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NANOPARTICLES AS PROBES OF THE ELECTRON ENERGY RELAXATION LENGTH
IN A DC GLOW DISCHARGE

V. Lisovskiy*, ©S. Dudin, ®A. Shakhnazarian, ©S. Rezunenko
V.N. Karazin Kharkiv National University, 4 Svobody Sq., Kharkiv, 61022, Ukraine
*Corresponding Author email: lisovskiy@karazin.ua
Received June 1, 2026; revised August 8, 2026; accepted August 23, 2026

A new method is proposed for determining the electron energy relaxation length in a DC glow discharge using nanoparticles as
diagnostic probes. The method is based on nanoparticle confinement near the first field reversal point in the negative glow. At this
position, a local maximum of the plasma potential forms a shallow potential pit for negatively charged nanoparticles. The position of
the field reversal point can therefore be determined from the location of a nanoparticle cloud visualized by laser light scattering.
Together with the measured cathode-layer thickness and the known interelectrode distance, this allows the electron energy relaxation
length to be estimated using an analytical relation between these quantities. The method was demonstrated experimentally in an
acetylene discharge, where nanoparticles are naturally formed by plasma polymerization. The electron energy relaxation length was
found to increase, on average, with increasing discharge voltage. The experimentally estimated values were approximately 1.5 times
larger than those calculated using an analytical model based on the first Townsend ionization coefficient. The discrepancy may partly
result from the assumption of a constant electric field in the cathode layer adopted in the analytical model. The proposed method can
also be extended to gases that do not form nanoparticles naturally by introducing preformed nanoparticles or by producing them
initially in a suitable gas mixture.
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L. INTRODUCTION

In gas-discharge plasmas and plasma technologies, nonlocal heating of charged particles is often encountered, in
which the regions where the particles gain high energy and where they dissipate this energy are spatially separated. For
example, in negative ion sources [1-6], positive or negative ions extracted from the plasma are accelerated by an
extractor and directed into a low-pressure gas volume (transport region) with no electric field, where they lose their
energy through collisions with gas molecules.

In a DC discharge, electrons released from the cathode surface due to ion-induced electron emission gain
considerable energy in the strong electric field of the cathode layer [7—15]. These electrons then leave the cathode layer
and enter the negative glow, where the electric field is weak and may even reverse its direction. Since the electrons cannot
gain energy in this region, they undergo elastic and inelastic collisions with gas molecules, lose the energy acquired in the
cathode layer, and, in a sufficiently long discharge gap, eventually thermalize [16-20]. The distance over which this
energy-loss process occurs is referred to as the electron energy relaxation length [7, 20]. Using known cross sections for
electron collisions with gas molecules, the electron energy relaxation length can be calculated. However, even for an inert
gas such as argon, the dependences of the energy relaxation length on electron energy calculated by different authors differ
considerably, not only quantitatively but also qualitatively [18,19]. Therefore, it is useful to obtain at least an estimate of
the electron energy relaxation length in various gases used in plasma technologies.

To our knowledge, micrometer-sized particles were first employed to estimate internal parameters of a gas-
discharge plasma by the authors of Ref. [21], who used them to determine the electron temperature. Subsequently,
charged micro- and nanoparticles have frequently been used to investigate electric fields in DC discharges and radio-
frequency capacitively coupled discharges (see, for example, Ref. [22] and references therein).

Four different methods are commonly used to introduce nanoparticles into a gas discharge. Nanoparticles can be
produced in advance, size-selected, and placed on an additional surface other than an electrode; a voltage pulse can then be
applied in the plasma to lift the particles from the surface and form a nanoparticle cloud [23,24]. Alternatively, the cathode
can be sputtered by ion bombardment in a DC discharge [25-29] or an arc discharge [30], with the sputtered atoms
subsequently forming nano- and microparticles in the plasma. Preformed nanoparticles can also be introduced directly into
the plasma volume using a dispenser [31-35]. Finally, a discharge can be generated in a gas whose molecules undergo
dissociation to form monomers capable of producing nanoparticles through volume plasma polymerization [36—43].

