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Electric field measurement in electric-field modified flames 
 

Thomas D. Butterworth and Min Suk Cha 

King Abdullah University of Science and Technology (KAUST), Clean Combustion Research Center (CCRC), 

Physical Science & Engineering Division (PSE), Thuwal, Saudi Arabia 

Abstract 

The application of an electric field to a flame modifies the flame characteristics due to the collective motion 

of charged particles generated within the flame. The applied field mobilises electrons and ions depending on their 

polarity, leading to localised regions of space charge with sufficient density to either locally amplify or shield the 

applied electric field. A fundamental understanding of the local electric field is essential for both electrically and 

plasma-assisted combustion, because it determines electric body force as well as electron temperature. In this work, 

we propose a method, which is independent of gas composition and temperature, to measure the local electric field 

using electric field induced second harmonic generation (E-FISH). We successfully apply this method to a laminar 

nonpremixed counterflow flame by applying modulated direct current (DC) electric field with a microsecond 

duration zero volt pulse. Electric potential and space charge distribution are also deduced from the measured electric 

field. Furthermore, we show the importance of electron attachment to O2 forming O2
- by changing the polarity of 

the applied DC electric field. When the anode is in the oxygen stream, a region of negative charge is obtained near 

the anode, whereas, when the anode is in the fuel stream, no region of negative charge is found. We also find the 

qualitative trends of the measured electric fields reasonably agree with previously reported one-dimensional 

modelling results. The limitations of the methodology are addressed, and we show that the ability to modulate the 

DC voltage on sub-microsecond timescales is required for accurate quantitative measurements.  

Keywords: Electric field; E-FISH; Space charge; Electron attachment; Nonpremixed flame
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1. Introduction 

Electrically modified and plasma-assisted combustion are possible means to enhance combustion 

mechanisms for a number of applications [1–3]. Despite this, a theoretical framework that effectively summarises 

the underlying physics and chemistry is not yet fully developed, meaning that simulations of electrically / plasma-

assisted combustion are not yet completely predictive [4]. When an electric field is applied to a flame, electrons and 

ions generated within the flame follow the applied field, depending on their respective polarity. Space charge 

localised in the inter-electrode gap caused by migrating charged species perturb the applied field, leading to a 

modified, non-uniform field [5–7]. The profile of the electric field is dependent on ion chemistry, the composition 

of charged species and their electrohydrodynamic transport in the surrounding gas. Thus, measurement of the 

resultant field, from which charge density and local potential can also be derived, can provide insight and be utilised 

to validate theoretical models. However, measurement of electric fields (or charge densities) in combustion and 

plasma environments is challenging, as the measurement technique should be non-intrusive and have a high spatial 

resolution, precluding the use of physical probes [8]. 

Recently, various laser diagnostics have been developed that are able to quantify these electric fields [9,10]. 

The simplest of these methods, electric field induced second harmonic generation (E-FISH), has been used to 

measure electric fields in plasmas [11–13] and discharges in flames [12,14]. A significant challenge of E-FISH is 

that the calibration typically requires a known electric field at each gas composition and temperature tested [10,15]. 

Hence, calibration is problematic where the application of the known field itself modifies the local composition, 

temperature and electric field; a scenario that applies to flames or plasmas where concentrated local regions of space 

charge occur. Numerical simulation of an electric-field modified flame has been performed to determine local gas 

density and composition, such that the model output can be utilised to calibrate the E-FISH signal [16]. However, 

this method can be applied only when one can solve the flow field with the flame and electric field. Furthermore, 

because the physics of these parameters is highly coupled, the simulation may include large uncertainty. Thus, here 

we propose a technique to overcome these limitations, requiring no prior knowledge of the flame properties. 

