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Abstract: Charge exchange collision (CXC) is well known in solar and space plasmas. In this
work, we present how the CXC between N," and N» can be exploited to overcome major
challenges in cold plasma food processing (CPFP). CPFP is an emerging application of glow
discharge plasmas for physicochemical modifications to achieve shelf-life enhancement,
preservation, surface activation for germination, antimicrobial treatment, surface cleaning, etc.
The commercial application of CPFP is in its infancy and it faces two major challenges. The
first challenge is the difficulty in generating the desired active species for the required
modification, and the second is the very high processing cost. In this paper, with the help of
numerical modeling for nitrogen discharge, we show that the CXC between N, and N can be
utilized to generate active species selectively, enhance energy efficiency, and possibly
eliminate the processing gas cost. The modeling is followed by experimental demonstration
and validation of the proposed concept. This work may lead to a new direction of
transdisciplinary research towards the commercial application of CPFP.

Keywords: glow discharge plasma; food processing; charge exchange collisions; high energy
efficiency and plasma processing

1. Introduction

Cold plasma offers a chemical-free process and is one of the most promising food
processing methods [ 1-5] among newly emerging techniques of food preservation and
food safety [6—12]. Three mechanisms dominate in plasma treatment: i) physical
damage to membranes and internal cellular components due to the bombardment of
energetic species, ii) chemical reactions led by ions and radicals [3], and iii) radiation-
induced damage [13—15]. These three governing processes dominate in various
methods of cold plasma food processing (CPFP) reported for the treatment of meat
[14,16], poultry [14], milk [14,17], water [17], cereals [14], fruits [16], and vegetables
[14,17], as well as non-food processing, using atmospheric pressure plasma [18], cold
atmospheric gas-phase plasma [19], RF plasma [20], microwave plasma [21], DC
glow discharge [22], gliding arc discharge [23], dielectric barrier discharge [24],
pulsed plasma [25], corona discharge [26], etc. Accordingly, an intense investigation
is required to understand the mode of action of energetic species [5,12], radicals [3],
reactive atomic species [6], and charged particles [12], as well as the radiation [3,12],
feed gas [3], applied power, energy efficacy [2], and cost-effectiveness [3], of cold
plasma food processing.

CPFP’s diverse application and a wide range of plasma sources give rise to a
multitude of unknown parameters. Therefore, our approach was to simplify this
complexity. We focused on the classification of all possible types of active species
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required for a specific modification in CPFP. From the review of reported works on
CPFP, it was ascertained that mainly three categories of species are required. The
details are given in the following Section 2. In Section 3, the fundamental mechanism
of active species generation in cold plasma is discussed. In Section 4, we introduce
how the charge exchange collision between N," and N, may be utilized for the
selective extraction of active species for CPFP, followed by an experimental
demonstration of a proposed method of food processing, and in the last section, we
summarize the future perspective of CPFP.

2. Active species in cold plasma food processing

In the last decade, a large number of works on CPFP have been reported. A
detailed review of most of the significant works in CPFP was conducted for different
samples and various plasma sources [6—27]. A detailed list of reported species in cold
plasma food processing is given in Table 1. Three types of main active species were
identified for all desired modifications using CPFP. These main active species are:

1)  Energetic ions with specific energy: for physicochemical modification.

ii)) Excited species and radicals: for chemical modification, including microbial
deactivation and surface cleaning.

iii) Radiations: for chemical modification and microbial deactivation.

We introduced a fourth type, called energetic neutrals, which has been usually
ignored. Though neutral beam heating is one of the most important techniques of
plasma heating in fusion plasma, its role in other plasma-based technologies is
considered unimportant.

Table 1. Classification of CPFP on basis of modification required and corresponding active species.

Modification

Active species

Discharge type Ref.