DC glow discharges in acetylene are of interest for plasma processing because plasma polymerization leads to the
deposition of carbon-containing films on electrode surfaces and discharge-tube walls [44—48]. By varying the discharge
conditions, coatings ranging from polymer-like films to graphite [47] and even graphene [48] can be obtained. Of
particular importance for the present work, however, is that under certain discharge conditions plasma polymerization
also occurs in the plasma volume, resulting in the formation of nanoparticles [40].
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These nanoparticles are formed predominantly in the negative glow and, after acquiring a negative charge, can be
confined near the first field reversal point [7,40]. At this position, the local maximum of the plasma potential forms a
shallow potential pit for negatively charged nanoparticles. The position of the first field reversal point is related to the
energy relaxation of high-energy electrons emerging from the cathode layer into the negative glow. Therefore, the
experimentally measurable position of the nanoparticle cloud can potentially be used as a diagnostic of the electron
energy relaxation length.

In this work, we develop the physical basis of this diagnostic method and demonstrate it experimentally in a DC
glow discharge in acetylene. The position of the nanoparticle cloud and the cathode-layer thickness are determined from
discharge images and used to estimate the electron energy relaxation length. The obtained values are compared with
those calculated using an analytical model based on the first Townsend ionization coefficient.

II. EXPERIMENTAL SETUP

The experimental setup used in this study is shown in Fig. 1. A cylindrical quartz discharge tube was positioned
horizontally. Its inner diameter was 80 mm. Both electrodes were planar and made of stainless steel. The stationary
cathode also served as a flange of the discharge tube and was supplied with a voltage of 0-1500 V from a power supply.
The movable inner electrode served as a grounded anode. In the experiments reported in this work, the distance between
the electrodes was fixed at 76.2 mm.

The experiments were performed in acetylene, which was introduced into the discharge chamber at a flow rate of
up to 5 scem (standard cubic centimeters per minute). Most experiments were carried out at a gas pressure of 0.2 Torr.
The pressure was measured using a capacitance manometer (Baratron, MKS Instruments, USA) with an operating range
from 1 mTorr to 1 Torr. A backing pump and a turbomolecular pump were used to evacuate the discharge chamber.
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Figure 1. Schematic of the discharge chamber with a DC glow discharge

The nanoparticles are too small to be observed with the naked eye. Therefore, a green laser with a wavelength of
532 nm was used for their in-situ visualization. A cylindrical lens was used to split the laser beam into a light sheet,
making it possible to observe a two-dimensional cross section of the nanoparticle cloud. This was sufficient for the
purposes of the present study. If necessary, however, the three-dimensional shape of the cloud could also be determined
by scanning it with the light sheet. Naturally, efficient light scattering by the nanoparticles requires sufficiently large
particle sizes (several tens of nanometers or larger) as well as a sufficiently high nanoparticle concentration. These
requirements determine the range of acetylene pressures investigated in this study (0.05-0.2 Torr). Under these
conditions, nanoparticle formation and the increase in their size and number are sufficiently intense, while the DC
discharge remains “short,” i.e., no positive column is formed. This issue is discussed in more detail below.

II1. DC DISCHARGE STRUCTURE AND NANOPARTICLE FORMATION AND CONFINEMENT

In general, the DC discharge is one of the most extensively studied types of gas discharges. It is commonly
generated in a cylindrical tube with planar electrodes located at its ends. After gas breakdown, a discharge with the
following sequence of regions is formed. Adjacent to the cathode is the so-called cathode layer, across which a high
voltage drop (several hundred volts or more) occurs. In Figs. 1 and 2, the cathode is denoted by C and the cathode layer
by CL. The next region is the negative glow (NG), which gradually transits into the Faraday dark space (FDS). If the
anode (A) is located within the Faraday dark space, such a discharge is conventionally referred to as a short discharge.
In contrast, in a sufficiently long tube and/or at high gas pressure, a positive column and an anode layer with an anode
glow may additionally appear. As mentioned above, all experiments were performed with a short discharge. Since the
voltage drops across the negative glow and the Faraday dark space are small (several volts or less) [7,10,15,49], the
voltage drop across the cathode layer can be considered approximately equal to the potential difference between the
electrodes.

