑇𝑒 + 𝑇𝑖)⁄ )1/2 , which depends on the electron density 𝑛𝑒 and 
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electron 𝑇𝑒  and ion 𝑇𝑖  temperatures. A large value of 𝜆𝐷 corresponds to low density, low 

temperature plasma. For this case, Coulomb interactions of charged particles are weak giving a 

Salpeter parameter value of 𝛼 ≪ 1 . In this regime electrons are uncorrelated (electrons are moving 

almost freely in the plasma) and this is the regime of non-collective scattering. This is an analogue to 

saying that the laser wavelength 𝜆𝐷 ≫  𝜆, is much smaller than the Debye length. 

However, when 𝜆 ≥ 𝜆𝑑 , corresponding to the condition of 𝛼 ≥ 1, collective effects are to be 

considered. Laser photons are not considered not to be scattered by free electrons, but by a perturbed 

electron cloud density of a specific electron plasma frequency and by electrons coupled to ions in the 

Debye sphere. Thus, the spectrum of the scattered light has two components, labeled as the electron 

and ion parts. The electron part, having a higher frequency, is shifted to both sides of the central laser 

wavelength due to collective plasma electron frequency oscillations. Assuming that this process is 

comparable to an inverse Compton scattering of the laser photon from an ensemble of coupled 

electrons oscillating with 𝜔𝑝𝑒 , the plasma electron density can be roughly estimated by measuring 

the shifted ∆𝜆 of the electron part as: ∆𝜆 = 2𝜋𝑐 𝜔𝑝𝑒⁄ . The ion part appears due to the photons 

scattered by the electrons coupled to ions in the Debye sphere. Ion thermal motion and ion acoustic 

waves, manifested as plasma density perturbations, affect the ion coupled electrons which experience 

these displacements. This results in the broadening of the central ion part, as well as in the appearance 

of two symmetrical intensity peaks when photon scattering from ion acoustic oscillations is 

dominant. The frequency separation of these two peaks can be used to estimate the electron 

temperature. Analyzing the electron density fluctuation yields to an expression of the spectral density 

function (SDF) [29]:  

𝑆(𝑘⃗ , 𝜔) =
2𝜋

𝑘
|1 −

𝜒𝑒

𝜖
|
2

𝑓𝑒0 (
𝜔

𝑘
) +

2𝜋𝑍

𝑘
|
𝜒𝑒

𝜖
|
2

𝑓𝑖0 (
𝜔

𝑘
) (17) 

Here 𝜖 = 1 + 𝜒𝑒 + 𝜒𝑖  is the plasma dielectric constant and 𝜒  is the electron (e) and ion (i) 

electric susceptibility, respectively. Assuming that 𝑓𝑞0 is the Boltzmann distribution, one can see that 

when 𝛼 ≪ 1, the spectrum is just a Gaussian function due to Doppler broadening of the scattered 

photons by free electrons having finite temperature. However, when 𝛼 is not negligible, one obtains 

a high frequency feature owing to the electron plasma frequency. Additionally, the low frequency 

ion feature is no longer Gaussian and depends on the plasma ion and electron temperatures and 

density. 

In our experiments, a Surelite III Nd:YAG laser’s second harmonic at 532 nm with 4 ns pulse 

duration and 350 mJ/pulse energy is focused at the location of the plasma compression region. To 

minimize parasitic scattered light of the laser beam from the walls of the tube, collimators and a 

graphite damper were used (see Figure 17). Scattered light is collected perpendicular to the beam’s 

path into a spectrometer. In these experiments, for each feature in the SDF different spectrometers 

were used. With plasma electron density estimated to be ≥ 1016cm−3 during compression, as found 

in previous experiments, the Salpeter parameter is calculated as 𝛼 ≥ 0.1 for electron temperatures < 

75 eV. Thus, at compression, the plasma is dense and collective plasma behavior should be 

considered. The central line profile was observed using the same spectrometer used in the emission 

spectroscopy experiments, and the electron features were observed using a 25 cm focal length 

spectrometer with 600 grooves/mm corresponding to a resolution of 1.7 A/pixel.  
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Figure 17. Setup for Thomson scattering experiment. Single loop setup. 

In Figure 18 (a) electron features, presented as symmetric peaks, appearing with 2 nm and 5 

nm shifts from the central line are visible. The electron part’s study by numerical calculation of the 

SDF show that the best fit of these peaks can be obtained for plasma densities 5×1016 cm-3 and 5×1017 

cm-3 with electron temperatures 1.7 eV and 0.5 eV, respectively. Central line analysis [see Figure 

18(b)] confirms the spectroscopic results with ion temperature reaching 20-25 eV during the plasma’s 

main compression for both Hydrogen and Helium at 53 Pa pressure.  
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Figure 18. (A)Thomson scattering spectrum measured for 53 Pa Hydrogen gas pressure at the time of 

plasma compression with ~20 eV ion temperature (black) compared to the numerical SDF with the 

same ion temperature for different electron temperature and density; (b) The central spectral feature 

measured with the high resolution spectrometer at the same time and same gas pressure (black) 

compared with the SDF calculated for 𝑛𝑒 = 5 ⋅ 1016 𝑐𝑚−3 for different 𝑇𝑒.  

