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MUTUAL CHARGE NEUTRALIZATION OF GASEOUS IONS

James Carl Person

Lawrence Radiation Laboratory
University of California -
‘Berkeley, California

July 11, 1963

ABSTRACT

We consider the problem of the bimolecular rate constant, a,
for the mutual clharge neutralization reaction (ion-ion recombination)
for ions formed by the vacuum ultraviolet photolysis of nitric oxide.

We measure the pressure dependence ‘ofv a over a pressure range of
10 to 600 torr for mixtures of a few hundred fnicrons of NO with He, Ar,
Kr, Xe, HZ’ DZ’ and NZ'

From the low-pressure limit of a, we determine that the rate
constant for charge neutralization in the absence of a third body is
ky = 2.1+£0.4X 10”"
a to be 2.0£0.5X10"
cies for promoting the charge-neutralization reaction; the results,
relative to He as the third-body gas, are H,= 1.4%0.4, D, = 1.5%0.4,
Ar = 3.6+0.8, Kr = 4.3+1.0, N‘2 =5.2%1.1, and Xe = 6.8+1.5.

We estimate the average ionic mobility in the gas mixtures, and

crn3/sec. We estimate the high-pressure limit of

6

cm3/sec. We measure the third-body efficien-

the mobilities indicate that at least some of the ions must be present
as ion clusters. Also, we show that the addition of NO2 or HZO further
lowers the mobility.

Finally, we make a detailed calculation of the three-body charge-
neutralization process; using a computer. This calculation considers
that the rate of charge neutralization is the rate at which ion pairs are .
deactivated by collision with the neutral gas molecules to form ion
pairs which cannot separate to large distances. The potential between
the ions and the neutrals is .a.ssumed to be an ion-induced dipole potential

with a hard-sphere core. The calculation involves an average over the



-V~

various angles in the collisions. The predicted values of a depend
on a parameter of the calculation, but over a wide range of this parame-
ter the predicted relative third-body efficiencies are in reasonable

agreement with the exp'erimental values.

v

v



I. INTRODUCTION

In radiation chemistry and in the study of the upper atmosphere,
we consider situations in which considerable concentrations of gaseous
ions may be present. Because these ions undergo a wide variety of
ion-neutral reactions, which can be quite different from reactions be-
tween neutral species, ! it is important to know how large the ion concen-
trations are under various experimental conditions. One thing that de-
termines the ion concentration is the rate of the mutual charge-neutral-
ization reaction--the so-called ion-ion recombination reaction--in which
a positive ion and a negative ion react.to give uncharged products.

Early studies of the rates of recombination were done using
impure gases under conditions in which the ion concentrations were not
uniform, so that the results are questionable. ; In reviewing the
results of ion-recombination studies done beforbe 1955 in the pressure
region of a few torr to 1 to 2 atm, Loeb3 considered only two experi-
ments worthy of consideration, Gardner's study of the recdmbination 6f
i:oris formed by passing x rays through OZ’ published in 1938, 4 and

Sayers' work on the recombination of ions formed by x rays in air, also

- published in 1938. 5 Since 1955, Yeung has presented reports on the

value of the specific rate of recombination of ions in I, at low pres-
su-res,z’6 the rate for ions in Brz,z’ 6 as well as a brief report on the
rate for cesium‘ ions with iodine ions. 7 However, few new data have
been presented. . _ _

When the total gas pressure is below 1 or 2 atm, the theory
generally used to explain the increase in the specific rate of ion re-
combination with increasing pressure is that proposed by Thomson
or some modification of it, such as Natanson has given.9 In the Thomson
theory it is assumed that when the positive and the negative ions collide,
following open orbits because of their initial kinetic energy of relative
motion, the ions separate again to large distances with only a small
chance of charge neutralization. However, if the ions collide with a
neutral g-a.s molecule while they are relatively close together, the

collision may cause the ions to lose enough kinetic energy of relative



motion to makethem unable to separate to large distances. The ions
are then in a closed orbit, 'wh‘er‘e they eventué.lly neutralize each other.
Recently, Fueno, Eyring, and Ree have proposed an alternative

mechanism for ion recombination in the presence cﬁ a third body.10 In
this mechanism the neutral molecule first forms an ion complex with
one of the ions, then this complex reacts with the other ion, and the
neutral removes the excess energy. This theory is analogous to the
complex-formation mechanism proposed for atom recombina.tion,11
while the Thomson theory is analogous to the collisional deactivation
meéhar__lism for atonﬁ recombination. -

. We decided to study the effects of pressuré on the rate constant
for ion recombination when different gases were used as the third-body
..gases. In this - way we were able to obtain values of the relative third-

body efficiencies for enhancing ion recombination

The ions were formed by photolysis of nitric oxide, and we were

-able to produce larger initial ion concentrations than were Sayers and
'Gardner, 'so that we could follow the recombination over a larger frac-
“tional change in the ion concentration.” Also, because of our greater
ion concentrations, we were able to use lower pressures, since dif-

fusional losses were-less of a problem--we could therefore étudy the

"low-pressure limit of thé rate constant for jon recombination, . as well:

as the approach to the'high—'pressiJre limit.

Section IV gives the results of rough rne'a‘surerﬁents we made of
the ionic mobility in our attempt to get direct evidence about the nature
of the ions involved. Finally, Seéc. VII describes the detailed calcula-
tion we made using. the collisional dﬂeacti'\)atiori 'mechanism- to predict

the relative third-body efficiencies.

-~
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II. NATURE OF THE IONIZED GAS

The system studied consisted of NO at a pressure of around
300 pin a mlxture with an inert gas to give a total pressure of 3 to
600 torr. Vacuum ultrav1olet photolysis produced an initial 1on concen-
tration of (3 to 10)X 108 1ons/cm3——1n more common chemlcal terms,

| around 10'_12 mole of ions per liter or a partlal pressure around 10 -8

torr. The‘average distance between ions was 1y = " 1/3‘” 1 to 1.5X 10 -3

cm (where n is the ion concentration) The usual p1cture of an "ideal"

gas is based upon the assumptlon of independent molecules, and since

the Coulomb force between the ions is such a long-range force, the

ions stop behaving 1ndependently at much lower concentrations than do

neutral species. However, since the Coulomb potential energy aét the
-1

average distance of separation between ions was only about 10 "~ erg

-14
erg), we

see that we may still regard the ions as behaving independently at the

" (much smaller than the average thermal energy of 6X10
ion concentrations used in these experiments.

A. Photoionization

Absorption of light whose wavelength was shorter than 1340 A
produced charged particles by

 NO+hv = NOT +e. | C(B-1)

The rate of production of ions, q, was 5X 1010 to 6><1011 ions/(cm3sec)o

In most of the experiments, 1236-4?\.1ight_was used, so that the NO_+ ions
Were produced in the v=0, v=1, and v= 2‘ vibrational le;\fels, where the
photoelectrons had kinetic energies of 0.77, 0.47, or 1.17 eV. Watanabe
el al., have shown experimentally that the light absorption causes the
populations of the v=0, v=1, and v =2 vibrational levels of the NO+ to

be in the proportions of 0.79: 1.00: 1. 05 12 and theoretical calculations

of the transition probabilities agree qualitatively with this result.i?”14



B. Disappearance of the Photoelectron

These experiments were designed to study ion-ion recombination,
so we want to assure ourselves that most of the photoelectrons attach

to form negative ions before they have a chance to undergo 1on electron

Lyl

recombination. The photoelectrons produced in Eq (B- 1) may have
formed negati\)e ions with any electro’negatwe gas present ’(such'as the

v NO, or with the small amounts of NO OZ’ or N O, etc. that may also
have been present). Two mechamsms were hkely

A three- -body attachment react1on,

e+ B+M 1_<3 B~ +M,

, o (B-2)
e.g, e+NO+M— NO +M;
or a dissociative attachment reaction,
et+C X2 B +D,
: - (B-3)

e.g.,e+tN,0— O +N,.

Few three-body attachment rates have been measured. Gunton and Inn

-31

give a rough value of 4X10 ~° cr'n6/sec for k; in pure NO,15 and the

third-order attachment for electrons of thermal energy to 0.6 eV in
pure,O2 is reported to. be-k3 =(2 to 4) X 10_:30 crné/sec, with the k3 about
1/50 as large if N2 is the third body instead of OZ.16 An example of a
two-body attachment rate constant is k2 = 10—12 to 10_11 cm3/sec for

02 with electrons of 1.5 to 2.0 eV energy.

'The electron might also have undergone an ion-electron re-

comb1na.t1on reaction with the NO

a . o _ | |
NO +e—S neutral products. E (B-4)
Doering and Mahan reported a, .a.s (0.4 to 2.0)X 10_6' cm3/sec,{7 and

-6

Gunton and Inn determined a to be 1.3X 10 crn3/sec.15 Electron
loss by diffusion to the walls may be neglected in comparison with the
loss by ion-electron recombination at the pressure used. The first- v

order decay constant for loss by diffusion can be taken as D/AZ, where
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D is the diffusion coefficient and A is the characteristic diffusion length.

The value of the ambipolar diffusion coefficient can be estimated aLs18

D = 2(0.0235) kcmz/sec, o (B-5)

where k is the positive-ion mob111ty in cm / volt sec). The use of a
typical value of k ® 2.5 (760/P) cm /(volt sec) gives D = 90/P cmz/sec,

where P is the pressure in torr. Estimating A to be 0.4 to 2 cm

‘gives D/A ~ 22/P to 560/P sec -1 as the decay constant for electron

‘loss by diffusion. In contrast, the first- order decay constant for electron-

ion.recambination is a. [n_,_] , which can be estimated by taking
a_ = 1x107° cm3/sec and [n+]z 6X10° ion/cm3, so thatae[n+] ~ 600 sec |
Therefore, the loss of electrons by diffusion may be neglected in com-:-. .

parison with the loss by ion-electron recombination for pressures of a

“few torr or higher.

The first-order rate constant of electron loss by attachment can
be estimated as 5><1O_12[C] rax10731 [B] [M], where [B] can be taken
as the NO concentration and [C] may be NZO or some other impurity
that can undergo a two-body attachment reaction. Let us assume
[C]= 5X 10_4[NO] , a reasonable limit for such an impurity. Substitut-
ing the values of [NO]~= 10'16 molecules/cm and [M] = 3. 2><1016 P

molecules/cm3, where P, is the total pressure in torr, gives

-M

Rate constant of electron loss by attachment =25+ 150 PM sec_i_

(B-6)
The first-order rate of electron loss by ion-electron recombination is

a [n so that

e +]’

Rate constant of electron loss by ion-electron recombination
~ 600 sec ™t | (B-T)

Thus, the estimated rate of electron loss by attachment is larger than
the estimated rate of ion-electron recombination when the total pressure
is greater than 4 torr. Therefore, the primary loss of charge was by
ion-ion recombination, since the electrons formed negative ions (with

no loss of charge) faster than they neutralized the positive ions by ion-

electron recombination.
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The equilibrium electron concentratlon when the photolysis

lamp is on is glven by

[e]zq/(25+15op +600)~3><10“/625+150P (B-8) = -

M)

2

‘where the rate of production of electrons is q

3><1O electronS/(cm3sec).
Therefore [e]~1.4X 108 e‘lectrons/cm3 at P, =10 torr and [e]= 10"

electrons/cm3 at PM =200 torr. Thus the photostationary electron con-
centration is lower than the negatlve ion concentratlon of (3 to 1O)><108

<

3.
1ons/cm when the pressure is above 10 torr or so. Also, the rate of

electron loss when the lamp is turned off is

d ln[e] _ '
—g¢— = 625+150 P .. | (B-9)

In 1 msec after the lamp was shut off, the electron concentration would.

drop by a factor of 37 at P,, = 20 torr, or by a factor or more than

M
1000 at PM = 50 torr. Therefore, under the experimental conditions
used, the negative-ion concentration was larger than the electron con-
centration and nearly equal to the positive-ion concentration, and we

could study the process of ion-ion charge exchange.

C. Fate of the Ions Ihitially Produced

The NO' ions and the negative ions initially formed may have

undergone charge-exchange reactions

AT+EZ EY+A (B-10)
and
B +D < D +B, ' (B-11)
e. g,
NO™ +NO, < NO,” +NO. | (B-12)

The equilibrium constants for these reactions are given by
[A] [E+] _ (qtqrqvqe)A(qtqrqvqe)E+ . exp(AI/kBT),

B-10 ~ + . ' .

[ATTIE]  (a,9,9.) o+ (99,9, % g

(B-13)

where (qtqrquqe)A represents the product of the translational, rota-

tional, vibrational, and electronic partition functions for A,



expressed in eV.

T 0.0257 eV, and where AI=IP, -IP_ is the difference in the

K
B A TR AI/KT_116.9(A1)

1onlzat10n potent1als of A and E. Since when

Al is expressed in eV, and since the (qtqrqvqe) terms are nearly the

same for the ion as for the neutral and thus largely cancel out; we have

. 16 9(A I)
KB 10~ = 10 (B-14)
Similar assumptions for the equilibrium expressed in Eq. (B-11) gives

_ 16.9 (AEA) i
B.14~ 10 , (B-15)

. where AEA=-EA --EAB is the difference in the electron affinities,

D

16.9(Ai) 16.9 (AEA)

nd 10 terms, in the

equilibrium situation nearly all the positive ions are ions of the species

Because of the 10

with the lowest ionization potential, and the negative ions are formed
from the neutral with the highest electron affinity. However, before
drawing any conclusions we must also consider the kinetics of charge-
exchange reactions. '

A typical rate constant for a charge-exchange reaction is the
value of k=2.5X 10_11 cm3/sec for OV + OZ-> OZ++ O.19

value to get a rough estimate for the system studied gives the rate of

Using this

production of any secondary positive ion from NOT as

-11 8 16

+
d[c’] (7X107) (3.2X 107 ") P,

Szl ~2.5x107M [c] [NOY]~ 2.5% 10

where PC is the pressure of C 1in torr. The rate of production of
NO+ was around 1011 ions/(crn3 sec) (usually more than 2X 10 ), and
the rate of production of C ~would have been less than 1011 for v
PC< 2. X10 -4 torr—.—therefore the NO was the dominant positive ion,
because it seems unlikely that there would have been this high a pres-
sure of a gas whose ionization potential is less than that of NO.

It is very likely that the negative ion was NO ~ rather than NO .
It has been shown that NO has an electron affinity greater than

3.3 eV O——a value that almost certainly is greater than the electron

affinity of any other species likely to have been present. The photolysis



of NO produced NO2 and the .NOZ pressure may have achieved a
steady-state value of 0.2 to 2p. This is sufficiently high so that the
NOZ_ could have been the dominant negative ion, for no matté;‘ what
negative ion was formed initially, it could have undergone charge ex-
change with ’che‘,NO2 to give NOZ-.V A |

Another possible reaction is ion-cluster formation,

NOT+nB 2 NO(B);, | (B-16)

NO, +mC < NO,(C)_, | | (B-17)

where B and - C are neutral gas atoms or molecules. This possibility
is discussed in Sec. IV, where the results of ion-mobility determina-
tions indicate that under most condi't'i'ons at least é-ome of the ions are
present as ion.clusters. -Thus, the reaction under study is the charge-
- neutralization reaction between NO+ “and 'NOZ_ ions and (or) between

NO' and NOZ- ions that are present as ion clusters.

L&



II1. EXPERIMENTAL APPARATUS AND PROCEDURE
A. Procedure

The experimental problem was to measure the rate constant,

a, for the charge-neutralization reaétion

NO+ + NO, -2 neutral products.

2
The rate constant can be determined by allowing the concentration of
ions to decay by means of ion recombination, and then measuring the
ion concentratioh as a function of time. A block diagram of the appa-
ratus is given in Fig. 1. It consisted of a vacuum ultraviolet light
source whose light passed through a LiF window into the reaction cell,
where it produced the ions to be studied. The light that was not ab-
“sorbed in the reaction cell passed through another LiF window into an
ionization cell, where the ion current served as a monitor of the lamp
intensity. The reaction cell was fitted with two parallel plates and
guard rings so that a voltage could be applied to collect the ions present
between the plates. A thyratron acted as a switch to apply this voltage
when desired. '

The experimental procedure followed during a run was to turn
on the lamp, adjust it to a standard intensity, and allow the ionic con-
centration in the cell to come to a steady-state value. Then the lamp
was turned off and simultaneously a time delay was triggered. At the
end of the chosen time delay, the thyratron was fired to apply the
collecting voltage to the reaction cell. The current induced by the
collection of the ions passed through a resistor and the voltage that
developed as a function of time on a Tektronix type 555 oscilloscope
was recorded photographically. The area under the current-vs-time
curve gave the value of the ion concentration at the end of the knoWn
time delay. This constituted one point on a concentration-vs-time
curve. The experiment was repeated with different delay times until
the concentration had been followed over a range such that the concen-
tration at the longest delay time was 1/8 to 1/30 of the initial ion con-
centration. Concentrations below this point [(2 to 4)X 107 ions/cm3]

were difficult to measure accurately.
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'S

\Thyratron

' : Reaction cell
—— |. Lamp
—r— | intensity || —— Lamp
o monitor T :

~ Oscilloscope

MU-31865

Fivg'. 1. Diagram of the experimental apparatus.
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B. Light Source

The light sources used were discharges excited by the =3000-Mc
microwaves produced by a QK-60 magnetron operating at a power in-
put of 100 to 150 watts. ThebmicrOWaves were coupled to a resonant
cavity which contained a 25-mm o.d. quartz tube. In most of the ex-
periments the quartz tube was filléd with pure krypton at a pressure of
1 to 2 torr. This lamp produced the '12_36‘—A krypton resonance radia-

tion as the primary ionizing radiation, although some 1165-A resonance

. radiation probably was also present. The lamp also precduced consider-

able light of wavelengths longer than 1600 A.—— but this light doesn't
ionize the NO. Any krypton present in the reaction cell would absorb
the krypton resonance radiation very strongly and would thus prevent
the ionizing radiation from penetrating very far into the reaction cell.
Therefore, for the experiments in which krypton and xenon (which
contained = 0.006% krypton as an impurity) were used as third-body
gases, it was necessary to use another light source, and for these ex-
periments a mixture of hydrogen and helium was used. A reasonable
intensity of ionizing radiation ( = 10'13 quanta_/crn2 sec) could be ob-
tained by using about equal parts of helium and hydrogen at a total
pressure around 1 to 5 torr, whereas a discharge in pure hydrogen was
very unstable and difficult to maintain, and a discharge in pure helium
gave a much lower intensity of ionizing radiation. The spectral distri-
bution of the I—Ie—I—I2 lamp is not known,‘ but the visible spectra indic‘ated
that both atomic and molecular hydrogen spectra were present, so that
the ionizing radiation would consist of both the 1216 A Lyman a line and
the many-lined hydrogen molecular spectra. |
A thyratron circuit described by Doering21 was used to turn the
lamp off and to trigger the start of the delay time.“ Photomultiplier .
studies and studies done with NO in the reaction cell indicate that the
lamp intensity drops to 1/2 its initial value in about 0.2 msec and to

1/10 in about 1 msec.
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C. Lamp Intensity Monitor

The ionization cell used as a lamp intensity monitor was the
reaction cell described by Doering and M'a.han,17 which consisted of
two parallel plates and guard rings in a Pyrex tube. The ionization
current was produced in 80 p of NO and was collected by applying 90 V
across the plates. A Kéithl_ey. 610A electrometer was used to measure
the current -- typically 2><1O_9 A. Since NO was used both in the lamp
monitor and in the reaction cell, the current produced in the monitor
gave a good measure of the intensity of NO-ionizing radiation.. The
design of the apparatus had the disadvantage that only the light passing
through the reaction cell, and not the direct lamp intensity, could be
monitored. Thus, any changes in light absorption in the reaétion cell
could not be distinguished from cha'ngves 1n the larﬁp intensity. How-.
ever, repeating runs.indicated that the absorption of the contents of the
cell was approximatély constant. The experimental setup did allow |
checks to be made on the purity of the third—body gases, ‘since the
ionization-cell current could be observed as the third-body gas was

added to the reaction.cell.

D. Collecting Voltage

The collecting-voltage thyratron circuit is shown in Fig. 2.
After the proper time delay (as determined by the time-delay setting
on the oscilloscope), the Tektronix type 555 oscillosé:ope began its
delayed sweep and the plus gate output puts a 30-V positive pulse on
the grid of the 5557 thyratron, causing it to conduct. The voltage de-
veloped across resistor G or across resistors F and G was then ap-
plied to the high-voltage plate of the reaction cell. Before the thyratron
conducted, ' this resistor maintained the high-voltage plate of the re-
action cell dt ground pote.'ntial. The colleéting voltage was negative in
sign and was obtained from batteries (voltages of 230 V or less) or
from a regulated power supply (160 to 550 V). The magnitude of the v
voltage was generally large enough so that the ions were collected in

1.5 to 3 msec, except at the shortest delay times where 3 to 5 msec



<)

;13-

(H)

(J)

_I__ (J)

MU-31866

Fig. 2. Thyratron circuit used to turn on collecting voltage:

(Resistances are shown in ohms) (A) plus gate of time
base B of a Type 555 Tektronix oscilloscope provides a
30-V positive pulse to fire the thyraton at the end of the
delay time determined by the delayed trigger setting of
the oscilloscope; (B) 7.5V battery to provide negative
grid bias; (C) P3062 filament transformer; (D) batteries
or regulated power supply to provide the collection voltage;
(E) type 5557 thyratron; (F) and (G) high-voltage collec-
tion plate is maintained at ground potential by either the
50K Q resistor G, or by a combination of G with the 50K
resistor F; (H) reaction cell; (J) input to type H and D
preamplifier units of oscilloscope. (K) 330K Q2 resistor

in parallel with the . . . ‘

two 1M resistors of the™H and D preamplifier units
transforms the ion current into a voltage.
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were required. From the results of the computer calculations de-
scribed in Sec. IV, it was found to be unnecessary to correct for the
number of ions recombining during the collection time. The number
of ions recombining was usually less than 10% of the ions present, and
the correction did not change the observed recombination coefficient by
more than a few percent.

