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Abstract Six chemicals, H2, H2O, CO2, SF6, CF3Br and Ni(CO)4, are considered as ionospheric

modification materials. Each of these chemicals reacts in the F region to produce localized plasma

depletions and form large scale electron holes. In the active ionospheric modification experiments,

the criteria for selecting the released chemicals include the cost and effectiveness. The effectiveness of

released chemicals depends on the amount which goes into the vapor state. In this paper, the thermo-

dynamics governing the vapor fraction of the released chemicals were investigated. Additionally, the

size and magnitude of the electron depletions were calculated with finite element simulation method.

The results show that H2O has the lowest vapor yield of about 19% from a heated, pressurized tank,

and over 60% of the other five chemicals should be vented in gaseous form. To reduce the cost, the
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chemicals with small density, such as H2 or CO2 may be chosen. Based on estimating the electron

density reduction, the chemicals which have slow diffusion speed and large chemical reaction rates,

such as SF6 or Ni(CO)4, may be selected. These chemicals can produce a larger, deeper and more

durable electron hole.

Key words Chemical release, Ionospheric modification, Thermodynamic character, Vapor fraction,

Finite element simulation, Diffusion process, Electron hole
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/00/0+$!0(!0$-.)+,,%--
. 10−9 cm3/s ,21/ [1], .0. F "&)-.$
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8<@80'4$ABC5AD)=69, E8:,
/F$BBAB?7-Æ, .0.AB>2A/@$
89C5, 2C@2$89;A'DB32. .&)
AB<>, @G*&)%-$H=2AC4*:, 7
H=$>2I;'ED4CF:%&8. CJG;
E<$?8, @.*:&)%-$ED4C, D3#
KA=> (Finite Element Simulation, FES) '(*
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-!!" F 3B2A&). .&)$LP, KBC
$Q6%-.O<G$63R5S0G&*K6%

-, .0LH8, E8T2UM/&$D&, I&)
$*$%-HNP2S0RE,OP2RE.&)%
-$PJ (Tm), FG(/Q6%-9G**Q6, ;
LE<$?8%-*QK (H2))R (H2O))RV*
S (CO2)),S*H (SF6))TSITW (CF3Br))J
BI (Ni(CO)4) ,,%-2AC5.

1.1 �K�LM�N
UU'JV$-&* M , P2* T0. *$%-

&)7, .46&*$O2LH8D&KAVW, P
dQ =MlCldT + HvdMv − HfdMs+

MsCsdT + MvCvdT − pdV = 0. (1)

W8, Ml, Mv X Ms /L*&)%-Q6)K6X
Q6$-&; Cl, Cv X Cs */0T,46$?EX;

Hv X Hf *%-Q–K)Q–Q&*LH8UM$E
&; p *O9; V *K6%-$NY. .&)%-4
6+&$O2LH8, )=,Q;8E1Z46, T
,46$P2J3 T MY. KX,0LH8*$%-
N5(OKV-FRY/KEZ*$[0, [*',
2P%8LH, .0%-$-&N5+&, \

M = Ml + Mv + Ms, dMl + dMv + dMs = 0. (2)

KN$NY V = Mv/ρ, ρ = nm *-&'2 (n

*/0'2, m */0-&). E86KN46'
H p = ρkT/m, 1.

p dV =
kT

m
dMv. (3)

9W (2) XW (3) <\W (1) %-1.

dQ =[MCl + Ms(Cs − Cl) + Mv(Cv − Cl)]dT+

dMv

(
Hv − kT

m

)
+ dMs(−Hf) = 0. (4)

&)%-46EZ+&$O2LH%-/*L
2M'. Q,M', Q6%-UMD&3+SE*K
6%-, R/P2RE2NJ Tm; QRM', ]T%
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-SE4K6, NSUMD&, (/Q6%-NQ*
Q6%-, T0^P2KA Tm N&.

.Q,M'8O#Q6%-, _-W (4) 8
$ Ms NU., W (4) %-&*

dT

(kT/m) − Hv
=

dMv

MCl + Mv(Cv − Cl)
. (5)

W (5) #,-P, V T = T0 ^, Mv = 0. .0'HP
*

Mv =
MCl

Cl − Cv

{
1 − exp

[
− m(Cl − Cv)

k
·

ln
( 1 − kT/mHv

1 − kT0/mHv

)]}
, Tm � T � T0.

(6)

.*.O2LH8 kT/mHv � 1, _-

ln
( 1 − kT/mHv

1 − kT0/mHv

)
≈ k(T0 − T )

mHv
,

P
Mv1 =Mv(Tm) =

MCl

Cl − Cv

{
1 − exp

[
− (Cl − Cv)(T0 − Tm)

Hv

]}
.

