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Abstract. The temperature in an electrical discharge machining (EDM) plasma was
determined from measurements of relative intensities of the 411.85 and 413.29 nm
Fe I spectral lines. The time-dependence of the plasma temperature was
measured for individual electrical machining pulses. Under our experimental
conditions (electrodes of NC6(+) and M1E(−), cosmetic paraffin as the dielectric
liquid) the measured plasma temperature ranged from 8000 to 10 000 K for
different current pulses. We observed higher temperature values during the initial
phase of the discharge. Temporal characteristics of discharge electric parameters,
light emission and the plasma temperature are presented.

1. Introduction

Electrical discharge machining (EDM) is a process in which
an electric discharge, in a liquid dielectric medium, causes
erosion of discharge electrodes and, generally, erosion of
one of them is much faster. The time duration of the current
pulse is in the range from microseconds to milliseconds.
The created electric discharge starts as a spark and develops
into an arc discharge, provided that the pulse duration is
long enough (a few microseconds). That the material of
the machined electrode gets into the plasma volume can be
seen upon observing spectral lines emitted by the plasma.

To obtain more insight into the processes during EDM,
including the phase transitions in the machined material,
it is important to know the plasma temperature in the
discharge channel. To the best of our knowledge, this
temperature and its dependence on the discharge duration
had not previously been measured. In theoretical works
devoted to modelling the EDM discharge [1–5], the
temperature had been estimated to be in the range from
6×103 to 7×104 K. Main experimental difficulties are the
short discharge duration, the very small electrode gap (from
micrometres to tenths of a millimetre) and the influence of
the dielectric liquid on the measured light intensity. In
our experiment, the plasma temperature was determined
from the relative intensities of two spectral lines of the
Fe I spectrum, which were measured simultaneously by
two photomultipliers.

2. Description of the applied method

The intensity of spectral lines emitted by the plasma
depends on the concentration of emitters and the plasma

temperature. At high enough discharge current, after the
arc discharge has developed fully, the plasma attains the
local thermal equilibrium state (LTE) [6–8]. In this state,
for atoms (or ions) of the same kind, the relative intensities
of spectral lines emitted by the plasma depend only on
the plasma temperature. For a given atomic transition,
population of the upper level may be described by the
Boltzmann distribution

Ni = giN0

U(T )
exp

(
− Ei

kT

)
(1)

where N0 is the density of atoms of a given type in the
plasma,Ni is the density of atoms in the excited statei, Ei

is the excitation energy of the statei, gi is the statistical
weight, U(T ) is the atomic partition function,k is the
Boltzman constant andT is the temperature.

The (local) emission coefficientεi of the spectral line
emitted by the plasma is given by

εi = 1

4π

hc

λi

AiNi (2)

whereλi is the wavelength,Ai is the transition probability,
h is the Planck constant andc is the speed of light. From
the measured relative intensity of two spectral lines, 1 and
2, one can derive the temperature
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) (3)

if the atomic structure constants (g, A andE) are known.
The relative error in temperature obtained in this way is
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Plasma temperature in an EDM discharge

Figure 1. The experimental set-up: M1 and M2,
monochromators; L1 and L2, lenses; PM1 and PM2,
photomultipliers; 50% reflectance mirror; G, generator; O,
oscilloscope; C, personal computer; and EDM, plasma.
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3. The apparatus and experimental procedure

The scheme of the experimental set-up is presented in
figure 1. Electrodes were immersed in paraffin and situated
at a distance of 1 cm from a window, through which the
light emitted by the plasma was observed. The lenses
L1 and L2 projected the light on to entrance slits of two
identical monochromators M1 and M2. Intensities of two
selected spectral lines of the Fe I spectrum were measured
by photomultipliers PM1 and PM2. The signalsS1 andS2

from photomultipliers were collected into two channels of
a digital oscilloscope. The He–Ne laser beam was used to
align the whole optical set-up.

In order to make a proper selection of spectral lines
for the plasma temperature measurement, the visible part
of the spectrum was first recorded on a photographic plate.
We were looking for the Fe I spectral lines suitable for
the plasma temperature measurement, characterized by the
following features.

(i) Lines should have the largest possible difference in
the excitation energy, because it diminishes the error in the
calculated temperature value (equation (4)).