Physical damage to
membranes and internal

cellular components due to
bombardment of energetic

species, mainly ions

Chemical reactions led by
chemically active species,
such as electrons, ions, atoms
and radicals, for chemical

modification including
microbial deactivation

Vacuum-ultraviolet (VUV)

and ultraviolet (UV)

radiations for chemical
modification including
microbial deactivation

Energetic neutrals for
physicochemical
modification

Ar*, He*, Ne*, No*

ROS, RNS, NOs, NOz2', H202, NO, NO2, OH, HNO3, O3, NOx, O, O2, CN, N2, DBD discharge

DC glow discharge [7.8]

No* [24]
O, OH, HO2, O3 Corona discharge [26]
03, 07, NO, N2, N2, CO, 02", OH, ROS, RNS, CO2, HO, H20, SOy, ions, RF discharge

electrons [20]

NO, OH, N>*, 02", O, RNS, H202, NO2, NO3, N2, O, H, free radicals

Ar, O2, N2, 02", 027, O, O3, N2*, NO, He, He", OH, RNS, ROS, N, ions, NH3, Microwave discharge
Haz, 02, NOy, He-, Hez", NO2-, CN-, NH, O, ions, free radicals

Gliding arc discharge ~ [23]

DBD discharge [24]

RF discharge [20]
UV radiation and VUV

Gliding arc discharge  [23]

Microwave discharge  [21]

Energetic N2

Glow discharge [6,7]
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Even though the results of CPFP studies are highly promising, CPFP suffers from
the following two major drawbacks in commercial applications [3]:

i)  High processing gas cost

i1) Low energy efficiency of plasma sources

The use of gases such as helium, hydrogen, argon, neon, oxygen, pure nitrogen,
etc., as the processing gas for the commercial application of CPFP turns out to be
highly expensive [3]. Though the cost of pure nitrogen as the processing gas is
estimated to be the minimum among the above-mentioned gases, the cost of Na-
processed food will be still beyond the affordability of the major portion of the
population. In addition, most plasma sources used for CPFP have an energy efficiency
of less than 10% of the total electrical power consumed. These two are the main
challenges in the commercial application of CPFP.

To overcome these two challenges, we proposed the use of air in place of nitrogen
as the processing gas, hence eliminating the processing gas cost completely. As air
contains 78% N, accordingly we proposed that the charge exchange collision (CXC)
between N>" and N, may be utilized for the selective extraction of active species to
enhance the energy efficiency of CPFP drastically. In the following section, the
theoretical model for generating active species in glow discharge plasma is discussed.

3. Energetic N2 and N,* generation using CXC model

As listed in Table 1, the active species desired for physicochemical modification
in CPFP are energetic species. The most commonly known energetic species are the
ions of the processing gas. However, in the case of nitrogen as the processing gas,
energetic N, can be also generated. The role of CXC in the velocity distribution of N»
and N" inside a cathode sheath was investigated in detail in Suraj and Mukherjee’s
report [6]. The most interesting fact observed was that for DC glow discharge plasma,
90% of electrical energy goes to energetic N> neutrals and, consequently, processes
such as plasma nitriding are low energy efficient. This leads to the concept that if
energetic N is itself used as an active species for physicochemical modification, then
there is a possibility to overcome the second limitation of the low energy efficiency of
CPFP. In this section, we discuss in detail how to generate energetic N, and N," with
specific energy using CXC.

The one-dimensional model for CXC between N, and N;" and the experimental
arrangement for nitrogen DC glow discharge plasma is shown in Figure 1. The
experimental plasma system for the treatment is shown in Figure 1(a). In this figure,
the components are as follows: (1) pressure gauge, (2) vacuum chamber, (3)
connection to the mesh cathode (4) viewport, (5) SS mesh (acting as a transparent
cathode to energetic N»), (6) sample holder, (7) needle valve, (8) gas cylinder, (9) load
resistor, (10) sample, (11) plasma, (12) power supply, and (13) rotary pump. The
sample kept under the transparent electrode is treated by the species extracted from
the plasma. The magnified view of the transparent cathode’s region of the CXC model
is shown in Figure 1(b): (14) plasma cathode sheath boundary, (15) plasma ion sheath
region, (16) N>" ions from the plasma entering the sheath, (17) acceleration of N»" ions
inside the sheath, (18) energetic N," ions after gaining energy, (19) CXC between N,
and Ny*, (20) background N, neutrals, (21) energetic N> neutrals (generated when
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energetic N," ions capture electrons via CXC), and (22) energetic N neutrals striking
the crossings of the SS mesh electrode, which is transparent to N, neutrals, to reach
the bulk of the sample. It shows that when a negative potential V, is applied on the
cathode positioned at X = 0, the applied voltage is entirely screened by the plasma
within the cathode ion sheath with sheath thickness of X = S. Thus, Vy_q = =V
and Vy_s = 0. For low-pressure discharge, the N, ions entering the sheath reach the
cathode’s surface without undergoing any collision with the background gas
molecules of N». In other words, the sheath thickness (S) is smaller than the mean free
path (1) for CXC, i.e., S < 104. At low pressures, when the sheath is collisionless,

