Chapter 1

X-ray reactions involved

Primary and secondary ionization reaction from X-ray absorption are listed:

Primary Reactions (41)

H+vx — HT +e”
He++yx — He® +e”
CH+vx — C?F + 2~
N+vx — N 42
O+vx — O0*F 42~
Si+yx — Sit+e”
S+v%x — S2t+ 4 2e~
Cl+yx — ClIt4e”
Fe +yx — Fe?t 42~
Ct4+yx — C* 42
Nt +9x — N?T 42
OF +9x — 0%F 42~
St+9x — S*F 42~
Fe™ +vx — Fe?T + 2~
Ho4+9x — HT+H" 42~
CH+~vx — C*"4+H+ 2"
NH+vx — N*t 4+ H4 2™
OH+yx — O +H4 2™
CN+9x — C* N4 2~
CN+vx — CP 4Nt 42
CN+9x — CH+N?T 42~



CO4+vx — CH4+0+2"
CO+vx — CT4+0" 42"
CO+vx — C+O?T 42"
Ny +9x — NZF 4 N 42~
Ny +vx — Nt 4HNT 42"
SiH+vyx — Sit +H+ 2™
NO+vx — N?*T 4+ 0+2e"
NO+vx — NT4+0T 42
NO+~x — N+O>t 42~
Oz 4+9x — O+0%" 42
Oy+vx — Ot +0T 42~
SiO+~vx — Si4+0%T 42~
SiO+vx — Sit+0" +2e”
CHy +vx — C*" +Hy+2e”
NH, +vx — N2T +Hy + 2~
HyO+vx — O +H+2+ 2"
HCON ++yx — C?T + NH+ 2e~
HCN 4+ vx — N?*T + CH+ 2e”
COs+vx — C*F 40942
COs+vx — 0%t + CO + 2~
Secondary Reactions (16)
H+e — H " 4+e 4e
He+e~ — HeT +e 4e”
Hy+e” — Hj +e +e
Hy+e — H"+H4e +e”
CH+e” — Cr4e +e
N+e — Nt 4e 4e”
O+e” — OF+e +e
Si+e” — Sit4+e +e”
S+e — St+e 4e
Cl+e” — ClT+e +e”
Fe+e¢~ — Fel+e +e”
Ct4+e — CT+4e +e
Nt+e — Nt 4e +e
Of+e” = O 4+e +e



St+e” — ST 4e +e
Fet +e~ — Fe?t+e +e”



Chapter 2

Primary Ionization

For reactions of the kind:

A+yx = A* +2e” (2.1)
AB+vyx = A’T+B+2e” (2.2)
= A4 B* 4 2e” (2.3)

At + BT + 2e” (2.4)

The dimensions of all the following quantities are also listed in the appendix.

2.1 Depopulating n;

The rate of ionization for the species % is':

F
Gt = /Ui_mEe*TxdE [s71] (2.5)

Where o; is the cross section of the ith particle, 7x is the optical depth for X-
ray photons, which is kept constant till the point where the rate is calculated.
Defining F; as ‘io’;t"', and considering only the term that depopulates from n;
through primary ionization we get:

Fy==%Gisumi  [em™%s™] (2.6)

There is no explicit dependence of the rate on n.;, hence the Jacobian can be
calculated as follows:

ar; on; 9 (ZjCii)
= N AT
dﬂk JlCz—ul 3nk 3nk Uz
= —2Cis 10k (2.7)

1The quantities o, 7 and F are a function of energy. The explicit dependence is omitted
for clear notation purposes.



2.1.1 Interpretation

o Ifi#k:
dF;

dnk h

(2.8)

A small change in density for the species k does not affect the primary
ionization of the ith species.

o If i =Fk: JF,

%: = —%1Ck—j1 (2.9)

The rate for the particle ¢ changes with density.

2.2 POPULATING n;

The rate of ionization for the species j that produces the species i is:
F —T
Cj*)il = O'j*”'lie XdE (210)
Then:
Fl‘ = ZjCj—m’lnj (211)

There is no explicit dependence of the rate on n.;, hence the Jacobian can be
calculated as follows:

dF, 9 (Gj—it)
= Y.Ci a0 Z A/
dnr, ]Cg—ml(sjk + one n

= Chil (2.12)

J

Where we repeated the same steps as in equation (2.7)

Interpretation

We point out that ¢ # k. The only way to change F; is changing the density of
the species k.