The values for the applied voltage were such that the values of
X/P, the field intensity divided by the pressure, ranged from 0.2 to
0.7 V/(cm torr) in He, 0.4 to 4 in Ar, 0.6 to 7 in N,. 0.6 to' 3 in Kr,
0.9 to 3.5 in-Xe, 0.1 to 0.6 in’ HZ’ and 0.2 to 1.0 in—DZ. The higher
values of X/P were used at the lower pressures, since at the lower
pressures the higher ionic mobilities resulted in considerable charge
separation and the resultrng space charge caused the applied ':feltage
drops to occur mainly in the regionv close to the Fplates, so th\a}t'i‘:he
applied field was small in the center. 1 Because of this, larger values
of X/P were necessary at low pressures to collect the ions quickly.
In any cerse, the values of X/P used were s'o:. low that ion multiplication
resulting from acceleration of the positive and negative ions would not
occur, since ioni.zation by ions is unlikely at values of X/P below a
few hundred volts/(cm torr) 22 I—Iowever, there may have been some
secondary electrons emltted during the ion-collection process, and
this may have caused some error in the ion concentration measurement.
Any electrons emitted at the anode would be collected quickly and would
cause little external current flow.. However, the electrons emitted at
the cathode would move across to the auode and the current induced by
- this motion would make the ion concentratlon appear to be larger Also,
if the value of X/P were large enough, the secondary electrons might
be accelerated enough to cause ‘ionization in the gas between the plates.
We can estimate an upper limit to.the amount of additional ionization
caused by each s'econ'dary electron bf.assuming that the electrons do
not attach during their motion between the plates and by using
Tow-nser;d”s first—ionization-codefficie'nt, Gy, .which gives“the number
of ion palrs produced by an electron travehng 1 'cm in the direction of

the fleld, so that each electron ejected at the cathode w1ll cause
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exp(2 ai) electrons to arrive at the anode, 2 cm away. KEstimating
ai/P to be on the order of 2><1O_4 ion pairs/(cm torr)23 at a relatively

high pressure of 500 torr gives a, = 0.1 ion pairs per ¢cm, or

exp(2 0,1) = 1.22. Each secoﬁda,ryielectron therefore would create 0.22
additional electrons in the gas, although in an actual case the attachment
of some of the electrons would lower the multiplication.

It is difficult to estimate the number of secondary electrons
that would be released, since (a) no experimental values of the secondary
emission coefficient are available for idné in NO, (b) the values of X/P
used were lower .than the range of X/P in which vy, the secondary-
emission coefficient, is usually :me-asured, and (¢} the nature of the

surface of the nickel cathode was not known. Roﬁgh extrapolations of

y's obtained at higher values of X/P for argon ions give y's from

- 0:002 to 0.07 electron per positive ion.24 The presence of the NO prob-

ably tends to contaminate the surface and lower the value of y, so that
we probably have y < 0.04. If each positive ion produced 0.04 second-
ary electron and each secondary electron produced 0.22 more electron
in the gas, there would.be a total ion multiplication of about 5%.

From the above discussion we see that ion mulitplication would
be primarily a result of the secondary electrons ejected during ion
collection. Since the estimate of y varied from 0.002 to 0.07, the
estimate of the ion multiplication would vary from 0.2% to 8%. Because
the estimate of y was s_o. crude and because it was not known how vy
may have changed between experimental runs, ion multiplication was
neglected. This neglect may have caused the measured ion concentra-

tions to be a little high, but the error should be less than 5%.

E. Reaction Cell

The reaction cell was a 90-mm o.d. Pyrex tube 11.7 cm long
with a 22-mm i.d. window port axially located on each end. The high-
voltage plate was 48X 58 mm® and was 20 mm from the 15X25-mm
collecting plate, which was centered in an 18><28—mm2 hole in a

48><58-rnrn2 gu»_érd ring. The plates and guard ring were r:i‘ade of
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nickel and were spot-welded to tungsten wires which passéd through
the glass walls. The inside of the reaction cell was coated with a con-
ducting surface of colloidal graphite (Aquadag) which was connected to
an external electrode so that the walls of the cell could be maintained
at ground potential. The entire reaction cell and the lamp monitor
were enclosed in a grounded copper box to prevent external pickup, and
coaxial cable was used for all electrical connections. An.analog field
plotterz‘5 was used to determine the equipotential lines in the reaction
cell, and the flux lines indicated that the effective volume from which
jons were collected was 14.3X23.7X20 mm>, or 6.77 cm>. Figure 3
shows a sidé view of the equipotentizil lines and the flux lines,

The reaction cell was connéct’e'd' to a conventional vacuum
system; a cold trap protected the cell from mercufy \;apor from the
mvanomete.r used to read the ltotal gas pressure: Apiezon W Wax was
used to seal on the tWo LiF windows, 'Which were 25 mmll’l diameter
and 4 mm thick. This wax prevented us from baking out the cell and the
cell was in contact vx;ith four stopcocks ‘which were greased either with
-Apiezbn N or With-'Dow—Corning siiicdne grease. Although the system
was pumped down to (1 to 2)3( 10_6 torr before each experiment, the
pressure-in the closed-off reaction cellbbuilf; up to (0.2 to 1)><10—4 torr.
Although some of this gas rr;aiy have been stopcock grease vapor, most
of it'was probably absorbed air in the grease; or absorbed gas from

the previous filling of the reaction cell.

F. Gas Purity

Cylinder nitric ox.ide‘was further purified by repeated distilla-
tion from an isopentane slush bath at -160° C, and by pumping on the
NO when it was cooled to -196° C. Table I gives the impurities found
by mass-spectral analysis of the various samples of NO used, and of
the -NZ’ Kr,l Xe, Ar, He, HZ, and D2 used as third-body. gases. Also
included is the least impurity that could have been detected in each
mass-spectral run. I‘n the case éf Ar, He, HZ’ and DZ’ it was _possible

to determine upper limits to HZO i‘mp'urity at levels below the limit of

©
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MU-31867

Fig. 3. Side view of equipotential surfaces and flux lines
in reaction cell: (A) high-voltage terminal; (B) LiF
window to lamp; (C) LiF window to lamp-intensity
monitor; (D) Aquadag-coating terminal; (E) collecting-
plate terminal; (F) Guard-ring terminal; (GHLJ) cross
section of actual collection volume.



Table I. Impurities found in gases used.
Impurity (in %) : Detection
- : limit
. (%)
Gas H,0 S N,+CO N,O NO Kr H HD
2 2 2 2
Helium <0.0072 0.02 : 0.02
Hydrogen <0.001% 0.03 ’ 0.05 0.03
Deuterium <0.001% 0.7 ' 0.6 0.8 0.02
Nitrogen 0.05 0.03
Krypton b 0.03
Argon <0.001%*  <o0.01% 0.04 0.02
Xenon . ' 0.003 0.006 0.01
Nitric Oxide ) ’ S -
Sample #1 0.1 0.12°¢ 6.2° 0.03  0.04 _ : 0.03
Sample # 2 0.6 0.13€ 6.9  0.05 0.05 | 0.04
Sample # 3 0.2 0.3¢ 9.3¢ 0.3 0.3 ' 0.3
Upper limit determined from absorption of 1236-Alight.
+3

b
o NZ would be difficult to detect because of presence of Kr

Som?¢ of this impurity may be formed in the mass spectrometer.

—8‘;_
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mass-spectral sensitivity by observing the absorption of the 1236-A

radiation and by using the known absorption coefficient for HZO'

G. Experimental Difficulties

Because of the capacitance of the reaction cell and of the coaxial
cable between the cell and the oscilloscope, and the input capacitance
of the oscilloscope, a charging current flowed when the voltage wa.s'
applied to the cell. A correction for this charging current was deter-
mined by making a blank run in which the voltage was applied but.. the
lamp was not turned on, Such a blank run was made for each regular
run with the lamp on, and the ion concentration was determined by
measuring the area between the curve for the current due to ions plus
charging and the curve due to capa.citor charging alone. .

Another difficulty encountered was that the bscilloscope trace

did not always return to zero--instead, it would sometimes return to

a value of around 2% of the maximum deflection and then remain almost

constant for several msec although it continued to slowly Ar_eturr‘l to zero,
Figure 4 shows (a) an example of a run without the ''tail, " _“and_.i‘(b) an
example of a run with the tail. This tail was more obvious "whén the
pressure was low, and it was also more serious for theiight third-
body :gases: --which suggests that it may have been due to ions diffusing
into the collection volume from the region outside. Indeed, it was
found that the ions within the collection volume were collected more
rapidly than were the ions that the guard ring collected, and the guard -
rling still collected ions for several msec after the collecting plate had
stopped collecting. Some of these ions that were outside the normal
collecting volume may have diffused into the collecting volume.
Because of the resistance in the oscilloscope input cir;uit, the
collecting plate was a few tenths of a volt from gi'ound potential during
the time of ion collectiQn. Therefore, a resistor was placed so that
the current collected by the guard ring and by the Aquadag coating also
developed a Small’voltage, so that the collecting plate and the guard

ring were at nearly the same potential during the time of ion collection.

"However, since the ions in the collection volume were collected before



(a)

5
mv I 0.4msec

—

Voltage- T :
J ~increasing

b

(A) (B) .
-— Time ncreasing -

(b)
0.4 c :
5 mVI T msec . 1‘ Voltage
increasing
JL
\
(E) (D)
'«—Time increasing _
: MU.31868

Fig. 4. (a) Illustration of an experimental curve without
a Tail. (A) Blank run showing capacitance charging
current (which goes off scale on this trace). (B)
Time when voltage is applied to cell. Experimental
run is NO-Kr at a total pressure of 250 torr.

(b) Illustration of the extrapolation procedure and
~an experimental curve with a tail: (C) tail of run whose
- peak voltage (not shown here) was 80 mV; (D) blank
run; (E) extrapolated curve; the tail beyond this curve

is not included in the determination of the total charge
collected. Experimental run is NO-He at a total
pressure of 92 torr.



-21-

the ion current to the guard ring was zero, there was a small potential
diffevrence-v (= 0.1 V) which slightly favored the collector plate. Also,
the concentration gradient in the cell after the ibns 1n the collection
volume had been collected favored diffusion into the collection volume.
In order to evaluate the area under the current-time curve the
collecﬁon current was extrapolated to zero so as to not include the
tail--as illustrated in Fig. 4(b).. However, this procedure did count
the few ions that mziy have drifted into the collection volume during the
time of ion collection. The upp.er limit of the number of ions that may
have, drifted into the collection volume during the regular collection
time can be;’x_vc"nighlylié.stimated b.y'assuming that the number of ions
drifting in was the same for the entire collection time as it was at the
start of the taii, This pufs an upper limit on the number of extra ions
collected at 10 to 20% of the total ions for the low-pressure runs with
tails. . o
Another question is whether or not contact potentials were
present, and if so, what their effect was. In an effort to study this,
some runs were done in which a bias battery was used to apply about
0.1 V to one of'the plates, so that ions might be collected during the
delay time before the collecting voltage was applied. The result was
that at long delay times the ion concentration was about 2 to 5% lower--
hardly more than the normal experimental scatter. Also, some cal-
culations were carried out (using the prdgram described in Sec. 1IV)
‘on the effect of a small voltage of about 0.1 V. The results of these
calculations indicate that such a voltage would cause the measured
value of the recombination coefficient to be 1 to 3% high, and in view
of the other experimental uncertainties, it is not necessary to correct

for any ¢ontact potentials that may have been present.
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-1IV. ESTIMATION OF ION MOBILITIES

Since the mobility of gaseous ._ions dépends upoﬁ {:he :r‘r‘la.sls and
size of the ions, we aftendptéd to estimate the iohic mobilities é\o that
we would have a k;etter idea of the nature of ’ché ions involved. The
estimation was carried out by corﬁpa’.riné- the experimental current-
time curves produced'duiing'ion collection with calculated current-
‘time curves. Here,. in-Sec:., IV, we describe the caLCulé.-tion of these

- curves and the results of the ionic mobility estimation.

A. Description of the Method of Computation

When the collecting voltage is applied to the reaction cell, the
_ions pr‘eseht -‘between the plates begin to move in thé' applied electric
field and-thus ihducev a current whose time behavior.is recorded on an
."osc’illogra.m, The shape of the current-vs-time curve is determined
by a number of factors: {a) the ionic concentration at the timé -the
voltage is applied; (b) the number of ions lost by recombinat_ion or
diffusibn_during the time _of co’l.lectiong {c) the initial distribution of the
ions, (d) tfle magrﬁtude of the applied volfage; A (e) the distance between
the pla‘:ce.sg and (f) the mobilities of the various.ions present. Allfof
'thesé' are kn_c?,Wn in principle except the exact form of the ion distfibu-
‘tion and the ion mobilities.. We attempted to match the observed
current-time curves with calculated curves, using the ionvmobility as
~a.parameter. '
The currer_l_t,. i, induced in the external circuit_ by the motion of
a concentration of n, singly charged.positive‘ ions and a concentration

of n_ singly charged negative ions distributed along the distance vy

between the cathode at y= 0 and the anode at y=d is given by26’727
d o
i:Eé (n lv |+n lv ‘I)dy,7 - (D-1)
, + 17 -
d .
70
where. lv_l_ \ and \V_ l are the magnitudes of the velocities of the positive

and negative .ions, e is the electronic charge, and A is the area of

the collecting plate.
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If the electric field is not too large, then the magnitudes of the

ion velocities are related to the electric field, X, by

v b=k x| (D-2)

and .
v |=k_[x], - (D-3)

where k+ and k are the ionic mobilities of the positive and negative

ions. Substituting Egs: (D-2) and (D-3) into Eq. (D-1) gives

d
j- A X [(n,k, +n k )dy. -~ (D-4)
+o+ T
d ‘
Poisson's equation states

2

oX _ 4me(n, -n )= R A ' . (D-5)

dy 3 y2 - .

where V is the voltage and the permittivity is taken as 1/(4m).
Since the ionic concentration at any point is a function of the
ion-current flow at that point and the loss by ion recombination, con-

tinuity requirements give

-9n 5 (n k X)
I (D-6)
ot oy
. and ;
9 (n k X) :
“0n._ — —+ann, (D-7)
ot oy .

~where t is the time and a is the second-order rate constant for ion

recombination. . The boundary conditions are

o n (d,t)=0 : (D-8)
and v
n_(0,t)=0 (D-9)

"By using Eqgs. (D-4) through (D-9) it is possible to evaluate the induced
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-current as a function of time if the initial conditions X(y, 0), n+(y_,, 0)

~and n (y,0) are known, and if a, k , k_, and Vb‘_, the applied voltage,

. are known.. To simplify the probler; somewhat, we replaced k+, and
k_ by an average value, ka; This does not introduce any large errors
because (a) the ions probably do have mobilities that differ by less than
50%, and (b) if one ion has a larger mobility, the action of the space- .
charge effect is such that the slower ion moves in a larger field than
the faster ion, so that the net résult is similar to both ions' moving |

- with the average mobility. Alsé, we assumed that only one type of ion
was present and that the nature of the ions did not change during the
period of ion collection, '

It is convenient to introduce the reduced parameters

,P*z n+/no » YP_ :n_/no s W:V/VO R
U = Xd/VO , - I :'di/_(Akanoevo), (D-10) -
and - £ = y/d, T =k V, t/dz,
Q - ad?n J(k.V ) G=4mn ed.z/.V | (D-11)
IR T A T T 0 o

where n, is the ion concentration when the collecting letége is ini-
tially applied, V(') is the voltage v}applied, n, and n_ are the concentra-
tions of positive and negative ions and ka‘is the ion mobility. In terms

of these reduced parameters, Eqs. (D-4) through (D-9) become

1
- In) = (P, + P ) UdE, (D-12)
.
SW  8’W _ aU _ .. : |
U = ; = =G(P_-P), (D-13)
9 ¢ 92 0t i
9P, -9(P,U) |
L : * + QP P, , (D-14)
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-9 P 9 (P U)
— = ———+ QP P , (D-15)
oT 9§ - ' I
P (1,7)=0, (D-16)
and : B_(0,7)=0- S (D-17)

In order to set tﬁe problem up for solution on an IBM 7090
digital computer the differential Eqs. (D-14) and (D-15) were replaced

by the following difference equations:

P, (5, 7j+1)

=P, (§i, Tj)

a7 {2 [Py (&7 Ul pp7y)

P65 7)) UG, 7)) -QP (6, 7) P _(E,75) }s (D-18)

i

and

P Ep7yy) = Py 7)) + A7 {(Z:E )P_(&; 47 ULE;_y7))

-P_(6,,7) U (5,7)] -@P, (E,7)P_(§,7)} - (D-19)

where éi = iAg, € going from & = 0 at the cathode to § = 1 at the

~anode, and 'rj = jAT. By use of Eqgs. (D-18) and (D-19) the reduced

ion concentrations at each point (P+, P ) are calculated for the later

reduced time 1T.

i1 = 'TJ-+A'T from the values of P+,P_,. and " U at the

" reduced time 'TJ._. Then: Eq:. (D-13) is integrated once to give U plus

an integration constant, and this result is integrated again and the

integration constant is evaluated from
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1 :
Udg¢ = W(1,7) =1, - : (D-20)
0 : : : .
since
v(d,t) =V, .
In this way,. the values of U(E, +1) are found and the whole procedure

is repeated with the values of P P, and U at reduced time .Tj+1 to
give the values at Tj+2, etc. vAt various intervals, Eq. (D-12) is inte-

grated to give the reduced current, I, as a function ‘of the reduced time,

7. The actual number of ions collected at the anode was also calculated,

and the total. amount of charge collected was nearly equal to the total

charge induced by the motion of the ions (if there were no ion recomb1na—

tion, the charges would be exactly equal); however, the time behavior

of the induced ion current differs from the_time behavior of the collected

ion current, ‘ _ . _
The complete FORTRAN-II computer program is given in
-Appendix A.

B. Results of Computer Caluclations

Because of the resistance and capacitance in the circuit that
applies the collecting voltage, the actual voltage between the cathode

and anode i$ given by’

(D-21)

V=V [1-exp(- t/TRC)

where TRC is the RC constant for the circult and wae either
1.8X10 -5 sec or 2 3X10° 5 sec in the apparatus used. The reduced

value of T is TRC where.

RC

'T!RC =k, V, TRC/d . - - (D-22)

Since the exi)e_l‘jime‘ntls_were done with different values of 'kaVo’ , some

compromise had to be made in the choice of, TRC'

%
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In most of the experiments the values of fRC were between
0.005 and 0.05, with values around 0.02 being more common. A cal-
culation was done with three different values of TRC? and Fig. 5
RC© 0.0035, 0.0175, and 0.0875. In the rest
of the calculations, TRC = 0.0_175 was used.

Since the exact form of the initial distribution is not known, a

shows the results for 7

prelirhinary calculation was done using three different initial distri-
butions. In one case the initial distribution was assumed to be
n+(y, 0)=n_(y, 0) (v/2) n, sin m(y/d), which would be the distribution in

the limiting case in which diffusion to the plates is the only mechanism

for ion loss during the delay time after the lamp is turned off. In the

~other extreme (no diffusion), the distribution would be uniform right

up the the plates (with the concentration zero at the surface of the plates).
This distribution was also used as a test case. A more realistic semi-
uniform distribution was also used in which the ion concentration is
uniform in the cénter, but smaller in the neighborhood of the plates;

it is shown in Fig. 6(a). Figure 6(b) shows the current-time curves

obtained for three distributions. The semiuniform and the uniform

~distributions give nearly identical results, but the sine distribution

gives a somewhat different result. In the remaining calculations both
the sine and the semiuniform initial distributions were used.

Figure 7 shows a comparison of calculated curves with points
obtained from an experimental oscillogram, indicating the general
agreement. However, it is rather tedious to make such a plot, since
various values of ka must be assumed in order to convert i to I
and t to 7, and also several measurements of i and t are necessary.
In order to make mobility estimates with less effort, another procedure
was used. This procedure is to estimate the mobility from the length
of time requiréd for ion collection. The time at which ion collection-
actually ceases is poorly defined, since the current goes to zero
asymptotically. However, it is possible to extrapolate a nearly linear
section of the curve so that each calculated curve is characterized by
an extrapolated reduced ion collection time, TC. The extrapolation is
illustrated in Figs. 8 and 9 for two different values of G (the shapes

of the reduced current—reduced time curves depend mainly on the

value of G).
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Fig. 5. Reduced-current reduced-time curves for three

different values of TRC" All curves have G=7.2426,

2= 0, and a semiuniform initial distribution.
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Fig. 6(a). Semiuniforn initial distribution.

' (b) Reduced-current reduced-time curves using
different initial distributions: curve (A) uniform initial
distribution, curve (B) semiuniform initial distribution,
curve (C) Sine initial distribution. ’

All curves are for G=7.2426, =0, and TRG 0.0175.
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Reduced time, T

MU -31871

" Fig. 7. Comparison of points from experimental current-

time curve with calculated curves. The assumed value

of the mobility is 9.75 cm®/(volt sec) and the experimental
run is NO-Ky at 138 torr, V4 =270 V; n, = 2.4X108 ions/cm3,
a=0.75X10"°% cm3/sec, the value of G experimental is 6.44
and Q experimental is 0.27, while the calculation uses G=6.3
and £2=0.30. Curve (A) Semiuniform initial distribution.
Curve (B) Sine initial distribution,
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Fig. 8. Current-time curves showing the determination of the
reduced extrapolated ion-collection time, T~. Both curves
have G=16, €=0.10, TR =0.0175. Curve (g) has the semi-
uniform initial distribution and gives the T =2.53 shown at
C. Curve (B) has the sine initial distribution and gives the
TC =2.91 shown at (D).
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Fig. 9. Current-time curves showing reduced extrapolated ion-
collection time, T, determination. Both curves have
G=5,2=0.10, and TR =0.0175., Curve (A) has the semi-
uniform initial distribution and gives the T =1.42 shown
at (C). Curve (B) has the sine initial distribution and gives
the Tc =1.49 shown at (D).
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The values of T . were obtained from calculations using

various values of G ang 2 for both the sine and the semiuniform
‘initial distribution. These values are tabulated in Table II along with
the fraction of ions actually mevasured, n‘C/n0 (a2s determined from the
area under the induced current-time curves).- Also in Table II are the

values of G , defined as

. _
G~ = nCG/no = 47 ned /V,. (D-23)

C

The values of G are included because the direct experimental meas-

C

C v
3% in the values in Table II caused by errors from the finite step size

~urement gives n_. rather than n,. There is an uncertainty of 2% or
used in the integration. There is an additional error of 2 to 4% in the
extrapolation procedure, as well as an additional uncertainty when

comparing cases having different values of 7 with the values cal-

RC
culated for 7 = 0.0175. Figure 10 shows that the values of TC

plotted againsI:c{CGC give approximately linear plots for each value of
Q and for each initial distribution. For small values of GC, the curves
are quite close, but the differences increase as G increases.