(7)

.QRM'8, VQ6ZQ6G&^, T = Tm

KAN&, \ dT = 0, .0W (4) %-&*

dMv

(
Hv − kT

m

)
= dMs(Hf). (8)

W (8) $-P, V Mv = Mv1 ^, Ms = 0. .0'H

P*

Mv =
Mv1(Hv − kTm/m) + Hf(M − Ml)

Hv + Hf − kTm/m
. (9)

.*UVW#Q6XK6%- (Ml = 0), R` Hv �
kTm/m, _-

Mv =
Mv1Hv + MHf

Hv + Hf
. (10)

E8&)*$%-UV9-Q0$1W(!!"W
R8$],4/EZ!0*$[0, .0CC5W@
[&)%-8IK*$(/, IK*$?S*

fv =
Mv

M
=

fv1Hv + Hf

Hv + Hf
. (11)

fv1 =
Mv1

M
=

Cl

Cl − Cv

{
1 − exp

[
− (Cl − Cv)(T0 − Tm)

Hv

]}
.

(12)

1.2 X.YZ[/\
\ 1 ^X$'RXJBI.!!"&)7, P

2)K*?S-FQ*?S]%-Q6?S$&*
@), 3\ 1 8%-ÆY:TX, .O2K*LH
8&)%-Q6?S (fl = Ml/M) 3 1 E. 0; .
&)$Q6%-&4Q6<>, %-]]$P23&
)P2 T0 = 343K (70◦C) RE.]5$PJP2;

V fl = 0 ^, UV 19% $Q6RG&*K6R, +
JBIG&4K6%-$?S* 69%.

^ 1 H2O � Ni(CO)4 ��_`�^�Æ�_aa`���ba
Fig. 1 Computed curves for fractions with different states and temperature of H2O and Ni(CO)4
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_ 1 0`a1Æ2b3c1d4
Table 1 Thermodynamic properties of released chemicals

�� ��W Cl Cv Hf Hv Tm T0
fv1 fv�X /(cal·g−1·K−1) /(cal·g−1) /K

H2 2 3.14 2.5 13.8 80 13.8 · · · · · · 1.0

H2O 18 1.000 0.33 43.2 539 273.15 343 0.1244 0.1894

CO2 44 0.548 0.15 79.7 40 216.7 343 0.9850 0.9950

SF6 146 0.159 0.042 9.5 27.9 222.35 343 0.5396 0.6566

CF3Br 149 0.110 0.042 · · · 26.5 168 343 0.5852 · · ·
Ni(CO)4 170 0.288 0.069 16.5 38 248 343 0.5544 0.6893

Nb*$%-$E<$Z+F&)7$K*?
SY8Z8M 1. Q6$ H2 . 32.9K, 1.3 × 1016 Pa

cbR95dCIK*, .0.CJ_UF$&)c
bRK*[* 1. E8 CF3Br $ Hf O#[., .0
*80,%-,:\WHF.P2RE2PJ76c
\ZQ6%-$^].*8)P*$%-&)AB+
e, 0H=K*[. 60% -4$*$%-*f, .0
%-1X H2O Nd..

*8!!"%#$>#AB+e, UVIK*
$&)%-/0+^9'AB&8$>2.e<,.

M 2ZX3e7 10L$&)%-,.!!"42&)
7, *%#!!"AB=63$/0+^f_. M 2

8Y8M`, &)%-0H= H2 X CO2, b^%-
TX, E8:L,%-'2L, A%-E]ED4C.

2 ^a_g`gb

*$%-&)7,KN/09(!!"WR$=
!0Na/c., 3+Z)Pch, !0*$[0h
>2EZ.:,M', ch'H*

∂ni(h, r, t)
∂t

= ∇[Di∇ni+Gi(h, t)ni]−Li(h, r, t). (13)

78, ni(h, r, t) *KN/0$'2, )'^PX)P
$d+ (hX r /L*!!"42X!&)J$dZ
e!); Di MYQ0$ch)+, Gi(h, t) MYQ0.
3<b63R$fi02, Li(h, r, t) *ijj. *8
Be$8+KN, .)P$A,QFJ, ff!!X
f!P+g4&)%-$ij/*8*$[0k=
$ij+e'L&, .0 L $/L,,W*:*$
[0.e [7]. EQ0ch'H1X&)KN/0$
'2, 2+1X!!"!0'2$+&, \

Δne(h, r, t) = kini(h, r, t)ne(h, r, t)Δt. (14)

78, ki *NbKN/0(!0$[0)+.

*8W (13) $kP, 03Pl(Vl1.&)
*$%-$^)/c,7HFY8(,mABgdY
8Vl,f [8−9]. CJ03 FES '(2A+Ck
P [10], HF^WR!!"$Z+X!0'2/c/
LE<h!!"Z*=W MSIS90 X IRI 2001^X,

!0*$[0F[00[Z8M 3.