Figure 2 shows two photographs of the discharge. First, immediately after ignition, the discharge was
photographed with the laser switched off [Fig. 2(a)]. The discharge structure described above, consisting of the cathode
layer, negative glow, and Faraday dark space, can be clearly seen. When the light sheet is subsequently switched on, a



631
Nanoparticles as Probes of the Electron Energy Relaxation Length in a DC Glow Discharge EEJP. 3 (2026)

thin nanoparticle cloud appears in the negative glow after several seconds (or tens of seconds, depending on the gas
pressure and the voltage between the electrodes), as indicated by NPs in Fig. 2(b). With time, the cloud may expand and
become deformed [40], but in the present work we are specifically interested in the case of a thin nanoparticle cloud.

Figure 2. Photographs of the acetylene discharge at a pressure of 0.2 Torr with the light sheet (a) switched off and (b) switched
on, at an interelectrode voltage of 440 V

To clarify why the nanoparticle cloud forms specifically in the negative glow, we consider the processes occurring
in this region as well as in the cathode layer. Qualitative axial distributions of the electric field E, potential ¢, positive
ion density 7;, and electron density 7. in a short discharge are shown in Fig. 3.
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Figure 3. Axial distributions of the electric field £, potential ¢, electron density ze, and positive ion density #; in a short discharge
gap without a positive column

The cathode surface is bombarded by positive ions produced by ionization of acetylene molecules by high-energy
electrons in the cathode layer and in the adjacent part of the negative glow. A strong electric field exists in the cathode
layer. It reaches its maximum near the cathode surface and decreases almost linearly with increasing distance from the
cathode. At the cathode-layer boundary (x = d.), the electric field is small, but it reaches zero only within the negative
glow, where the axial distributions of the electron and positive ion densities exhibit maxima, at a distance x = xo from
the cathode. This position is referred to as the first field reversal point. The zero electric field means that the
electrostatic potential reaches an extremum at this point, a maximum in the present case. For negatively charged
particles, this local maximum of the electrostatic potential corresponds to a minimum of their potential energy and
therefore forms a shallow potential pit in the vicinity of xo. Its depth is usually small, less than 1 V [40]. A second field
reversal point, at x = x;, occurs near the boundary between the negative glow and the Faraday dark space.

Cold electrons and negatively charged nanoparticles can be confined in the shallow potential pit near the first field
reversal point xo. They cannot move toward the cathode because the strong electric field drives them back into the
negative glow. Nor can they move toward the anode, because the electric field on the other side of xo drives them back.
Therefore, the nanoparticle cloud initially formed in the negative glow is narrow and located near xo. Naturally, when
the nanoparticle concentration and particle size become sufficiently large, the cloud may broaden due to deformation of
the potential pit by the charged nanoparticles [40]. In the present work, however, we consider specifically the case of a
thin nanoparticle cloud.

Electrons are emitted from the cathode surface due to ion-induced electron emission and enter the strong electric
field of the cathode layer. As they travel through the layer, they acquire considerable energy and ionize gas molecules.
Some electrons emitted from the cathode or produced by ionization near its surface can traverse almost the entire
cathode layer with little energy loss, undergoing only one or a few inelastic collisions with gas molecules, and



632
EEJP. 3 (2026) V. Lisovskiy, et al.

consequently acquire high energies approaching e-U., where e is the elementary charge and U, is the voltage drop
across the cathode layer. A flux of such high-energy electrons therefore emerges from the cathode layer into the
negative glow. There, these electrons begin to lose energy intensively through collisions with gas molecules, exciting
their electronic states and ionizing them. As a result, a bright negative glow is observed; its intensity maximum
coincides with the maximum plasma density, where the electric field reaches zero and reverses its direction.

High-energy electrons not only ionize and excite gas molecules. Collisions of these electrons with acetylene
molecules may lead to dissociation with the formation of C,H radicals, as well as to dissociative electron attachment
resulting in the formation of C,H™ negative ions. These C,H and C,H™ species can combine with C;H, molecules to
form more complex molecules; thus, they effectively act as monomers capable of forming long polymer chains. A list
of the corresponding reactions is given, for example, in Ref. [40]. As these reactions continue, nanoparticles are
eventually formed.

In general, the negative glow is an optimal region of a DC discharge for nanoparticle formation and confinement.
It contains fluxes of high-energy electrons capable of producing C;H and C,H". At the same time, it contains a potential
pit for negatively charged nanoparticles and negative ions, provided that negative ions can be formed in the gas under
investigation.