The method of evaluatmg the ion mobility is to calculate G
from Eq. (D-23) and estimate £ from Eq. (D-11) by using an estlmated
value of k_. Then TC for these values of GC and ka 'is determined
by interpolating between the curves in Fig. 10. Two values of Tc are - -

generally obtained, one from each initial distribution. Then the experi-

mental extrapolated ion-collection time, tc, is measured and the mo-
bility is found from Eq. (D-11) to be
-
k, =d"T /(Votc) (D-24)

This value of the mobility is used to revise the estimate of , and the
process is repeated. The accuracy of this procedure is probably not
better than 10%, and there is often a considerable difference between

the mobilities obtained by using the two different initial distributions.
When the mobilities are different, the choice of the actual mobility can
be based on the recognition that the different mobilifi‘és are limiting
results and that, as the mobility increases, the true l_rnobil}ity approaches

the mobility obtained from the sine initial distribution. The actual



Table II. Values determined for TC and nc/no, B
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a

Semiuniform distribution

Sine distribution

RC

= 0.0175 in every case.

G Q n‘c/n(') G T G Q n./n Ge T
24 0.1 0.936 22.5 3.32 24 0.1 0.888 . 21.3 3.82
24 0.2 0.888 21.3 3.08 24 0.2 0.820 . .19.7 3.45
20 0.0 1.0 20. 3.20 20 0.0° 1.0 ° 20. 3.92
20 0.4 *0.942 18.8  2.92 200 0.4 0.900  18.0 3.37
20 0.2 . 0.897 . . 17.9 - 2.70 20 0.2 0.839  16.8 3.08
20 0.5.  0.804 16:1.  2.36

16 0.1 0.950 15.2 2.53 16 0.4 0.916 . 14.7 2.91
16 0.2 0.909 14.6 2.42 16 0.2 0.858 13.7 2.71
14.49 0.0 1.0 14.5°  2.55 '

27 0.0  1:0 12. 2.38 12 0.0 0 12, 2.60
12 0.1 0.956 - - 11.5 2.15 12 0. '0.932 11.2 2.40
12 0.2 0.918 .11.0 2.10 12 0.2 0.881 . 10.6 2.29
12 0.5 0.834 10.0 1.91 ,

9 0.0 1.0 9. 1.93 9 0.0 1.0 9 2.17
-9 0.5 0.847 7.6 1.68 )

7.24 0.0 1.0 7.2 1.72 7.24 0.0 1.0 7.2 1.88
7.24 0.1 0.962 7.0 1.67 '

7.24 0.5  0.852 6.2 1.51 -

5 0.1 0.966 C 4.8 1.42 5 A 0.958 4. 1.49
5 0.2~ 0.937 4.7 1.47 .2 0.923 " 4. 1.48
3 0.0 1.0 3. 1.23 3 0.0 1.0 3 1.23
3 0.5 0.871 2.6 1.18

1.45 0.0 1.0 1.5 1.10.

1 0.0 1.0 1. 1.07 1 1.0 0.98
1 0.2 :0.947 1.0 1.05 1. 0. 0.943 " 0.9 0.96
a T

€
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Fig. 10. Reduced extrapolated ion-collection time as a function
of Gg. (A),, (B), and (C) have initial sine distributions with
Q=0 for (A), 2=0.1 for (B), and 2=0.2 for (C). (D), (E), (F),
‘and (G) have semiuniform initial distributions with =0 for
(D), ©=0.1 for (E), 2=0.2 for (F), and 2=0.5 for (G).
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choice made was such that for ka = 30 cfnz/(V sec) the mobility is

k = (1/3) k o+ (2/3) k g > Where k_c is the mobility determined by
using the sine distribution and k’aS-U is from the semiuniform distri-
bution; for k_= 60 the mobility is k_= (2/3) k o+ (1/3) ks U

The mobilities were determined for three or four delay times for each

etc.

experimental run and these values were averaged. Then the value of

the mobility at 1 atm pressure was calculated from

koeo = ka(P/760), ' (D-25)

where P 1is the gas pressure in torr. Thevexperiments were done at
room temﬁerature, so that the mobilities listed in Table III are at
760 torr and approximately 298° K.

" Because the calculated current-time curves do not match the
observed curves exactly, there is always an uncertainty in the deter-
mination of 'k’a.l Th‘e; method described above places greater emphasis
on matching the curves in the region near the end of the collection
period. This may not be the best method, but it was used for lack of
knowledge of a better method. o

From these calculations we can estimate what fraction of the
total ions present when the voltage is applied are actué,lly measured.
Figure 11 shows a plot of nC/nO as a function of GC forvarious values
of @ for the two initial distributions. By use of these curves it is
estimated that the ion loss by recombination during the time of ion
collection introduces an error of only a few percent, and that the cor-
rected values of the rate constant for recombination, a, are generally

within the experimental uncertainty in the determination of a.

C. Relation Between the Mobility and the Nature

of the Ions

In order to d_iscuss the results given in Table III,' ‘wé need a
theory to relate the ionic mobility to the nature of the ions. One such
theory has been derived by Laingevin28 and recalculated by Hass‘é’.2
In this theory, the interaction potential between the ions and the neutrals
is assumed to be an ion-induced dipole potential with a hard-sphere

core:



Table III. Experimental determinations of the ion mobility at 760 torr, approx 298° K.

Neutral Run Press. k760, 298° Neutral Run Press, k760, 298°
gas No. (tor‘r ) (sz/(v sec)) gas No. (torr ) (sz/(v sec))
He 71 92.3 15.6 £1.5 N, 16 - 30 2.31£0.3
He 70 165 15.3+1.5 N, 9 127 2.80+0.3
He - 26 606 13.5£1.5 N, 11 , 281 3.00+0.3

N, 21 389 2.77£0.3
Ar 49 41.0 2.62+0.3 NO, -He 27 175 9.80+1.0
Ar 58 155 2.60%0.3
Ar 36 429 3.09£0.3 NO,-Ar 50 40.8 1.90£0.3
_ NO, -Ar 40 364 2.37+0.3
Kr 75 54.8 1.42+0.15
Kr 77 138 1.63£0.16 N,O-Ar 52 38.7 2.43+0.3
Kr 74 250 1.50+0.15 N,O-Ar 54 281 3.01+0.3
N,O-Ar 55 509 2.61+0.3
Xe 81 25.7 1.02£0.10 ‘ _
Xe 79 - 41.9 1.03+0.10 H,O-Ar 41 50.5 2.10+0.3
Xe 82 70.3 1.14+0.11 H,O0-Ar 42 485 2.33£0.3
Xe 89 326 1.02+0.10 ,
- 0,-Ar 51 41.3 2.37+0.3
Hy 72 61 13.4x1.3 O,-Ar © 43 330 2.92+0.3
H, 69 171 T13.1%1.3 O,-Ar 45 507 2.49£0.3
H, 67 624 12.8+1.3
CO,-Ar 53 42 2.06+0.3
D, 63 116 9.5+1.0
D, 60 284 9.7+1.0 NO,-N, 17 52 2.04+0.3

D 61 518 8.7+x1.0 NOZ—N‘2 20 357 2.39%x0.3

- LE-
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Fig. 11. Fraction of ions actually measured as a function of
Ggc. (A), (C), and (E) have semiuniform initial distribu-
tions with 2= 0.1 for (A), 2=0.2 for (C), and 2=0.5 for (E).
(B) and (D) have sine initial distributions with Q= 0.1 for
(B) and ©2=0.2 for (D).
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I M

Vir) = - a eZ/(2r4) for r » s,
M .

V(r) = w2 forr <£s, (D-26)
where Oy is the polarizability of the neutral, e is the electronic
charge, and the hard-sphere distance is defined as

5 = (SI + SM)/Z’ . (D"Z?)
where s, and s are the hard-sphere diameters for the ion and the

neutral.

When this potential is used the expression for the ionic mobility
is3o
0.462 A

k = ) (D-28)

ap ] 1/2

where P is the gas pressure in atmospheres, T is the absolute tem-

P(273/T) [47 (2.689x10"7)

perature, p = MMMI/(MI+MM) is the reduced mass in gram-molecular

d29, 30

weight units, and A is tabulate as a function of a parameter,

A, defined as
N :‘[Zk Ts4/(o. ez)] 1/2 (D-29)
B M ’ ,

where kB is the Boltzman constant and s is defined in Eq. (D-27). ‘
This theory then predicts that the mobility.depends both upon the masses
and upon the sizes of the ions and the neutrals, as.‘well as on the polar-
izability of the neutrals. In view of the rough determination of the '
mobilities, this theory should be sufficiently realistic for our purposes,
therefore it is used because of its simplicity in comparison with more
detailed calculations.

For one of the parameters of the theory it is required that the
hard-sphere diameters of the ion and the ﬁeutral be estimated. The
procedure used was to take values derived from Goldschmidt's values
" of the distance between ionic and molecular centers on impact 1 as
lower limits, use Lennard-Jones ¢ va.lues32 as upper limits. Table
IV gives the s values and the A values from Eq. (D-29). The dif -
ferent ions are assumed to be NO and NOZ_ ions with varying amounts

of ion clustering. The values of s for the ion clusters were estimated

from:a comparison with values for various polyatomic molecules.



Table IV. Values of s and X\ for different ion sizes in various neutral gases.?’

Ion molecular weight

30 46 : 60 to 92 122 to 138
Neutral ° s A N - N s . N
gas (R) &) (X) X)
He 2.52 0.841 2.52 0.841 2.72 0.981 2.92 1.13
2.94 1.15 3.43 1.56 3.78 1.89 4.08 2.21
Ar 2.88 0.389 2.88 0.389 3.08 0.445 3.28 0.505
3.37 0.530 3.86 0.696 4.24 0.829 4.51 0.952
K 3.02 0.348 3.02 0.348 3.22 0.396 3.4 0.446
3.47 0.457 3.96 0.596 4.31 0.707 4.61 0.809
Xe 3.12 0.289 3.12 0.289 3.32 0.329 3.52 0.371
3.70 0.409 4.19 0.524 4.54 0.614 4.84 .0.700
H, 2.88 " . 0.558 2.88 0.558 3.08 0.638 3.28 0.724
3.13 0.656 3.62 0.879 3.97 1,07 4.27 1.23
D, 2.88 0.564 2.88 0.564 3.08 - 0.645 3.28 ©0.731
: 3.13 0.663 3.62 0.888 3.97 1.08 4.27 1.24
N, 3.02 0.411 3.02 0.411 3.22 0.467 3.42 0.526
3.50 0.552 3.99 0.717 . 4.34 0.848 4.64 0.970

- Ov..

The values of XA are calculated for a temperature of 298° K.
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The predicted mobilities listed in Table V may be likened to the
experimental determinations of the mo%bil'itie;s of alkali ions. 3 The
predicted values in Ar, Kr, Xe, and H‘2 agree with the experimental
results to within 2 to 4% (the predicted values are usually lower than
the experimental values). The predicted values of the mobilities in
He agree better with the observed mobilities of molecular ions34 and
are lower than the experimental mobilities of the alkali ions in He,
indicating that the alkali ions have somewhat smaller values of s than
are used in this calculation. However, ‘the predicted mobilities in N2
are about 10% higher than the experimental values of the alkali ion
mobilities in NZ' Since the mobility in N2 is not very sensitive to our
choice of s, this prediction indicates that some failure of the theory
causes the predicted mobilities to be too high for ions in N2'35 For
this reason, Table V also includes values of the mobility in NZ’ which

were obtained from a comparison with mobilities of alkali ions in N2'33

D. Discussion of the Results of the Mobility Determination

By comparing the experimental values of the mobility listed in
Table III with the predict‘ed values given in Table V, we can.get some
idea of the nature of the ions involved. In thé NO-He mixtures, the
predicted mobility depends mainly on the size of the ion, and the ex-
perimental results would be consistent with an ion molecular weight
anywhere from 40 to 150. When 5 to 8u of NO, is added to thg NO-He
mixture the mobility is considerably lower and indicates an ion whose
hard-sphere diameter is larger than 4.1 A.

‘In NO-Ar mixtures the high-pressure result indicates an ion
molecular weight of less than 30, but the other pressures indicate the
ion molecular weight to be between 46 and 60. The smaller ion at high
preséure is a strahge result (assuming that the discrepancy is real and
not just a result of the rough mobility determination), since one would
expect ion-cluster formation to be more likely as the pressure increases.
Perhaps there were some electrons present during this run and they
caused the average mobility to increase. Upon addition of several

microns of NO2 to the NO-Ar mixture, the mobility is lowered and a
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" Table V. Range of the predicted values of the ion mob111ty
at 760 torr, 298° K. 2

Ion Molecular Weight

Neutral 30 46 60 76 92 122 138

Gas -
He 16.8  13.6  11.5 11.5  11.4 10.0 10.0
18.6  18.2  17.3 17.2 171 16.1 16.1
Ar 3.02  2.70 2.52 2.41  2.34 . 2.24 2.21
- 3.07 275 2.60 2.48  2.40 . 2.32  2.28
Kr 2.16  1.86 1.73  1.62 1.54 1.43 1.40
219 1.90 1.75 1.64 1.56 1.47 1.43
Xe . 1.60 1.35 1.23 1.14  1.08. 1.01 0.97
1,62  1.38  1.26 1.17  1.10 1.03 0.99
H, 13.3  12.7  11.8 11.8  11.8 11.0 11.0
’ 13.3  13.2 13.1 13.1  13.0° . 12.9  12.9
D, . 9.8 9.2 8.5 8.5 8.5 7.9 7.9
9.8 9.6 9.5 9.4 9.4 9.3 9.2
N, 3.48 - 2.89 2.71  2.62 - 2.55 2.40 2.37
3.20  2.94 2.80 2.70  2.64 2.56 2.53
N, " 2.92 2,67 2.54  2.50 2.39 2.31  2.27

% In units of crnz/(V sec). The range in the values is caused by the

range in the values of s used.

b Determined by comparison with the experimental data for the mobility

- of alkali ions in Nz(i‘eference 33).
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molecular weight of 92 or greater is indicated. When 300 to 400 of
H,O is added to the NO—Ar mixture, an ion inolecular‘weight of more
than 100 is indicated. Adding 3 or 4 torr of O, to the NO-Ar gives
variable results, in one case indicating and ion molecular weight around
92; in another , a molecular weight between 30 and 46; and in a third
case, a molecular weight around ‘7'6. The:addition 0£:200 to 400 _of-.NZO tcf
the NO-Ar gave.results ofionmolecular weights of approx 76, 30, and
between 60 and 76. Finally, addi‘ng 3 to 4 torr of CO, reduced the
mobility considerably and indicated an ion molecular weight greater
than 138. , |

In NO-Kr mixtures, the indicated ion molecular weight is 76 to
138, whereas it is 76 to 122 in NO-Xe mixtures. In NO—H2 mixtures
the mobility is not sensitive to the ion mass, and any ion molecular
weight between 30 and 138 would be consistent with the results. In the
NO'—D2 rﬁixtures, one determination indicates an iqn. molecular weight
of 60 to 138 (or higher), whereas the other two determinations give ion
molecular weights of 30 to 60; however, the uncerfainty of the results
do not allow us to rule out any ion molecular weight from 30 to 150.

Mixtures of NO with N, gave variable results. When compared
with the mobilities as estimated from the alkali ion mobilities, the
results of various runs indicate ion molecular weights of approximately
26, 37, 46, and 120. When several u of NO2 is added to the NO-I-\I2
mixtures, ion molecular weights of around 92 and of more than 138 are
indicated.

'The results from the mixtures of NO with the light third-body

gases (H D,, and He) give little information about the ion masses.

The resuzlts in the mixtures of NO with the heavier gases indicate av-
erage ion molecular ‘weights ranging from less than 30 to 138. The un-
certainty in the determination of ka is la;'ge enough so that most of thg
results in NO-Ar and NO—N2 mixtures could be interpreted as indicat-
ing average ion molecular weights of 46 or less; however, the NO-Kr

and NO-Xe results definitely indicate ion molecular weights greater

than 46.
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" From the results when NO2 or HZO is‘ added, we know that ion
clustering does take place when there is a sufficient quantity of mole-
cules with large polarizabilities or with appreciable dipole moments.
Thus, there may be an é.ppreciable fraction of the ions present as ion
clusters. These may be complexes with the neutral NO to give species
such as (NO)2+ or NO, (NO)™ (the smaller size of the NO" should en-
hance its chance of cluster formation in comparison with that for the
NOZ-).
Another likely candﬂlidate'for cluster formation is the NO2 present (a

Possibly some larger clusters such as (NO);, etc., are present.

micron or so) from the photolysis of the NO, since we know that the
addition of 5 or 10 of NO2 does lower the mobility. Thus, | the ion
clusters may be NO(NOZ)+ and (NOZ)Z—, with possibly some larger
clusters such as NO(NOZ);, etc. (f:he number of these larger clusters
increasing when NO, is added). Or, the clustering may involve the
third-body gas. Table XIII in Sec. - VI. A gives rough estimates of the
equilibrium constants, K, for ion-cluster formation with the different
third-body gases, and these estimates indicate that xenon is the most
likely to form a cluster with the ions, followed by krypton, with N2

- and Ar being less likely, and the lighter gases being even less likely.
So, in the NO-Xe and NO-Kr mixtures some of the ion clusters may be
NO (Xe)"

other neutrals.

and NO ,(Kr)+, and possibly there are similar clusters with the

 In some runs, the mdbility seems to decrease as the delay time

increases -- indicating that the relative proportion of ion clusters is
increasing during the delay time. However, these results are very
| uncertain, because the larger values of GC at the short delay times
make the ka, determinations sensitive to the initial ion distribution.
Since the observed values of a do not decrease with increasing time,
either the fraction of ions present as ion clusters doesn't change
markedly during the delay vtimes}, or else the recombination rate con-
stant for ion clusters is either nearly the same as or largerAthan the
rate constant for unclustered ions. v

In 'conclu's‘ivon, this method is a rather unsatisfactory way to

determine the ion masses. The method gives very little information
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about the nature of the ions in the light gas mixtures, and only crude
results in the heavier gases. However, these crude results indicate
that (a) it is not safe to assume that ion clusters are not present, and
(b) a better method of mass analysis of the ions present should give

interesting results.
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V. RESULTS OF THE EXPERIMENTAL DETERMINATION
OF THE RECOMBINATION COEFFICIENT, a

A. Second-Order Process

The ions can disappear both by recombination (a second-order
process) and by diffusion (a first-order process). At small values of
the ion concentration, the first-order term dominates, and since the
diffusion losses increase as the mobility increases, the first-order
term eventually dominates at low enough pressures.

If We can ignore the diffusion losses, then the 1ntegra.ted form

of the rate expression is
1/n = '1/n0 + at, (E-1)

where n 1s the ion concentration at time t, n, is the ion concentration
for t=0, and -a is the recombination coefficient. A plot of 1/n vls t
should therefore be linear, with the slope giving the value of a. How-
ever, Gray and Kerr have shown that the plot of 1/n vs t may appear to
be linear over a short range of 1/n, even if the diffusion term is large.36
Figure 12 shows an example of a plot of 1/n vs t. Notice that the plot .
is linear over a fractional change in 1/n of " 18. - . The other data
indicate linearity over fractional changes of 16 to 25 for high-pressure
runs and of 2 to 4 at the lowest pressures. Gray and Kerr show that
linearity over a fractional change of 4 gives an apparent a that may
be 8 to 30% above the true value, but linearity over a fractional change
of 8 should give values of a that are within a few per cent of the true
values.

In the lowest-pressure runs made with each gas, the upward
curvature of thel/n-vs-t plots indicated that diffusion was important.
In these cases, the values of the slope at short delay times were taken
as approximately the true value of a, since the ion concentrations were
largest there. Also, we attempted to correct for ‘diffusion by plotting

the data according to the differential rate law when both first- and

second-order terms are present: we have

-d(ln n)/d t = an+b, (E-2)
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Fig. 12. . Plot of 1/n vs time. Data are for run No. 77 in
a NO-Kr mixture at a total pressure of 138 torr. The
values of a from the slopes of the two lines are 7.5 and
7.6X10°7 cm3/sec.
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where b is the first-order rate constant. Thus, the plot of dlnn/dt
vs n should give the true value of a. However, the d(ln n)/dt terms
had to be evaluated graphically, and the uncertainty in the result was

considerable.

B. Initial Recombination

The problem of initial recombination occurs when ion pairs are
formed with the positive and negativeions relatively close together, so
close that some of the ions recombine before a random spatial distri-
bution is attained. This causes the observed value of a to be too large
initially, with a decreasing to approach the true value as time in-
creases. This difficulty was encountered by Sayers5 and by Gardner4——
both of whom used high pressures of electronegative gas (OZ)' The
problem was not encountered in these experiments because of the low
pressure of electronegative gas (NO), and the observed values of a
show no tendency to decrease with increasing time over periods of 50 to ~
75 msec.

The reasons why initial recombination should not be expected in
these experiments can be understood from the following considerations.
First, the photoelectron does not recombine preferentially with its
parent positive ion; instead it escapes into the volume of the gas. This
is because the electron is produced with 0.17 to 0.77 eV of energy and
it has a mean free path of 3 to 20X 10_4 cm at a pressure of 100 ’corr'.37
Since the Coulomb attractive energy is larger.than the average thermal
energy only when the charges are within O.O37><1O_4 cm, most electrons
escape to distances greater than this without a single collision. Further,
the electrons are at a considerable distance away before becoming
thermalized, since it takes 100 to 10,000 collisions to remove the ini-
tial kinetic energy.37 Thus we can see whether the initial spatial distri-
bution will be inhomogeneous by considering only the distance at which:
the. -électron . attaches to form the negative ion.

The r. m.s. distance N that the electron travels before attach-

ing can be taken approximately as18
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r, = (6Dt )2, (E-3)

where D is the diffusion coefficient of the electrons and tA is the

mean time required for attachment. We can get a rough estimate of

D from :
D = 250 (7Pﬂ ) cmz/se‘c, ' (E-4)
M .
. ' . 18 .
where PM is the gas pressure in torr. The ty, can be estimated
from tA :vi/kA, where kA is the first-order rate constant for elec-

tron attachment, and in Sec. II. B, kA ‘is estimated to be

254150 P~ 150 P sec .. Substituting into Eq.. (E-3) gives

M M
_ [ 6xzs0x760 \/2 _ 90
T R= > R 5 (E-5)
150(PM) M
Thus, Ta is on the order of 0.1 to 5 cm --which is much larger than

3

the average distance between ions (ry= 10~ cm). We see that the
negative ions do not tend to form close to the positive ions; instead, the
spatial distribution of ions should be quite homogeneous even at short

delay times.