The aim of this work is to develop a method with E-FISH to measure the electric field within flames where 

a direct current (DC) or alternating current (AC) field is applied, leading to the redistribution of space charges and 
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consequent electric body force. These spatially distributed charges create a relatively strong electric field that can 

shield or amplify the applied field, depending on location, meaning it is impossible to directly impose a known 

electric field. This work describes the novel solution to overcome this technical challenge, and furthermore, 

demonstrates important implications of electron attachment to form negative ions by applying the method to a 

laminar, counterflow, nonpremixed flame with external DC fields. The method outlined here is broadly applicable, 

is independent of composition, and could be used with electric field modified combustion experiments to provide 

the essential insight required to validate theoretical models. We also believe this technique can be adopted to 

measure electric fields where significant space charge is present, such as dielectric barrier discharges. 

 

2. Theory for calibration of E-FISH 

A pump beam is frequency-doubled by a scattering species to create a coherent signal beam with intensity 

proportional to the electric field strength. By separately measuring the intensity of the pump (𝐼!) and signal beam 

(𝐼"/$), it is possible to calculate the electric field, E(z), integrated along the beam path at position z, given by Eq. 

(1):  

 

𝐼!/$ ∝ (𝐼!	𝐸(𝑧)	𝑁(𝑧))$𝜒(𝑧).     (1)    

 

A challenge of E-FISH is that the intensity of the signal beam is dependent also on the 3rd-order 

susceptibility (𝜒) and number density (𝑁) of the scattering species. This implies that local gas composition and 

temperature should be known, which would be challenging to determine for each experiment conducted. 

Alternatively, 𝜒 and N can be incorporated into a local calibration constant c(z), determined through calibration 

with a known electric field. However, in a flame, the applied known field is perturbed due to redistribution of 

charged species; indeed, this resultant field is what we are trying to measure. This, in addition to modification of 

local composition and temperature, makes calibration with a known field in electric-field modified flames more 

difficult. 
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To overcome this calibration challenge, we embed intermittent and fast ‘off’ pulses (Voff), where Voff = 0 V 

for ~20 μs, within a DC applied voltage (VDC). E-FISH signal is obtained in the flame during both the field ‘on’ and 

‘off’ phases. During the Voff pulse, the electric field (Eoff) is the field due to the charged species present within the 

gap (EQ). During VDC, the electric field (Eon) is created by the superposition of the applied field (EDC) with EQ, shown 

in Eq. (2): 

 

𝐸*⃗%& = 𝐸*⃗' + 𝐸*⃗() .     (2)    

 

The ideal Voff duration is sufficiently short to “freeze” the locations of the ions and electrons, as well as the flame, 

so that the local composition, temperature and charge density is identical to the VDC phase, and therefore EQ ≡ Eoff.  

EDC for parallel plates with gap spacing, L, is defined by:  

 

𝐸() = −𝑉()/𝐿.      (3)    

 

Using the pump and signal beam intensities and rearranging Eq. (1), the E-FISH signal, S(z), is given by Eq. (4): 

  

|𝑆(𝑧)| = 	 𝐼!/$(𝑧)*.,/𝐼!(𝑧).    (4)    

 

Hence, Eon and Eoff, for the signal with the field on (Son) or off (Soff), are given by Eq. (5): 

 

|𝐸(𝑧)| = 𝑐(𝑧)	|𝑆(𝑧)|,     (5)    
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where the calibration constant, 𝑐(𝑧) ∝ 𝑁(𝑧)𝜒(𝑧)*.,. 

By substituting Eqs (3) and (5) into Eq. (2) it can be shown the calibration constant, c(z), is given by Eq. (6): 

 

𝑐(𝑧) = 𝑉()/5𝐿6𝑆%&(𝑧) − 𝑆%--(𝑧)78.   (6)    

 

The strength of this method is that c(z) can be calculated using Eq. (6) without prior knowledge of the 

composition or density. By substituting this calibration constant back into Eq. (5), the local electric field intensity 

with a flame under a DC field can be determined. However, this calculation is not straightforward due to ambiguity 

in the direction of the field vector, Eoff, since E-FISH signal only represents the magnitude of the electric field, 

while Eq. (2) requires the electric field direction to be known. The field direction for Eon is always the same as EDC. 