. . . 1 .
N," ions strike the cathode with an energy of Emvz = eVy. Thus, the maximum

velocity of ions striking the cathode is v = u,, = (2eV,/m;)/?. However, as shown
in the figure, the sheath becomes collisional at higher pressures, where N," ions
undergo CXC with the background N, neutrals, which are at rest. The background N,
neutrals become N," ions, and the accelerating N, ions become N, neutrals. The newly
born N> ions have no kinetic energy, but the newly born N, neutrals retain the energy
of the N>" ions. The energetic N» neutrals travel towards the electrode without further
collision, as the cross-sections for neutral-neutral collision are significantly low [28].
The energetic N, neutrals can cross a mesh electrode with finite transparency, as
shown in Figure 1(b). The energetic N, neutrals are extracted using this simple
technique utilized for treatment. The newly born N," ions begin to accelerate towards
the electrode and further undergo charge exchange collision with the background
neutrals. The position of the CXC, where the newly born N," ions have zero velocity,
is referred to as X,. Since the potential gradient is strong near the cathode’s surface
and weak near the plasma sheath boundary, the ions gain different velocities in
different regions of the sheath.

(C)]

@® Blank circle with positive sign is N,* plasma with ion no thermal energy

© Solid circle with positive sign is Energetic N,* ion inside sheath

o ‘White circle is Background N, with ion no thermal energy

® Solid circle is Energetic N, inside sheath
Down arrow represents acceleration of ions inside sheath region

left-right arrow represents the CXC process between N, and N,*
(b)

Figure 1. (a) Experimental plasma system used for treatment of samples. (b) Magnified view of transparent cathode’s

region.
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It is a well-known fact that sheath thickness depends on collisions. When sheath
thickness (S) is significantly larger than the mean free path (A1), the sheath is
collisionless (10S~2). Child’s law expresses the potential profile of a collisionless
sheath. For a fully collisional sheath, i.e., when S~104, the potential profile is
expressed by the collisional law [6]. Using this knowledge, the energy values of the
energetic N, and N, ions cannot be estimated in an intermediate/partially collisional
sheath, where sheath thickness is defined as 0.14 < S < 104, and the potential profile
needs to be estimated numerically. This intermediate region holds the key for the
selective extraction of No" and energetic N, with specific energies, which is the crux
of the present investigation.

The potential profile inside a sheath can be generalized in the form of a power
law, as given below [6]:

Vx
(5= X)?/57] M
where V) is the applied voltage on the cathode, b is the power exponent, X is the

VO=

position inside the cathode sheath, Vy is the potential at position X, and S is the sheath
thickness. The power exponent reduces to b24/3 for 1/10 = S; hence, when S is one-
tenth of A, the sheath becomes collisionless. On the other hand, the power exponent
reduces to b=5/3 for 104 = §; hence, when S is ten times larger than 4, the sheath
becomes fully collisional. The thickness of a collisionless sheath is significantly larger
than that of a fully collisional sheath [28]. In the partially collisional region, i.e.,
0.14 =S = 104, b can be evaluated numerically from the known applied cathode
voltage if the electric field (V) and electric field gradient (V") at the cathode’s
surface are known. These values are obtained for a typical experimental condition by
numerically solving the fluid equations of a coupled plasma [6]. In the presence of
CXC between ions and the background, the governing equations are:

Ix(1/2v}) = —e/m0xVx — npov} (2)
%4
03 y) = —eno/ [vo/ v, ~ exp()] )

where dy = d/0X, v; is the ion velocity inside the cathode sheath, m; is the ion mass,
kg is the Boltzmann constant, and T, is the electron’s temperature. These two
generalized equations describe a one-dimensional collisional plasma sheath and are a
combination of all four governing plasma equations [28]. In this study, the values used
for the initial condition at the plasma-sheath boundary were V =~ 0.01 volts and V' =
0.01 volts/m, and hence the equations can be solved numerically to obtain the
electric field (V) and its spatial derivative (V') at the cathode’s surface from the
applied cathode voltage and the known plasma density [6]. The values of Vy and V'
are obtained numerically by solving Equation (2) and Equation (3), followed by the
evaluation of b and S using the relationship of b = 1/ [1 —VoVy/ (VO’)Z] and S =
bVy/V,. For known values of S and b, the normalized ion velocity distribution at the
electrode is expressed as [6,29]:

fitu,z) =2 (u.'a‘_’:)li b—1/b} exp [_ G) {1 B (1 _ %)b_l/b}] “

{/lbuzzb—l(l uzzb)

where z = § — X, is the position of CXC inside the cathode sheath, u is the ion
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velocity, and u,, = (2eV,/m;)*/? is the maximum ion velocity at the cathode.
Energetic N> neutrals’ velocity can be obtained by multiplying f;(u, z) with the
probability of CXC that the accelerating ions undergo when traversing distance dz on
the way to the cathode, and the integral of this product over sheath thickness S gives
the velocity distribution of energetic N, neutrals:

fawz=8) =[] fi (w2).5 )

where dz/A is the probability for ions undergoing CXC within element dz. This model
is briefly explained in the following sections.

4. Discussion

The values of power exponent b and sheath thickness S are obtained from an
experimental condition using Equations (1-3), while the velocity distributions of N,*
and N at the cathode’s surface are obtained numerically using Equations (4) and (5),
respectively. For a typical CPFP condition for the CXC between N," and N», with
cathode voltages of V, = —1 kV and V, = —5 kV, plasma density of n.=1x10* m3,
plasma temperature of T, = 1.0 eV, and cross-section of 4x107!? m?, the value of
sheath thickness S, mean free path A, and power exponent b can be obtained
numerically for different pressures, as listed in Table 2. At pressure of 1x10~* mbar,
A =1010.1 mm, and S = 5.2 mm and 0.2 mm at ', of —1 kV and -5 kV, respectively,
the sheath is collisionless, since b = 1.34 = 4/3, and hence the potential profile is
expressed by Child’s law. The N," ions entering the plasma sheath can reach the
surface of the negatively biased electrode without suffering any collision, with energy
of 1/2 mu?,~eV, = 1 keV.

Keeping all operating parameters fixed and increasing the pressure from 0.0001
mbar to 0.1 mbar, i.e., from a collisionless to fully collisional sheath, various
parameters can be numerically estimated, as listed in Table 2. Figure 2(a) and Figure
2(c) show the f; and f, distributions, respectively, resulting from the CXC at the
operating pressure of 0.01 mbar. Though the sheath thickness is larger than the mean
free path (§ = 4.56 mm and 4.7 mm, A = 10.1 mm), there is a finite probability that
the N," ions undergo CXC before reaching the cathode. However, many reach the
cathode without undergoing CXC. Therefore, the sheath is fully collisional. As seen
in Figure 2(a), the collisionless ions cause a sharp peak in the velocity distributions
of Ny* ions at u,, of 8.30x10* m/s and 18.50x10* m/s at ¥, of —1.0 kV and —5.0 kV,
respectively. From Table 2, the mean energy values of N, ions and energetic N»
obtained at pressure of 0.01 mbar are 0.56 keV and 1.33 keV, respectively, at cathode
voltage of —1.0 kV and are 0.22 keV and 1.17 keV, respectively, at cathode voltage of
—5.0 kV. This shows that most of the N," ions undergo CXC near the cathode after
accelerating in a larger portion of the sheath.
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Table 2. Estimated values of mean free path (A), sheath thickness (S), power exponent (b), mean velocity of No* (u;),
mean velocity of energetic N, (u,,), energy of N>" ions (E;), average energy of neutral N, (E,,), and number of energetic
N> neutrals generated per ion (Ny) for typical glow discharge plasma at cathode voltages of —1.0kV and —5.0 kV.