C. Effects of Pressure and of Different Third-Body Gases on a

The experimental values of the specific rate of ion recombina-
tion, a, are listed in Table VI for various pressures of the mixtures
of NO with the different M gases used. The upper and lower limits of
a for each pressure represent the limiting values for which reasonable
straight lines could be drawn through the experimental points on the
1/n-vs-t plots. There may be an error of 5 to 10% in these results as .
a result of uncertainty in the voltage calibration for any particular run,
uncertainty in determining the areas of the current-time curves, and
possible failure to keep the lamp intensity constant throughout the ex-
periment. Also, in the runs at low pressures, there may be an addi-
tional 10 to 20% uncertainty because of the problem with the ''tail'' on

the oscillogram. In addition there is an uncertainty of 5 to 10% in the
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Table VI. Values of a for different NO-M mixturc_es

Run|Pressure Range of aX 107 * Run Pressure Range of a X 107
Number (torr) (cm3/sec) Number (torr) (cma/sec)
NO-He Mixtures : ' NO-Kr Mixtures
23 51 2.9-3.6% 73 15 2.9-3.22
71 92 - 3.0-3.8% 75 © 55 - 4447
70 165 . 3.7-4.2 76 91 6.0-6.5
24 261 4.9-5.6 . 77 138 7.5-7.6
25 438 6.3-7.0 74 250 9.7-10.4
26 606 8.1-9.0 78 416 11.4-12.4
'NO-HZ Mixtures NO-D2 Mixtures
72 61 3.2-3.7% . .59 55 3,0-3.6
65 98 3.7—4.2 ) © 63 116 4.0—4.4
69 174 4.5-4,8 . 62 170 4.3—4.9
68 246 5.2-5.5 60 284 5.9-6.4
66 " 339 - 5.76.3 ' 64 429 7.1-1.5
67 624 - 8.1—8.3 - 61 518 © 1.9-8.6
NO-Xe Mixtures ' - ‘NO-NZ Mixturesb
33 - 3 C1.8-2.47 C 15 5 2.9-3.3%
32 9 2.5-3.0 ' 14 10 2.5-4.5%
83 17 3.4-3.9 16 30 3.8—4.1
31 - 21 3.8-4.1 8 41 4.5-6.0%
81 26 3.9-4.2 - 12 100 6.4-7.4
79 42, 5.1—5.4 9 127 © 7.4-8.0
30 52 - 5.8—6.2 10 . 209 7.4-8.6
82 70 6.9-7.2 11 281 10,4111
29 101 8.3-9.6 _ 3 320 11.9-13.8
80 - 326" 12.4-13.4 21 389 10.3—12.2
6 511 12.3-13.4
NO-Ar Mixtures
- 34 © 6.5 2.1-2.52
49 41 3.8—4.0
35 94 5.7—6.0
.58 155 7.2—1.7
48 200 8.2-8.8
37 251 9.1-10.0
36 o429 T 12.6-13.1
-38 547 . . 13.2—14.2

& Noticeable curvatire of 1/r-vs-t plot indicates diffusion is important.

P Run No. 8 shows diffusion because of low value of ng.’
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absolute values of a in all the experiments because of the uncertainties
in determining‘ ‘p}}e' collection volume and 1n the absolute calibration of
the oscilloscope. In some expefiments, also, small quantities of a
third gas (e. g., NO'Z) were added to the NO-M gas mixtures, and the
results of these runs are given in Table VII.

The values of o plotted vs thé gas pressure when I—I2 and when
Kr are the third-body gases are shown in Fig. 13, Fig. 14 is'for D2
and for Xe as the M gases, Fig. 15 is for He and for N,, and Fig. 16
gives the data when Ar is the third-body gas. The data are plotted for
both the pure NO-M mixtures and the experiments in which other gases
“were added to the NO-M mixtures. Also on these figures are curves
showing the predicted values of a from the results of the détailed cal-
culation described in Sec. VII.

The general form of the a-vs-P curves has a finite value of a
at zero préssure, a linear increase in a with increasing pressure at
low pressure, and an approach to a constant value of a at ‘higher
pressures in the heavier gases. This general behavior is in good agree-
ment with the résults of Gardner4 and of Sayers. > Notice that the
heavier gases are more efficient third bodies, since a given pressure
of a heavy gas gives a larger value of a than the same pressure of a

light gas.

D. Determination of the Low-Pressure Limit of a

Since a extrapolates to a finite value 'at zero pressure and a
also increases with increasing pressure, it is convenient to consider
that the ion recombination mechanism consists of two parts: (a) a true
bimolecular mechanism, and (b) a mechanism that is overall third
order. Thus we have the reactions

+ o -Ko |
A" + B _—, neutrals (2nd order), (E-6)

and -
: + - kT
A" + B" + M__, neutrals (overall 3rd order). (E-7)
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Table VII. Effect of various added gases on a

Run Total  Added vgaAs NO Range of ‘u.><107
‘number.. pressure pressure pressure 3
(torr). (torr) (torr) (cm /sec)
NOZ' added to NO-Ar vmixtu_res '
39 . 32 ~ 0.020 0.25 ' 3.0-3.3
50 41 ~ 0.005 0.33 ' 3.3-3.5,
H,O added to NO-Ar mixtures '

41 50 0.38 0.42 O 3.7—4.1
42 485 . 0.28 0.39 9.6—11.1
O2 added to NO-Ar mixtures
51 41 1.7 0.28. 3.9—4.1
47 62 1.9 0.35 3.9—4.3
46 184 2.4 . 0.39 6.8—7.4
43 330 1.7 0.39 9.5—-10.3
44 506 2.1 0.42° 11.7—-12.8
45 507 _ 4.3 ‘ 0.35 12.0—-13.1
NZO added to NO-Ar mixtures‘

52 39 0.63 0.30 3.7—4.1
54 - 281 o 0.38 0.28 , 9.4—10.4
55 509 0.25 - 0.39 11.9—12.5

CO_2 added to NO-Ar mixtures
53 42 3.5 - 0.29 3.8—3.9
NO"2 added to N(v)-N2 mixtures
18 20 = 0.020 0.26  3.1-3.2
17 52 = 0.025 0.28 3.8—4.0
20 357 = 0.010 0.24 ‘ 8.7—9.6
22 513 & 0.010 - 0.17 | 12.0-12.4
NO2 added to NO-He mixtures
27 175 = 0.007 0.15 3.8—4.0
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Fig. 13. Plot of a vs pressure for NO-Kr and NO-H> mixtures:
(A) data for NO-Kr mixtures; (B) triangles are data for NO-H;
mixtures; (C), (D), and (E) are predicted curves for deactivation
by krypton atoms using the detailed calculation, and (F), (G), and
(H) are predicted for deactivation by Hp. (C), (F), (E), and (H)
are for Ep=0 and by, = 600 4. (C) and (F) are for NO't and NO,
ions. (E) and (H) are for NO(NO,)T and (NOz)é ions. (D) and
(G) are for Ep=kpT, by, = 15007 A, and NOT and NO3 ions.
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Fig. 14. Plot of a vs pressure for NO-Xe and NO-D, mixtures:
(A) data for NO-Xe mixtures; (B) circles are data for NO-D;,
mixtures; (C), (D), and (E) are predicted curves for deactiva-
tion by xenon atoms using the detailed calculation, and (F),
(G), and (H) are predicted for deactivation by Dp. (C), (F),
(E), and (H) are for Ep=0 and by, =600A (C) and (F) are for
NOt and NO; ions. (E) and (H) are for NO(NO2)*, and

(NO2)2 ions. (D) and (G) are for Ep =kpT, by, 21500 A, and
NO* and NO, ions.
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Fig. 15. Plot of a vs pressure for NO-N;, NO-He, NO-NO;,-Njp,
and NO-NOj-He mixtures: (A) data for NO-N2 mixtures;
(B) triangles are data for NO-He mixtures; (C), (D), and (E)
are predicted curves for deactivation by N2, and (F), (G), and
(H) are predicted for deactivation by He,K (C), (F), (E), and
(H) are for Ep = 0 and by, =600 A. (C) and (F) are for NO* and
NOZ ions. (E) and (H) are for NO(NOZ)"' and (NO2)2 ions. (D)
and (G) are for Ep=kpT, by, =1500 A, and NO*t and NOj ions.
(J) circles are data for NO-NO2-N2 mixtures. (K) square is
the datum for the NO-NOp-He mixture. :
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Fig. 16. Plot of a vs pressure for NO-Ar, NO-O2-Ar, NO-NO-Ar,
NO-H,0O-Ar, and NO- -NO, -Ar mixtures; (A) predicted curve
for ED =0, by, =600 A, and NO+* and NOZ ions; (B) predicted for
Ep=kpT, bmy >15oo A, and NOT and NO? ions; (C) predicted for
Ep=0, by —600A and NO(NOz) and (NO2)2 ions.
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The total rate of recombination is the sum of the rates of

Reactions (E-6) and (E-7), and it is given by
2 2

-dn (kg +kp[M]) 0" =an™, (E-8)

dt

=[B7]. Therefore we have

ok, + kT (M] , (E-9]

where ko. is the rate constant for the bimolecular process and is the
limit of a at zero pressure, and kT is the termolecular rate constant,
which depends upon the nature of the third-body gas.

— Table VIII gives the values of k, determined by a linear extrap-
olation of the low-pressure values of a to the zero pressure limit.
Also included are the upper and lower iimifs of the values of k, that
could be consistent wifh the extrapolation in each of the third—body
gases. Within the experimental scatter, the values of k, are the same
for all the third-body gases. This must be the result if k, is for a
truly bimolecular process between only the positive and negative ions,
and if the ions are the same in each gas mixture. Unfor’;unateiy, the
uncertainty is so large that a change of 40% in k, would be required in
k, before it would be eviderit. The average value of k, is
ko = 2.120.4X10" cm3/sec. }

 Since k, = 04 <g> ) where. 0, is the cross section and <g>
is the mean relative velocity, we can evaluate 0, if we know the mass
of the ions (which determines <g> }. If we assume the ions to be NO+

and NO,, then Oy = 3.6:!:0.7><10_1'2 cmz. If we assume that the ions

2 2
have a gram-molecular weight of 76, then o, = 5.2+1.0X 10_12 cmz.

These experimental values may be compared with Yeung's value of
k, = 1.47X107"
+
Iz

Yeung obtained ko = 1.85X 10"
0, = 5.4X 10—12 crn2 if the ions are Br;
of ky = 107

-12 2
the cross section for the bimolecular process determined in these

3 . S 2,6 . .
cm”/sec for ions in iodine vapor; ’" if the ions are

and I, then oy = 5.4X 10_'12 cmz. Also, for ions in bromine vapor,

L cm3/sec, which corresponds to
and Br . Greaves found values

cm3/sec and 0, =3X10 cm for I; and I . 2 Therefore”
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. experiments is quite comparable to the results for ions in iodine vapor

and in bromine vapor.

Table VIII. Low—préssure limit of a in various NO-M mixtures

M gas kX 107 ' Range of k0><107

(cm3/sec) (cm3/sec)
He 1.9 1.5-2.5
AT 2.1 1.7-2.3
Kr 2.3 2.1-2.5
‘Xe 1.8 1.6-2.4
H, 2.4 2.1-2.6
D, 2.1 1.7-2.7
N, 2.2 1.7-2.5

E. Termolecular Charge Neutralization

We now discuss the termolecular charge neutralization reaction,

whose overall reaction is given by Eq. (E-7).
1. Mechanism

The overall third-order charge-neutralization reaction can be
‘described in terms of the following collisional-deactivation mechanism.

An excited ion pair, (A+B—):ﬁ”,.'}'is:.ffé)'rm’e'd by

_.k - 3k
At _Laats)" (E-10)
Then it can either dissociate,
‘. . - k -
ATBY 22 AT+ BT, | (E-11)

or can be deactivated by a collision with a neutral gasi molecule,

(ATBT)" + M3 (ATB7) + M. ' (E-12)
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The deactivated ion pair, (A+B_), inay be considered to be an
ion pair that has lost en‘ough of its kinetic energy of relative motion so
that the ions can no longer separate to large distances (i.e., dis'sociate).
Since the (A+B_) cannot dissociate, the ions oscillate betwéen their
minimum and maximum separations until charge neutralization even-
tually occurs. ‘ |

The excited ion pair, (A+B—)*; may be thought of as being two
- ions close enough together so that a collision with a neutral can de-
activate the ion pair. Also, since we want to consider here only the
termolecular charge-neutralization process, we do not include as
(A+B._)* any ion pairs that are in the process of undergoing the purely
bimolecular chal;ge—neutralizati'on reaction. That is, we do not include
ion pairs whose impact parameters are less than b = [ko/(rr <g> )] 1/2,
where k, is the bimolecular rate constant determined in Sec. V.D

and'<g> is the mean relative velocity of the ions. We can express

k1 as

kizzn(bf..bf)<g>. o (E-13)
Therefore the ion pai;s with impacf parameters between b, and b1
are to be included as (A‘+B_)*.

When the pressure is more than 1 to 2 atm, the X}alue of k1
begins to decrease noticeably as the pressure increases, and even at
pressures below 1 atmosphere, k1 depends somewhat on the pressure.
However, the decrease in k1 should not be more than 10 to 15% in the
pressure range used, and we consider 1;1 to be independent of the
pressure. ‘

If we assume that every deactivated ion pair eventually under -
goes charge neutralization, and if we use thé steady-state assumption -
for [(ATB7)*], then from Reactions (E-7), (E-10), (E-11), and (E-12),
the expréssion for @ the termolecular part of the recombination
coeffi¢ient, is

k,k; [M]

rekpMl=e -k = oo

(E-14)

where [M] is the neutral concentration.
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2. Experimental Determination of k1

In order to evaluate the rate constants for the individual steps

in the mechanism, it is convenient toinvert Eq. (E-14) to give

1o = 1/la-ko) = 1/k, + ky/k kg (1/M] ) . (E-15)

A plot of '1/0,T vs1/[M] (or vs 1/pressure) should therefore be linear,
with an intercept of 1/k1 and a slope of 1<2/(k‘1k3)° Figure 17 shows a
_plot of 1/0.T vs the reciprocal of the pressure for the data in the NO—HZ,
NO-Ar, and NO-Xe mixtures, and Fig. 18 shows the data for the NO-He
and NO—N2 mixtures. Figure 19 shows the data for the NO'—D2 and
NO-Kr mixtures, along with the lines determined by the data shown in
Figs. 17 and 18. Table IX gives the values of k1 determined in each

M gas, and also gives the upper and lower limits of the values of k1
that would seem to be consistent with the data. The values of k,1 show
a rather wide variation, and it may be k1 is not independent of the

M gas. However, because of the large experimental uncertainty, we
decided to assume that k1 is independent of the M gas. The average
value of k1 is k1 - 1.8+0.5X% 10_6 cm3/sec. Therefore, the high- .
pressure limit of the specific rate of recombination is

o=k, +k,= 2.0+0.5x10°

By knowing k, and ki’ we can calculate the impact parameter

cm’/sec.

b,1 from Eq. (E-13), if we know the ion masses. Also, we can calcu-

late the distance of closest approach, Teo corresponding to b1. If

we assume that the ions are NO+‘and NOZ—’ then the cross section, 0y
is o, = b = 3,4¢60.9><10‘11 cm®; b, = 3.320.4x10™% cm; and

e = 1.8£0.4X10 = cm. The Coulomb energy at Te is 3,2&0,8kBT,
Since the ions may be clustered, we have also calculated the values
assuming that both iéns have a gram molecular weight of 76. Then

01=4.9:l:1.2><10_11 cm?; b, = 4.0£0.6X10°% cm; rC:2.3i:O.4><1O—6 cm;

and the Coulomb energy at re is 2.4%£0.6 kBT.
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Fig. 17. Plot of 1/a vs 1/P for NO-Hp, NO-Ar and NO-Xe
mixtures. Open triangles are data in NO-Hj; solid tri-
angles are data in NO-Ar; and the other points are data

in NO-Xe,
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Fig. 18. Plot of 1/aT vs 1/P for NO-He and NO-N7 nixtures.
Triangles are data in NO-He and the other points are

data in NO-Nj.
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Fig. 19. Plot of 1/aT vs 1/P for NO-Dy and NO-Kr
mixtures along with the best lines from the other
gas mixtures. Triangles are data in NO-D, and
the other points are for NO~-Kr mixtures,
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Table IX. Values of k1 in various NO-M mixtures.

M gas k1><106 Range of k1'><106
(cm3/sec) . (cm3/sec)

He 2.4 1.4-3.6

Ar 2.2 1.8-2.6

Kr 1.8 1.6-2.0

Xe 2.1 1.9-2.6

H, 1.1 0.9-1.4

»DZ 1.3 1.1-1.8

N2 1.6 1.5-1.8

3. Estimation of k2

The value of the rate constant for dissociation of the (A+B—)::<
can be estimated by noting k2 =1/r, where 7 is the lifetime of the
(A-I—B_)::< if no deactivation oc-curs;._ We have considered that the ,(A+B_)*
state is defined as ion pairs within the di'svtance of closest approach
corresponding to b1. Then we assume that when the ions are separated
by a long distance their relative velocity has the mean value
(= [SkB.T/(p‘ )] 1/2), so that we can now calculate 7 from the equations
of the hyperbolic orbit for each value of b. What we need is the average
of the reciprocal of 7 for ion pairs with impact parameters between |
b, and bi' In the detailed calculation presented in Section VII. D, the

same type of average is required, and the details of how the calculation

is done are given there. The results of the calculation ar®e that if the

ions are NO' and NOZ, with ko =2.1X107 ' cm>/sec and k, = 1.8£0.5%10™°
cm3/sec, then k,= 4.54:3)2)( 1010 sec-1. 1f the ions have a gram mo-
lecular weight of 76, then k, = 2.2"_'8'le 1010 sec™t.

The ké./k1 ratio is approximately proportional to the reciprocal

of the cube of r corresponding to b,, so it is roughly proportional

C .
to 1/b13. Thus, if k, is independent of the M gas, then k;, .s also
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independent. However, if k1 is not independent of M, then the ratios

of k2

for different M gases are approximately inversely proportional
to the ratios of k11/2 for the different M gases.

4. Determination of the Relative Third-Body Efficieﬁcies

and the Estimation of k3

If we assume k1 to be independent of the M gas, then the ratios
of the reciprocals Qf the slopes of the plots of 1/aT vs 1/[M] (the slope
is kz/(k1k3)) give the ratios of k3, the rate constant for the deactivation
of (ATB7)*. Table X gives the values of kZ/(kiké)) and the relative
third-body efficiencies. The data permit the relative efficiencies to be
détermined only within fairly wide lifnits, and the values are also sub-
ject to the assumption that k,1 ‘is independ—eé)nt. of3thevM gas.

If we take the value of k1 = 1.\§X 10 cm‘,/sec_ and use the esti-
mates that k2 =4.5%X 1010 sec_1 WY on kz-: 2.2X101O'sec—1, then we can
get'rough estimates of the values of k3 for each gas. These es’timates
are also given in Table X. However, these values of k3 are subject
to the error in estimating k2, as well as the uncertainty in determin-
ing k,1 and kz/(k1k3). Thus, although the values of k3 are rather
uncertain and the relative efficiencies are determined only within
limits, we see that the M gases can be divided into three groups, with
Xe being the most efficient third-body gas, N, Kr, and Ar in the
middle group, and DZ’ _HZ’ and He in the least efficient group.
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Table X. Relative third-body efficiencies and estimated

- values of k3.

k _ L a 9 b 9
M gas 2 1024 (kgy k, 2X10 ky OX10
Kk, PER .- |
(se'c'- )y <Cm3> < Cm;)
6 sec sec
cm » ; .
He  24.6%2% 1,00 1.02 . 0.50
Ar 6.9+0.5 3.640.8 3.6 1.77
Kr 5.7+0.5 4.3+1.0 4.4 24
Xe 3.6+0.2 6.841.5 7.0 ~ 3.4
5 17.241.7 1.4+0.4 1.45 0.71
+1.2 ' ' _
D, 16.4")% 1.5+0.4 1.52 ~0.75
+0.2
N, a.7t0% 5.2£1.1 5.3 2.6

6 0

# Calculated by assuming k, = 1.8X10" cm3/sec and k2=ﬁ4.5><101
'sec_1, which was the estimated value of k2 when NO+, NOZ_ were

the ions.

P Calculated by assuming k1 =1.8X 10‘60rn3/sec and k2:2.2><_101osec—1,

. which was the estimated value of kZ for ions having gram molecular

weights of 76.
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VI. COMPARISON OF RESULTS WITH EXISTING THEORIES

In this section we discuss our experimental results in terms of
the Fueno-Eyring-Ree theory10 and in terms of the Natanson theory',9

which is an extension and modification of the Thomson theory.

A. Comparison of Results with the Théory“ojf‘:Fue‘rto, Eyring, and Ree

Fueno, Eyring, and Ree (FER)10 presented a theory for three(
body ion-ion recombination in which the mechanism is assumed to be

formation of a loose complex,
k1 ’

M+ AT T wmaft, (F-1)
k2 .

followed by an exchange reaction,
k3 : . v
MAT + B™ ™ AB + M. (F-2)
For k,[B7]/k,<< 1, the MA" is in equilibrium with the AT and the M,
undisturbed by Reaction (F-2). Also if [MAT]/[M] is small, then the

overall three-body rate constant, kT’ can be represented as

kg = kK, (F-3)

where K = ki/k2 is the equilibrium constant for Eq. (F-1). This mech-
anism is the ion-recombination analog of a mechanism for atom re-
combination proposed by Bunker and Davidson. 1

Under the rigid rotator and harmonic oscillator assumptions,
and assuming that neither of the rotational and vibrational energies can
exceed the binding energy, V€m, FER arrive at the following expression
for the equilibrium constant:

2 2 2
3 8 pr_ “k_T [1-exp(-e_/k,T)]
h m B . m B Y eXp(Gm/kBT)) .

(2w pkBT)z’/Z" n? [1—exp(—ev/kBT)]

K =

(F-4)

where p is the reduced mass of the MAT complex, T is the equi-

librium internuclear distance between M and A+, em is the binding
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energy of the complex, and €, 1is the vibrational qﬁantum of the M-AT
bond. FER show how to evaluate T €y and év under the assump-
tion that the M-A" interaction potential, V(r), is given by the sum of

the Lennard-Jones potential and the polarization energy:
2
N¢ “Mm°
()7} - ——%> (F-5)
2T

g

12
T) -

Vir) =4 €, {(

where ¢ and €, are the Lennard-Jones parameters for the inter-

action between -A and M, a., is the polarizability of M, and r is the

M
internuclear distance between M and -A+.