Whereas Eoff (i.e., EQ) can be either the same direction or opposite to EDC, dependent on the local variation in space 

charge, as schematically shown in Fig. 1. Hence, it is essential to determine the domain where the directional 

inversion of Eoff occurs, the ‘field inversion region’ (FIR) depicted in Fig. 1. 

   

Fig. 1. Schematic showing the influence of local space charges on the Eoff field vector at different vertical (z) positions across the burner 

gap. 

Q+ and Q− indicate positive and negative space charge, respectively, which are separated from the flame 

during Eon. Close to the electrodes, outside the FIR, the direction of EQ is the same as EDC, indicating amplified Eon 

by EQ. Inside the FIR, EQ is in the opposite direction to EDC, therefore shielding the applied field and reducing Eon. 
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The E-FISH signal is proportional to the net local electric field. Therefore, to determine whether EQ is locally 

inverted or not, Voff can be increased incrementally, and the E-FISH signal recorded. If the signal increases, it 

indicates that EDC and EQ are in the same direction, and the measurement is outside the FIR. Conversely, if the 

signal decreases, it indicates the EQ and EDC are opposing each other, leading to a net field reduction, indicating a 

measurement from within the FIR.  

 

3. Experimental set-up 

A laminar nonpremixed methane flame in a counterflow burner, described previously [17], is considered. 

Methane diluted with N2 (22.2% of CH4 by volume) is fed to the lower nozzle, and O2 (52.7%) and N2 (47.3%) flow 

into the upper nozzle. Since these mixtures are designed for the stoichiometric mixture fraction to be 0.5 [17], the 

flame is stabilized at the centre, i.e., the stagnation plane. Nozzle exit velocities for both streams are maintained at 

20 cm/s. N2 sheath flow surrounding the central jet is matched at 20 cm/s. At the exits of both nozzles, we place 

perforated circular plates (80-mm diameter) to apply a reasonably uniform electric field. The inter-electrode gap, 

L, is fixed at 10 mm. The burner assembly is mounted on a vertical translation stage to adjust the measurement point 

relative to the beam. The minimum distance of the beam from the electrode is ~500 μm, which is limited by the 

beam diameter at the perimeter of the electrode. 

   

Fig. 2. The optical components of the experimental schematic. Details of the burner and electrical configuration can be found in [17]. 

The high voltage, which is generated by a high voltage amplifier (Trek, 10/10B-HS) with a signal from a 

function generator (NF, WF1973), is applied to the lower nozzle, while the upper nozzle is grounded. The high 

voltage is DC (±2.5 kV) with a brief off pulse (duty cycle > 99.7%), where the off period is typically set to be 

between 10 to 100 μs, at a frequency of 50 Hz or 1000 Hz, depending on the experiment being performed. The 
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former frequency is chosen to match the repetition frequency of the pump laser, and the latter to minimize the 

voltage decay time of the off-pulse signal.  

The 1064 nm pump beam is from a picosecond Nd:YAG laser (Ekspla, PL2251A), which emits 30-ps pulses 

at 50 Hz and ~10 mJ/pulse. A photodiode (Thorlabs, DET025A), and photomultiplier tube (PMT, Hamamatsu, 

H10721-01) monitor the pump beam and the second harmonic, respectively. Laser trigger-output triggers a delay 

generator (SRS, DG645), which controls the timing of the Voff pulse. An oscilloscope (Tektronix, DPO5204B) 

monitors the output from the amplifier, the photodiode, and the PMT signals. All data used here is from 256-shot 

on-scope averaging. The Eon measurement is taken 100 μs before the Voff pulse is applied, whilst the Eoff 

measurement is taken when the output voltage is closest to the Voff setpoint—typically 0 V—as shown in Fig. 3. 

    

Fig. 3. The high voltage output from the amplifier, during the Voff pulse.  