An additional requirement of our method is the horizontal orientation of the discharge tube containing vertically
oriented planar electrodes. If the electrodes are horizontal and the cathode is located at the bottom, sufficiently large
nanoparticles are not confined at the first field reversal point xo; instead, gravity causes them to settle toward the
cathode-layer boundary or even penetrate slightly into the cathode layer. If the anode is located at the bottom, the
nanoparticles formed in the plasma cannot be confined by the shallow potential pit [40] and fall onto the anode surface
[50]. With horizontal electrodes, the nanoparticles are confined in the plasma by the axial electric field responsible for
carrying the discharge current.

In our discharge chamber with vertically oriented electrodes, however, the situation is different. The axial electric
field is now directed horizontally, whereas gravity acts vertically. The nanoparticles are confined in the plasma volume
by the radial ambipolar electric field that arises because a fraction of the high-energy electrons escapes to the tube wall.
The wall becomes negatively charged and repels cold electrons back into the plasma. At the same time, a small flux of
positive ions reaches the wall from the plasma, accompanied by an equally small flux of high-energy electrons.
Therefore, unlike the axial electric field, the ambipolar electric field does not carry the discharge current [49].

The accumulation of negative ions and negatively charged nanoparticles in the plasma leads to a substantial
reduction in the ambipolar electric field [51-55]. At sufficiently high concentrations, the field may decrease to zero and
even reverse its direction [56]. More generally, the presence of negative ions, in addition to electrons and positive ions,
can substantially affect the structure and properties of discharge plasmas [57-68]. Negative ions are produced by
electron attachment to gas molecules [49]; this process therefore results in the loss of free electrons that would
otherwise ionize gas molecules and carry the discharge current.

IV. METHOD FOR DETERMINING THE ELECTRON ENERGY RELAXATION LENGTH USING
NANOPARTICLES

We now consider how nanoparticles synthesized in a DC discharge can be used as a diagnostic tool for estimating
the energy relaxation length of electrons that travel from the cathode surface to the cathode-layer boundary with almost
no collisions with gas molecules and, consequently, lose little energy. Such electrons have high energies, which can
reach e-U,, where U, is the voltage drop across the cathode layer. These electrons are responsible for the ionization of
gas molecules and for sustaining the discharge, and they also carry a substantial fraction of the discharge current
through the negative glow [16,17].

As shown experimentally above, the nanoparticle cloud forms and is confined in the negative glow near the so-
called first field reversal point, located at a distance x, from the cathode. We now consider the location of the first field
reversal point shown in Fig. 3. J. P. Boeuf and L. C. Pitchford [7] proposed an analytical model of a DC glow discharge
and obtained the following expression for the position of the field reversal:

xo—dc __ -
=M In[A-(1—e"VA)], )
where L is the distance between the electrodes, A = AM/(L — d.), and A is the distance over which the energy relaxation of
electrons accelerated in the cathode layer and entering the negative glow occurs.
Equation (1) can readily be rewritten as

Xg=d,—A-In [L—Adc : (1 —exp (— L;dc))]. )

Subsequently, in analytical models of a DC glow discharge, the authors of Ref. [20] obtained the same expression,
Eq. (2), but for the position of the maximum plasma density in the negative glow. We therefore conclude that the field
reversal occurs at the position where the plasma density reaches its maximum.



633
Nanoparticles as Probes of the Electron Energy Relaxation Length in a DC Glow Discharge EEJP. 3 (2026)

Since the interelectrode distance L is known, while the cathode-layer thickness d. and the coordinate of the first
field reversal point xo can be determined from photographs of the discharge, Eq. (2) can be used to estimate the electron
energy relaxation length A. The corresponding results for an acetylene pressure of 0.2 Torr are shown in Fig. 4. Both the
cathode-layer thickness d. and the coordinate of the first field reversal point xy decrease monotonically with increasing
voltage between the electrodes. The electron energy relaxation lengths A obtained in the present work are shown by
solid blue squares. On average, A increases monotonically with the voltage U.
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Figure 4. Cathode-layer thickness d., coordinate of the first field reversal point xo, and electron energy relaxation length A as
functions of the interelectrode voltage U at an acetylene pressure of 0.2 Torr. Solid blue squares show the values obtained in the
present work; open blue squares show the values calculated using Eq. (3) [20]

The authors of Ref. [20] obtained the following expression for A:

_ Uc—Bpdc

A= 3)

acpBpdc’

where acr is the first Townsend ionization coefficient, for which Ref. [20] proposed the following expression:
Bpd
acp = Ap - exp (— SCC). )

Thus, the authors of Ref. [20] assumed that, in the strong electric field of the cathode layer, the ionization rate is
determined by the potential difference traversed by the electrons rather than by the local electric field. Therefore, Eqs.
(3) and (4) use the average electric field in the cathode layer, U./d..

