
Cutoff probe using Fourier analysis for electron density measurement
Byung-Keun Na, Kwang-Ho You, Dae-Woong Kim, Hong-Young Chang, Shin-Jae You et al. 
 
Citation: Rev. Sci. Instrum. 83, 013510 (2012); doi: 10.1063/1.3680103 
View online: http://dx.doi.org/10.1063/1.3680103 
View Table of Contents: http://rsi.aip.org/resource/1/RSINAK/v83/i1 
Published by the American Institute of Physics. 
 
Related Articles
Measuring plasma turbulence using low coherence microwave radiation 
Appl. Phys. Lett. 100, 084107 (2012) 
Electron cyclotron resonance plasma production by using pulse mode microwaves and dependences of ion
beam current and plasma parameters on the pulse condition 
Rev. Sci. Instrum. 83, 02A324 (2012) 
Electron cyclotron resonance ion source plasma chamber studies using a network analyzer as a loaded cavity
probe 
Rev. Sci. Instrum. 83, 02A306 (2012) 
X-band microwave generation caused by plasma-sheath instability 
J. Appl. Phys. 111, 013302 (2012) 
Focused excimer laser initiated, radio frequency sustained high pressure air plasmas 
J. Appl. Phys. 110, 103301 (2011) 
 
Additional information on Rev. Sci. Instrum.
Journal Homepage: http://rsi.aip.org 
Journal Information: http://rsi.aip.org/about/about_the_journal 
Top downloads: http://rsi.aip.org/features/most_downloaded 
Information for Authors: http://rsi.aip.org/authors 

Downloaded 15 May 2012 to 143.248.118.108. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions

http://rsi.aip.org?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/253438167/x01/AIP/Photonis_RSICovAd_1640x440banner_May9_15_2012/PhysicsToday_RSI_Cover_Ad_PHOTONIS.jpg/774471577530397266546b41416f5654?x
http://rsi.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Byung-Keun Na&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://rsi.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Kwang-Ho You&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://rsi.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Dae-Woong Kim&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://rsi.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Hong-Young Chang&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://rsi.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Shin-Jae You&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://rsi.aip.org?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3680103?ver=pdfcov
http://rsi.aip.org/resource/1/RSINAK/v83/i1?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3690922?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3669792?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3660818?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3675178?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3660690?ver=pdfcov
http://rsi.aip.org?ver=pdfcov
http://rsi.aip.org/about/about_the_journal?ver=pdfcov
http://rsi.aip.org/features/most_downloaded?ver=pdfcov
http://rsi.aip.org/authors?ver=pdfcov


REVIEW OF SCIENTIFIC INSTRUMENTS 83, 013510 (2012)

Cutoff probe using Fourier analysis for electron density measurement
Byung-Keun Na,1 Kwang-Ho You,1 Dae-Woong Kim,1 Hong-Young Chang,1

Shin-Jae You,2,a) and Jung-Hyung Kim2

1Department of Physics, Korea Advanced Institute of Science and Technology,
Daejeon 305-701, South Korea
2Center for Vacuum Technology, Korea Research Institute of Standards and Science,
Daejeon 305-306, South Korea

(Received 14 July 2011; accepted 2 January 2012; published online 31 January 2012)

This paper proposes a new method for cutoff probe using a nanosecond impulse generator and an os-
cilloscope, instead of a network analyzer. The nanosecond impulse generator supplies a radiating sig-
nal of broadband frequency spectrum simultaneously without frequency sweeping, while frequency
sweeping method is used by a network analyzer in a previous method. The transmission spectrum
(S21) was obtained through a Fourier analysis of the transmitted impulse signal detected by the os-
cilloscope and was used to measure the electron density. The results showed that the transmission
frequency spectrum and the electron density obtained with a new method are very close to those
obtained with a previous method using a network analyzer. And also, only 15 ns long signal was
necessary for spectrum reconstruction. These results were also compared to the Langmuir probe’s
measurements with satisfactory results. This method is expected to provide not only fast measure-
ment of absolute electron density, but also function in other diagnostic situations where a network
analyzer would be used (a hairpin probe and an impedance probe) by replacing the network analyzer
with a nanosecond impulse generator and an oscilloscope. © 2012 American Institute of Physics.
[doi:10.1063/1.3680103]