For the measurement of Soff, it is desirable to minimize the decay time of Voff, as disrupting VDC can change 

charge density in the gap. The minimum Voff decay time, for VDC = 2.5 kV to 0 V, is approximately 5 μs, which is 

limited by the amplifier slew rate (nominal slew rate = 700 V/μs). The implications of this are discussed further in 

the result section; however, we acknowledge this is a limitation of the current study, and could be mitigated through 

the use of a nanosecond high-voltage switch, which we plan to implement in future experiments. 

A λ/2 waveplate is used to rotate the laser polarization to vertical, so that it is in the same plane as the z-

component of the electric field within the gap. A plano-convex lens focusses the beam (f = 500 mm) into the radial 

center of the burner axis. Immediately after the lens, a long pass filter (>800 nm) removes any stray 532 nm light.  

After the flame zone, we design the optical set-up to effectively collect the signal at 532 nm, by minimizing 

stray second harmonic generation, and attenuating and spatially separating the pump beam. A plano-convex lens (f 

= 700 mm) collimates the beam, after which a pair of dichroic mirrors (transmits 1064 nm) attenuate the power of 
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the pump beam, then a dispersive equilateral prism spatially separates the 1064 and 532-nm beams. The pump beam 

is focused using a 60-mm focal length lens through an aperture (to prevent saturation) onto a photodiode. The signal 

beam is passed through a 532-nm notch pass filter (±10 nm, full width at half maximum (FWHM)) and focused (f 

= 60 mm) onto the calibrated PMT. For the PMT, electrical noise and stray second harmonic signal are compensated 

for by background subtraction.  

Since the signal is quadratically increased with beam intensity, the maximum signal is obtained at the focal 

point of the laser. This results in a point-like measurement, rather than being line-integrated. Dogariu et al [10] 

claim an effective measurement length of 1.8 mm, when the beam is focused by a 50-cm lens, as in our experiment. 

Since the estimated measuring length is much smaller than the flame diameter (~2 cm), there is negligible field 

gradient along the measuring length due to the existence of the flame. 

 
4. Results and discussion  

4.1. Calibration of the E-FISH signal 

 Firstly, we measure the field intensity in air without a flame to confirm the uniformity along the gap and 

estimate the uncertainty. Since the diameter of the electrode (80 mm) is much larger than the estimated measuring 

length of the beam (~1.8 mm) as well as the gap distance (10 mm), the field intensity due to externally applied 

voltage (–2.5 kV) is found to be uniform, as shown in Fig. 4. The E-FISH signal is reasonably constant across the 

gap, with all values measured within 1% of the mean (1.485). Note that we do not measure within 0.5 mm of 

either electrode, due to the beam interference with the electrode. 

 

 

Fig. 4. EFISH signal uniformity measured between the electrodes in air at an applied voltage of -2.5 kV.  
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One of the critical assumptions in this work is that the spatial distribution of charges is frozen during the 

Voff pulse. As a preliminary test to investigate the temporal evolution of measured E-FISH signal during Voff, we 

consider the VDC = –2.5 kV case at 1000 µm from the cathode (CH4 inlet) and anode (O2 inlet), respectively. The 

measured E-FISH signal is plotted in Fig. 5, which includes the corresponding decay of Voff. The moment that Voff 

is triggered, as in Fig. 3, is defined as t = 0.  

  

Fig. 5. E-FISH signal (Soff) and applied voltage (Voff) decay during the off pulse.  

The applied voltage decays until approximately 40-50 µs; thus E-FISH signal in this voltage decaying 

regime is still affected by both space charges and external voltage. Even after Voff reaches 5 V after ~50 µs (n.b. 

amplifier output is 5V, even with Voff setpoint at 0V), decaying E-FISH signal with elapsed time is still observed, 

indicating a diminished effect of space charges, either due to diffusion or charge drift caused by EQ. This indicates 

difficulties in freezing space charges in a specific time and space, primarily due to the longer decay time of Voff, 

relative to the characteristic generation time and mobility of charge carriers, particularly electrons. An additional 

comparison between Figs. 5a and b show that the signal decay rate at the cathode side is faster than at the anode 

side. This reveals a spatial dependence to the signal decay rate, which would make signal extrapolation to t = 0 

challenging as the Soff temporal evolution would need to be quantified at every measurement location, putting aside 

the validity of extrapolation. Therefore, the proposed measurement method requires a sub-microsecond Voff decay 

time, which is not feasible with the present setup.  

