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Abstract

To study electron affinity kinetics, a shock tube method was goplied, inwhich the test gaswas ionized

by a reflected shock wave and subsequently quenched by a strong rarefaction wave A's the quenching gpeed of
10° K/swas reached, a nonequilibrium ionization-recombination process occurred, which was dominated by ion
recombination with electons A Langnuir electrostatic probe was used to monitor variation in the ion number
density at the reflection shock region Theworking state of the probewas analyzed, and a correction was introduced
for reduction of the probe current due © elastic scattering in the probe sheath The three-body electron affinity rate
coefficient of the fluorine atom over the temperature range 1200 o 2200 K in an anbiance of argon gaswas directly
detemined The tamperature dependence of electron affinity rate coefficient was discussed

Key words Electron affinity, Fluorine atom, Langnuir probe, Shock tube

1 Introduction

The fluorine-containing polymer on the hypersonic
gace vehicle surface will be ablated and pymlyzed by
the dock heating The fluorine atoms as one of the
principal pyrlysis products will recombine with
electons, and the electron density in the plasna

sheath around the vehicle will be change as a reault

Thus the ionization degree, Radar scatter section and
infrared irradiation properties of the flowvfield around
the vehicle will be affected Experimental research on
electron affinity at the tamperatures above 4000 K was
carried out with both shock tube and arc discharge
techniques Mandel et al ! detemined the electron
detachment rate coefficient from negative fluorine ions
in mixtures of cesium fluoride and argon, shock heated
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o 5000 K They al® deduced the electron affinity rate
coefficient of fluorine atoms using the detailed balance
principle Their reault is still used in engineering
calculations However, research on the vehiclewake at
temperature of 1000 to 2000 K is lacking The
difficulty in this temperature range is that the ionization
degree is not high enough  meet the observation need
in the electron affinity experiments because of the
relatively low temperatures

In thisarticle, the electron affinity rate coefficient
of the fluorine atom was directly detemined in a shock
tube Considering the lower ionization potential of
©dium aiom, dium anide was chosen as the urce
aubstance for introducing ions and electrons into the
experiments A shock tube method was developed>®!
in which the test gas was heated and ionized by a
reflected shock wave and subsequently quenched by a
strong rarefaction wave reflected on the end wall of the
driver s«ction in the shock tube A's the quenching
Peed of the strong rarefaction wave reached 10° K /s,
the tamperature in the region of reflection shock wave
oould decrease fraom 3000 © 600 K within about 3ms
A nonequilibrium ionization-recombination state was
attained at the later stage of the process, duringwhich
the recambination with electrons daminated

On the basisof the experimental recambination of
diun ionswith electrons, fluorine gaswas added In
the cooling process of the rarefaction wave, fluorine
atoms competed against sdiun ions in recambining
with present
experiments The decay rates of ©diun ionswith and
without the presence of fluorine aton swere compared
The electron affinity rate coefficient of fluorine atoms

electons, which underlies the

was detemined through analysis of the different

aforamentioned decay rates
2 Exper mental

21 Setup

The experimentswere carried out in a single pulse
shock tube The driver sction has a length of 1L 2 m
and the driven sction is1 8 m in length Both have
circular cross <ctions with an inner dianeter of
44 mm. A 20L dump tank is connected o the driven

<ction through a branch tube just ahead of the
digphragn, which is utilized for absorbing the reflected
shock wave and enhancing the oooling peed
Hydrogen was used as the driver gas The shock tube
was preheated and maintained at 343 K throughout the
experiments to awid the adomption of any material on
the tubewall A adjustable pisn was installed in the
driver sction in order t detemine the optimum
reflection time of the rarefaction wave A iral coil
(70 mm in length and 28 mm in circle distance) , of
steel wire, 2 7 mm in dianeter, was mounted on the
sidewall at the rear of the driven section in order ©
promote production of vortexes The incident shock
Peeds were measured by tvo pressure transducers
mounted on the shock tubewall The conditions behind
the reflected shock were calculated fran the incident
dhock peed using the shock relations

Solid odium anide was ground into powders
under the protection of benzene, which was wolatilized
in the dhock tube and excluded out by evacuation
before every experimental run The driven section was
filled with the test gases Two series of experiments
were run experimental
conditions except that the test gaswas the pure argon
and a mixture of 1L 72% fluorine and 98 28% argon
by wlume, regectively Because the property is
beiween those of ionic and molecular crystals, dium
amnide is easily molten, vaporized and decomposed at
relatively lov temperatures After the bursting of the
digphragn and under the successive action of the
incident and reflected shock waves, grains of dium
anide firstly hiked up fran the wall and subsequently
liquid heating and

using nearly identical

undemwvent lid heating, melting,
vgporization proceses, aftewards vapor dium amide
molecules were decomposed into Na atoms and NH,
radicals, finally Na atms were ionized intb <dium
ions and electons Sodium amide in ®lid state was
first gound intb powders, the partide dianeters of
which were verfied © be less than 20U m.