I. INTRODUCTION

Diagnostics of plasma parameters is important for
characterizing the plasma’s properties and processing re-
sult. While there are many instruments to measure plasma
properties, including a Langmuir probe,1–5 a microwave
interferometer,6, 7 and laser Thompson scattering,8–10 most of
them are not suitable for application in industrial plasma di-
agnostics, because the systems include a complicated radio
frequency (RF) compensation circuit or they are bulky, heavy,
and expensive. Additionally, the analysis includes very com-
plicated theories and assumptions. Therefore, to overcome the
disadvantages of the diagnostics, a cutoff probe which is a
very simple and easy diagnostic tool has been developed by
Kim et al.11, 12 The construction and installation of the cutoff
probe is relatively simple, as is the analysis of the probe spec-
trum to determine electron density. The cutoff probe is also
usable even in a processing plasma, because it is not affected
by the dielectric deposition on tip.13 The frequency of cut-
off peak and the electron density was also known to be well
matched.13–15

Since the cutoff probe was developed, a lot of remodeled
versions of the cutoff probe have been developed, including
phase-resolved method,16 hybrid-type of cutoff probe with
absorption probe,17, 18 and cutoff probe with box-car mode
for pulsed plasma measurement.19 Normally, the cutoff probe
consists of two coaxial cables with their cores exposed to and
immersed in the plasma. Depending on the method of anal-
ysis, researchers measured the transmission frequency spec-
trum (S21), reflection frequency spectrum (S11), or phase fre-

a)Electronic mail: sjyou@kriss.re.kr.

quency spectrum (φ) between the two antennas by using a net-
work analyzer to determine the electron density. However, a
network analyzer is not suitable for fast measurement (at least
several hundred milliseconds are needed in generating spec-
tra). Therefore, the development of cutoff system without the
help of a network analyzer was one of the challenging issues
in the cutoff probe diagnostics.

In this paper, we proposed a new method20 for cutoff
probe, named “Fourier cutoff probe” (FCP) using a nanosec-
ond impulse generator and an oscilloscope, instead of a net-
work analyzer. Because the short impulse signal in time do-
main means a broadband spectrum in frequency domain, the
nanosecond impulse generator can supply a radiating signal
of broadband frequency spectrum simultaneously without fre-
quency sweeping which is normally performed by the net-
work analyzer in the previous method. The transmission fre-
quency spectra (S21) were obtained through a Fourier anal-
ysis of the transmitted impulse signals detected by the os-
cilloscope, and then they were used to measure the electron
densities. The results showed that the transmission frequency
spectrum and the electron density obtained using the Fourier
cutoff probe method were very close to those obtained using
network analyzer method. These results were also compared
against the Langmuir probe’s measurements with satisfactory
results. This method also provided a time resolution of only
15 ns.20 This method can be applied to any other diagnostic
tools21–25 using a network analyzer for fast measurement.

II. EXPERIMENTAL SETUP

A schematic diagram of experimental setup is shown in
Fig. 1. The experiment was performed in an argon inductive
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FIG. 1. (Color online) Schematic diagram of experimental setup.

discharge. Plasma was generated by a 13.56 MHz inductive
discharge in a 700 mm diameter and 290 mm long cylindrical
vacuum vessel. Four ports 630 mm in diameter were installed
on the side of the vessel. A chuck with a 550 mm diameter and
160 mm height was located at the bottom of the vessel in con-
tact with ground. A 30 mm thick alumina plate 670 mm in di-
ameter was mounted on the top of the vessel. Double stacked
antenna (DoSA; Ref. 26) 450 mm in diameter, a type of in-
ductive discharge source and specially made for azimuthally
uniform plasma, was used for the power coupler. Up to
3000 W of RF power could be delivered to the antenna via
L-type matcher. Argon gas was fed with a mass flow con-
troller from the side of the vessel and pumped out by a turbo
molecular pump of 500 l/s and rotary pump of 600 l/m. The
gas pressure was adjusted using a gate valve. The cutoff and
Langmuir probes were mounted at the two opposing side
ports. The cutoff probe was made of two coaxial cables in a
stainless steel holder. The end tips of the cables were exposed
to the plasma. In normal use of the cutoff probe measurement,
a network analyzer was used to make a transmission spec-
trum. However, the Fourier cutoff probe used a delay gen-
erator for nanosecond impulse generation (DG645, Stanford
Research Systems) and an oscilloscope (X8600A, LeCroy) to
detect transmitted signal, instead of a network analyzer. The
delay generator made an impulse with 100 ns delay with re-
spect to trigger signal, we used it as an impulse generator with
variable width and amplitude. The oscilloscope measured the
source and transmitted signals. The probe mounted at the dis-
charge chamber was connected to a network analyzer and a
Fourier cutoff probe system in sequence.