The fastest possible decay time currently is 5 µs, which we use to measure Soff throughout this experiment 

to prove the applicability of this method. The drift velocity of charged species can be estimated by multiplying their 
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mobilities by local field intensity. Assuming an ion mobility of 2.9×10–4 m2/sV and electron mobility of 0.4 m2/sV 

[17], the estimated traveling distances at 4 kV/cm (measured maximum field intensity) for 5 microseconds are 0.6 

mm and 800 mm for the ions and electrons, respectively. Therefore, we can reasonably freeze the motion of the 

ions, but in order to freeze the electrons within the order of 0.1mm, a nanosecond order Voff decaying time is 

required. Nevertheless, since electrons leave an insignificant footprint on the space charge as compared to the ions 

due to their high mobility, overall, we can reasonably conduct this experiment with the 5 µs decay time. 

As discussed in section 2 with Fig. 1, we need to know the field inversion regions to correct the field 

direction due to space charge. To find the FIR, we measure Soff at a fixed point by varying Voff (from 0 to –1.4 kV, 

for VDC = –2.5 kV), sweeping from the electrodes into the gas at 250 µm intervals. When Soff increases with increased 

|Voff|, it indicates that EQ is aligned in the same direction of EDC. Conversely, if Soff decreases, EQ is opposite to EDC, 

leading to a net field reduction.  

 

Fig. 6. Determination of the FIR close to the (a) cathode and (b) anode. The numbers on the plot indicate the distance from the electrode. 

Field inversion is demonstrated by observing a minimum in the E-FISH signal with increasing |Voff|. 
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We find Soff increases with |Voff| for both near electrode regions, up to 1.5 mm from the cathode (Fig. 6a), 

and 1.0 mm from the anode (Fig. 5b) at VDC = -2.5 kV. This indicates that EQ is reinforced by EDC. Meanwhile, for 

1 mm < z < 8.5 mm, a minimum in Soff can be found as |Voff| is increased at each measurement position. The initially 

decreasing trend of Soff indicates that EQ direction is opposite to EDC. 

Note that as the distance from the anode increases (i.e., >1.75 mm in Fig. 6b), we find non-zero minimum 

Soff. This suggests a non-zero electric field, even though a field inversion is observed at the given Voff. There are a 

number of possibilities for this observation: i) non-uniform electric field and space charge along the beam path, 

since the E-FISH signal is integrated along the beam path near the laser focus, ii) the beam diameter at the focus 

has a FWHM of approximately 100 µm (calculated value); hence, a steep electric field gradient across the beam 

diameter can cause non-zero E-FISH signals to be recorded, and iii) water vapour generated by the flame can 

generate second harmonic in the absence of an electric field. Note that these facts also cause uncertainty for the 

measurement. 

  

Fig. 7. Pump beam intensity (I1064), second harmonic intensity (I532), and calculated E-FISH (S) signal across the gap for VDC (dashed lines) 

and Voff (solid lines).  

Having determined the FIR, I1064, I532, and calculated S(z) across the gap are plotted in Fig. 7. I1064 should 

be approximately constant for all measurements irrespective of the measurement location. However, I1064 varies 

with z, which is attributed to a thermal lensing effect caused by the flame. Consequently, the beam partially misses 

the mirrors, even after a careful alignment of the optics to accommodate this margin. Nevertheless, as I1064 during 

Von and Voff are equal for any given measurement position, the systematic errors for both measurements disappear 
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in Eqs. (5) and (6), such that this beam clipping issue does not cause a problem for the analysis. Note that the signal 

beam has a smaller beam diameter than the pump beam and is expected to refract less due to having a shorter 

wavelength, thus we do not expect much E-FISH signal loss due to thermal lensing. 