Chapter 3

Secondary lonization

For reactions of the kind:

Ate = AT +2e (3.1)

3.1 Species i with ¢ #* He, H,

3.1.1 Depopulating n;
The rate of collisional ionization for species i is given by:

H, 1

L 32
WHnH/ntot ( )

Ci—>j =
Where r; is a parameter that takes into account the geometrical cross section
of species ¢ compared to the hydrogen cross section, ns,; is the total hydrogen
nuclei density. H, is the energy deposition and Wy is the mean energy per ion
(Dalgarno et al., 1999).
Wy for hydrogen is given by:

«@
Wi =Wo,n (1 +c1 ( fel ) ) (1 + CanQ> (3.3)
Niot ng

Wy is the energy needed to collisionally ionize hydrogen. The values for other
elements are scaled up considering the geometrical factor r; = Jfo” / aff”. W
has been calculated for He and H, as well, these cases will be treated separately
further on. The X-ray rate of energy deposition is defined as:

Hm = /athe_TXdE (34)
Where o044t is given by:
41
Otot = Zanj/ntot (3.5)
j=1



The rate implicitly depends on ne;. This must be taken into account when
the Jacobian matrix is filled:

dFi - 8Fi 8Fl Gnel
dni, ~ Ong = Ong Ong

(3.6)

Again we consider only the contribution of the secondary ionization to the
statistical equilibrium of the species i. F; is defined as:

H

ot M 3.7
TWHant n (3.7)

Fjdes — Ry ,in; = —
Where the apex ”ides” stands for ”destruction of the species ¢ due to secondary
ionization”. Deriving Ffdes with respect to nj; and considering that ne =
¥ ;n;q;, where g; is the charge of the Jth species, we obtain:

dFiideS — n; 8Hz . Hmnl 8WH . Hmnz + Hm 5.
dng "\ Wyng ong Wing Ong,  Wyn?, Bl Wang
(3.8)
Here we develop separately the partial derivative for all the involved terms:
0H, 1 0
= — [ Yinjo; Fe ™XdE
Oni Ntor DNy, / IMIoITe
1
_ / oxFe ™ dE (3.9)
Ntot
ow, 0 a\”
H = - W()H 1+Cl flel 1+Cg%
ony. ong ’ Niot Ny
a—1
= WovHacl ne(ll qk <1 + c2 [ >
tot ng

n?l Co
+ Wom|1l+ea—) 0k
Niot / MH

ng; n
- Won (1 + 0 —2 ) 02%5&1@
tot Lz,
8 € p—
Where Fret = gy
Substituting these results in equation (3.8) we obtain:

dF_ides -
dlink = —Timntot(sik'i'

H,  ngotnm,my

ng
ecWom (1+e— | 0mk

T
2,2
Wiany ng ng,

H, ng
+ 7 T2z, Mot Mi C2 Wor | 1+c1—5-) 0m, .k
HH

tot

n o=t n
el ) qk (1 + c2 Hz)
Ntot nNH

+

By
&
juy] N

S

T

Q

S,
A/~



Ha:ni
+  Ti—5NtotOH k
WHnH

1
WHTLH

T

/UkFe_TXdE (3.10)

Interpretation
The previous equation is composed of 6 terms, which are described as follows:

1. This is the derivative of reaction rate. It is only non—zero for the species
i itself.

2. The same as the previous point, only considering Hs instead of H.

3. This term only appears if the density of hydrogen changes, since it explic-
itly contains the dependence of Wy on ngy.

4. This term only appears if Kk = H, but if ¢ = kK = H this term compensates
with the first and the sum is zero. This is due to the fact that F; (3.7)
does not depend explicitly (but only via Wy) on ng when ¢ = H.

5. Charge effect: this term contains the dependence of ne; on ny. If species k
is not charged this contribute is zero, since a change of density of a neutral
species does not affect the electron density.

If we increase the density of a positively charged species the electron den-
sity increases as well. This causes Wy to increase (eq. 3.3), and then the
total rate to decrease. Increasing the number of electrons in the gas phase
causes an increase in the mean energy that is needed to form an ion pair,
since thermal electrons also interact with fast electrons. This results in a
positive contribution to Fj.

If the density of a negative species is increased the inverse effect takes
place. It means that n.;, and then Wy, decrease. The total rate for the
ionization of species ¢ increases and the contribution to Fj; is negative.
Less electrons in the gas phase decreases Coulomb interaction in favor
of collisional interactions with atoms and molecules, thus causing more
secondary ionization.

