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Running time:

Runtime depends on the input files sizes and user’s configuration. For typical use cases we estimate
runtime in the order of minutes.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Complex chemical models are increasingly demanded by many
fields of science. Thanks to the availability of cheap computing
power, scientists routinely use models composed of hundreds, if
not thousands, of interacting chemical species. Many of these mod-
els have a direct relevance for our society’s most pressing prob-
lems; for example the chemical modeling of the atmosphere plays
a significant role in the study of global climatic change [1]. Another
example is provided by combustion, where a better understanding
of the chemical interactions would lead to better and more efficient
fuel use [2].

The demand for complex chemical models is also growing
within the plasma physics community. This tendency arises from
the recent development of plasma applications involving complex
chemical processes, as well as a growing interest in the role of
atmospheric electricity on the global chemical balance of our
atmosphere [3-7].

The early work by Kossyi et al. published in 1992 [8] can be
considered as one of the very first attempts to build a complex ki-
netic scheme (of about 450 reactions) to study the non-equilibrium
plasma kinetics during electric discharges in synthetic air (N,-0,
mixtures). In the last 20 years, the employed kinetic schemes have
gained in complexity due to the new challenges posed to the sci-
entific community.

For instance, complex kinetic schemes were proposed [9,10] to
understand the plasma remediation (through DBD discharges) of
SO, and N,O, (mainly NO and NO,) resulting from combustion
of coal fired electrical power plants and mobile emission sources
such as diesel trucks and cars. In addition, the identification of key
pathways in the non-equilibrium plasma kinetics of hydrogen-air
and hydrocarbon-air mixtures is of great importance for the
advance of plasma-assisted combustion (PAC) where hundreds
of species and thousands of reactions are usually implemented
[11,12].

More recently (since 2005), cold atmospheric pressure plasma
jets (APPJs) have been shown as promising tools for biomedical
applications [13]. Many of the APPJ plasma species (mixture of air
and a noble gas) enable the plasma to disinfect and, consequently,
it has become important to study the chemical processes of the
plasma jets in order to understand the plasma-induced effects
on biological samples. Different models incorporating kinetic
schemes of very high complexity have been developed [14-16]
including one with almost 2000 reactions [17]; however, none of
these works use a systematic tool to trace and analyze the relative
importance of the many kinetic pathways considered.

Finally, present studies about the possible electrical activity
in the atmospheres of exoplanets are also worth mentioning.
In this regard, a recent work by Helling et al. [18] shows first
results of the dependence of the electric breakdown conditions
in giant gas exoplanets on the local gas-phase chemistry. These
preliminary results suggest that different intra-cloud discharges
(local corona discharges and large-scale sparks near and above the
cloud tops) dominate at several heights inside the mineral clouds of
exoplanets. A tool like PumpKin would clearly help in the analysis
of the key gas-phase kinetic pathways controlling the atmospheric

chemistry driven by the possible electrical activity in extrasolar
planets.

In most cases, when we use a chemical model, we are concerned
with the production or consumption of some long-lived species.
However, short-lived species very often mediate the chemical
interactions between the species of interest so we must also
include them in the model. After the model is run, we would like to
analyze the result by summarizing only the interactions between
long-lived species. This can be done by combining reactions that
produce and consume the fast species into a so-called pathway. For
example, given a fast species B and the reactionsA — B,B — C
these can be combined into the net reaction A — C that recycles
the species B.

This separation between timescales is even more acute in
the context of plasma physics and, in particular, in the study
of electrical discharges, where also the mechanism driving the
chemistry is strongly inhomogeneous in time. This introduces an
additional separation of timescales, in this case external to the
chemical processes. For example, many plasma applications at at-
mospheric pressure rely on nanosecond pulsed discharges, where
we deal with a strong, repetitively pulsed electric field lasting for
some nanoseconds. We may be nevertheless interested in the ef-
fects of this electric field on much longer timescales of some mil-
liseconds or more [19].

Many software tools exist to integrate numerically the evolu-
tion of arbitrary chemical reaction systems [20-25]. In the plasma
context, a tool such as ZDPlaskin [21] incorporates the Boltzmann
equation solver BOLSIG+ [26] and thus it is compatible with reac-
tion rates that depend on an evolving electron energy distribution,
driven by a time-dependent electric field.

However, few automated tools exist to analyze the output
of these codes in terms of the separation between long-lived
and short-lived species mentioned above. Recently Lehmann [27]
proposed an algorithm to find the most relevant pathways in a
given chemical system. With a focus on atmospheric chemistry,
this algorithm has been applied successfully to investigate the
destruction of ozone in the Earth’s atmosphere [28] as well as
the formation [29] and stability [30] of CO, in the lower Martian
atmosphere. Unfortunately, Lehmann [27] did not provide the
source code of his implementation of the algorithm to the public
access.