(ii) The wavelengths of these lines should be close
to each other. If two spectral lines do not differ much
in wavelength (1λ < 1.5 nm) it can be assumed that
the paraffin absorption is the same for both lines. This
approximation is fully justified; it has been checked
experimentally. In addition, it saves trouble connected
with unequal spectral sensitivities of the two measurement
channels. It makes calibration of spectral sensitivity against
the calibrated standard lamp unnecessary.

(iii) Lines should be well isolated from their
neighbours. It is practically impossible to find well-
isolated lines in the Fe erosion plasma spectrum, which

Table 1. Selected spectral lines of the Fe I spectrum.

λ Ei Ak ,i

Line (nm) (cm−1) gk (10−8 s−1)

411.697 50 423 9 0.0011
1 411.854 53 094 13 0.5800

411.890 50 611 7 0.0170
412.181 47 093 7 0.0280

413.206 37 163 7 0.1200
2 413.290 47 136 5 0.0940

413.386 51 350 9 0.0220

would fulfil the conditions (i)–(iii) at the same time.
However, if the neighbouring line is much weaker than the
observed one, its influence on the measured signal may be
easily corrected by an iterative procedure consisted of the
following steps: (i) calculation of the plasma temperature
T0 from the equation (3) using the sum of intensities of
overlapping lines; (ii) calculation of the relative intensities
of the blending and measured lines using the previously
determined temperature, correction of the measured signal
for blending; and (iii) calculation of a corrected plasma
temperature using the corrected line intensity. In our case
it sufficed to repeat the procedures (ii) and (iii) three times.

(iv) Selected lines must not be resonant lines in order
to avoid problems with re-absorption.

According to these remarks, we selected those spectral
lines of the Fe I spectrum that are listed in table 1. The
widths of the exit slits of the monochromators covered the
spectral range 0.1 nm, so that 411.85 nm line was not well
isolated. The contribution of the 411.890 nm line (a few per
cent of the measured signal) to the measured intensity of
the 411.854 nm line was calculated by the iterative method
described above.

4. Spectral line intensity measurement

The selected lines were not resonant, thus we could make
two assumptions.

(i) Selected lines were emitted mostly from the hottest
plasma region, namely close to the plasma symmetry axis,
where the temperature is the highest.

(ii) Lines were not re-absorbed in external much cooler
plasma layers where the population of excited levels is
small.

For both monochomators the entrance slits were set
to the value which optimized the spectral resolution for
λ = 410 nm. The spectral widths of the output slits were
set to 0.1 nm.

4.1. Paraffin absorption

Light emitted by the plasma passes through the 1 cm
paraffin layer which absorbs and scatters a part of the light.
Its absorption coefficient depends on the wavelength. An
additional difficulty is caused by the change in the paraffin
transmission under the influence of the EDM process. It is
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thus necessary to take into account the paraffin absorption
and light scattering during the measurements in real time,
which criterion was fulfilled in our experiment. The optical
path and the paraffin transmission were the same for both
spectral lines and the accuracy of measurement of the
intensity ratios was not influence by the presence of the
paraffin.

4.2. The spectral sensitivity of the optical system

A comparison of two line intensities requires knowledge
of the optical system’s spectral sensitivity SPS (λ). In the
wavelength range 411–414 nm the spectral sensitivity can
be considered constant, independent of the wavelength. The
relative spectral sensitivity (SPS1/SPS2) of two registration
channels was determined from the measured ratio:

SPS1(λ)/SPS2(λ) = S1/S2. (5)

Where S1 and S2 are the two photomultipliers’ signals,
for monochromators adjusted to the same wavelength
(412 nm). Any stable continuum emitting source can be
used in this measurement.

4.3. Correction for continuum radiation

Every plasma source emits continuum radiation (back-
ground). When the exit slit of the monochromator covers
the whole spectral line profile, the photomultiplier registers
the total intensityI (λ + b) containing the spectral line in-
tensityI (λ) and a background componentI (b). Measured
intensitiesI (λ + b) were corrected for the underlying con-
tinuum radiation by substracting from them measurements
in the nearby continuum at the wavelength of 412.3 nm.

5. The measurement procedure

For a given pair of electrodes and EDM electric parameters
the following procedure was applied.

(i) The spectrum of the erosion plasma was registered
on a photographic plate.

(ii) All spectral lines were identified using the spectral
line tables [9] and atomic structure data [10]. Spectral
lines of the Fe I spectrum for the plasma temperature
measurements were selected.

(iii) The optimum width of the output slits was
determined.

(iv) The continuum radiation contribution to the
measured intensity of the spectral line was determined.