In order © enare that the whole process, fram
the hiking of grains fran the wall o the ionization,
ok place within the stationary tme of the reflected
dhock wave (about 1 ms), the characteristic times of
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the above physical and chanical
estimated It was concluded that the heat trander,
phase change and decomposition processes could take
place within the lifetme of the
However, the complete ionization equilibrium could not
be achieved, in accordance with the exerimental

measuranents

proceses were

reflected wave

The aim of ingtalling a piral coil was o leave the
grainsof ©dium anide on the tubewall o hike fully up
through producing vortexes The interaction of the
reflected wave with vortexes caused the presare,
density, and temperature behind the reflected wave
continue increasing and fluctuate Thiswas in addition
to the abrupt rise in temperature caused by compression
reflected Corregpondingly,
enhancement of the probe signal was observed in the
experiments

The shock tube was run at the fixed
temperature T, =343 K and pressure P, =4 0 kPa,
with a shock M ach number ranging ffmMs =3 11
3 85 A piem-electric transducer mounted on the end
wall of the driven section was usd t monitr the

from the wave

initial

presure changes during the whole process The
rarefaction wave cooling stage was treated as an
adiabatic process The inert gasA rwas used as diluent
in the experments © that the density and tamperature
of the test gas oould easily be calculated fram the
presure by use of the adiabatic relations

¥ T e
T
Pso P. Tso P.

wherey =5/3 is the adiabatic index of argon and the
subscript 50 refers o the corregponding initial state just
behind the reflected shock wave
2 2 Langnuir probe

A cylindrical Langnuir probe
mounted on the end wall of the driven sectionwas used

electrostatic

to monitor the variation of ©dium ion number density
at the reflection shock region The probe, with a radius
 =Q 01 an and a length |, =1 3 an, was biasd
negatively at Vo = - 9 V. The Debye length of the
ionized gas in our typical casewas app roximatelyA ,=

10 am, and the mean free path of @dium ion in the
anbiance of argon gaswas estimated ash = 10"* an

SinceA , >A,, the influence of the collision of the
falling ion with neutral atoms in the probe sheath on
the probe oollecting current must be taken into
acoount Acoording o the theories given by Schulz &
Browvn and Jakubowskil*®, the correction factor for
reduction of the probe current due  elastic scattering
isexpresxed as
3-2ep(-A, M)

1+2Q0, M) Aohi<t

) 3-exp(-A,A) (2
2 Ao Ay o MohiEl
kT 12 1

No =| =K~ AL = (no

o [4Te2NNj ; i = (NaO ) (3)

whered s the correction factor, A, A ; is the average
collision number in the sheath, Ny,+ and N,, are the
ions and argon atoms
LA,= 10 in the present
experiments only the oollisions that lead o large
deflection angles should be considered The o-called
cloe oollison cross-sction for the elastic scattering

nunber density of diun
repectively  As

betveen dium ion and anbient argon atomso .,

which leads to deflection angles greater thanTt /2, was
obtained as the effective collision cross-section through
integrating over the collision trajeciory'®.

The cold boundary layer of the probe may grow
unsteadily as a result of interaction of the probewith a
squence of vorticeswhose length scale isof the order
of . UsingLin s boundary layer theory of o<tillating
flov'”!, the maximum thickness of the boundary layer
growing unsteadily was estimated asd,,= 10 * an
Ford,x < <A, the effect of the cold boundary layer
is negligible

3 Realts

By analyzing the themochamical equilibration
disociating into atims of fluorine molecule, it was
found known that the full dissociation (i e the degree
of disciation greater than 95%) is assured when the
temperature behind the reflected shock wave is higher
than 1200 K W ith the aforanentioned expermental
conditions, the characteristic time of disociation
reaction of the fluorine molecule is gpproximately 10

M s, which ismuch snaller than the stationary time of
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the reflected dock wave (i e about 1 ms).
Therefore, the full disociation of fluorine molecule is
alo kinetically assured, and the recombination of
fluorine atom with electronswill occur in the cooling
process of the rarefaction wave

On the basis of the experiment recombining
odium ionswith electons® | the reult of which was
found © be k, (Na" +e+Ar-Na+Ar) =3 43 x
10 14T-377
gas In the cooling process of the rarefaction wave,
fluorine atoms campete against dium
recombining with electrons The kinetic equation for

an’ /s, fluorine gaswas added into the test
ions for

the electron affinity of fluorine atom in the cooling
process is derived, thus the variation of the number
density of negative fluorine ions is expresed as
_ 1 [derW ] dInNg,+ |
K2Na, dt dt

kz (NQas - Nya+) NA,] (4)

where k, isthe reconbination rate coefficient of odium

NF>

ion with electrons, and the superscripts- and + refer ©
the test gas with and without the fluorine gas
repectively Becaus k, has been detemined, and
Nua+ » Nya+ and N,, are the guantitiesmeasured in the
present experiments, Ne. can be detemined according
o Eq (4).