FER also assume that every collision between MAY anda B~
- leads to reaction and that the steric factor is unity, so that the rate

constant for Reaction (F-2) is

. 1/2
8k T (M,++ M-+ M,,)
k, = Q { f’ A B M ; - (F-6)
(MA+ + MM)MB_
where MA+, MB_, and MM are the masses of A+, B, and M, and Q

is the effective cross section. FER arbitrarily choose Q so that the
impact parameter has the same value as the distance at which the
Coulomb attractive energy is equal to the average thermal energy,

3/2 kpT, so that

Q = 4me®/(9k 2T | (F-7)

Table XI gives the values of.the potential parameters calculated
by the FER method for NOT-M complexes for the different M gases used.
Notice that for HZ’ DZ’ and He, €, is about half as large as € 0 S° '
that for these cases, the harmonic-oscillator approximation is probably
in error. '

FER consider that complex formation with the positive ion is
the dominant p»rocess,' but we have also done the calculation for NOZ_—M
complexes, and Table XII gives these potential parameters. Table XIII

contains the values of the rate constant of the exchange reaction, k3

and the equilibrium constant for complex formation -for both NOt-M



Table XI. Potential parameters for the NO+-—M

Gas 0 Nt M2 €°NO+—M/kBa oy X 10‘2%. r e xt1o03 e x 10'%
(A) (° K) (em?) (A) (erg) (erg)
He 2.89 35.1 0204 2.86 0.335 2,07
. 343 667 0.789 2.99 0.986 . 4.73
) 3.13 66.7 0.775 2.99 ~0.983° 3.45
- 3.50 105 1.76 3.38 - 1.39 1.76
Ar 3.37 120 1.63 3.26 1.50 1,77
Kr 3.47 147 2.46 3.35 2.02 ' 1.70
Xe 3.70 162 ' 4,00 3.53 2.58 1.73

2 From reference 32, except that the value of ¢ is 0.05 A smaller.

NOt-He

_69_
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Table XII. Potential parameters for the NOZ_—M interaction

Gas UNOZ;-Ma GONOZ'—-M/kBa o em><1o13 €V><1014
(&) R (A (erg) (erg)
He 3.41 47.4 3.58 0.223 1.21
H, 3.62 90.2 3.69 0.54 2.93
D, 3.62 ' 190.2 3.69 0.54 2.11
N, 3.99 142 4.10 0.82 ~ 1.03
Ar 3.86 162 , 3.98 0.87 1.14
Kr 3.96° 199 4.06 147 0.95
Xe 4.19 220 . 4.24 1.50 1.15

a , _ .
From Reference 32 where one uses UNO; M O.5(0’Noz-h U.M) with
9 ‘ 2 . _
o - 473 A and EONOZ'"—M_ (60N02€0M) with EONOZ_ 220 kg

(the o

NO

and €, are taken as approximately equal to the values
NO NO, ‘

2
for NZO)'
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Table XIII. Calculated values of k3 and K fof NO"' -M and
' for NOZ_ -M interactions

Gas NO' -M ‘ NOZ'-M
kgxmé Kx 1021 k3><106 KX 10%
(cm3/sec) N (cm3) | (cm3/sec) ' (cm3)
He 2.50 ©0.098 2.55 0.10
5 2.54 1.1 2.57 0.49
5 2.50 0.97 2.55 0.45
5 2.18 | 3.0 - 2.38 2.3
Ar 2.09 . 3.4 2.35 1.2
Kr 1.93 12 2.23 2.9

Xe 1.85 ' 48 2.18 ' 5.9
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complexes and NOZ--M complexes. Column one of Table X1V gives the

values of the three-body rate constant _k'.T, calculated by assuming

only Not .M complexes contrlbute, and column two glves the relative
“third - ‘body efficiencies obtained by taklpg the ratio of kT for each

M gas to the value of kT for helium. . Columns three and four of Table
- XIV contain kT and the relative third-body efficiencies calculated by
assuming that kT is the sum of the rate constant kTP for NO+-M

complexes and the rate constant k for NOZ——M complexes.

TN

That is
. ? K
P k3p
NO + M= MNO + NO2 —> Neutrals,
kop = Kpkyp s
KN k3N
NO, + M = MNO + NOtT — Neutrals,

2

kpn = BnKane e

Also included‘in Table XIV are the experimentally obtained values of
kT and the relative third-body efficiencies.

The values of kT calculated by using the FER theory are
generally below the experimental values; this is especially true for our
experiments except for the case of xenon. The predicted order of third-

body efficiencies of

> > ~ > =~ >
Xe”> Kr”> Ar N2 H2 D‘2 He

is qualitatively correct, except for the predictions of Kr >Aer2 and

sz D2 >.He where the experimental results are Nzi Kr® Ar and

DZ = HZZ He. However, the calculation predicts a much greater varia-

tion in third-body efficiencies than is observed; the ratio of

(k is in error by a factor of 30 to 50,

xe/ Fr)he
The calculated values are fairly sensitive to the values of o

used, and give larger values of K and kT for smaller values of .

Therefore, the calculated values could probably be brought into better

agreement with the experimental values by using smaller values of ¢



Table XIV. Comparison of calculated values of k., and

T

relative third-body efficiencies with observed values

Gas krl?waZé (kpp)yg k?}meioZé (krpy ko X 1020 (kpexpt),
.(Cmé/sec) (kpplye (cm®/sec) (krpyndHe (ciig/‘:':sec) m
He 0.024 1.0 0.050 1.0 4.1 1.00
H, 0.28 12 0.41 8.1 5.8 1.4&0.4.
5 0.24 10 0.36 7.1 6.1 1.5+0.4
5 0.66 27 1.2 24 21 5.2+1.1 |
Ar 0.71 29 0.98 20 14.5 3.6+0.8 &,71
Kr 2.3 94 4.4 87 17.5 43410
Xe 8.9 360 10.0 200 28 6.8+1.5
* kpp = (K)ot
by

2

tr+N - B3KInotom T 3KINno - oM
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and adjuéting the 6's to reduce the differences in relative third-body
gfficiencies. However, the value of kT for the NO+~He complex has
already been increased somewhat by using a value of 0 e which is
0.10 A smaller than the accepted value, 32 and even then, the calculated

value for (k seems especially low.

T)I—Ie
Another feature of the FER theory is the calculation of

-11 cm2 for the effective cross section, Q, of Reaction (F-2).

4.4X10
Since all the calculated values of kT are.low, it could be argued that
FER's arbitrary choice of the definition of Q gives values of Q that are
too low. Howevef, even these values of Q are so large that the mech-
anism seems unreasonable, as-indicated in the following argument: .
The value of 4.4><10_11 crn2 implies that the average distance
of clos‘est approach is about 190 A. It is difficult td see why the M-A+
complex should bréak up under the influence of an ion 190 A away.
Even if the AB formed in Reaction (F-2) is considered to be an un—
neutralized ion pair whose relative kinetic energy is so low that the ions
cannot separate to large distances, the M must carry off an extra energy

of around kT, and it seems strange that the M should be so violently"

ejected undeBr the influence of an ion so far away. (If we assume that
the AB is a neutral molécule, then the FER theory is even more difficult
to believe, since it would imply that the M has removed the several
electron volts of energy evolved incharge neutralization.) This is in
contrast to the situation in the atom-recombination problem; because "
the distances involved in atom-recombination reactions are more nearly
on the order of molecular sizes. ("

Because of the repeated failures of the quantitative predictions
and because of the difficulties discussed above, it seems that the FER
theory gives only a very rough picture of the charge-neutralization
process. Therefore, in view of the:more consistent agreement of the
collisional-deactivation mechanism presented next, it appears that for
ion-ion recombination the me-chanisnﬁ of complex formation followed
by exchange reaction is not as good an explanation as the collisional-
deactivation mechanism. This is in contrast with atom recombination,

in which the complex;—foi‘mation r-nechanisnn11 has several advantages

over the collisional-deactivation mechanism.
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" B. Thomson Thevoryv

In the pressure region used for these experiments, the theory
that has generally been used for ion-ion recombination in the volume

8, 38 Thomson suggested that

was proposed by J. J. Thomson in 1924.
the increase in the recombination coefficient ar with increasing pres-
sure could be explained if it were assumed that (a) ion-charge neutral-
ization is not likely to occur during one collision of the.ions and (b) ions
that uhdergo collisions with the neutral gas molecules while the ions
are fairly close together (where their kinetic energies are above the
thermal energy of the neutrals) may lose enough of their kinetic energy
of relative motion so that they become unable to separate to infinity.
Because the ions cannot separate to infinity after they first pass through
their distance of closest approach, they form a bound ion pair in which
they oscillate between the minimum and maximum separations until
charge neutralization evehtually occurs. This mechanism is essentially
one of collisional deactivation of an excited ion pai‘r to form an ion pair
in a bound state, where the ions eventually neutralize each other.
Thomson assumes that the impact parameter that corresponds
to the distance within which the ions are deactivated on an average

collision with a neutral is given by

BT,:Q/an/kBT , _(F-&

where kB is the Boltzman constant, T is the absolute temperature,
and e 1is the electronic charge. Then, the three-body recombination

coefficient, a is given by

T,

ap = Tl'-BT2 {)V<g>, o (F-9)

where W is the probability that one of the ions will undergo a colli-
sion with a neutral while the ions are inside the critical region whose
impact parameter is BT’ and <g> is the mean relative velocity at in-
finite ion separation. \ |

The factor W is then calculated by assuming that the ions

follow straight-line trajectories through the critical region (ignoring
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the actual curvature caused by the attractive potential). When the posi-
tive and ne’géﬁt’i\’/é ions have equal masses and eéqual mean free paths for
collisions with the neutrals, A\, then W 1is calculated as a function of

a parameter X, defined as
X = B/\, ’ (F-10)

where B is defined the same as BT in Eq. (F-8), although here B

- 1s considered to be the actual radius of the critical region instead of
the impact parameter that brings an ion into the critical region. For
X>>1, we have W = 1, for X<< 1, W = 8X/3, and for intérmediate
values of X, the values of W are tabulated by Loeb.39 Since M\ is
inversely proportional to the pressure, X is directly proportional to
the pressure. Also, since W is the only pressure-dependent term in

Eq. (F-9), the shape of the curve of a,, vs pressure is the same as

T
the shape of the curve of W vs X, which is given in Fig. 20. This

general form of the dependence of A onpressure was confirmed by
4 25

the experimental work of Gardner™ and Sayers.

C. Natanson Theory

At some pressure above 1 to 2 atm, a ceases to increase with
increasing pressure, and a eventually decreases with increasing pres-
sure. In this high-pressure region the rate determining step is the |
rate at which the ions approach each other; the reéombinétion coef-
ficient is determined by the ionic mobilities and is given by the Langevin

expression,
(1:41Te(k++k_), (F-11)

5

where kJr and k are the mobilities of the positive and negative ions
and are inversely proportional to the pressure. Natanson has extended
Thomson's thebry to give a single equation which goes from a form
similar to Eq. (F-9) at low pressures to a form similar to Eq. (F-11)
at high pressures. '

Natanson uses somewhat different requirements for the produc=. .
tion of an ion pair in a bound state; we now discuss these i'equirements,

Natanson assumes that when the two ions are separated at infinity, they
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0.8}

MU-31884

Fig. 20. A plot of W vs X. This curve gives the general
shape of the a vs P plots using the Thomson theory.
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have a kinetic energy of relative motion, 'TR.(OO), of 3/2) kBT and that
the kinetic energy of the motion of the center of mass, 'TC, is also
(S/Z)kBT. Further, when two ions of equal mass are a distance p
apart, he assumes that the kinetic energy of each ion is

’ 2

_ _ 3 e )
Ty(p) = T5(p) = .Z_kBT + 55 (F-12)

If ion number one has a collision with a neutral while separated a dis-
tance p from the second ion, then the energy of the second ion is
assumed to remain unchanged, while the energy of ion number one be:-

comes, on the average,

Ty p) = 3 (T, + Ty
- 3y 'T-J,_Gi (F-13)
2B 4p .
where TM = -;—kBT is the kinetic énergy of the neutral. Equation

(F-13) is for ions and neutrals with equal masses; bit also contains the

assumption that the ion-neutral collision is similar to a hard-sphere
L. . 1 }

collision in order that Ti: = 1/2 (T1 + TM).

after the ion-neutral collision, all directions of the velocity of ion one

Natanson now assumes that

are equally probable. Under this assumption, - the mean kinetic energy
of the/relative ion motion after the collision, T'Rf, becomes

‘ 1 4 3 3 e2

Trrip) = > [T1: (p) + Tz(p)] = SkgT+ 2 e (F-14)

Further, Natanson requires that the ion pair must.lose enough relative
kinetic energy so that the ions are unable to separate to a distance

greater than B + B3\, where  has a value on the orlder of unity, X\ is
the mean free path, and B is the radius of the region in which deactiva-

tion occurs on an average collision and is defined by

B+B\ | |
(B) < Fdr. (F-15)
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The reason for this more stringent requirement is that when the ions
are rather far apart, a further collision with a neutral may increase
the kinetic energy of the ion pair and allow the ions to separate to in-
finity. '

Then, Natanson assumes that the energy of the ions at B + B\ is

(3/2)kBT, so the expression for B is

B = (BN/2) [(1+ 5e2/3kBT5x)1/2»' -17] . :  (F-16)

In Natanson's theory, free flight occurs between B and B+p\, so that
the impact parameter at B + B\ is related to B by

. . ABHBA
[b(B+p\)] 2 = B2 (1+1/TR(B+B>\))f Fdr. (F-17)
B

The velocity distribution at B+ g\ is assumed to be a Maxwellian distri-
bution with the result that

[b(B + M) % = B4 +12/5) =(17/5) B2, . (F-18)

Natanson determines the concentration of ions at B+ 3\ to take
account of the loss of ions by recombination inside B. The expression

for the ratio of nB+{3)\ to the concentration in thé¢ volume is

"BipN . et
T o TP EEORT

{4 "-';B <g‘>"4WkBT [1+ ezﬁ)‘ . [eXp ——-———ez —1] 1,
. ‘4De” B(B+pMk T | (B+BMkgT)

. 4De
(F-19)

where D:D++D_ and D+ and D~ are the diffusion coefficients of the

positive and negative ions, respectively.
By using nB+B)\, taking =1, and making the substitution of
X=B/\, one obtains the final result '
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' ' -1
aq = ——TT<g> WX X2 exp (2X) { -;—Z)<g>kB IW—:;;(—Z [exp (2X) —1]} .
(F-20)
If Natanson, in deriving Eq. (F-16), had taken the ion energy at B+p\
to be something other than(3/2)kBT, then the exact value of ap would
change somewhat. ' _
When the pressure is low enough that )\>‘>3e2/(kBTv) then Egq.
(F-20) becomes ' '

- (17/5) T XN W<g>exp /xk T)= 17/5 XN W<g> (F-21)

To predict Qs we must know the mean free path, \.Loeb has

suggested that X may be evaluated from the ionic mobility, k, by using

the relationship39

kM. . C(300) M /2
= 01\;3[-15 (M iM ) g (F-22)
FO1 o€ M I .
where M and M are the masses of the ions and the neutrals, C is

the root-mean-square velocity of the neutrals, and k is in cm /V sec).
In any case, one must know the mobility in order to estimate the dif-
fusion coefficient. Also, the mobility can be estimated from the calcu-
lations by La.ngevin28 and Hassé29 as described in Sec. IV. So, if the
"masses of the ions are known and the mobilities can be estimated, then

a., can be evaluated from Egs. -(F—ZO) or (F-21).

T

D. Modifications Required When the Ion Mass

and the Neutral Mass are Unequal

Because in these experiments we study the effect of using dif-
ferent neutral molecules as the third bodies, we need to consider how
different masses of the neutrals affect the predicted values of 4o In
the zero-order approximation we say that if the mass of the neutral is
not much different from the mass of the ion then we may still consider

the masses to be equal. Then we can predict the relative third-body
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efficiencies by comparing ‘thée predicted values of am ~at low pressures,
as given by Eq. (F-21). Further, if the pressure is low enough, then
X = B/A<<1, so that W= 8X/3, and we may approximate B by .

5/12 (ez/kBT)( Then Eq. (F-21) becomes.

ay ;»(136/15)w(5e2/12kBT)3(1/x)<_g>. ’ C(F-23)

Taking ratios of a,. to get relative third—body efficiencies, we obtain

T

12, (F-24)

@y /@y = N/ My = (ag /oy

evaluated for the neutral M and

where (a is the value of a

Y it
M is the polarizabilityfof_ M. . The second approximation used

in Eq. (F-24) is that the mean free path is inversely proportional to the

where a

square root of the polarizability, which is a fairly good approximation

if the neutral is more polarizable than helium, as can be seen in Sec. IV,
Equation (F-24) cannot be expected to be correct over a large .

- range of neutral masses; therefore, let us now consider some of the

main effects when we change the neutrals. One effect is that because

of the difference in the fnasses the ion can not transfer all its energy

to the neutral in one collision. The exp‘ression for the maximum ..

amount of energy that can be lost by the ion is in a simple form if the

neutral is initially at rest, in which case

4MIMM
aT)  =—I M 7 oyT (F-25)
1 M

where I\/[1 and MM are the masses of the ions and the neut‘rals,‘4t

In a real situation the neutrals are not initially at rest; however, it
may be a reasonable approximation to consider that Eq. (F-25) holds -
for the energy that the ion has in excess of the kinetic energy of the

neutral,42 so that
4M, M
17" M '
M) Z —— —2—.(T1 - TM),O (F-26)

(M1 +MM)

(AT

Vmax = YTy - T

4
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This approximation can be used only for the neutral gases that are not
much lighter than the ions, becduse the ion velocity must be larger
than the neutral velocity. Another difficulty arises if the neutral is
lighter thanthe.ion, because then the. maximum scdtteringrangle of the
velocity factor of ion one becomes less than 90° so that not all direc-
tions are possible for Xil, and the assumption of equal probability for
all possible directions of X"' becomes worse as the mass of the neutral
decreases43 (even when the masses are equal, not all directions are
equaily probable). , '
However, considering oniy the cases in which the ion mass is
only slightly larger than the neutral mass, we may use (A:Ti)max in
the derivation of B as a rough approximation of the effect of changing

the neutral mass. By the same arguments as before, Eqs. (F-14) and

(F-16) become |

5 ,
3 e
T!. = 2k_T + 4 -v), _ : F-27
r (P 2 BTt 5, (4 -v) | ( )
and - _ , “\1
BN . Aty & 1)/2 |
B .

Thus, Eq. (F-20) is modified by a different value of X [since B is now
defined by Eq. (F-27)], and also the 17/5 and 17/20 terms are replaced
by (16 +vy)/(4+v) and (16+v)/[4(4+vy)]. Equation (F-23) for the very

low pressure.is now

(16 +y) ™ (4+ )" (—if(i)( ) | (F-29)
Y Y 12kBT N g)» .

an =

T

w|oo

and the relative third-body efficiencies are given by

(ag)yy (N {(164y) (2495 )

Ny {(16+y) (4+v)2)

(QT)M

(F-30)

i <aM' Y2 sy (el
°M> {16 +v) (4+v)%)y

Table XV gives the relative third-body efficiencies calculated from
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Table XV. Comparison of .experimental relative third-body
efficiencies with predictions from Eq. (F-30)

Neutral ' . ' Third-body efficiencies
gas relative to argon
| Y (16 + y) (4 + .y)z Predicted Experimental

Ion Molecular Weight = 46

Ar 0.996 424 1.00 1.00

N, 0.942 414 | 1.01 1.44+0.3
Kr 0.916 | 409 - 1.8 1.19+0.3
Xe 0.769 | 382 1.41 1.89+0.4

Ion Molecular Weight = 76

Ar 0.904 . 407 1.00 1.00
N, ' 0.787. 385 0.98 1.44+0.3
Kr 0.998 425 1.28 1.19£0.3

Xe - 0.927 411 1.59 1.89+0.4
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Eq. (F-30) for NZ’ Ar, Kr, and Xe, along with the experimental -
values. From .fhe values of y and of the (16 +vy) (4:+'\()2 terms in
Table XV, we see that these téerms vary by only 10% or less, so that
Eq. (F-24) would not be too bad an approximation for this range of
neutral masses. '

Because of the uncertainty already present in Eq. (F-20) caused

by the problem of how to choose T_(B+f3\) and since the values of y

(
are rather close to one, we used El; (F-20) to calculate A rather
than the y corrections outlined above. Also, the positive and the nega-
tive ions were assumed to have equal masses. With these assumptions,
a,i, was calculéted for various pressures of the different third-body
gases. If we assume that the two-body rate of ion recombination is
simply added to the termolecular rate, then the predicted values of
T where ko:_ 2.,‘1.v>< 10_‘7

Sec. V-D. Figures 21 through 24 show the comparison with the ex-

a are a=k, +ta cm3/sec, as determined in
perimental data which the predicted values calculated by assuming two
different ion masses. On Fig. 22, two curves are plotted for NZ’ one .
using A obtained from experimental values of ions in N2 ()\760:3.9X10
cm, where )\760 is X when P =760 torr), and one using \ obtained from
predictions in Sec. IV.

Other improvements should be made in the Natanson theory to
give a more realistic picture. One improvement would be to calculate
the average amount of energy transferred from the ion to the neutral
by using an ion-induced dipole potential for the interaction between the
ion and the neutral. Another improvement would be to remove the
approximation that all directions of V, are equally probable (especially,
in the case M, =M "

1 M)'
24, the predicted values of a agree with the experimental values to

However, as can be seen from Figs. 24 through

within a factor of 2 or less, depending upon what the ion mass actually
is. So, to get a quick estimate of the value of a at any pressure, the
Natanson theory does give fairly good results, and the theory actually
seems to work much better than would be expected from considerations

of the approximations involved.
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Fig. 21. Comparison of the Natanson theory prediction of
avs P witho data in Ar. (A) and (B) are predicted using
N760 =440 A: (A) ion gram-molecular weight of 46.

(B) ion gram-molecular weight of 76,
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I= NO-N,
y ~ ®=NO-NO,-N,

] ]
100 200 300 400 500
P ( torr)

MU-31886

Fig. 22. Comparison of the Natanson theory prediction of
a vs P with data in N2. (A) and (C) are predicted using
A760=420 A. (B) and (D) are predicted using A740=390 A.
(B) ion gram-molecular weight of 46. (C) and (D) ion
gram-molecular weight of 76. '
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Fig. 23, Comparison of the Natanson theory prediction of
a vs P with data in Kr. (A) and (B) are predicted using
N760=360 A, (A) ion gram-molecular weight of 46.

(B) ion gram-molecular weight of 76.
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Fig. 24. Comparison of the Natanson theory prediction of a
vs P with data in Xe. (A) and (B) are predicted using
A760=280 A. (A) ion gram-molecular weight of 46.

(B) Ion gram-molecular weight of 76.
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VII. DETAILED CALCULATION

OF THE COLLISIONAL DEACTIVATION MECHANISM

From Sec. VI we see that the Natanson theory based on the
collisional deactivation mechanism gives better results than does the
ion-complex formation mechanism of Fueno, Eyring, and Ree. How-
ever the Natanson theory contains several approximations that are open
to question; also, the theory cannot be expected to {and does not) give
good predictions when the mass of the ion is much larger than the mass
of the neutra_l., For these reasons, we decided to do a-more detailed
calculation based upon the collisional deactivation mechanism, with the
hope of making better predictions of the relative third—body éfficiencies;

the results of this calculation are discussed in this section.