(v) The spectral sensitivity of the optical set-up was
measured under unaltered experimental conditions.

6. Determination of the EDM plasma temperature

The temperature measurements were performed with the
electrodes made of steel NC6(+) and electrolytic copper
M1E(−). Such a polarity is commonly used in EDM with
the RLC generator. A special device was constructed
to observe the plasma in the controlled experimental
environment. Cylindrical electrodes, of 2 mm diameter

and planar front surfaces, were positioned to form a gap
of 40±10 µm and submerged in technically pure cosmetic
paraffin. They were connected to theRLC circuit. This
circuit allowed us to shape the pulse within the broadest
range possible [11–13]. The capacitor was charged to a pre-
set voltage and discharge circuit parameters were chosen
such as to obtain the current pulses reaching 200 A.

The monochromators M1 and M2 measured the
intensity of the 411.854 and 413.206 nm lines, respectively.
The plasma temperature was evaluated from equation (3),
which takes the final form

T = −(E1 − E2)/k

ln
[(

S1
S2

) (
1−P1
1−P2

) (
SPS2
SPS1

) (
λ1
λ2

) (
g2

g1

) (
A2
A1

)] . (6)

The factorP = I (b)/I (λ + b) describes the correction of
the measured lines’ intensities for continuum radiation. The
uncertainty in the temperature value was calculated from a
formula analogous to equation (4).

6.1. Measurements

The four-channel digital storage oscilloscope recorded two
electric signals (ue andie) from the discharge circuit and the
two photomultiplier signals, with the temporal resolutions
of 0.2, 0.4 and 1µs per point. The 500-point-long
record was selected for further evaluation. Examples of
recordings are presented in figures 2–5. The temperature
was calculated only for such points for which

S1 ≥ 0.1S1max S2 ≥ 0.1S2max. (7)

This condition allows one to keep the uncertainty in the
calculated temperature to a reasonable level.

6.2. Discussion of results

The plasma temperature obtained from our experiments
is an average value for the entire plasma volume. With
such a small electrode gap the plasma consists of two
electrode regions only [8]. Nothing can be deduced about
the axial temperature distribution. If we assume that the
discharge has axial symmetry it is possible to estimate the
temperature value in the centre of the plasma using the
method proposed by Marotta [14], without any need for
the Abel transformation [7]. In our case, it changes the
temperature values given in figures 2–5 by a factor of 1.2.
Analysis of the plots in figures 2–5 leads to some remarks
concerning the plasma temperature.

(i) Figure 3, presenting measurements performed with
the temporal resolution of 0.2 µs per point shows that
higher temporal resolution was not necessary, for the
emitted light intensity signals were very low at the
beginning of the discharge.

(ii) During the first microsecond about 15 mJ of energy
was lost in the discharge. The first point at which the
photomultiplier signals fulfilled the condition (7) and were
suitable for the temperature calculation appeared in the next
microsecond when the lost energy was about 35 mJ.

(iii) Initial temperature values, calculated up to about
1.5 µs, were considerably higher than the later ones
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Figure 2. Recordings of EDM plasma parameters and temperature measurements; ie (A), the electric current; ue (V), the
electric voltage; Pe (W), the electric power; S1 and S2, photomultiplier signals in arbitrary units; and T (K), the calculated
temperature. The temporal resolution is 0.2 µs per point. The current maximum was about 60 A.

Figure 3. Recordings of EDM plasma parameters and temperature measurements, as in figure 2. The temporal resolution is
0.4 µs per point. The current maximum was about 200 A.

(figure 2). This means that the plasma had not yet
attained the local thermal equilibrium state [7, 8] and
equation (3) cannot be used. Thus, one cannot say that
the plasma temperature reached 18 000 K or higher at the
very beginning of the discharge.

(iv) In all plots, the maximum (peak) light intensity
occurred at almost the same moment, when the power

reached about a half of its maximum value and the current
was around 50 A. From that moment the light intensity
decreased despite the increasing power.

(v) The plots in figures 4 and 5, in which reversal
of the electrodes’ polarity can be observed (close to the
point 220) are instructive. In figure 4 one may see that the
discharge current was interrupted, the channel de-ionized
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Figure 4. Recordings of EDM plasma parameters and temperature measurements, as in figure 2. The temporal resolution is
0.4 µs per point. The current maximum was about 205 A. Reversal of the electrodes’ polarities can be observed. The
discharge was interrupted, the channel de-ionized, and, after several microseconds, the discharge re-started with reversed
polarity.