3.6. Laser Induced Fluorescence (LIF) 

We applied LIF to study neutral atom temperatures utilizing a 4-energy quantum levels scheme 

for He plasma. In a Helium atom, a 667.82 nm photon excites an electron transition from the 21P level 

to the 31D level. Electrons of the 31D level populate the 31P level and spontaneously decay from this 

level to the 21S level emitting a 501.6 nm photon. Changing the wavelength of the dye laser to ~667.82 

nm and measuring the intensity of the 501.6 nm 31P – 21S transition fluorescence photons, He atoms 

with different velocities along the laser beam direction, were observed. 
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The experimental setup for LIF measurements is shown in Figure 19. A ND6000 dye laser was 

pumped by a Nd:YAG Surelite III laser’s 2nd harmonic, 532 nm, of 4 ns pulse duration and 350 

mJ/pulse energy. The dyes used are 176 mg/liter DCM dissolved in DMSO (Dimethyl sulfoxide) in 

the oscillator and 24 mg/liter DCM dissolved in methanol in the amplifiers, resulting in an output 

pulse of ~4 ns duration with 4.4 mJ/pulse energy at 667.82 nm. The dye laser beam passes an 

expander consisting of a 3-mm diameter iris and 2.5 cm and 5 cm focal length lenses to produce a 

beam of 6-mm diameter. After the expander, the 2.5 mJ/pulse energy laser beam was directed 

perpendicularly to the tube axis. The fluorescence photons were collected using a 170-mm focal 

length lens to a 1-m focus spectrometer with a grating of 2400 grooves/mm. The spectral resolution 

of the setup was calibrated using Oriel spectral lamps and 4QuikE intensified camera installed at the 

output of the spectrometer. The calibration factor was 0.123 A/pixel resolution at 501 nm. The 

spectrometer acts as a spectral filter with a range of ±3.5 nm . In experiments with plasma, the 

intensity of the spectral line at the output of the spectrometer was measured by a Hamamatsu R988U-

210 photo multiplier tube (PMT) with 580 V MCP gain.  

 

Figure 19. Experimental setup for Helium LIF measurements. Single loop setup. 

In a He plasma, measurements at various times of plasma evolution showed that the LIF signal 

disappears  250 ns prior to the first plasma compression and reappears ≥ 50 ms after this 

compression. In these experiments, the He gas density in the tube was ~ 3.7 ⋅ 1016 cm−3. Results of 

laser interferometry and spectroscopy showed that the plasma electron density is in the range ≤ 3 ⋅

1016 cm−3  at a time close to the plasma compression. Therefore, it is reasonable to assume that the 

LIF signal’s disappearance is due to the low density of neutrals in the plasma close to its compression 

time and it reappears as the neutral density rises with plasma recombination. LIF measurements were 

carried out at 300 ns before the plasma first compression and at 60 ms and 100 ms after the 

compression. To avoid saturation of the LIF signal, which results in artificial spectral line broadening, 

we obtained the dependence of the LIF signal amplitude on the time delay of the Q-switch of the 

Surelite laser which determines the output energy of the laser beam (see Figure 20). At 290 µs time 

delay the LIF signal saturates. Thus, a 330 μs Q-switch delay was chosen, corresponding to ~1 

mJ/pulse energy of the dye laser.  
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Figure 20. Dependence of the LIF amplitude measured at 100 μs and 60 μs after the plasma 

compression vs. the Q-switch delay time. 

Fluorescence spectral line intensity profiles obtained at 60 μs and 100 μs of the temporal plasma 

evolution are shown in Figure 21. At these times, far from compression, the plasma can be considered 

in thermal equilibrium so that the spectral lines can be analyzed by using only Doppler broadening. 

Figures 21(a) and 21(b) demonstrate that the He atoms temperature decreases from 0.26 eV to 0.1 eV 

at 60 μs and 100 μs, respectively. Close to compression, the plasma dynamics is more complicated 

since spectral line broadening consists of Doppler shift due to plasma propagation towards the axis 

and Doppler broadening due to the finite plasma ion temperature. Thus, we can consider only an 

effective temperature of the He I atoms. Here we assumed that the temperatures of He II and He I 

are equal due to high collision frequency. Figure 21(c) shows that the He I spectral lines obtained 275 

ns, 300 ns and 375 ns prior to compression result in effective temperatures 2 eV, 4 eV and 10 eV, 

respectively.  
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Figure 21. LIF spectral line profiles measured at 60 μs (a) and 100 μs (b) after the plasma compression 

and at ~275 ns, ~300 ns and ~375 ns before the plasma compression (c). 

For Hydrogen plasma, LIF was carried out by changing the wavelength of the dye laser close to 

the 𝐻𝛼  spectral line and measuring the change in intensity of this spectral line. In these experiments, 

we first measured the 𝐻𝛼 intensity without the dye laser, the background intensity. Then, with the 

dye laser, this background intensity was subtracted from the PMT signal, resulting in the LIF profile 

of the 𝐻𝛼  spectral line (see Figure 22). These measurements, carried out at various times of the 

plasma evolution, show that Hydrogen atoms temperature does not exceed < 2 eV at the time of the 

plasma compression.  
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Figure 22. LIF intensity of 𝐻𝛼 vs. the wavelength of the dye laser at different time delays relative to 

the first plasma compression. (a) 300 ns prior to plasma compression, (b) At the time of the plasma 

compression and (c) 40 𝜇𝑠 after the plasma. 

4. Summary 

In this article we presented results characterizing a small and compact Theta Pinch using 

different non-perturbing, time and space resolved diagnostics. In addition to electrical measurements 

of the discharge current, the results of various diagnostic methods and their analysis were presented. 

The methods we used were: microwave cut-off, laser interferometry, visible spectroscopy, Thomson 

scattering and LIF. Using these methods the plasma density and temperature evolution were 

obtained and the results from different diagnostic methods found to be in a satisfactory agreement. 

Thus, using these diagnostics the parameters of the plasma in the device developing in Nt-TAO can 

be studied with high reliability. 
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