To check the reliability of the both measurements above,
a Langmuir probe measurement was also taken and the elec-
tron density was calculated from electron energy distribution
function (EEDF).2, 3, 27 The cutoff and Langmuir probes were
situated 2 cm apart at the center of the chamber. A RF com-
pensation probe with a choke filter was used to block RF dis-
tortion at 13.56 MHz, 27.12 MHz, and 40.68 MHz. A compar-
ison of the three methods was performed in 10 and 30 mTorr
of argon gas, in 100–900 W of RF power. In each condition,
the three kinds of measurements were performed in sequence.

FIG. 2. (Color online) Source and transmitted signals at Ar 10 mTorr and
165 W of RF power, where plasma frequency was 1.0 GHz.

III. RESULTS

As previously mentioned, instead of using network ana-
lyzer, a short impulse source signal was used to make a broad-
band frequency spectrum. An example of the short impulse
is shown in Fig. 2. The amplitude of this source signal was
1.0 V. The width of the impulse was about 3.5 ns, and full
width half maximum (FWHM) was 0.75 ns. The transmitted
impulse detected by the oscilloscope at the plasma condition
of 10 mTorr and 165 W is also shown in Fig. 2. The maxi-
mum and minimum of voltage of the transmitted signal are
0.03 V and −0.02 V, respectively. The width of transmitted
impulse was about 6.3 ns. As shown in Fig. 2, the shape of the
transmitted signal was much different from that of the input
signal. This discrepancy originates from the intrinsic disper-
sive characteristic of plasma. The phase velocity of the wave
in the plasma medium is a function of the wave frequency
constituting the impulse signal.

Fig. 3 shows the frequency spectrums of input and trans-
mitted signal measured by the proposed method using a de-
lay generator and an oscilloscope. The spectra were obtained
through fast Fourier transform. The spectrum analysis shows
that the power spectrum of source signal has a bandwidth of
about 1.5 GHz, while the spectrum over 1.5 GHz is very noisy.
Although there is a peak around 0.1 GHz, the spectrum of

FIG. 3. (Color online) Spectra of source and transmitted signals at Ar
10 mTorr and 165 W of RF power.
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FIG. 4. (Color online) Transmission spectra at (a) 10 mTorr, 56 W,
(b) 10 mTorr, 165 W.

transmitted signal may indicate a cutoff-like minimum point
around 1.0 GHz in the frequency spectrum. The clear trans-
mission characteristic of the probe can be seen in the trans-
mittance (S21) defined by the following equation:

S21 = 10 × log10

(
Pout

Pin

)
, (1)

where Pin and Pout are the source signal power and a trans-
mitted signal power, respectively. Fig. 4 shows some ex-
amples of transmission spectra from the network analyzer
cutoff probe and the Fourier cutoff probe at different exper-
imental conditions. As shown in Fig. 4, the overall spectra of
the Fourier cutoff probe are very similar to those of network
analyzer cutoff probe and the cutoff frequency points coincide
with each other.