The direction of Eoff is accounted for by multiplying I532 in the FIR (1 mm < z < 8.5 mm) by –1. Figure 7 

shows that I532 during Von significantly exceeds that of the Voff phase, as it is expected. Based on the data in Fig. 7, 

the local calibration constant, c(z), and the resultant electric field, E(z), can be calculated. 

 

4.2. Analysis of the E-FISH signal 

From the obtained E(z), we calculate the electric potential, V(z), and net number density of elementary 

charge, nc(z)= n+(z) – n–(z), where n+ and n– denote the number density of positive and negative charge carriers, 

respectively, as in Eq. 7: 

 

− .!/
.0!

= .1
.0
= 2

3"
𝑛4(𝑧),   (7)     

 

where e = 1.60´10–19 C, the elementary charge, and  𝜀* = 8.85´10–12 F/m, the permittivity of free space. 

As a result, we plot the calculated Eon(z) using Eq. (5) and deduced V(z) and nc(z) from Eq. (7) in Figs. 8 

and 9 for VDC= –2.5 kV and +2.5 kV, respectively. Before calculating V(z) and nc(z), the Eon(z) is interpolated using 

a 0.25 mm grid with a multi-point Savitsky-Golay filter. Additionally, a linear extrapolation of the Eon(z) toward 

both z = 0 and 10 mm is applied to estimate the boundary values. Error in Eon(z) is estimated by applying a constant 

offset in the PMT signal, and a 5% relative error on all measurements; these values are based on signal changes 

across the burner, electrical noise, PMT calibration, and the signal offset observed in Fig. 6b. The error due to the 

limited VDC decay rate during Voff is not considered. For nc(z), we include the uncertainty band in Figs. 8 and 9, 

caused by the estimated error on the electric field measurement, and the number of points for the Savitsky-Golay 

filter.  



 12 

  

Fig. 8. Measured electric field, and calculated potential and charge density for VDC = –2.5kV. 

The result for VDC = –2.5 kV shows that the electric field strength is enhanced relative to the applied field 

near to the electrodes; the maximum measured electric field is 3.7 and 3.6 kV/cm at the anode and cathode, 

respectively. In addition, the calculated potential difference across the gap is –2.4 kV, showing V(L) = –0.1 kV 

when we use V(0)= –2.5 kV as the boundary condition. This calculated V(L) serves as a useful validation of the 

method since V(L) is supposed to be zero at the ground. Thus, our method only shows a 4% accumulated error in 

terms of potential difference. 

Field intensity in the flame zone should be zero because a potential drop along a conductive ionized layer 

is negligible when VDC is in the sub-saturated regime as in the previous study [6]. However, since VDC = –2.5 kV 

falls in the saturated regime, as in [14], no ions and electrons remain in the flame zone to shield from the external 

field. Thus, we do not observe zero-field intensity near the flame location. Nevertheless, the overall trend of E(z) is 

qualitatively well followed when negative ions carry the majority of negative charges as in the previous modelling 

[6]. 

Positive ions move slowly as compared to electrons and create a high density of positive space charge close 

to the cathode. Electrons—the most generated negative charge carrier in the flame—quickly move out of the gas 

due to their high mobility, leaving a negligible space charge footprint. However, as the anode is located in the O2 

stream, electrons are able to form O2
– via electron attachment [17,18]. Thus, a region of negative charge density is 
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found close to the anode. A second region of negative space charge is also observed between the flame and the 

cathode (2.5 mm < L < 4.0 mm), this may be due to negatives charge carriers being mobilised by EQ during Voff. 

  

Fig. 9. Measured electric field, and calculated potential and charge density for VDC = +2.5kV. 