Velocity distribution

(x10%m/s, Mean energy
Vo (kV P(mbar) A(mm) S(mm) b w;(max) =y, = (keV) N
0 (kV) (mbar) A(mm) S (mm) oy Ty N
Uu; u, E; En
0.0001 1010.10  5.20 1.34 8.30 - 1.0 - NIL
Lo 0.001 101.0 5.14 1.35 8.30 - 1.0 - NIL
. 0.01 10.1 4.56 1.44 6.37 4.04 0.56 022 2.02
0.1 1.01 1.86 1.62 2.20 1.50 0.10 0.07 13.56
0.0001 1010.10 0.2 1.34 18.50 - 5.0 - NIL
- 0.001 101.0 9.5 1.37 18.50 - 5.0 - NIL
. 0.01 10.1 4.7 1.55 8.10 5.70 .33 1.17  5.70
0.1 1.01 2.6 1.65 3.00 1.90 020 0.11 3435
Note: N2* ions reach the cathode surface with maximum velocity (u=), ¢ is the electronic charge, Vo is the electrode potential and mi is the ion
mass.
3 T :
| (a) 0.01 miblar ] (b) 0.1 mbar
kv |
@ 27 S5kv {1 L1t -1 kV
= £
kS “"9 -5 kV
Syt z
0 5 1‘0 1‘5 20 25 30 0 5 10 15 20
Velocity (x 10* m/s) Velocity (x 10* m/s)
(c) 0.01 mbar (d) 0.1 mbar
2t 1 40+
— -1 kV
2 -1 kV »
‘.5 -5 kV *’S K
Ec 1r = 20
0 5 10 15 20 25 30 0 5 10 15
Velocity (x10% m/s) Velocity (x10* m/s)

Figure 2. Distributions of f; at cathode voltages of —1.0 kV and —5.0 kV: (a) 0.01 mbar and (b) 0.1 mbar. Distributions
of f, at cathode voltages of —1.0 kV and —5.0 kV: (¢) 0.01 mbar and (d) 0.1 mbar.

The ions with higher velocity than u,, in the graphs are ions that enter the plasma
sheath boundary [28]. The average velocity of energetic neutrals is always less than
the average velocity of ions generated inside a cathode sheath. However, a few ions
with higher velocity than u,, is possible, which accounts for the acceleration in the
presheath region. It is interesting to note that at pressure of 0.01 mbar and cathode
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voltage of —1.0 kV, the average velocity of the ions (V;) is 8.30x10* m/s, while at
cathode voltage of —5.0 kV, the average velocity is 18.50x10* m/s which is higher.
This is because the sheath becomes more collisional at —5.0 kV. For every 100 ions
entering the sheath, 202 and 570 energetic neutrals are produced via CXC at —1.0 kV
and —5.0 kV, respectively.

The increase in pressure from 0.01 to 0.1 mbar decreases the mean free path (1)
from 10.1 mm to 1.01 mm, and sheath thicknesses reduce from 4.56 mm to 1.86 mm
and from 4.7 mm to 2.6 mm for cathode voltages of —1.0 and —5.0 kV, respectively.
Thus, the sheath becomes fully collisional at 0.1 mbar, and therefore the peaks of f;
and f, shift towards a lower velocity. For this case, for every 100 ions entering the
sheath on the way to the cathode’s surface, 1356 and 3435 energetic neutrals are
generated via CXC at cathode voltages of —1.0 kV and —5.0 kV, respectively.