We present here the software tool PumpKin (pathway reduction
method for plasma Kinetic models) that reimplements Lehmann’s
algorithm with a focus on plasma chemical models. PumpKin is an
open-source tool available to all interested researchers, provided
that proper reference is made in publications reporting results ob-
tained using this software. The code and its user manual can be
downloaded from the web site http://www.pumpkin-tool.org. It is
also available in the electronic supplement to this paper.

It is worth mentioning that there exists first principle tools
(based on quantum chemical calculations) such as the global reac-
tion route mapping (GRRM) using the new ADDF (for one reactant)
and AFIR (for two or more reactants) methods for searching ele-
mental reactant pathways recently published by Maeda et al. [31].
Tools such GRRM with the new ADDF and AFIR search methods are
of fundamental importance to determine the elemental (chemical)
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pathways resulting in some product species as a consequence of
the chemical interaction of one (ADDF method), or two or more
(AFIR method) reactants. However, our tool (PumpKin) takes the
elemental pathways for granted (searched by GRRM through ADDF
and AFIR) giving the products of each of the kinetic processes con-
sidered (taken from the scientific literature). Thus, PumpKin fo-
cuses on the net (or global) reaction pathways producing selected
species, as illustrated in Section 4 (examples) for NO and O3, rather
than on the search of possible elemental pathways resulting from
the interaction of given reactants which is the principal goal of first
principle tools such as GRRM.

The rest of this paper is organized as follows. Section 2
describes the general algorithm of PumpKin. The tool is described
in Section 3 where we discuss input and output, as well as technical
requirements to run PumpKin. Several examples and use cases are
illustrated in Section 4. Our conclusions are detailed in Section 5.

2. PumpKin algorithm

In this section we briefly describe the algorithm underlying
the PumpKin tool. For a more detailed description and further
discussions about the algorithm we refer our users to Lehmann’s
original paper [27] and to the Users Manual of PumpKin.

Given a model consisting of a set of reactions between several
chemical species and the average rates of these reactions, obtained
by solving of the model, PumpKin calculates a set of pathways
and their effective rates. A pathway is a linear combination of
reactions, each of them weighted by a natural number. PumpKin
builds pathways that have a zero net production of fast species,
defined as those with a chemical lifetime much shorter than the
time of interest of the model.

To construct a list of pathways, PumpKin proceeds as follows.
It starts from a set of pathways consisting of one reaction each,
including all the reactions in the model. The list of pathways is then
updated in steps, each step treating a fast species (named branching
point in [27]). At a given point, the next branching point to treat
is selected as the species with the shortest lifetime relative to the
present list of pathways; then the pathways producing the chosen
species are combined with pathways that consume it. The resulting
pathways recycle the branching point species, in the sense that
they have a zero net production of it. Then, in order to avoid a too
large set of pathways, pathways with a low rate are eliminated.
Finally, some pathways are decomposed into more elementary
ones. This process is repeated for all fast species, defined as those
with a lifetime shorter than a user-specified .

3. Code description and general requirements

The PumpKin tool is written in the programming language C++.
Originally it has been developed and tested on Mac OS X 10.8.5
using Xcode (versions 4.6.3 and 5.0) with LLVM compilers 4.2 and
5.0. Later it has been successfully compiled with GCC (versions
above 4.2) on Mac OS X and Linux. Windows users should have
installed the Cygwin tool (www.cygwin.com), which provides a
Linux look and feel environment for Windows. Here are the general
requirements:

e To build PumpKin, the GNU version of make (GNUmake) must
be installed. The PumpKin makefile requires GNU make version
3.77 or later. GNU software can be downloaded from many
places, including ftp://ftp.gnu.org/gnu/make.

e A C++ compiler is required. PumpKin makes heavy use of the
ISO/IEC 14882 C++ Standard. Some compilers are not fully
compliant with this specification, although most are. PumpKin

Table 1
Species considered in the model.

N, N, 0,0, 03
NO, NO, NO;
N,0, N,0s

N*, N, NS, Ny

0*,07,0;

NO*,N,0%,NOJ, 05 N,
Ny(A3Z), B3, Clly, a' 5)
N(?D,2P), 0('D, 'S)

0,(a' Ag, blz‘g,45 eV)

0,(X3, v = 1-4),N; (X!, v = 1-8)

e,0,0;,05,0;
NO~,NO;,NO3,N; O

has been compiled and tested with
- GNU g++ 3.32 or higher.
- LLVM 3.2 or higher.

o GLPK (GNU linear programming kit) must be installed [32].
This provides PumpKin a solution of large-scale linear program-
ming (LP) problems. GLPK can be downloaded from website
http://www.gnu.org/software/glpk/. We have tested PumpKin
with GLPK recent version 4.32.