When VDC = +2.5 kV is applied, a drastic difference is found in the anode region, showing no negative 

space charge at all (Fig. 9). Since the anode is now the fuel stream with no oxygen, there is no feasible pathway for 

electrons to form negative ions. Unlike the case of VDC = –2.5 kV, enhanced E(z) as compared to EDC = 2.5 kV/cm 

is only observed near the cathode due to the positive space charge. The plateau of E(z) toward the anode is due to 

no space charge to perturb a linearly decreasing potential in this region, which evidences that in the saturated regime, 

the formation of negative ions in the flame is negligible due to rapid evacuation of nascent electrons from the 

reaction zone. The overall profile of E(z) is very similar to the previous modelling when only electrons exist without 

negative ions [6]. The deduced potential at the ground is V(L) = 0.11 kV, showing ~4.4% accumulated error over 

the gap. Thus, we conclude that our proposed method successfully captures the important phenomenon of electron 

attachment to form negative ions as well as the overall profiles of E(z), V(z), and nc(z). 

Nevertheless, there is an unexplained region of positive charge at z = 5.5 mm applying VDC = 2.5 kV (Fig. 

9), this may be due to the fast evacuation of electrons from the flame leaving behind positive ions. However, this 

hypothesis, as well as the effect of the decay time of Voff, requires further verification and validation in the near 
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future by using a fast high-voltage switch, allowing Voff times on nanosecond timescales. The next step also includes 

numerical modelling for mutual validation. 

 

5. Conclusions 

We develop a calibration method, which requires no information of gas composition and temperature, when 

E-FISH is adopted to measure local electric field intensity for electrically assisted combustion. We measure two E-

FISH signals to obtain a local calibration constant: one with a DC field applied to a flame, where the measured 

electric field is the superposition of the field due to space charges on the externally applied field; and the other with 

ideally no external field by freezing space charges spatially and temporary embedding a very short off pulse in the 

DC field. We also derive the electric potential difference and local net elementary charge density from the measured 

electric field strength.  

As a result of the successful application of the method to a laminar nonpremixed counterflow flame, we 

find qualitatively well-agreed profiles of electric fields for both polarities of DC with the previously reported one-

dimensional modelling. More importantly, the deduced space charge distribution evidences the electron attachment 

to oxygen forming negative ions. When the electrons drift toward the oxygen stream, a concentrated region of 

negative charge is detected close to the anode, conversely, as the electrons are directed toward the fuel stream by 

changing the polarity of DC, no negative charge is found in a region between the flame and the fuel nozzle (anode). 

This demonstrates the applicability of the developed method in probing spatially resolved electric field with a space 

charge effect. Since the electric field is an essential factor for ionic wind, determining both charge density (via drift 

velocity of charge carriers) and electric body force (via Lorentz force), fundamental studies will be followed to 

connect the field measurement with the ionic wind, as well as to serve as validation data for simulation efforts. A 

future study also includes the use of a nanosecond high voltage switch to reduce further the decay rate of the high 

voltage source used, such that we can report a proper range of the decay rate for the measurement. 
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 List of figure captions 

Fig. 1. Schematic showing the influence of local space charges on the Eoff field vector at different 

vertical (z) positions across the burner gap. 

Fig. 2. The optical components of the experimental schematic. Details of the burner and electrical 

configuration can be found in [16]. 

Fig. 3. The high voltage output from the amplifier, during the Voff pulse. 

Fig. 4. EFISH signal uniformity measured between the electrodes in air at an applied voltage of -2.5 kV. 

Fig. 5. E-FISH signal (Soff) and applied voltage (Voff) decay during the off pulse. 

Fig. 6. Determination of the FIR close to the (a) cathode and (b) anode. The numbers on the plot indicate 

the distance from the electrode. Field inversion is demonstrated by observing a minimum in the 

E-FISH signal with increasing |Voff|. 

Fig. 7. Pump beam intensity (I1064), second harmonic intensity (I532), and calculated E-FISH (S) signal 

across the gap for VDC (dashed lines) and Voff (solid lines). 

Fig. 8. Measured electric field, and calculated potential and charge density for VDC = –2.5kV. 

Fig. 9. Measured electric field, and calculated potential and charge density for VDC = +2.5kV. 

 

 