However, an unexpected discrepancy was shown at the
low frequency part around 0.1 GHz in S21 spectra of all the
experimental conditions as shown in Figs. 4(a) and 4(b).20

The RF noise (13.56 MHz and its harmonics) is also mixed
in the transmitted signal and the S21 spectra. The unexpected
peak appeared at 0.1 GHz, where the RF noise becomes
negligible. If the source power uses higher frequency like
100 MHz, this discrepancy can be a problematic. This prob-
lem can be reduced with many times of averaging, because
triggered impulse signal will be enhanced and non-triggered
RF will die out in averaging. This discrepancy frequency

FIG. 5. (Color online) (a) Transmitted signals by signal length. Only 10 ns,
15 ns, 20 ns, and 50 ns long parts of transmitted signals are shown. (b) and
(c) Transmission spectra by the signals presented at (a). The black graph is a
transmission spectrum by a network analyzer.

is fortunately sufficiently distant from the cutoff frequency.
However, if the cutoff frequency were near 0.1 GHz, which
may take place in the measurement of low electron density
plasma (ne ∼ 1.2 × 108 cm−3), this part may cause a prob-
lem for determining cutoff frequency in the S21 spectrum.
Most plasma systems used in industry are operated at a den-
sity higher than the electron density ne > 1.2 × 108 cm−3, so
this irregularity should not pose a problem in the application
of the Fourier cutoff probe method for the measurement of
industrial processing plasma.
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FIG. 6. (Color online) Comparison of electron density measured by a Lang-
muir probe, a network analyzer cutoff probe, and a Fourier cutoff probe.

In using the Fourier analysis, the length of the transmit-
ted signal is important. Long signal can make the frequency
resolution to be high, and it can also include a lot of in-
formation of plasma parameters. However, too long signal
means the waste of storage, and this method can lose the time
resolution. Hence, finding an adequate length of the trans-
mitted signal is important. Figure 5 shows the transmission
spectra by the transmitted signal length. Longer signals than
15 ns could reconstruct the transmission spectrum with a good
agreement with network analyzer’s spectrum. The longer the
signal length is, the better the spectrum quality becomes.
The 15 ns signal is necessary for spectrum reproduction,
hence 15 ns is the time resolution of this method.20 Even
though the time resolution is extremely short, the time res-
olution can be enhanced using a shorter impulse source.

To confirm the reliability of the Fourier cutoff probe, we
compared the electron densities from Fourier cutoff probe to
network analyzer cutoff probe and Langmuir probe’s mea-
surement. Fig. 6 shows the electron densities from the Fourier
cutoff probe are in good agreements with those of the network
analyzer cutoff probe and Langmuir probe within 10% error.

In the case of Langmuir probe, the standard uncertainty
of the electron density measurement is about 20%,28 which
is from surface area and statistical error. In the case of cut-
off probe, the error usually comes from the cutoff frequency
determination, which contains double peaks problem, cutoff
peak broadness, and frequency resolution. For example, the
cutoff peak does not always appear in one sharp peak. In

Fig. 4(b), the spectrum by FCP shows two peaks at around
cutoff frequency. The frequency resolution was set to be about
30 MHz for network analyzer, 13 MHz for FCP. The error by
frequency resolution is less than 10%. The uncertainty by the
broadening of cutoff peak, including the error by frequency
resolution, is considered to be about 20%.13 In spite of these
matters, electron density measurement by FCP showed re-
markable results. Therefore, we can conclude that the Fourier
cutoff probe method can measure the electron density without
a network analyzer, with reliability and a very high-time res-
olution. A disadvantage of this method is that the maximum
measurable electron density is not as high (1.5 GHz → 2.8
× 1010 cm−3). Introducing a shorter impulse source generator
can solve this disadvantage, and it can even enhance the time
resolution also.

IV. CONCLUSION

In conclusion, we proposed a new type of cutoff probe
using a nanosecond impulse generator and an oscilloscope,
instead of using the network analyzer which is essential one in
the previous cutoff probe method. The transmission frequency
spectrum and the electron density obtained with the Fourier
cutoff probe method were very close to those obtained with
both the previous methods using network analyzer and Lang-
muir probe methods. In addition, by virtue of this method,
the cutoff frequency point can be measured without a net-
work analyzer and the speed of cutoff probe measurement
was enhanced more than a million times without loss of mea-
surement accuracy compared to the previous one. This new
method is expected to have applications not only in the fast
measurement of absolute electron density with a cutoff probe,
but also to other previously developed diagnostics where a
network analyzer is used, specifically a hairpin probe,21, 22 and
an impedance probe,23–25 by replacing the network analyzer
with a nanosecond impulse generator and an oscilloscope.
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