A. Basic Assumptions

Because the plots of 1/(1T are more nearly linear when plotted
vs 1/[M] than when plotted vs 1/[M)] 2, it seems that only one collision
is re'quired for deactivation, and we assume that we may neglect con-
tributions to the rate of ion-pair deactivation from ion pairs that are -
deactivated in more than one collision. Thus, we have a three-body
collision between the positive ion, the negative ion, and the neutral gas
molecule to consider; we approximate this three-body collision by two
two-body collisions: the ion-ion collision and the ion-neutral collision.

The experimental data indicate that the deactivation collision
may occur while the ions are tens to hundreds of angstroms apart, so
that it would seem to be a good approximation to consider that the neu-
tral collision affects only one of the ions., Thus, we consider that ions
number one and number two are following a two-body collision trajec-
tory when ion number one collides with a neutral and this collision
changes the velocity vector of ion number one but does not change the
velocity vector of ion number two. Further, because the ion—neutral‘r
interaction is short-range in comparison with the Coulomb interaction
between the ions, we make the approximation that the velocity of ion
one changes suddenly from V, (p) to X;“(p), where p is the ion-ion
separation at the time when the ion-neutral separation, T is mini-
mum, and that the value of p remains unchanged during the time of the

{ I AR T I S S SR
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ion-neutral collision. (A partial list of symbols is given at the end of
this section,) V '

Also, we assume that the scattering of ion one is not influenced
by the presence of ion two. This approximation neglects the focusing
effect that would be expected, because the Coulomb field at ion one from
ion two should cause scattering along the direction of r (the ion-ion
sepaf_ation) to be favored. This focusing is most effective when the ions
are close together at the time of the collision with the neutral; here the
assumption that Xé (p) = Xz(p) is .1¢ss valid. However, if the ions are
close together they are easily deactivated anyhow, because of their
large kinetic energy. Therefore the neglect of focusing may not be
very serious, because (a) there is already a high probability of deactiva-
tion when focusing would be most important, and (b) the region in which
the Coulomb energy is much larger than thermal energy is small in
comparison with the total region in which deactivation can take place.

- The potential between the ions is assumed to be pure Coulombic
and the potential between the ions and the neutrals is assumed to be the
ion-induced dipole potential with a hard sphere core--the same potential
used to calculate the ionic mobility--and the potential is given by Eq.
(D-26) in Sec. IV. Further, it is assumed that classical mechanics
may be used to describe the collisions; and that the two-body collisions
can be treated as central-force problems. - Also, we assume that the
ion and the neutral have elastic collisions.

Using these basic assumptions, we may now proceed to calcu-

lation of the rate for ion-pair deactivation.

B. Requirements for Deactivation

When r = p, the requirement for the ions to be unable to separate
to infinity is that their relative kinetic energy, TR’ be small enough
that >

Ty (p) < ip— : (G-1)

The value of the relative velocity of the ion pair, g, after the .ion-

neutral collision is



-91-

g (p) = [V (p) 24V, (p) -2V () V, (p) - cosy' (912, (G-2)

where vy'(p) is the angle between Vi; (p) and V2 (p}). The change in
relative kinetic energy caused by the ion-neutral collision is

uo, 2 A i 2 2

g™ -g ):E[V1 1. + 2V, (V,cosy -V, cosy)], (G-3)
where p.‘ is the reduced mass of the ion pair. From Eq. (G-3) we see
that the ion pair may lose relative kinetic energy by the transfer of

. .
kinetic energy to the neutral so that Vig2 is less than V12, or relative
kinetic energy may be lost be decreasing the angle between V, and
n PN

V2 so that Vivg cosy' >V1 cosy. Since the relative kinetic energy at

r=p before the ion-neutral collision is given by
2
T (p) = Ty (=) + e/p , . (G-4)

in order for deactivation to occur, we must have

B2 42 )
> (g7 -g") 2Ty (). (G-5)
e : - _Ml , .,
If we let AT1 = =5 (V1 -V }, then for any given AT,, deactivation
occurs if .
,, TR(”)"(WZ—“’ ATy cosy
cosy. = +
AT AT
' 1 .1/2 1 .1/2
“V'l {(p) VZ (P)_(i - —) / (1 - _._)/ (G-6)
' Ty (p) T, (p)

where M1 and M2

kinetic energy of ion one at r = p before the ion-neutral collision.

are the masses of the two ions and T1 {p) is the

In a consideration of the ion-neutral collision, it is helpful to
use the vector diagram in Fig. 25(a) in which the vectors represent the
asymptot.ic initial state; however, it is convenient to draw the vectors

as if the ion and the neutral were just emerging from the scattering
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MU-3188¢9

Fig. 25(a). Vector diagram of the asymptotic initial state
of an ion-neutral collision. '
(b). Vector diagram of the asymptotic final state
of the same ion-neutral collision showing the rotation
of giM through the angle X 4p-
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center. If the ion-neutral collisidn.is elastic, then the collision will
rotate the relative velocity vector of the ion—ne_utral, B through
some angle X M This is illustratgd in Fig. 25(b), where the dashed
lines represent the initial state and the solid lines the asymptotic values
‘after the collision. The angle of deflection of "Y in the laboratory

system is represented by B in Fig 25(b) and it can be found from44’ 45

sin{y + 1)
tan(B + 0) = M , (G-T7)
' X+COS(X1M+11) _

where 7 is the angle between VCiM and BiMm before the collision;

~oo

VCiM is the ion-neutral center of mass velocity and is given by
My Vit MyVm
Yeim * | ’ (G-8)
(M1 + MM)

where VM and MM are the velocity and mass of the neutral. The

parameter X in Eq. (G-7) is defined as

v
X = 1 M CiM , (G-9)
MM &1M
The angle 6 between V, and VCiM can be found from
sinm ‘
= -10
tan 6 X+cos (G-10)

where the angle 1 is given by

- T, (p) M, +M
cosm = Ti 1M MY x?%4 /(2X) , (G-11)
R1M M .
_ 1 2 . o L ' L
where TRiM =5 Myp Eam 1S the relative kinetic energy of the ion

neutral system.

The amount of enei‘gy lost by ion one, ATi, for any deflegtion

angle XiM is given by
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_ 2 12
ATy = My(Vy™ - V. 7)/2

0 - - M N . M A
M 2 M 1 2
=M, |(V, g - (Y +-'——-——gf)}/2
1 DNACIM 24 M ~C1M 21'M
[ (M, +M, 1) (M +M, 1)
M, M
i e Vi
= W VCiM g4 M [cosm - cos(n+x1M)]
17" M
M
_ M
= 2X TRiM( W) [cosn (1 - cos XiM)
1t Mpm

+ sinnm Sin-XiM] . (G-12)

The initial conditions n and T along with the ion-neutral force

R1M
law will determine Xy 282 function of biM’ the ion-neutral impact
parameter, and, as we saw above, if we know X1M we can calculate
AT1 ‘and (.

Now we can calculate y' (p) if we know vy (p), B, and ¢, the
1

angle between the plane of VZ’ V, and the plane of Vo, V. Figure

oo Mi

- 26(a) illustrates the angles, and from the geometry we find

cosy'(p) = cosPBcosy (p) + sinBsiny (p) cos ¢. (G-13)
Therefore, for any deflection Xy We can calculate AT1
and B, and from Eq. (G-13) we can find the range of ¢ that results in
deactivation; that is, the range that gives angles y' (p) that satisfy the
deactivation requirement in Eq. (G-6). We assume that all values of
¢ are equally probable, so the fraction of collisions with a given value
of XiM that causes deactivation is just the fraction of 27 radians of
the values of ¢ that give deactivation. Thus, if we know Vi (p),

Xz(p), and XM (as well as the masses), then the rate of deactivation for
each X M is just the fraction of ¢ giving deactivation for that X 1M
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Fig. 26 (a). _Diagram showing the an le ¢ between the plane
of Vo, V1 and the plane of 72, 1.

Fig. 26 (b). Vector diagram showing the angle €.
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times the rate of formation of that value of XAt Figure 27 is a flow

diagram of the calculation of k The order of presentation is from the

3
bottom of Fig. 27 to the top.

C. Calculation of the Rate of Obtaining a. Deflection X IM

The deflection angle Xy C2n be related to the impact param-
eter, biM , of the ion-neutral collision, if the interaction potential is

known. For the ion-induced dipole potential with a hard-sphere core,

Hasse’29 has shown that XiM. is a function of a parameter, Y, defined
as
Lo
3 1M. 2
Y = — biM g4\ - (G-14)
e .
M

where By M is the reduced mass of the ion-neutral system, anM is the
polarizability of the neutral, and e is the electronic charge. Also,

the relation between Y and X 1M depends upon the square root of the
: 29

ratio of TR.iM (riM = w})- to the depth of the potential well. This
ratio is defined by Z, where
g \M/2 2
Z = :—e—z— g S (G-15)
M-

where s is the radius of the hard-sphere core. By using Hassé's

equations, was calculated as a function of Y and the results are

X
shown in Fig.ﬂg/IS for several values of Z. If we use Z <1, then XiM
goes to - at Y =2, corresponding to an 'orbiting'' collision.

Because the calculation was done numerically, it is convenient
to calculate the rate of formation of a range of deflection angles, Ax AM
Also, 'since we can't tell whether we shall get a positive or a negative
deflection for any given value of biM’ we want A |X1M l Further,

since the observed scattering angle is between -m and +7, we want

A |(X IM -.m2m) |, where m is a pqsitive integer or zero, such that

SIS XqM "~ m27 <m, Now, the rate of formation of deflections in the

region Ay 1M can be taken as
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Calculation of k3 for each value of vy(«), b,

and for collision with each ion of the ion pair

Assume values of: § b, y(«), T1(°°), Tz(w), My, M

This determines:

Ter Tri=), py Trlp)
d Calculate Ae(p)
| weighting factors,
| Eqs. (G-17)and (G-23) |

Assume a value of

This determines: E Tl(p), Vl(P): vip) 8

3 TM’ MM’ v §

Assume .values of:

This determines:

Egs. (G-8), (G-10), and (G-11)

Assume a value of: Calculate rate of
-1 format1on. of AXIM

Eq. (G-16). |

| regions,

This determines: 8 B, ATI, Vl(p), and the values of §
B!
Egs. (G-6),/G-7), and (G-12). B v (p) which cause deactivation

| Then find the fraction of 2w radians of the angles ¢
§ which give values of ‘y'(p) which cause deactivation, §
| Ea. (G-13),

MUB-2093

Fig. 27. Flow diagram of the calculation of k3.

7
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Fig. 28. Deflection angle X pf as a function of Y for several
values of Z. (A) Curve for pure ion-induced dipole potential;
all finite values of Z eventually connect with this curve.
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) [M] [1on], (G-16)

2

d 1M 81M

AX 40 /dt =7 A (b

where [M] and [Ion] are the neutral and ion concentrations, and

2 2

2
bim g1M):\'(b1M 8im) (b~ g4\ K

A(
X 1M1

X4M2

where and

2,
AX M= X am2 X 1Mt ERVRTIVY X niz

is the value of b2 that gives the deflection X M2

VELDY ,
Then, the rate of formation of deflections in the region A l(xiM_mZTr)
is the sum of terms similar to those in the right side of Eq. (G-16) for

all the different values of bZ1

M &M that give deflections in the region
A ‘(X IM " mam) \ Appendix B gives the values of AY for various
A |(X1M -m2am) I regions for several values of Z. By knowing the re-

duced mass and the polarizability, we can calculate the rate constant

for formation of deflection angles in a region A '(XiM - m2aT) ‘

‘D, Calculation of the Rate of Collisional Deactivation

In Sec. VII-B we saw that by knowing Xi (p)s vy {(p), XM’ and
the masses, we could calculate the rate of deactivation if we knew the
rate of formation of X 4 M and we saw how to calculate this in Sec.
VII-C. We can calculate the fraction of collisions with +X1M that give
deactivation, average this with the fraction giving deactivation with
"X M and then weight this average fraction by the rate of formation

" of XiM in the region A l( -m2T) ] This is repeated until the

X
range of X4 from 2 deg toiil\go deg has been covered, and the sum
gives the total rate of deactivation. (The 2 deg lower limit is used
because the cross section goes tovinfinity as X,y g0es to zero. The
arbitrary cutoff at 2 deg is rather unimportant, since the results of the
calculation indicate that deflections of 20 deg or less are likely to cause
deactivation only for the cases with small values of o)

If we know X1 (p) and XZ (p) we can calculate the rate of deactiva-
tion by averaging over the possible values of .YM We determine the
magnitude of Vv by assuming that the neutral always has a kinetic

energy of {3/‘2)kBT when TIMT P Then we assume that all angles
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between X1_ and XM are equally probable at TSR and average
the rate of deactivation over all values of v, where v is the angle '
between XM and .Y1 at .ri_M = oo, ,

Next, we want to average over the possible values of Xi(p) and
YMZ (p). These vectors are determined through knowledge of the kinetic
energy of the motion of the center of mass of the ion pair TC’ the
value of TR(p), the angle € between g and the velocity of the center
of mass Y«C’ and the masses - Mi' and M2° Figure 26(b) illustrates
the vector relationship. Here again the rate of deactivation is calcu-
lated for each value of € and these rates are weighted by the proba-
bility of having € in the region Ae. However, the angle € does not
have a uniform distribution; instead, the value of €(p) is related to
€{(r=»), to the value of p, and to the value of b, the ion-ion impact
parameter. The reason for this is that the angle Ae between € ()
and 'e(‘p) is just the deflection angle of g in the center-of-mass co-
ordinates and the magnitude of this defl;ction depends on how nearly
the collision is a head~-on collision, and on the magnitude of p. At
p = © we than have A€¢=0or Ae= X 12 where X 12 is the deflection -
angle of g, depending on whether p=w is on the incoming or on the
outgoing l:;g of the ion pair collision. The relationship between ‘€ (p)

and € () on the incoming leg is given by

€(p) = €() = (5, - 5), (G

where . tams, = /(e 2 -1)/? . C(G-18)

and i tan § = ténhg/(ecz-i)i/z, (G-19)
46

with ec -beiﬁg the eccentricity of the orbit; ec is given by

22, 41)2 |
e = (1+ 4T (»)b /e )' / . (G-20)
where e is the electronic charge. The parameter § can be found by -

using r=p in the relationship4

T = a(eC cosh§ -1) , . | (G-21)



101 -

where .
a=e’/2Tg (=)]. | (G-22)

On the outgoing leg the relation between e€(p) and €(x) [where €()

refers: to r = © before the ion collision] is

€(=) 126, £(6, - &)

éo»yi@o+®, _ | (G-23)

€(p)

The factor 28, comes from the relation X 12 = 2 60.

We calculate the weighting factors for the Ae regions by find-
ing the distribution of € corresponding to equal values of Abz from
b2 =0 to b2

the distance of closest approach. This distribution is then used to

2 . . ' .
=B, where B is the impact parameter that gives p as-

calculate the weighting factors for the A€ regions. This procedure
does introduce some error, because the concentration at ¥=p on the
outgoing leg is smaller than the concentration on the incoming leg, and
is also a function of the impact parameter; some of the ions recombine
at separations smaller than p and the 'ions with small impact param-
eters are more likely to recombine. However, if the total fraction of
ions recombining is fairly small, -this procedure should not cause a
very large error. | "

From the above discussion we see that by knowing TR(OO), TC’
and p (and the masses), we can calculate the rate of deactivation.
Now, TR(OO), TC’ and p are all determined by the values of the ion
kinetic energies ar r=o, Ti(oo) and T2(°°), by the impact parameter,
b, and by the angle, vy(x), between X1(oo) and XZ(OO). In this calcula-
tion we took T1(°o) = T2(°°) :(3/2)k;BT. Therefore, we can find the rate
constant for deactivation for any given values of b and y(«), and we are

now ready to see how actually calculate the recombination coefficient.
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- E. Calculation of the Recombination Coefficient, aT

If we specify the states of the ion pair as being given by regions

‘b2+ Ab2 and by the value of y(»), then for each y(«) we shall have a

i
series of distances e [bi,y(oo)'] which are the distances of closest
approach corresponding to the impact pararneters, bi’ where

b= x Slbg, y(=)] [1+ e®/x by vi=) ] Ty [v(=)] | (G-24)

1

The total rate at which ion pairs go through rc[bm,y(oo')] on
the incoming leg is given by ﬂbnlzg[y(OO)][A+] [B7], where

gly(=)] = {ZTR[Y(wﬂ/H} e,

and where we have assumed that no ion recombination has taken place
at distances greater than rc[bm,y_(fn)]. The rate at which undeactivated
ion pairs arrive at the next inner shell at rc[bm_i,_y(oo)] on the in-
coming leg is Trb,li_1 gy ()] [A+] [B] minus the number of ion pairs

with impact parameters less than b that have already been deacti-

m-1
vated between rc[bm,y(oo)] and rc[bm_i,y(w)], Similarly, the rate

of formation of unreacted ion pairs whose distance of closest approach
is between rc'[bi,y(eo)] and rC[bi+1’Y(°°)] (these ion pairs will be re-
ferred to as ion pairs’in the ith state) is given by Pi" where

P, = n(b’, - bo) gly(=)] (1 -F[a*] [B7]. (G-25)

Here, 'Fi is the fraction of ion pairs originally in the ith state which

have been deactivated in outer shells; Fi is given by

A m-1 o
F. = £(4, j), (G-26)

j=i+1
where {(i,j) represents the fraction of ion pairs in the i_fh state that

are deactivated in the jth state; f£(i,j) is given by
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m-1
k() [M] . | ,
£(i, j) = — [t - £(i, )] - (G-27)
{/r i) + k()M et

Here, k3(j) is the average rafe consbtant for deactivation by a collision
of the positive ion in the region betiween rc[bj, y(oo)]and rC[bJ.+1,y(°°)]
plus the average rate constant for deactivation by a collision of the
negative ion in the same region, [M] is ’;he neutral concentration, and
<1/7(i,j)> is the average of the reciprocal of the time required for
ions in the ith state to go from rC[bj+1’Y(wﬂ to rc[bj,y(oo)] . The time
7(i, j) can be calculated from Eq. (G-21), which relates r to & and

e and from the rela’tion47 between the time t, ecs and §. We have

t = (pad/e?)l/2 (e sinh § -£), (G-28)

where e and a are defined in Egs. (G-20) and (G-22). Since e is

a function of the impact parameter, the 7(i,j) values are different for
the different values of i.

The fraction of ion pairs in the ith state that are deactivated

between rc[bi+1,y(oo)] and rc[bi,y(oo)] is given bY,. G, whgre

k(i) [M] (1-F)) :
G. = . (G-29)

P {(1/r0,1)) Hig(0)[M]

where '<1/'r(i, i)> is the average of the reciprocal of the time that the
ion pairs in the ith state spend between the time when they reach
rc[bi+1,y(°°)] on the incoming leg and the time when they reach
rC[bi+1’ v(«)] on the outgoing leg. |

The fraction of ion pairs in the ith state deactivated between

rc[bj,y(oo)] and rC[bj+1’ v(®)] on the outgoing leg is h(i, j): We have

hti, j) = ’

- (G-30)
(/75,5 + kg (5)[M]
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where 1/7(i,j) is the same as in Eq. (G-27) and [1-H(i, j)] represents
the ion pairs initially in the ith state that are still not deactivated by the
. time they reach rc[bj,y(oo)] on the outgoing leg, and H(i,j)'is given by

j-1
H(LJ) = ) hii,q), (G-31)
| &

with h(i, i) = Fi + Gi' . (G-32)
The total rate of deactivation of ion pairs in the ith state is Di’ where

L2 20 o TON. o |
D, = H(i,m)m(b{, , - bl) gly(=)][a"][B], (G-33)
where [1-H (i, m)] is the undeactivated fraction of ion pairs in the ith v
state that passes through rC[bm,y(oo)] on the outgoing leg. Therefore,

the total rate of formation of deactivated ion pairs (A+B_) is

m-1
alta™7)]/at= ) D = mgly=)] (471 [B7]

i
i=0

-1

5

2

H(i, m) (bj; 4 -b P (G-34)

» i
i=0
“Then, by assuming that the three-body recombination coefficient, Qs
is the same as the rate constant for formation of deactivated ion pairs,
have :
we v . 4

ol v(=)] = 1/[a"1[B7] D, . (G-35)

We can now compute an average value of aT(bm) by averaging over

v(%), assuming that vy(®) has a uniform distribution.
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Ideally, the values of k3(i) would go to zero fast enough so that

a bm) would converge to a limit where the use of larger values of bm

7l

would not change a However, because of the bmz terms in Qs the

values of k3 havg tonall off faster than 1/b2, and this doesn't seem to
be the case when.Eq. (G-1) is used as a requirement for deactivation.
Thevdivergence of a seems to be a result of the long-range nature of
the Coulomb force. We can still estimate relative third-body efficien-

cies by calculating a ,(bm) for various values of bm to. give values of

T

a., that are comparable to the experimental values and taking ratios

tnget relative efficiencies.

Another consideration is that in the foregoing discussion we
assumed that once an ion pair was deactivated, it would inevitably
undergo charge neutralization.. This >assumption is somewhat in error,
since the ion pair may gain enough relative kinetic energy in a later
collision to allow its ionsto separate to infinity. Also, since the chance
of charge neutralization probably depends very strongly on the distance

of closest approach, the deactivated ion pairs with large values of

. lrcs

r. may take a very long time to undergo charge neutralization; there- .

fc?re, they have more opportunity to gain relative kinetic energy from
another collision. (This effect is enhanced by the fact that the ion pairs
with lower relative kinetic energy have smaller values of minimum and
maximum separations if thé eccentricity is the same; also, the ion
pairs with lower relative kinetic energy are less likely to gain enough
relative kinetic energy to be able to dissociate.) Thus, it may be that
the rate of recombination is not the total rate of formation of deactivated
ion pairs but only the rate of formation of deactivated ion pairs that
have rc's below some maximum value. In our calculation we also tried

using the requirement for deactivation that the ion pair lose enough

relative kinetic energy so that
3 2 h
T'(p) < (e“/p) - Ep> (G-36)

where ED is the extra amount of energy that must be lost. The idea

is that if the ion pair has a relative kinetic energy which is, say,

0.5 kBT or kT below the negative of the potential energy, then a

B
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further ion-neutral collision is less likely to .enable. the ion pair to

dissociate. When we had E T, then no deactivation occurred for

p~kp
ion pairs whose impact paramefers were greater than 1500 A, so that
aT(b ) is independent of b for b_ 21500 A.
m o m m
Appendix C contains the FORTRAN-II program for the calcula-

tion of the specific rate of recombination.