Figure 5. Recordings of EDM plasma parameters and temperature measurements, as in figure 2. The temporal resolution is
0.4 µs per point. The current maximum was about 205 A. Reversal of the electrodes’ polarities can be observed. The
discharge re-started immediately upon the change in the electrodes’ polarities.

and, after several microseconds, the discharge started again
with reversed polarity. The temperature value in the second
discharge was a little lower, as should have been expected,
because the plasma temperature depends after all on the arc
current which then was smaller.

(vi) The temperature of the plasma channel was in the
range 8000–10 000 K and decreased slowly with time.

No direct comparison of our results with other
published data can be made. We did not find other
experimental results for comparison with the temperature
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measurements. Only qualitative comparison with the
EDM plasma temperatures calculated or predicted within
theoretical models is possible. Such a qualitative agreement
may be found with the EDM model described by Eubank
et al [3]. We observed experimentally a slow decrease
in the plasma temperature and a higher temperature value
during the initial phase of the discharge. However, it
should be pointed out that the higher temperature values
at the beginning may have resulted from the fact that the
plasma was not yet in the equilibrium state. The decrease
in the temperature with time seems to be slower than that
theoretically predicted in [3].

We performed experiments similar to the one described
above for other pairs of the Fe I spectral lines. The
plasma temperature was determined from two measured
intensity ratios: I (430.79 nm)/I (537.14 nm) and
I (438.35 nm)/I (537.14 nm). The temperature values and
temporal dependences that we obtained were similar to the
results described above. However, these experiments were
less precise. For lines with such different wavelengths,
calibration of the optical systems’ spectral sensitivity and
determination of paraffin transmission were necessary.
Since the temperature values obtained for different pairs
of spectral lines were so similar, the EDM plasma should
have been in the LTE state and we could use the Boltzmann
distribution in equation (1).

7. Discussion of errors

7.1. Statistical error

This error can be estimated on the basis of multiple
measurements performed under similar experimental
conditions. In the case of the erosion plasma such a
procedure cannot be applied, because individual plasma
pulses can differ significantly, so conditions may not be
said to be similar. The main sources of light intensity
fluctuations are instabilities in the close vicinity of the
plasma, erosion products that disperse the light, fluctuations
in quantity of electrode materials introduced into the
plasma, and changes in shape and position of the plasma
channel itself.

7.2. Systematic error

(i) The plasma is observed perpendicularly to the symmetry
axis of the discharge (side-on). Light is collected from
the whole plasma volume and thus from layers of different
temperature. The results of similar experiments show that
the obtained temperature value is not much lower than the
maximum value at the discharge centre, because the highest
contribution to the total line intensity comes from regions
of the highest temperature.

(ii) The main source of the systematic error in the
temperature is the uncertainty in the transition probabilities
of studied spectral lines. For spectral lines of iron, not
connected to the ground state configuration, the absolute
transition probabilities values are known to within an error
of 15–20%, which formally yields 30–40% uncertainty in
equation (4). However, for relative transition probabilities,

a lower error value (10%) can normally be accepted. Higher
values of the absolute transition probability errors are in
most cases due to the calculation procedure of the absolute
values from measured relative ones.

(iii) The assumption of constant spectral sensitivity of
the optical system in the 1.5 nm range introduces a certain
systematic error. Nevertheless, this source of error can be
considered small in comparison with the other ones.

(iv) Application of the iterative procedure to correct
the intensity of the measured line for blending with
the much weaker neighbouring line line introduces a
systematic error in the determined plasma temperature.
However, a computer simulation shows that this error
should not be larger than 2%. Taking into account the
above considerations, the estimated error in the measured
temperature is about 20%.

8. Conclusions

The temperature of an EDM plasma was measured with
the uncertainty of about 20%, originating mostly from the
error in spectral line transition probabilities. Nevertheless,
the obtained temperature, its temporal characteristics and
the dependence on discharge parameters may be used in
erosion plasma theoretical models. The experimental set-
up and procedure described in this paper allows one to

(i) record temporal characteristics of light emitted by
the erosion plasma with good temporal resolution.

(ii) trace the plasma temperature’s temporal character-
istics during a single electric pulse,

(iii) compare the temperature of current pulses of
different shapes and amplitudes, different combinations of
electrode materials and different dielectric liquids, and

(iv) observe the relative temperature change, which may
be traced with much better relative accuracy (to within
about 5%).
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[11] Albi ński K 1961Diss. Kraków University of Technology
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