We recall that all experiments were performed under conditions where no positive column was present in the DC
glow discharge. Since the voltage drops across the negative glow and the Faraday dark space are very small compared
with the voltage drop U. across the cathode layer, for the purposes of our estimates we can assume that U, is equal to
the voltage U between the electrodes, which can be readily measured.

It remains to determine the constants 4 and B to be used in Eq. (4) for acetylene. For this purpose, we used the
BOLSIG+ code [69] with electron—acetylene collision cross sections from Refs. [70,71]. The resulting values of the
first Townsend ionization coefficient are shown in Fig. 5 by solid circles and are well approximated by the following
expression:

a=33-p-exp(—ﬂ). (%)
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Figure 5. Ratio of the first Townsend ionization coefficient o to the gas pressure p, as a function of the reduced electric field £/p for
acetylene. Solid circles show the results calculated using the BOLSIG+ code; the blue line represents the approximation given by Eq. (5)
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Thus, the constants 4 =33 cm™ Torr™' and B =450 V/(cm Torr) should be used in Eq. (4). These constants were
then substituted into Egs. (3) and (4), and the calculated results were added to Fig. 4 as open blue squares. As can be
seen from the figure, the experimentally estimated electron energy relaxation lengths A are approximately 1.5 times
larger than the values calculated using Eq. (3). However, that equation was derived assuming a constant electric field in
the cathode layer, i.c., a linear potential profile across the layer, which is a rather crude approximation.

V. CONCLUSIONS

In this work, we developed the physical basis of a new method for determining the electron energy relaxation
length in a DC glow discharge using nanoparticles as diagnostic probes. In a horizontal discharge tube with vertically
oriented electrodes, nanoparticles can be confined in the negative glow near the first field reversal point. The local
maximum of the plasma potential at this position forms a shallow potential pit for negatively charged nanoparticles.
Since the coordinate of the nanoparticle cloud can be determined experimentally using laser light scattering, it provides
a direct measure of the position of the first field reversal point. Combined with the measured cathode-layer thickness
and the known interelectrode distance, this coordinate makes it possible to estimate the electron energy relaxation
length using an analytical relation between these quantities.

The method was demonstrated experimentally for a DC glow discharge in acetylene, where nanoparticles are
formed naturally as a result of plasma polymerization. The cathode-layer thickness and the position of the nanoparticle
cloud were determined from discharge images over a range of discharge voltages, and the corresponding electron
energy relaxation lengths were obtained. The estimated relaxation length increased with increasing discharge voltage.
For comparison, the electron energy relaxation length was also calculated using an analytical model based on the first
Townsend ionization coefficient. The required Townsend coefficients for acetylene were obtained using BOLSIG+ and
approximated by the conventional exponential dependence on the reduced electric field. The experimentally estimated
electron energy relaxation lengths were approximately 1.5 times larger than those predicted by the analytical model.
This difference may be attributed, at least in part, to the assumption of a constant electric field in the cathode layer used
in the analytical model, whereas the actual electric field varies substantially across the layer.

The proposed method is not restricted to gases in which nanoparticles are formed naturally. Nanoparticles can first
be produced in a suitable gas mixture and subsequently retained in the discharge after the nanoparticle-forming
component is removed. Alternatively, preformed nanoparticles can be introduced into the plasma from an external
source. Once negatively charged and confined near the first field reversal point, the nanoparticles can serve as probes of
its position. Thus, the proposed approach can potentially be used to estimate the electron energy relaxation length in a
wide range of gases employed in low-pressure plasma applications.
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HAHOYACTHHKHM SIK 30HIU JJI1 BASHAYEHHS JOBKWHM PEJJAKCAII EHEPTTi EJIEKTPOHIB
V TJIFOYOMY PO3PAAI MOCTIMHOI'O CTPYMY
B. JlicoBcbkuid, C. lyain, A. lllaxnazapsH, C. Pe3yHeHnko
Xapxiecvruil nayionanvuuil ynieepcumem imeni B.H. Kapaszina, maiioan Ceoboou 4, Xapxis, 61022, Vxpaina