Figure 2(a) and Figure 2(c) show the f, and f; distributions at 0.01 mbar,
respectively, with the fixed scale of the x-axis (x10* m/s) and y-axis (x107%). In
contrast, Figure 2(b) and Figure 2(d) show the f, and f; distributions, respectively, at
pressure of 0.1 mbar. The same distribution trends at 0.01 mbar are maintained at 0.1
mbar, where the number of energetic neutrals generated per ion increases and the peaks
of f; and f, further shift towards a lower velocity. The mean energy values of ions and
neutrals reaching the cathode decrease with increased pressure, as the number of
energetic N increases. At 0.1 mbar, the mean energy values of N>* ions and energetic
N, reaching the cathode are 0.10 keV and 0.07 keV at —1.0 kV, respectively, and 0.20
keV and 0.11 keV at —5.0 kV, respectively.

Using CXC, among the four dominant species in nitrogen glow discharge plasma,
any desired species can be selectively extracted by controlling the operating
parameters. In the case of energetic nitrogen molecular ions (N>"), the operating
parameters in Table 2 can be used. As estimated from the method discussed above, at
pressure = 1x107* mbar, with S = 5.20 mm and 0.2 mm at ¥ of -1 kV and -5 kV,
respectively, the mean free path for charge exchange collision is A = 1010.1 mm.
Therefore, molecular nitrogen ions (N:") reach the cathode without suffering
collisions, as A > S, with an energy equivalent to the applied voltage on the cathode,
i.e., 1 keV and 5 keV. Therefore, at low pressures and with a cathode mesh with a
large gap (/) between the electrode wires, such that [ < S, as well as a high cathode
grid transparency of ~ 90%, the most dominant species extracted are N»" ions. On the
other hand, for energetic N, at the increased pressure of 0.01 mbar, with S = 4.56
mm and 4.7 mm at Vp of —1 kV and -5 kV, respectively, the mean free path for charge
exchange collision is A = 10.1 mm. Therefore, each molecular nitrogen ion (N>") will
undergo at least one CXC before reaching the cathode, as A ~ S. Each N," ion reaches
the cathode with an energetic N> neutral at the cost of its energy, which reduces from
1 keV and 5 keV for the collisionless sheath to ~ 0.22 keV and ~ 1.17 keV at Vj of —
1 kV and -5 kV, respectively. With a further increase of pressure to 0.1 mbar, each
N," ion generates 10 energetic N». Thus, with every ion, 10 neutrals reach the cathode.
For an operating condition such that A ~ S and with a high cathode grid transparency
of ~ 50%, the cathode grid obstructs the ions. Most of the energetic N, are extracted
at the cathode. Furthermore, for nitrogen DC glow discharge plasma, the main
emission lines observed are Ny* (B2 X3 = X2Y.F) at 391.4 nm, 427.8 nm, 470.9 nm,
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and 522.8 nm; N;* (A [, = X2)7) at 782.5nm; N, (C3 [T, = B3 [1,) at 337.1 nm,
357.6 nm, 375.5 nm, and 380.5 nm; and N, (B3 [, — A%[];) at 537.2-804.8 nm.
Additional oxygen and hydrogen lines are observed for air plasma at 777 nm, 844 nm,
656.2 nm, and 486.1 nm for N»-H, discharge plasma. Under a relatively higher-
pressure condition, such as 10 mbar, and at cathode voltage = —500 V, the mean free
path is A = 1.01 X 1072 mm and the sheath thickness is § = 3.38 mm. The energy
values of N,* and N at the cathode’s surface are as low as ~ 2.0 eV and insignificant
for the treatment. However, the intensity of N>" and N, emission lines increases by
several factors. Under these conditions, radiation dominates, and the energy of plasma
species reaching the cathode is relatively low. Nevertheless, these energy radiations
(391.4 nm) have negligible effects on the process [3,11,12]. The addition of an
appropriate gas in a small fraction may result in ultra-violet radiation suitable for an
effective treatment of a sample. Nitrogen discharge plasma can generate reactive
atomic species (nascent atomic nitrogen N) under typical operating conditions. At low
pressures, such as at pressure of 1x10* mbar, with § = 5.2 mm and 0.2 mm at Vj of
—1kV and -5 kV, respectively, and 1 = 1010.1 mm (1 > S), N," ions have an energy
equivalent to the applied cathode voltage (1.0 keV to 5.0 keV) to reach the cathode
without collisions. For a low-transparency cathode grid of ~20%—-30%, most ions,
with energy of ~ 1.0 to 5.0 keV, strike the cathode grid wires and dissociate into
nascent atomic nitrogen (N). Under these operating conditions, nascent atomic
nitrogen N is the dominant species at the cathode’s surface.