F. Results of the Detailed -Calculation

A general result of the calculation is that the amount of relative
kinetic energy that must be lost to cause deactivation is quite important
in determining the rate constant k3 for the deactivation reaction.
Figure 29 shows a plot of k3 vs p, the ion-ion separation at the time
of the deactivating collision, for argon atoms deactivating NO+, NOZ-
ion pairs by collision with the NO'. The solid lines give the values
when the TRhﬂ::023kBT[ﬂw)=3¢],jkdw):LSkBT[Ww)=9Oﬂ
and TR (0)=2.77 kBT [y(«)=150°] and when the requirement for de-
activation is ED = 0 in Eq. (G-36). The dashed lines give the results
for the same values of TR(OO) when ED: O.SkBT is the requirement ’
for deactivation. From this graph we see that the smaller the relative
kinetic energy that must be lost, the greater the value of k3.

There is a factor that reduces the contribution to the average
value of a from the idn pairs having small values of TR(&)), and this
is the smaller rate of formation of ion pairs at a given value of p,
which is caused by the smaller value of g(«). However, some of this
reduction is canceled because the lower value of g(«) lowers the value
of g at all ion separations, so that the ion pairs with smaller values
of g(~) spend a longer time in the region where the ion-ion separation
is small. Thus, these ion pairs have an increased chance to collide
with a neutral while inside the critical region. The increase in k3
for the smaller values of TR(OO) is generally large enough so that these

values of T ) make the largest contribution to the average value of a.

(e
R
The ratios of k3

-are smaller for the smaller values of TR(°°). This is because the light

's for the heavy gases to k3’s'for the light gases

neutrals can remove only a small fraction of the ion's energy and
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x10'° (cm3/sec)

MU-31892

Fig. 29. Plot of k3 vs p for NOT-Ar collisions.
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cannot cause large deflections of v 1(p), so that the light neutrals are
not able to deactivate very well when large amounts of Tr must be
lost.

It is interesting to notice that if the scattering of ion one is in-
fluenced by the presence of ion two so that scattering along the direction
of r is favored, then it is more difficult for deactivation to take place.
This is because the focusing tends to favor situations . in which y'(p)
is a large angle,” so that ion one has to lose a greater amount of energy
before deactivation can occur. However, the focusing decreases the
distance of closest approach, so the purely bimolecular charge neutral-
ization process is more important.

Another general feature of the results is that when the neutral
is heavier than the ion, the fact that the ion can transfer only a fraction
of its energy in a collision is compensated for somewhat because large
deflections of Xi (p) are possible, so that it is possible to make y'(p)

a small angle. For example, one might expect that the rather large
difference in masses between NOZ_ and Xe would reduce the third-
body efficiency of Xe when compared with Ar, since the maximum
possible energy transfer is less when NOZ_ collides with a xenon atom
than when it collides with an argon atom. However, the increased
probability of large deflections of Xi(p)'fnakes the chances better that
Y'(p) will be small, and this more than compensates for the decrease
in the maximum possible energy transfer. J

We made calculations of a for the deactivation of NO+, NOZ_’
and NO(NOZ)+
calculations were made for the cases in which the requirement for
deactivation in Eq. (G-36) is ED = 0, ED = O.SkBT, and EDszT.

The step sizes used in carrying out the calculations were such that there

, (NOZ)Z'- ion pairs by each of the neutrals studied. The

is an estimated uncertainty of 10 to 25% in the predicted values of a.
To approximate the effect of the pure bimolecular recombina-

tion process in our calculation, we considered that the NO+, NOZ_ ion

pairs always underwent charge neutralization when they reached the

T corresponding to b=100 A for each value of v(»). This procedure

C
gave a predicted k, of 1.8X 10°7 cm3/sec when there was no third-body
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deactivation of the ion pairs in the outer regions. lThis' same k, was
also used for the NO(NO,)", (NO,)

- was third-body deactivation in which a

ion pair. We found that'_When there
- was less than 2><10_6
7cm3/se_c, So, the

T cm3/sec,
then the decrease in ko was less than 0.6X10° /
,assumpti’on q = k0 +(1T, with ko equal to the zero pressure limit of g,
seems to be fairly good for these experiments.

‘Table XVI gives the values of ar calculated for helium at a
pressure of 10 torr for the two different ion pairs and the three values
of. ED. The low polarizability of helium makes the predicted values of
a depend upon the choice of the hard-sphere radius, s, and Table XVI
gives the results using the values of s listed in Table IV of Sec. IV.

In the other gases the predicted values of a are only slightly dependent
on the choice of s.” The value of a depends strongly on the choice of
the maximum impact parameter; bm., For ED :k.BT, there is no in-
crease in a when bm increases beyond 1500 A, but for the other

values of E a will still increase when larger values of bm are

D’
used.

To have the predicted values of a be as large as the observed
values, §ve have toﬂise values of bm that aré la,rgc?r than the values of
by [the maximum impact parameter to give (A+B_)>'<] determined ex-
perimentally from the high-pressure limit of a. However, in the ex-

perimental determination of k,, we assumed that every ion pair with

an impact parameter less th>an1 b1 could be deactivated, and here we
are assuming that no ion pair whose impact parameter is greater than
bm is deactivated. Therefore, we might expect b . to be larger than
bi' Furthermore, because brn is larger than bi’ the values of k3
that we estimated from the experimental value of b1 are larger than the
calculated values of k3.

Since the ions actually present during the experiments were
probably mixtures of clustered and unclustered ions, 't_he_best predic-
tion of the relative efficiencies probably is some value between the
predicted values for‘.,NO-‘_, NO2

NO(NOZ)+, (NOZ)Z_ ions chosen as examples of possible ion clusters.

ion pairs and the values for the

Also, since the predictions in Sec. VL A indicated that xenon and krypton



Table XVI.

Predicted values of a

a total pressure of 10 torr. a
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T

in NO-He mixtures at

b _ _ —
b_ b= 0 Ep = 0.5k, T Ep=kgT
(4) G°© L34 ¢ L-J G L-J

NO+, NOZ_ ion pair

400 0.40 0.48 0.20 0.24

600 1.22 1.41 0.49 0.58 0.27 0.33

800 2.60 2.92 0.95 1.13 0.49 0.60
1000 4.81 5.34 1.60 1.93 0.69 0.84
1200 8.3 9.1 2.39 2.90 0.77 0.94
1500 16.5° 18.0 3.62  4.43 0.79 0.97
NO(NOZ)+, (NO,), Ion Pair

400 0.15 0.20 0.05 0.08

600 0.52 0.62 0.19 0.27 0.10 0.16
800 1.27 1.50 0.44 0.65 0.16 0.26
1000 2.75 3.24 0.74 1.13 0.19 0.31
1200 5.18 6.22 0.99 1.54 0.19 0.31
1500 | 1.24 1.96  0.19 0.31

2 Numbers are aTX 108 cm3/se(c‘.

Maximum value of impact parameter -

¢ Values of a

(reference 31).

d

(reference 32).

Values of a

T

T

for deactivation.

when s was estimated from the Goldschmidt Table

when s was estimated from Lennard-Jones ¢ values
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were the neutrals most likely to take part in the formation of ion
clusters, we calculated the relative efficiencies expected if NO(Xe)+
and (NOZ)Z_ were the ions in the NO-Xe mixtures and if NO(Kr)+ and

(NOZ)Z_ were the ions in the NO-Kr mixtures. The relative efficiencies
for the NO(M)+, (NOZ)Z_ ions were calculated as relative to NO(NOZ)+

and (NOZ)Z'_ -
Table XVII gives the relative third-body efficiencies of the

being the ions in the NO-He mixtures.

various neutrals, relative to helium as the third-body gas. The values
of the relative efficiencies were computed by taking the ratios of @
calculated for a pressure of 10 torr in each neutral gas.

The numerical values of the relative efficiencies depend some-
what on the choice of bm. The predicted order of relative efficiency
is Xe > Kr >N2z Ar> D, zI—IZ>He. The relative efficiency of N, is
predicted to be less than Kr, where, experimentally it seems to be
greater than Kr. In Sec. IV.C we saw that the ion-neutral interaction
potential used here predicted the ionic mobilities in N2 to be 10% higher
than the experimental values, so we might expect that the predicted
values of o, in N, might be about 10% low. Also, the diatomic
neutral molecules do not have the spherical symmetry that we have
assumed, and besides that, the diatomic molecules may remove some
of the ion's energy by exciting the rotational or vibrational levels.
Therefore we might expect our predictions for HZ”DZ’ and N2 to be
somewhat in error.

Table XVIII gives the predicted relative efficiencies when
E_ = O?SkBT is the requirefnent for deactivation, and Table XIX gives

D

the predictions when E_ = kBT. In these two tables the predicted rela-

tive efficiencies are in],)reasonable agreement with the experimental
results if the ions are NO+ and NOZ_. However, if the ions are clustered,
then the predicted values of a in the light gases «(Hzg D, and He) are
rather low, so that the predicted relative efficiencies of the heavy
gases are considerably above the observed values..

The values of a were calculated for'pressures up to 500 torr

in order to investigate the predicted pressure dependence. The predic-

tions at the higher pressures are less reliable than the predictions at



Table XVII. Relative third-body efficiencies when ED =0

b_2 NO', NO," N,0,", N0, No', No,” N,0,", N,0,”  Nomt, N,0,°

(&) G°>  L-sC G L-J G L-J G L-J el -39
Nitrogen Argon

400 4.0 3.3 6.0 4.8 3.9 3.2 6.2 4.9 _

600 4.3 3.7 5.9 4.0 3.4 6.0 51

800 4.4 3.9 5.3 4.6 4.1 3.6 5.4 4.7

1000 4.3 3.9 4.5 3. 4.0 3.6 4.7 4.0

Hydrogen Krypton

400  1.35 1.13 1.25 0.98 4.7 3.8 7.8 5.9 7.4 5.5

600  1.43 1.25 1.58 1.37 5.0 4.3 7.5 6.2 6.9 5.8 .
800  1.56  1.40 1.91 1.69 5.1 4.5 6.6 5.6 6.1 5.2 =
1000 1.73 1.57 1.94 1.71 5.0 4.4 5.5 4.6 5.1 4.3 '
Deuterium Xenon

400  1.86 1.57 1.85 1.50 6.1 4.9 9.8 7.4 8.3 6.2

600  1.89 1.66 1.88 1.63 6.6 5.5 9.4 1.6 8.3 6.8

800  1.89 1.70 1.88 1.65 6.7 5.8 8.1 6.8 7.4 6.1

1000  1.89 1.72 1.87 1.64 6.5 5.7 6.8 5.6 6.1 5.1

a

b

Maximum value of the impact parameter.

Relative efficiencies when s was estimated from the Goldschmidt values (reference 31).

c . . . .
Relative efficiencies when s was estimated from Lennard-Jones o values (reference 32).

d These values are relative to the results in helium when the ions are NO(NOZ)+ and (NOZ)Z_.
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Table XVIII. Relative third-body efficiencies when ED = O.SkBT

+ - + - +

- + - +
bm NO ', NO2 NZO3 s NZO4 NO ', NO2 N203’ N204 NO(M) ', NZO4
(&) G L-J G L-J G L-J G L-J G L-J
Nitrogen Argon
400 5.5 4.7 5.4 4.6
600 5.9 5.0 7.6 5.6 5.8 4.9, 8.7 6.3
800 5.4 4.5 5.7 4.0 5.2 4.3 6.6 4.6
1000 4.9 4.0 5.2 3.6 4.6 3.8 5.9 4.0
1200 4.4 3.6 5.5 3.7 4.1 3.3 6.0 4.0
1500 6.7 4.4 6.8 4.4
Hydrogen Krypton
400 1.01 0.87 6.9 5.7
600 1.26 1.10 1.59 1.19 7.6 6.3 14.7 8.1 10.7 7.5
800 1.45 1.24 1.34 0.98 7.0 5.7 9.0 6.0 8.2 5.5
1000 1.46 1.23 1.07 0.77 6.0 4.8 8.1 5.3 7.4 4.9
1200 1.36 1.13 0.91 0.64 5.1 4.1 ‘8.1 5.2 7.5 4.8
1500 0.73 0.51 8.8 5.6 8.1 5.1
Deuterium Xenon
400 1.70 1.47 9.0 7.3
600 1.76 1.53 1.81 1.36 10.0 8.2 15.5 10.4 13.3 9.0
800 1.81 1.55 1.81 1.33 9.0 7.3 11.5 7.5 9.8 6.4
1000 1.84 1.55 1.80 1.30 7.6 6.1 10.2 6.5 8.6 5.5
1200 1.84 1.55 1.80 1.27 6.3 5.1 10.2 6.3 8.5 5.3
1500 1.78 1.26 10.9 6.8 9.1 5.6
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Table XIX. Relative third-body efficiencies when ED =-kBT

+ - + - + - Tt +
brn NO , NO2 NZO3’ NZO4 . NO, NO2 N203’ NZO4 NO(M) s NZO
(4) G L-J G L-J G L-J G L-J G L-J
Nitrogen
600 6.3 5.2 7.4 5.0 6.1 5.0 9.0 6.1

800 5.3 4.4 7.4 4.9 5.1 4.2 8.4 5.6

1000 5.0 4.1 9.2 6.1 4.7 3.9 9.9 6.5

1200 5.2 4.3 11.8 8.0 5.0 4.0 12.4 8.2

1500 5.4 4.4 13.4 8.8 5.1 4.1 14.2 9.3

Hydrogen Krypton

600 1.23 1.03 1.09 0.77 8.2 6.5 13.0 8.3 11.8 7.5
800 1.15 0.96 0.82 0.58 6.5 5.2 12.0 7.5 10.8 6.8
1000 0.96 0.80 0.70 0.49 - 5.8 4.7 13.6 8.5 12.3 7.7
1200 0.88 0.73 0.70 0.49 5.9 4.7 16.5 10.3 14.7 9.3
1500 0.86 0.71 0.70 0.49 6.0 4.8 18.5 11.5 16.3 10.3
Deuterium Xenon

600 1.73 1.46 1.76 1.25 10,7 8.4 17.8 10.9 14.5 9.0
800 1.74 1.47 1.73 1.23 8.3 6.6 15.8 9.6 13.3 8.1
1000 1.73 1.46 1.72 1.22 7.3 5.8 17.6 10.6 14.8 9.0
1200 1.74 1.46 1.72 1.22 7.3 5.8 20.8 12.6 17.0 10.3
1500 1.76 1.47 1.72 1.22 7.3 " 5.8 22.9 13.8 17.4 10.6
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low pressures, because the fact that most of the ion pairs suffer more
than one collision when traveling through the distances considered
means that some of our simple assumptions are no longer appropriate.
The predictions are illustrated by plotting the values of a predicted

for (a) b_ = 600 4, EP - 0, and NOT, NO, ion pairs; (b) b__ :0600 A,

ED 0, and NO(NOZ) , (N(‘)Z)2 idon pairs; and (c) bm = 1500 A(or larger),

ED = kBT, and NOJ_F, NO2 ion pairs. The curves are ‘plotted along with

“the experimental points on Figs.13 through 16 given in Sec. V. C. The

general result is that the experimental points show a greafer curvature
in the a vs P plots, indicating that the high-pressure predictions of
a probably are in error. '

In'conclusion we see that by having the computer do a lot of <. . -
work,. we can predict the relative third-body efficiencies within limits.
In helium,. the predictions depend upon the radius of the hard-sphere
core, but the other gases are rather insensitive to this choice. The
predicted relative efficiencies do depend upon what requirement we
use for deactivation. Aiso, the predicted efficiencies depend‘ some -
what on the choice of the maximum impact parameter, bm. However,
the absolute values of a are strongly dependent on the value of bm
The procedure used probably gives poor results for pressures as high
as a few hundred torr, and it will surely be in erfor when the pressﬁre
is so large that a decreases with increasing pressure.

Thus, the detailed calculation allows one to predict the relative
third-body efficiencies, but not the absolute values of a. Also, to get
a real test of the detailed calculation, or of any of the other theories,
we must have better experimental evidence as to what ions are actually

present.
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SYMBOLS

Primes are used to designate values after the ion-neutral
collision. |

The siubscript M refers to the neutral, the subscript: 1 refers
to the ion which collides with the neutral, and the subscript 2 refers

to the other ion of the ion pair.

Angles
Y is the angle between V1 and Voo
v is the angle between vV, and MVL
€ is the angle between g° and V c

o~

is the angle between g1M and VC1M »

is the angle between Xi and XCiM’

is the angle between g and ig',

X D 3

X 42 - is the angle between g,, and g'iM ’
B is the angle between V, and . V',_l )

and ¢ is the angle between the plane .of XZ’ Vi and the plane of YJ.’ MWE

Velocities

Xi’XZ’XM are the velocities of ion one, ion two, and the neutral.

g is the velocity of the relative motion of the ion pair.

on

g1M is the velocity of the relative motion of the ion-neutral
system.
VC is the velocity of the center of mass of the ion pair.

VCiM is the velocity of the center of mass of the ion-neutral

system.
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APPENDIXES

A. FORTRAN-II PROGRAM TO CALCULATE INDUCED
CURRENT-TIME CURVES

Explanation of Syr‘nbdls*

NR: number of calculations to be done;

IX,IC, Z(I): used to set up cathode réy output.

NT: number of At steps to be taken.

NP1: one more than thé number of A§ steps.

MD: the induced current is computed every MD" A7 steps.

MN: intermediate values of ‘the ion concentration are printed out
every MN- MD - Ar ‘step’s. »

GA: GA = G.

DT: DT= Ar.

Al: AL= Q.

CN(I): CN(I) = P_(iA§) = P+(1 - iA§).

TU: TU = -A7/7p . -

CT: average value of P_ at some specified 7.

TIC: reduced concentration of ions collected at the anode.

TJID: reduced concentration of ions measur‘ed by the induced currént.

AV: AV =W,

XA(I): X(I) = U(iag) = U(1-1AE).

CJIN(L): reduced ion current collected at the anodé at L = ArT. _

POSTID, CAMERA, PICTR: subroutines used for cathode ray output.

DJI(L): DJI(L) = I(L- Ar)

" See also Egs. (D-10) and (D-11) in Sec. IV. A.
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ION COLLECTION RATES ( SYM) (INDUCED)
DIMENSION CN{102)9X{102)9sDJI(502)+CUN(502)+DX(102)9XQ(102),
1 Z(16)sABS(502)s CIL(102)s CNS{52)
COMMON ABSsDJIsPSsDTsLMPsZsCNsDPIsNP1sIXS

DJI(1)=Ve
CUN{1) =0,
1G=-2

READ INPUTTAPE 2s 11lsNR
11 FORMAT(15)
DO 50 KR=1sNR
READ INPUT TAPE 2+220+1Xs1Ce(Z{1)sl=1s16)
220 FORMAT{215/(9F8e3))
IF IC=NEGATIVE GET GRAPH OF CN VS DISTANCE EVERY IX STEPS,
IF 1C=0 GET NO CRT OuUTPUTs IF [C=POSITIVE GET GRAPH OF
INDUCED CURRENT vS TIME
READINPUTTAPE2s12sNTsNPLsMPsMDsMNsGAsDTsALs (CN(T)1sI=1aNP1)»TU
12 FORMAT(I115+41591P3E1244/(6E12e4))
MP MUST EQUAL (NP1+1)/2
DX{MP)=J40
XQ(MP)=uUe
NP=NP1-1
NPM=NP-1
NPM2=NP =2
BNP=NP /2
BN3=8BNP#*3,0
MPS=MD
PS= MPS
MNS=MN
LM=0
TIN=0 eV
TIJ=0eV
MP1=MP+1
MP2=MP+2
MP4=MP+4
MPD=MP+MP
DNP=NP
DPI=1.0/DNP
DN3=DPI1/3,0
DTM=DT#PS/2.0
GAV3=GA#*DN3
DTAL=DT*AL
DTY=DT/DPI
I1XS=1X
WRITE OQUTPUT TAPE 3»134NPsNTs GAsDT» ALsTUSDNPsDON3sDTMs» (CNI(I) s
1 I=14NP1) ,
13 FORMAT(13H1 [INPUT DATA 2159 1P6E15+4/(8ELGes))
DO 404 I=MP1,NP1
IM=MPD~|
404 DX(1)1=CN(IMI=-CN(I)
DO 44 J=14NT
CALCULATE NEW VALUES OF X
410 vJd=J
AV=1e0 — 2+7182818%%(VJ*TU)
XQ{MP1)= DX{MP1)*GAV3
DO 420 I[=MP2,NP1l
420 XQ(1)=XQUI=2)1+(0X([=2)1+4e0%DX(I~1)+DX(1))*GAV3
XT4=XQ(MP1)+XQ(NP)
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XT2=XQ(MP2)}
DO 426 I=MP4yNPs?2
XT4=2XT4+XQ(1-1)
%26 XT2=XT2+XQ(1)
XQT=24 U%¥XT2+4eU¥XT4+XQ(NP1)
X(MP)= AV+XQT/BN3
IF{X{MP) 142845430430 _
428 WRITE OUTPUT TAPE 392229JsXQToXT4eXT29(XQ(I)sDX(1)sI=MPsNP1),
1 {(CN(I)sI=1sNP1)sX(MP)
222 FORMAT(9HOX{MP)INEGsI115/(1H0s1P8E1445))
GO TO 50
430 DO 32 IK=MP1,yNP1
X(IK)=sX(MP)=-XQ(IK)
IF(X(1K)})31432532
31 WRITE OUTPUT TAPE 392249IKsJsXQT o (XQ(I)eDX(I)s1=MPyNPL),
1 (CN(IDsI=1sNPL)s(X{I)sl=MPyIK)
224 FORMAT(6HUNEGX(s1492H )19115/(1H0s1PBEL445))
GO TO 50 '
32 CONTINUE
' IF{J-1) 3814381,33
33 IF{MD-J) 34434540
34 MD=MD+MPS
LM=LM+1
LMP=LM+1
C CALCULATE INDUCED CURRENT
o CIN(LMP)=X(NP1) *CN(NP1)
TIN= TUN + CUN(LM) + CIN(LMP)
TDJ2=X(MP2I#(CNIMP2)+CNI{MP=2)) +X[MP)*CN(MP)
DJ4=X (MP1)%#(CN(MP1)+CN(MP=1))+X(NP})#*(CNINP)+CN(2))
DO 35 [=MP4yNPy2
_IM=MPD-I .
DJ4=DJa+X{I=11*(CN(I~1)+CN(IM+1))