The recommended system requirements depend on the choice of
parameters discussed in Section 3.1. As a reference, in a MacBook
Pro 15-inch (Mid 2010) with a CPU Intel Core i5 at 2.4 GHz, 4 GB
(1067 MHz DDR3) of RAM memory and the operating system Mac
OS X 10.8.5, it can analyze a chemical system consisting of 650
reactions and 53 species from Table 1, with the largest possible
tau_lifetimeand f_min = 1000 (see Section 3.1), in about 30s.
When the input files are large, PumpKin will require more time to
load them into the computer memory.

3.1. Input and output

To determine the chemical pathways, PumpKin requires from
the user the stoichiometric matrix and kinetic data for the full
chemical reaction system, namely:

e chemical reactions R;, j = 1, ..., ng, involving between species
Si,i = 1,...,ng, where ng and ng are the number of chemical
reactions and species, respectively,

e stoichiometric coefficients s;, which represent the number
of molecules of species S; produced (or negative number of
molecules of S; consumed) by reaction R;,

e atime evolution of concentrations ¢;(t;) and reactions rate rj(t;),

wherel=1,...,nrandtg =t; <--- <ty = tena.

The code is independent of the units chosen by the user. Conven-
tionally, c;(t;) is specified in units of [mol cm~3] and rj in units of
[mol cm~3 s~1]. A user should also provide an input file similar to
the following table

interest =1
t_init = 0
t_end =1

max_bp = 0 @)
tau_lifetime = 0
max_path =1
f min =0

where:

e interest—an index of the species of interest Siyterest, if the
user is interested in the production and/or consumption of
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Sinterest, Otherwise the user should specify interest as a
non-positive number,

e [t_init, t_init]—atime interval [t_init, t_init] C [0, T]
where PumpKin will perform the analysis,

e max_bp—if positive, the maximum number of branching points
considered, otherwise it is disregarded,

e tau_lifetime—if positive, a lifetime threshold in units of [s],
otherwise it is disregarded,

e max_path—if positive, the maximum number of pathways
considered per branching point treatment, i.e. the only the
first max_path pathways with higher rate will be considered,
otherwise is neglected,

e f min—if positive, pathway rate threshold in the unit of
[mol cm~3 s7'], i.e. pathways with a rate smaller than f_min
will be deleted, otherwise is neglected.

The order of parameters in the input file should be exactly like in
the (*). The names of parameters are not important.

Currently, PumpKin by default can read an output of ZDPlasKin.
The PumpKin package is provided with an example of input files.
The output of PumpKin with these input files is discussed in
Section 4.

Depending on whether the user has specified the interest
parameter as a positive integer (the index of the species of interest)
or as a non-positive number (the user does not have any species of
interest), one of the following results will be printed:

interest > 0: PumpKin will output all the pathways
(and their rates) producing or consuming the species of interest
Sinterest, as well as the relative production or consumption
compared with the initial concentration of S;,ierest. The output
will also contain information such as how much S;pcerest has
been produced or consumed by the pathways that are deleted by
PumpKin using parameters £_min or max_path.

interest < 0: Pumpkin will output all the pathways (and
their rates) sorted by rate. In some cases, this number can be very
large, so we decided to limit it to 100, which of course can be
easily changed inside the PumpKin source code. The output will
also contain information such as how much of any species has
been produced or consumed by the pathways that are deleted by
PumpKin (by user) using parameters f_min or max_path.

4. Examples

PumpKin is provided with two sets of input files. Both examples
are the outputs of the zero-dimensional plasma Kkinetic solver
ZDPlasKin. We use a zero-dimensional model to describe the
dynamics of species under a constant electric field. The following
system of ordinary differential equations (ODEs) is used to describe
the interaction between the species

dt

where the source term S; is the total production and destruction
rate of species i in various processes. The adapted version of the
kinetic file for N,-O, mixtures (dry air) from ZDPlasKin [21,33]
is used. A complete list of plasma chemical precesses in N,-0,
mixtures is taken mainly from [34]. Transport parameters and rate
coefficients for electron-neutral interactions are calculated using
the BOLSIG+ solver built-in into ZDPlasKin. As an initial value of
the electron density we take n.(0) = 4.0 - 10" cm 3.