6. If the species k contributes in building the cross section for X-ray absorp-
tion, then H, changes as well.

3.1.2 Populating n;, with ¢ # He, H

The rate of collisional ionization for species j that leads to the formation of

species ¢ is given by:
Gisi = Tjin [s7'] (3.11)
Wang /Mot

The analytical expression for the element ik of the Jacobian matrix is exactly
the same as in the previous case, but with a sign inversion since we are now



considering the formation process for the products. Taking into account the
correct indexes we obtain:
dFiifor B H,

= pri—
dnk JWHnH

Hy nyotnm,ng

NeotOjk +

+

ne
c2Wo v (1 + ;l) OH,k

r
I T2 2
Wing nH Mot

H, ng
T’jiWQ 5 Ntot Tvj C2 WO,H 14+ o 5H2,k

n n

H''H tot
-1
H, n; n * n
J el Hoy

- Ti— —Wongac qr [ 1+ co

Wi ng Mot Ny
Hw’l’Lj

ntl)téH k
I{T 2 )
HnH

— rj

ny

WHTLH

+ /okFe_TXdE (3.12)

Where the apex ”ifor” stands for ”formation of the species i via ionization of
species j”.

3.2 Hy

3.2.1 Depopulating ny,
The rate for H collisional ionization is given by:

H
A — 3.13
CHQ WHanz Ntot ( )

Where Wy, is given by:

Wi, = Wo.n, (1 to (""‘l ) ) (1 + CQ"H> (3.14)
Ntot NHy

Then Ff¢* for the depopulating case is:

Fies = —Cfenp, (3.15)

Substituting (3.13) in (3.15) we obtain:

os H,
FI(—iIQ = W Ntot (3.16)
2

Deriving Ffie* with respect to nj, we get:

dFes 1 0Hx  H, OW,
Hy = —N¢ot x — ;C He (317)
dnk VVH2 8nk WH2 8nk



Here we compute the terms listed above:

W,
8nk.

a—1
ng ]
= WO,H2 (1 + co ) acy ea qx

nH, Mot

e \ & 1
+ Wo,m, (1 +c < ! ) ) 2 O &
Ntot nHy,

«
Nel ng
VVO’H2 (1 +c ( ) ) CQT(SHQJC
Ntot ",

Using (3.9) we obtain:

dFI%ZS Hr Niot < Tel “
= ———CcoWom, ([ 14+ ( - ) ) OH,k
dny, WE, n, 2 Niot

Hx NiotMH Nel “
W2 7 2 Wom, (1+a OH, k
Hy "H, Ntot

H. Nel a-l ng
%WO7H20561 ( ° ) qk <1 + co >
WH2 Ntot NH,

/ak.(E)F(E, r)dE

Wh,

3.2.2 Populating H,

It can be easily shown that:

Figm = -ri;
Then:
dF ]J;orm H, n ( N \ &
2 T tot el
— 4 = - coWom, | 1+ ( ) ) OH,k
dny, WE, n, e Ntot

H;c NiotNH Tel “
+ gz 2 eWom (1+a OHy k
WH2 nH2 Niot

H Nel o=l n
_ W%WO,Hgacl < c > qk (1 + C2 a )
H, Ntot NH,

WlH / ox(E)F(E, r)dE

3.3 He

3.3.1 Depopulating He

The only reaction involved is:

He+e  — He™ + 2~

10

(3.18)

(3.19)

(3.20)



The rate is:

Z{eec = ﬁntot
WHenHe
Then:
Fifs = M Niot
WHe

Wy is given by:

n (e}
Whe = Wo,He (1 +c ( < ) >
Niot

The Jacobian term can be written as:

szﬂ?_nwt{ L 0H, H, aWHe]

dnk WHe ank nge 8nk
Where:
oWy no 1
5 < = Woneac e(ll qr
Nk Mot

Using again (3.9) we obtain:

ngles Ha: Nel ot
e — Wo He
dnk ngle 0.H aa (nt(,t K
1
T W /O'k(E)F(E,T)dE

3.3.2 Populating He

Given that:
d
Pl = -
‘We obtain:
dFI];(;rm Hw Ny a—1
= ———5Wopgeac qx
dnk WI?Ie € Niot
1

Wore /Uk(E)F(E,r)dE

11

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)



Appendix

Dimensions:
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