3anponoHOBaHO HOBY METOAWKY BH3HAYEHHs JOBXKHHH pelIaKcallii eHeprii eJIEKTPOHIB y TIII0YOMY PO3pSAIil MOCTIHHOTO CTPyMy 3
BUKOPHCTAHHSIM HAHOYACTHHOK SIK JIarHOCTHYHMX 30HJIB. METOAMKA IPYHTY€EThCSI HA YTPUMaHHI HAHOYACTHHOK IOOIM3Y IEpIIOi
TOYKH 3BOPOTHOCTI €JIEKTPUYHOTO HOJISI B HETaTUBHOMY CBITiHHI. Y I1iif 00J1acTi JOKaJIbHUH MaKCUMYM ITOTEHIIATY IIIa3MH YTBOPIOE
MOTEHLIIbHY SIMY ISl HETaTHBHO 3apsXKEHNX HAHOYACTUHOK. TaKHM YMHOM, MOJIOYKEHHS TOYKH 3BOPOTHOCTI EJIEKTPHYHOTO OIS
MOKHAa BHM3HAYMTH 3a PO3TAlIyBAaHHSAM XMapyd HAHOUYACTHHOK, Ky OyJO Bi3yasli30BaHO 3a JOMOMOIOK PO3CIFOBAaHHS JIa3€PHOTO
BUIPOMIHIOBaHHs. Pa3oM i3 BHUMIpSIHOIO TOBIIMHOIO KAaTOJHOTO MIApy Ta BiJOMOIO BiJICTAHHIO MiX €JIEKTPOJaMH II€ JO3BOJISE
OLIIHUTH JIOBXHHY peliakcallii eHeprii eJeKTPOHIB 3a JOMOMOI0I0 aHAIITHYHOTO CIiBBiJHOLICHHS MX LIUMH BelTUYHHAMU. METOANKY
eKCIEPUMEHTAIFHO NPOJEMOHCTPOBAHO B PO3pPAAl B ALETHICHI, I HAHOYACTUHKU NPHPOJHUM YMHOM YTBOPIOIOTHCS BHACIIJOK
IUTa3MOBOI MoJliMepu3anii. BcTaHOBIEHO, IO B cepeAHROMY JOBXKHHA peJlaKcallil eHeprii elIeKTPOHIB 30UIbIIY€EThCS 31 3pOCTAHHAM
HaTpyru po3psany. ExcrepruMeHTanbHO OmiHeH] 3HAYCHHS BUSABIIINCS MPUOIN3HO B 1,5 pa3a OUTPIIMMU 32 3HAUCHHS, pO3paxoBaHi 3a
JIOTIOMOTOI0 aHAJIITUYHOI MOJIEN, IO IPYHTYEThCS Ha IepimoMy KoedimienTi ionizamii Tayncennma. Ll po30ixHicTs Moxe OyTu
YaCTKOBO 3yMOBJICHA MPHIYLICHHSAM IPO MOCTifiHY HAIpPYKCHICTh CIEKTPHYHOrO MHOJSI B KaTOAHOMY LIapi, HNPUHAHATUM B
AQHATITHYHIA Mozeli. 3alpolOHOBaHy METOJUKY TAaKOX MOXKHA IOLIMPUTH HA a3, B SKUX HAHOYACTUHKHM NPHPOAHMM YHHOM HE
YTBOPIOIOTBCS, IIUIIXOM BBEACHHS IOIEPEIHBEO CHOPMOBAHMX HAHOYACTHHOK ab0 1X MOYATKOBOTO (OpMyBaHHS Y BiJIIOBiIHIM
rasoBiii cymiriri.

KurouoBi ciioBa: dosowcuna penaxcayii enepeii enekmpomie; HAHOUACMUHKYU, PO3PAO NOCMIUHOZO CMPYMY; NOMEHYIATbHA AMA;
ambinonapua ougysis