U sing the kinetic equation of the electron affinity
process, the affinity rate coefficient of fluorine atom is

derived as
ONe- dhp
gt NF gt
k = ke - (5)
(Nﬁ - Ng) dip ) dlim*
dt dt

where Nﬁ is the initial number density of fluorine atom
in the reflected shock region Because the number
density of negative fluorine ion is far belov the
equilibrium value, the collision detachment process of
negative fluorine ions is negligible in the kinetic
equation

After correcting for reduction of the probe current
due o elastic sattering at the probe <heath, the
density with
temperature in the presence of fluorine isobtained, as

variation of diun ion number

shawn in Fig 1a The variation of odium ion number
densitv without fluorine is shown in Fia 1h The
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Fig 1 Variation of the number density of the sodium ion with
tamperature, the different symbols corregpond to different
M ach numbers
a in the presnce of fluorine atom,
b without fluorine atom.

different smbols on the grgph corregpond to different
M ach numbers Using the piez-electric trangducer o
monitor the presaure changes of thewhole process, the
variation of dip /dt with temperature in the cooling
process is derived according to the adiabatic relations

The plot of Ig{d—gﬂ veraus IgT exhibits a liner

property, as shown in Fig 2 Usng least square
analysis of all the data points in Fig 2 and the

adiabatic relations, we obtain% =-(162+0 42)

0% K/s The exponent of temperature

x 10T
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dt

indicates that%'Tt is nearly independent of temperature

and constant in the cooling process of the present
experiments Using this relation, the derivative with
repect o tamperature can be trandomed into the
derivative with regect o tme

Substituting the fitting results of Nya+ , Nya+, Na;

andig? into equations (4) and (5), the electron
affinity rate coefficient of the fluorine atom is

detemined directly for caseswhere argon atoms act as

the third body in the oollison process and the
temperature range is1200 © 2200 K in the fom
k =129 x107T°* an’ /s
1200 < T < 2200 K (6)
as shown in Fig 3
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Fig 3 Variation of the electron affinity rate coefficient of
fluorine atom with temperature

4 D iscussion

In order o campare the present result with those
of Mandel et al , the three-body electron affinity rate
ocoefficient of fluorine atom isdeduced fran the electron
detachment rate coefficient of negative fluorine ion
given by Mandel et al , at 5000 K by using the
detailed balance principle k, =k /K. The equilibrium
constant K, is obtained by fitting the data of Ref [ 8]
over the tamperature range of 4000 t 6000 K Finally,
we get

K. (F+e+Ar - F +Ar)
=4 2x10°T"* an’ /s
4000 < T < 6000 K (7)

The tamperature dependence of the affinity rate
coefficient of the presentwork is at oddswithM andel s
reult for Eq (7). We belive this disrepancy
originates, in part, in the indirect detemination of
Eg (7) from the electron detachment coefficient by
using the detailed balance principle As the
tamperature dependence of the rate coefficient of
endothemic electron detachment is due mainly o the
exponential factor of activation, it isdifficult to observe
and analyze accurately the temperature dependence of
the pre-exponential factor expermentally However the
tamperature dependence of the pre-exponential factor
contributes greatly t deriving the tamperature
dependence of the affinity coefficient by using the
detailed balance principle In addition, the
tamperature dependence of the affinity coefficient in
direct detemination is expresed in tems of power
function and is more <ensitive © change of
tamperature, © direct detemination would yield a
more reliable result On the other hand, the detailed
balance principle can be goplied only when the internal
states of the reactant ecies are populated according to
the  ®-called quasi-steady-state  distribution

Unfortunetly, for themost cases, the quasi-steady-state
condition does not exist behind a shock wave'®’

In ammary, agplying a shock tube method in
combination with the electrostatic probe technique,
employing argon atoms as the third body in the collision
process, the three-body electron affinity rate coefficient
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of fluorine awom is directly detemined over the
tamperature range of 1200 o 2200 K: k =1 29 x
10?7 °* an’ /s The correction for reduction of the
probe current due o elastic scattering at the probe
sheath is introduced This presnt expermental
tamperature range is mportant for the engineering
goplication and is the extension, at lowv temperatures,
of the experiment conducted by M andel et al
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