5. Significance of CXC on active species generation

From the numerical modeling of CXC between N, and N," for nitrogen DC glow
discharge plasma, the velocity distribution of each has been estimated via two
controlling parameters, namely applied voltage and operating pressure. The most
significant results of the model are the following:

i) N, ions are generated as the most dominant active species when the sheath is
collisionless, i.e., when the collision mean free path is larger than the sheath
thickness (i.e., A > S) and the value of power exponent b is ~1.35, where the
ions gain energy equivalent to the applied voltage.

ii)) Energetic N» ions are generated as the most dominant active species when the
sheath is fully collisional, i.e., when the sheath thickness is larger than the
collision mean free path (i.e., S > 1 ) and the value of power exponent b is ~1.66,
as the energy of N, neutrals depends on collisions.

iii) Highly chemically active nascent atomic nitrogen N can be generated when Ny*
ions with sufficiently high energy, as generated under the condition of a
collisionless sheath, strike the cathode. Therefore, when the transparency of the
mesh grid shown in Figure 1 is less than 30%, all energetic N>" ions strike the
mesh cathode and dissociate.

iv) Both energetic N, and N>" can be generated simultaneously when the sheath is
partially collisional (i.e., S~2).

v) The energy and number of the active species generated can be controlled by the
parameters of operating pressure and applied cathode voltage.
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6. Experimental demonstration

The principle was experimentally demonstrated for the modification of
physicochemical and rheological properties of kittul starch, talipot starch, and corn
flour by energetic N» neutrals extracted from glow discharge air plasma [7,8,9,30,31].
Interestingly, as air was proposed as the processing gas and since it contains ~78% N,
the model developed for pure nitrogen was considered as applicable under
approximation. Therefore, we demonstrated that it is possible to extract energetic N»
and N," ions with specific energies from air plasma for physicochemical modification
for CPFP.

The morphological characteristics of untreated and plasma-treated kithul starch,
talipot starch, and corn flour samples are shown in Figure 3. At pressures of 0.2 and
0.5 mbar and cathode bias of =500 V, nearly 80% of the ions’ energy went to energetic
N> neutrals and was utilized to modify its physicochemical properties [7,9,30,31].
With the limited transparency of the mesh grid at 65%, the estimated energy efficiency
of the process was more than 40% (more than 40% of total electrical power used in
the discharge is dumped to the samples under treatment by energetic N» neutrals).

Figure 3. Scanning electron microscopy images of (a) untreated kithul starch, (b)
plasma-treated kithul starch [7], (¢) untreated talipot starch, (d) plasma-treated
talipot starch [9], (e) untreated corn flour, and (f) plasma-treated corn flour [30].

10
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7. Conclusion

In conclusion, this work presents how the CXC between N, and N," inside a
cathode sheath can be utilized for the selective generation of desired active species
under the glow discharge plasma condition. The results obtained from this analysis
show that by tuning the operating parameters, one can get the desired active species
with the desired energy range for the processing of a wide range of food products.
Moreover, as an added advantage, since air contains 78% nitrogen, it can be used to
minimize the processing gas cost, and the treatment by energetic N, neutrals can
drastically improve the energy efficiency of CPFP devices. This work can be extended
to pulsed DC discharge, different gaseous mixtures for a wide range of operating
pressures, and different discharge voltages. Thus, the present investigation may
provide a new direction to overcome the limitations of CPFP and make it viable for
all commercial applications.
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