The list of species and reactions was automatically converted
into a system of ordinary differential equations (1) and solved
numerically using the ZDPlasKin tool. The user can visualize the
results of ZDPlasKin using a software QtPlaskin [35].

=5, (1)

4.1. Species of interest

As a first example we assume the background electric field to
be a constant 10 kV/cm at standard temperature and pressure
(STP). We run our chemical model up to 1 ms with ZDPlasKin. The
output is stored in the folder called Input_10, where the input
parameters specified by the user are in the file input . txt, which
looks as follows:

interest = 40
t_init = 5.0e—11
t_end = 0.9e—3
max_bp = 0
tau_lifetime = 0.9e—5
max_path = 1500
f min = 0.

In this subsection we will modify only the species of interest.

4.1.1. NO
If we run PumpKin for the species NO, PumpKin will output 2
pathways responsible for the production:

e+N; - e+ N+NCD)
N(D) +0, — NO+0

(Py)
net: N+ 0, — N+ O+ NO,
and
0; +N - NO+0,+e
e+202 — O;+02
(P2)

net: O; +N — O, + NO.

The pathway (P;) will produce 52% and pathway (P,) 41% of the
total NO-production, with corresponding rates of 3 - 10" and
2.4-108 cm~3s L

The following reaction will be responsible for 72% of the
destruction of NO:

0; +NO — NO; + 0, (Ry)
and hasarate of 1.5 - 10* cm =3 s~
4.1.2. 07
If we run PumpKin and choose O3 as the species of interest,
we obtain the following pathway responsible for 94% of 05 -
destruction
0; +0 — 20, +e

3

net: O; +0 — 0, + 0,

witharate3.1- 10" cm=3 s~
On the other hand, O3 -production will be dominated by the
following reaction and pathway

0, + 03 — 03 + 05, (Rz)
and
0, +0 — 0~ +0,

0" +0,+M — 0; + M
(Pg)

net: 0, +0+M — O3 + M,

where M is any neutral. The pathway (P,4) will produce 18% of O3,
with a rate 1.4 - 10'® cm™3 s~! and the reaction (R, ) will produce
69% of O3, with arate 5.3 - 10" cm™3s7".



A.H. Markosyan et al. /| Computer Physics Communications 185 (2014) 2697-2702 2701

4.2. Dominant pathways or reduction

In the second example of input file we consider the electric field
to be a constant 20 kV/cm at STP. We run the chemical model up to
2 us. The output is stored in the folder called Input_20, where the
input parameters specified in the file input . txt are as follows:

interest = 0
t_init = 5.0e—11
t_end = 2.0e—6
max_bp = 0
tau_lifetime = 2.0e—7
max_path = 1500
f min = 1.0e+5.

The user can benefit from this execution mode in two ways. First by
initializing max_bp by some positive number N we can eliminate
from the system the first N fastest species. This can significantly
reduce the number of species considered in the kinetics. Of course,
this depends on the timescale of interest of the user. The second
way to use this execution mode is to list the most important
pathways sorted by their rate. This also depends on the user’s
election of where to cut and how many pathways to consider. As
a reference, the highest rate of pathway is 2.4 - 102> cm™3 s~! and
the 240th pathway has a rate of 9.9 - 10" cm—3 s~1. On the other
hand, 26 branching points are already considered, which means
that these species are considered as short-lived and recycled. If
the user has no interest in these species, he can neglect them. For
instance, in this example the first branching point, i.e. the fastest
species, is 05 N, with a lifetime of 8.5 - 10! s. After treating this
branching point, PumpKin will generate new pathways recycling it.
Among these newly created pathways the following one has one of
the highest rates

0f +2N; — O N; + N,

O N, + 0, — OF +N, )
5

net: 0f +0; — O,

with a rate of 3.9 - 10" cm—3 s~1. Thus, we see that the pathway
(Ps) uses the species O;Nz only as an intermediate species. Pump-
Kin is pointing here that the chemical model can be reduced by
replacing the two original reactions in (Ps) with a single net reac-
tion. The density of O;“Nz does not need to be tracked any longer
and therefore the model requires the solution of one equation less.

5. Conclusions

The present paper introduces the PumpKin package, a tool to
analyze and reduce complex plasma chemical models. The user
can analyze the underlying mechanisms of production or/and
consumption of the species of interest. The idea is to investigate
the relevant chemistry at a given time scale. We have provided two
examples of the use of PumpKin as an introduction for potential
users that would apply the code to their own models. The present
implementation reads only the output format of ZDPlasKin. In
principle, though, PumpKin can be extended to read output from
other applications.
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