.+CHF^, *$%-$&)42H=*
260km, %-$KN/0+^Jm* 500mol. \ 2

^X3%-&) 100 s 7!!"!0'2$Rn/
cf_, 3\ 2 %-`oTX, !!"!0'2Nh

_ 2 10 L 56Æ20`i7jbk6Æ2l84
Table 2 Number of vapor molecules from 10 L liquid chemicals release

���X 
�/(g·cm−3) ��a
�/L−1 ������a
H2 0.070 2.0 × 1025 2.0 × 1026

CO2 1.101 1.5 × 1025 1.4 × 1026

SF6 1.88 7.7 × 1024 0.45 × 1026

CF3Br 1.57 6.3 × 1024 0.37 × 1026

Ni(CO)4 1.22 4.3 × 1024 0.30 × 1026
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_ 3 a1m9nom9:4
Table 3 Chemical reactions and their rate coefficients

��ge ���� ��_a

H2
H2 + O+ → OH+ + H k1 = 1.7 × 10−9

OH+ + e− → O∗ + H k2 = 7.5 × 10−8(300/Te)0.5

H2O
H2O + O+ → H2O+ + O k3 = 3.2 × 10−9

H2O+ + e− → OH∗ + H k4 = 6.5 × 10−8(300/Te)0.5

CO2
CO2 + O+ → O+

2 + CO k5 = 9.4 × 10−10

O+
2 + e− → O∗ + O∗∗ k6 = 1.9 × 10−7(300/Te)0.5

SF6
SF6 + e− → SF−

5 + F k7 =
2.2 × 10−7

1 + 0.0016 exp(4770/Te)

SF−
5 + O+ → SF5 + O∗ k8 = 5 × 10−8

CF3Br
CF3Br + e− → Br− + CF3 k9 =

2.8 × 10−7

1 + 0.6 exp(998/Te)

Br− + O+ → Br∗ + O∗ k10 = 2 × 10−7

Ni(CO)4
Ni(CO)4 + e− → Ni(CO)−3 + CO k11 = 1 × 10−7

Ni(CO)−3 + O+ → Ni(CO)3 + O k12 ≈ 4 × 10−8

; pi (*) �nf
j�����k��. ��_agqh� cm3·s−1, Te ���`�.

^ 2 �
��_��	��
�����h
Fig. 2 Spatial distribution of electron density at the moment of 100 s after gas release

'14/"$Yl,7.,F$i2mYCEZ3%
#, %#3B143!0)5. *1Qg:/l%-
*!!"$%#&8, \ 3 ^X3 H2 KNX SF6 K
N&)7, r = 0 ;n2Nb^]$!!"!0'2
i4.

3\ 3%-`oTX, L@%-*!!"!0'
2%#$H2FLHNj/b,. H2&)7$ 100 s,

!0'2.8[ (r = 0 km, h = 260km)61. 88%,

+*8 SF6+eP61. 65%;.&)7$ 300 s, H2

/18[;!0'261. 39%, + SF6 /1!0
'2.&)JRY,F42mYCdCo); KX,

H2 &)71 600 s ^!0'261.ULC, 07
!!"!0'2rNSpKRqpq-.?c46,

+ SF6 KN&)7$ 3000 s, o#r/3B$!0
'2IdCo). 4ps7\Z$?.%D*, ,'
]T&)KN/0$NScht&)[0io-F
RY!0$NSqa,%#3B!0'2UVqpq
-; R'( H2 /?, SF6 ch7k, [07l (SF6
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^ 3 r = 0km f��	��
����
Fig. 3 Evolution of electron density at different moment where r = 0km

_ 4 0`r<Æ2b=stu
Table 4 Chemical depletion radius

��ge rm/km ��ge rm/km

H2 16.3 SF6 165

H2O 69.8 CF3Br 206.4

CO2 41.0 Ni(CO)4 480

QU(!0EZ[0, H2 ru(!!"8$ O+ E
Z[0, 5M 3_Y), .07*!!"%#$H21
s, ^P1j.

KX, \ 2 8oY H2 KN*!!"=!0N!
0'2%#$3Bkd? SF6 KN$2/, T:W
'&)7 100 s ^]$f1, 0^L,KNlDa/
ch, W#*:V!!"%#-.U/^] (!!"
!0'26cq-$mn^] tc) $%#3Bkd
m#'v, :\G; ne(rm, tc)/ne0 = e−1 oFv%
#kd rm $/L, Nb%-$ rm Z8M 4.

;L-4HF?71X,/0&7L$%-E8
ch7l,.7n$^PC*!!"!0'2\Z%

#; *8ch7k`*$[07l$%-, *!!"
%#$H2951s)3B1sR`Aw^P7j.

3 pq

;L* 6 ,Nb%-.!!"42&)7$E
<$-vF*!!"%#-v$C5%-TX, (
!!"4/EZ!0*$[0$'K6/0, 4O'
JKBCUObxNY$*$%-.!!"&)7,

H2O W# 19% G**K6/0, Ob^*:ED4
C, 0H='2L$%-, S5 H2 X CO2. OA
B$^$Æ*:!!"$%#&8, FG&)%-
0H=ch7k`*$[07l$%-, S5 SF6

X Ni(CO)4,:m%-%-/!!"!0'2611
%, R`8%#3B1s)Aw^P1j.

;L&)*$%-$'(o>#%#!!",.
?84%AR`7%8OwÆy. Y8xS'AB
8@N%1$,r, o03s-td-X [11], f$
td'UQUXtp$'(, .0, .H=&)%-
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