35 DJ2=DJ2+X(I)*(CNIT)+CN(IM))
DII(LMP)=(2,0%DJ2+440#DJ4+X(NPL1)* (CNINPL)+CN(1)}) /BN3
TIJ=TIJ+DJI(LM) + DJI(LMP)

IF(MN=LM) 38538540
38 MN= MN + MNS
381 CNT4=CNI(2)}
CNT2=V40
DO 39 I=4sNPs2
CNT2=CNT2+CN(I-1)
39 CNT4= CNT4+CN(T)}
CT= (CN{1) + GeO%CNT4+ 2.0%CNT2 + CN(NP1})*DN3
TIC= DTM=TUN
TJD=DTM*TIJ
WRITE OUTPUT TAPE 34202y JsNPLsMNSsMPSsCTsTICsTUDsAVs(CN(T)sI=1,
1 NP1}, { X(I)sI=MPyNP1)
202 FORMAT (1HO9215s14HCPsCNsXsAT DTX 215,5X91IHTOTAL IONS=
1P1E19+4495Xs 13HIONS COLLECT= 1E19e¢4/ 1HOs16HINDUCED ION COL=
2 1E164495X94HVOLT 1E16447/(1HO96E1944))
IF{IX=J) 391+391,406
391 IF(IC) 393+4065406
393 CALL CAMERA(IGsIX)
406 IF{NT=J) 44444540
C CALCULATE NEW VALUES OF .CN
40 CIL(1) = CN(1)#X(NP1)*DTY

—



-121-

CNS{1)=CN(1)
IF(CN(1)) 4009+4012+4001
4001 CR = DTAL*CN(1)*CN(NP1)
T CN{1Y= CN (1) - CIL(l) - CR
IF(CN(1)) 4003+4012,4012
TTTHU03T CN(1)= CN(1)+CR*045
IF(CN{1)) 400594012+4012
T 4005 CIL(1)= CIL(1) + CN(1)
‘ IF(CIL(1)) 4007+4009,4009
4007 " CIL(1) = Qa0
4009 CN(1)=0.0
TTTROT2T DO 4026 1=24MP
IM=MPD-1
CIL(T)=CN(T)=#X(IM) *DTY
CNS(I)=CN(I)
TTUTUUTTUUTIF(CNCT)) 40229402694014
4014 CR= DTAL*CN(I)*CN (IM)
TTUTTTTOUCN(CIYETCNCLY = CIL(IY +# CIL(I-1) - CR
IF (CN(1)) 4016+4026+4026
TT4016 7 CN{1) = CN(I1) + CR¥*0.5
IF(CNII)) 40189402654026
TTTROI8T CTLITY = CIUCIY # CNUTY)
IF (CIL(I)) 4022540244024
4022 WRITE OUTPUT TAPE 35226s IsJds X{IM)sCN(IM)sCN(I)sCRsCIL(I)
226 FORMAT(5HOCIL(s14s5H INEGs18s 1PBE1244)
T UOUCILE =040 o
4024 CN(1)=040
4026 T CONTINUE T
DO 4040 I=MP1lsNP1:
IMEMPOoT »
CIL(I)=CN(I)%x(I ) #DTY
CR= DTAL®CN(I)*CNS(IM)

4032 CN(I) = CN(I) + CR*0.5
IF(CN(T)) 4034+404044040
4034  CIL(I) = CIL(I) + CNUI)
IF (CIL(1)) 403654038,4038 _
4036 WRITE OUTPUT TAPE 3,226 IsJs X(I )sCNOIM)SCNII)sCRsCILCT)
_ CIL(I}=040
4038 CN(1)=0e0
4040 DX(I}= CN(IMI=-CN(I)
44  CONTINUE
WRITE OUTPUT TAPE 34203sLMPsMPSs(DJI(L)9sL=29LMP) s (CINIL)sL=2sLMP)
203 FORMAT(1H1»15+8Xs8HJ AT DT* [5/(1HUs1P5E20e4))
IF(IC) 509504470
470 CALL PICTR(IG)
50 CONTINUE
o IFLIC) 52960452
52 CALL POSTID(2HPJ 2}
60 CALL EXIT
END’
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B. RATE OF OBTAINING DEFLECTION ANGLES IN A"XiM REGIONS

Listed below are the values of AY for various Al(XiM_mZ ) |
regions at different values of Z. The rate constant, kX, for formation

of the region A|( -m2 )| is given by

XM ,
_ 1/2
kX = ng(aM/p,iM) AY,

where e 1is the electronic charge, A ‘is the polarizability of the

neutral, and MyM is the ion-neutral reduced mass.

Al(X g pg-m2m | | S Z= (MiM/gM)i/ZgiMSZ/e
 (deg) 0.30  0.90 1.55 2.0 3.0 4.0 6.0 8.0

2 to 10- 451 451 451 4.49 ° 4.49 4.18 2.25  0.302
10 to 20 1.104 1.135 1.099 1.087 0.741 0.118 0.137 0.202
20 to 30 0.532 0.563 0.523 0.527 0.145 0.174 0.233 0.257
30 to 40 0.352 0.372 0.346 0.272 0.179 0.222 0.312 0,404
40 to 50 0.269 0.278 0.271 0.159  0.240 0.266 0.382 0.502
50 to 60 0.222 0.225 0.237 0.169 0.235 0.302 0.439 0.577
60 to 80 0.361 0.363 0.332 0.371 0.523 0.678 0.996 1.317
80 to 100 0.290 0.293 0.310 0.381 0.544 0.713 1,054 1.398
100 to 120 0.238 0.238 0.282 0.350 0.506 0.665 0.988 1.312
120 to 140 0.191 0.181 0.225 0.281 0.410 0.540 0.804 1.068
140 to 160 0.142 0.116 0.144 0.181. 0.266 0.352 0.524 .0.697
160 to 180 0.119 0.057 0.052 0.065 0.093 0,122 0.182 0.242
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C. FORTRAN-II PROGRAM FOR THE DETAILED CALCULATION

of QT

The program is divided into two parts-.' The program labeled
RATE OF ION-ION RECOMBINATION, together with its subroutine
WGTEP, calculates the values of k3(;’;) for deactivation by collision
with the positive or with the negative ion. These values of k3(i) are
input data for the program labeled CALC ALPHA, which calculates the

values of 'aT, making use of the subroutine AVEK2.

Explanatibn of Symbols

NUM: number of caltulations to:be done.

IPM: number of AX.1M regions.

XB(M, IS): values of X‘1M' _ .

1S, LZT, Z L.M(L3), BAM(MA, IS): data which give the rate constant for
obtaining the x IM deflections. -

NP3: number of steps used in computing the e(p) distribution.

TF1, TF2, TM: T, (=), T,(), and Ty (r
af kBT'.

M ©), respectively, in units

TEMP: temperature in ° K.

AM1(MIJ), AM2(MI1J): gram molecular weights of ions one and two.
NN: number of Ay(=) and Ae(p) steps.

NF: index used to specify y(«) value.

KM: number of Av steps.

CE(N): values of y(«) and €(p).

CK(K): values of v.

ED: . ED

MM: number of different neutrals. .

in units of kBT.

AMM(M): gram molecular weights of the neutrals.
NX: number of Ab steps.

B(JB): values of b.

LT: number of different values of s.

L9: index used to specify value of s.
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QL(M, L MI )- values of X\ as defined by Eq (D-29) in.Sec. IV.C.
ARM: gram molecular weight of HiM | “
TIN, TR, TC: TIN= Ti(p), TR=Tp TC=T
X,CSE,SNE: X=X, CSE=cos 1, SNE =sinn.
TRR,CSG: TRR= TR(p), CSG=cosy..

EEP: ez/p in units of kBT. '

RO=R(J,NF): RO= rC[bj’ y()].

TCI, TRF: TCI= TC’ TRF = TR(°°).

FPT: fraction of collisions with X M that give deactivation.
XI1(1B), BD(IB), DE(IB): XI=¥x i BDP =6 DE = ATi(p), TFDA(L‘)):

deactivation rate constant for a particular value of v.

CiM’

FGTDA(L9): deactivation rate constant for a particular value of €(p).

ETDA(L9): used as data in CALC ALPHA; k3 for deactlvatlon by
collision with one of the ions is k3(1) Te(a /H1M 1/2 ETDA.

GFP(NF): GFP = g(y(«)).

GC(NF, T3(NF), 'AA(NF): used as data in CALC ALPHA to calculate
(i, 3). : | ,

WGTEP: sﬁbroutine used.to calculate the distributio'n' of €(p) and the .
weighting factor for the Ae€(p) regions. '

EPI: EPI= e (»).

WE(NN): weighting factor for the Ae€ regions.

Additional Symbols in CALC ALPHA

NP, PRS(NM): the total number and the values of the pressures at
which aq is calculated; NM is the index specifying the pressure.

JS: smallest value of j of the bj used.

JM, JL: first and last values of m for the bm

POL: <M in cgs units. A

ZJE(J): number of steps taken for each j in the calculation of

/i, il

FDI(J, J3): FDI=£(J3,7J).
DAL(I): contribution to aT(bm" Y()) from ion pairs in the Ith state.

ALF(L9,NM, NF): ALF=a(b_, y().
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AKZ(L9, NM, NF): AKZ =k (y(=)).
ALPH(L9,NM): ALPH= ap-
AVKZ(L9,NM): AVKZ=k,.
RELE(J, L.9): relative third-body efficiency when bm: bJ.
AVEK2: subroutine used to calculate <1/fr(i,j)> .
DT(J5): values of 7 for b2 =J5 “*Abz.
SKI: SKI= ny%f.

AKJI(J, NF): AKJ:<MGU,M>,

AKI(J, J3, NF): AKP:Q/NJ&J».
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- C RATE OF ION-~ION RECOMBINATION : C
DIMENSIONBTA(2993)sAMM(8) 9AM1(10)sAM2(10) ETOA(6910)
1 GFP{10)sGC(10)+T3(10)s AAL10])s Ri509101)>
2 CS(24)y FGTDA(3)
3 DE(2)s DET(2)9FE(2)s BRI(2)
4 WE(20)y X1(2)98BD(2)s PLR(2)sFP(2])>
5 B(50) TFDA(3)» o :
6 CK{24)9CEP(26)+sCE(24)9QL(8B93910)92LM({60)sBAM(2994)>
7 BAMS(29+60)2ZL{3)s XB(2994)

NM2=0
READ INPUT TAPE 245559+ NUM
555 FORMAT (15}
READ INPUT TAPE 2,502, ISsIPMLZT
502 FORMAT (3I5)
C IF 15=4 USE IPM=7
. READ INPUT TAPE 245264 (XB(MyIS)sM=2,1PM)
526 FORMAT (12F6.1)
DO 2991 L3=1,yL2T
READ INPUT TAPE 2+522sZ2LM{L3)s (BAM{MA»4)sMA=2,7])s (BAM(MAs3])»
1 MA=2513)s (BAMIMA+2)sMA=2519)s (BAM(MA,1)sMA=2,28)
522 FORMAT (1P1E12.4s 5E12.5)
DO 2991 MA=2,sI1PM
2991 BAMS(MAsL3)=BAMIMA,IS)
1 NM2=NMZ2+1

READ INPUT TAPE 2s501» . MIJUT» NP2sNP3, TF1eTF29sTMy TEMP
501 FORMAT (31594F843)
c’ MIJT=10R 2s NP2=0 OR NEGATIVE TO SUPPRESS QUTPUTs NP3*NX MUST
C BE LESS THAN 21.

EE=167106E-03/TEMP

READ INPUT TAPE 2y 503y {(AML(MIJ)sAM2(MIJ)} sMIJ=1eMIJUT)
503 FORMAT (8F9e3)

READ INPUTTAPE29+502» 10 sNNsKM

C 10=0 TO SUPPRESS XIsDEsBD OUTPUT
2G=KM
. ZE=NN
READ INPUTTAPE2,»587s {CEIN)sN=1sNN) s {CK(K)9sK=19KM) HED
587 FORMAT (9F843)

DO 2 K=1sKM
C=CK{K)*0,0174533

2 CS(K)=COSFIQ)
DO 3 N=1sNN
E=CE{(N)*0,0174533

3 CEP(N)=COSF(E)
READ INPUT TAPE 295559 MM

READ INPUT TAPE 24503 (AMM(M} g M=14MM}
READ INPUT TAPE 2+5559NX
JM=NX
WRITE OUTPUT TAPE 355055 JMsMIJTsISsNP2sNP3sNXsNNsKMsMMsTF1,4TF2 »
1TMsTEMP » (AM1(MIJ)»
2 AM2{MIJ)sMEJ=19MIUT) s (CE(N)sCEPIN) oN=1aNN) s (CK{K)sCS{K)sK=19KM)»
3 (AMM{M) s M=19MM)
505 FORMAT {(56H1 DATAs916 / 10F12¢4/(10F1244))
READ INPUT TAPE 29586 (BLJ3) +JB=19sNX)

586 FORMAT (1P6E1244)

WRITE OUTPUT TAPE 39504 sNXs{B(JB)sJ3=1sNX)+ED
504 FORMAT (1I5/(1P6E1244))

READ INPUT TAPE 295559 LT
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READ INPUT TAPE 29586, (((QL{MILoMI)ol=1sl T)sM=19MM ]},
1 MIz1sMIUT)
WRITE QUTPUT TAPE 39524 LTsIPMeLZTe(((QLIMAYLIsMI)sL=1sLT)sMA=1sMM
1) eMI=1eMIUT)s  (ZLM(L3) s (BAMS(MASL3) sMA=2,IPM}s L3=1sLZT)
524 FORMAT (7HJIQLBAMSs 9Xs 315s 1P6E14e5 /(9E13451))
DO 465 - M=]1 MM
NPP=0Q
DO 465 J=19IM
NPP=NPP+NP3
DO 465 NF=1sNN

IA=2
DO 5 L9=1+6
5 ETDA(L9s NF) = 040
DO 460 MIJU=1,MIJT
TA==1A

IF(J=1) 1018+101851024
1018 IF(NF=-1) 1020+102051024
1020 IF(1A) 1022102251024
1022 WRITE OUTPUT TAPE 149590 TFLsTF2sTMsAML(MIJ)»AM2(MIJ) s AMMIM)
1 TEMP :
590 FORMAT ( 7F843)
1024 ATI=AM1(MIJ)+AM2(MIJ)
AT2=AM2 (MIJ) /ATI
AT1=AM1(MIJ)}/ATI
AMU=AM1 (MIJ)}#AT2
AT=AML1 (MIJ)+AMM(M)
A1T=AM1 (MIJ) /AT
A2T=AMM(M) /AT "~
ARM=A1T*AMM (M}
TTIF(O=1) 1030,1030,1036 7
1030 IF(NF-1) 1032,1032,1036
1032 WRITE OUTPUT TAPE 14+591sNNsEDINP3sKMyISsLZTsLTsARM
591 FORMAT ( I49F8e3s 51551P1EL547)

" 1036 ”TCi"E'AT1*TF1+AT2#TF§42.*AMU#SQRTF(TF1*TF2/(AM1(MIJ)*AMZ(MIJ)))*

1 . CEP(NF) .
" TRF=TF1l+4TF2-TCI1
_ETF=EE/TRF
ETF2=ETF*ETF
R{JINF) = 0e5% ( SQRTF{ ETF2 + 4.0%B( J) #B(J))=-ETF)
- EEP S EE/RTIJSNF) LoRITEe T GV CooLh T ’ R
AA{NF) De5 * ETF
" GCINF) = 2407 (ETF*AA(NF))
GJ= 3414159265 % SQRTF( TRF#TEMP* 6.0247 E+23% 2. 76084 E-16)
RO = R{JsNF)
TRR=TRF+EEP
T GFPINF)Y = GJ/SQRTF(AMU)
T3(NF)= AA(NF)%*SQRTF(AMU*AA(NF)/(EE*TEMP*1438042E~16%640247E+23))
CPI= (TF1- AT1I#TCI -AT2#TRF)/(2e0*AMU*SQRTF(TCI*TRF/ (AM1(MIJ)
1 *AM2(MIJI 1))
W22=140-CPI*CPI
IF(W22) 2004200552005
2004 WRITE OUTPUT TAPE 3s 575+ JsTF1sAT19AT29CPIsw22
575 FORMAT (11H1ERROR 2004s I110s1P6E1445)
W22=2040

o

2005 EPI= ATANF( SQRTF(w22) s/ CPI)

IF(EPT) 2007,2009,52009
2007 EPI= EPI + 3414159265
2009 BJ=BI(J)
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A5=AA (NF)
CALL WGTEP(EPIs»BJsNPPsNN+AS9ROIWE)
DO 460 N=1sNN
T TIN=AT1*TCI+AT2%TRR +2.0#SQRTF(AMU*TCI*TRR/ATI1)*CEP(N)
T2= TRR+TCI-TIN
TTTTTUVZ222.0% T2/AM2IMIY)
IF(V22) 457,646
"6 V2=S5QRTF(V22)
V11=2.0 *TIN/AM1(MIJ)
TF(V11) 457977
7 Vvi= SQRTF(V1l)
TTOASTINYAMZ2 (MTJ) 7TAML(MIJ)*T2)
GG=TRR#2¢0/AMU
TTTIF(GG) 4574848
8 G=S5QRTF(GG)
TTTUCSG=(V114V22-GG) /1 2.0%y1%V2) -
Q1=1e0~CSG*CSG
IF(Q1) 4574999
9 SNG =SQRTF(Q1l)
T UTT=TIN+TM
ASR 22,0#SQRTF(AM1(MIJ)*AMM(M) *TM%TIN) /AT

T 7T TAST2a5QRTF(AMI(MIJ) 7 AMM(MY)

DO 24 L9=1sLT
- 24 FGTDA{L9)=0.0 "~ ~
DO 440 K=1+KM

TTTTTTTTCEALTHTINAA2TRTM+ASR#¥CS(K)

TU312 TR MTIJU-1) 31493145316

TR=TT=TC
T XEASI2¥SQRTF(TC/TRY ™
CSE=((TIN/(A2T#TR) )=X*X=10)/(240%X)
T30 TBNET.0<CSEXCSE T T
IF(SN) 439431,31
" 31 SNE =SQRTF (SN}
IF(NP2) 31653165312

314 WRITE OUTPUT TAPE 35510sCK(K)  sJsKsMsNsB(J)s AMM (M) s AM1 (M1 J)

17 AM2 (MIJ) s TINS TRa TCoX s CSESSNE s TMs TRR9CSG9G2GGaVIIVI1NV2sV22s
.2 EEP sRO»TCIsTRF

510 FORMAT T12FA0ANGLE B1 VMsF 7029415931 BsE1265+3F11e4/4HOTINIFBelbs
1 6H TResF8ae4s6H TCoFBebs6H XoF8elts 6H CSE9+5F1l0e5/

T T T 2HOG2F Bets6H T VIe2F8Be496H T TV2y 3FG4he6H | RO91IP3EL2,.4)

316 DO 32 L9=1,LT

TZETL9 = QLIMeL9 s MIU) #SQRTF (TR)

32 TFDA(L9)=00

Lo=1
702 U3=L3+1 77T
703 IF(ZL(L9)=ZLM(L3)) 7045704702
704 IF(L3~2) 705,710,710
705 DO 706 14=25IPM
706 BTA(I4+L91Y=BAMS(14,4L3)
707 IF( L3=-LZT) 7071»7071+439

CTOT1 IF(LT=-L9) 3649365708

708 L9=L9+1
' GO TO 703 - ’ .
710 DFZ=(ZL(L9) =~ZLMI(L3-1)) /(ZLM{L3)=ZLM(L3~1))
‘DO 712 14=2+1PM .
712 BTA(I4sL9) = (BAMS(1la4sL3) —BAMS(I44L3-1)) *DFZ +BAMS(I4sL3~1)
"7 60 TO TOT o C '
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36 IFINP2) 36393639361
TT3817 WRITE QUTPUT TAPE 355859 MoJsNFeMIJeNsKy (ZL(LI)sLI=1LT)
585 FORMAT ( 3HOM=» [4s6H J=y 1446H NF=y 14 s6H MIJs I3y 6H NEP
’ 17T s1496H T K=y l496H ZL=y 3F15.6)
363 Ix=1
TTTTUATTIX=IX4Y
XI(1)=XB(IXs1S)
TTTTTTTTTXIREXI( 11#0,0174533
18=1
42 DEC IB) =2.0%X¥TR#A2T*(CSE*(140-COSF(XIR))+SNE®SINF(XIR))
DET( IB)=DE( IB}/TIN
TTTTTTTFE(CTTIBIE1L0-DET(  1B)
IF(FE( 1B)) 144543,43 .
43 TNB=(STNFIXIR)*(1e+X*CSE)+X*SNE#(COSF(XIR)=10))/ {X#({X+CSE)+
1 COSF(XIR)*(1e0+X®#CSE)~X*¥SNEX¥SINF(XIR))
TTTUTUTUBIZATANF(TNB) O T
IF( X-14000 ) 45544544
T4 BR(IB)Y=B1T
GO TO 55
45 TF{TX=2) 44+640405
46 1IF(BR(IB)) 47544452
TTRTTIF(BI)Y 49548,507 ’
48 BR(1B)=3414159265

TTTTTTTROTTO 55 7T
49 IF (BR(IB) +1.5708 ) 54954944
B30 BRUIBY=-13.,14159265 —=-B1y T oo
GO TO 55
_____ 52 1F(B1) B4s4B8,53 ~ ~~ 0Tt mmommmmmnmmm e
53 IF(BR(IB) ~1.5708 ) 44v50950

TG4 BROTAYES 14159285 7 RBL T T s e
55 BD( IB)=BR(IB)/ 040174533
- TCGCE (({TRF+ED~AT2#DE(IB) ) /TAMU*V1I*V2) ) +CSG)/ SQRTF(FE( 1B))
IF(CGC=140) 10551609160
105 1F(CGCH 101 15091505110
110 BGC=COSF(BR(IB}) *CSG
TTTTTTUTRGSESINFIBRUIBIY ¥SNG T
IF(B8GS) 112+170»130
“112 BGS=-BGS
130 CGT=BGC+BGS
TTTUTTUTTFICGT=C6C) 16091609332 77
132 CGT=BGC-BGS
IR TICGT-CBE) 134515001507 T T
134 CP=(CGC-BGC)/BGS

TTTR5=1,0-CPECP T
IF(Q5) 14491365136
TTTTI36 PLRI TI8) TATANF(SQRTF(Q5)/CP)
IF(PLR({ IB)} 138+1404140
138 PLRI T IB) =3414159265 +PLR(1 B)
140 FP{IB)=PLR({ IB)/ 3.14159265
TGO T0 417 B
144 WRITE QUTPUT TAPE 3550691Xs1BsDE( IB)sXsTRsA2TsCSEsXIR9SNEY
TTTTTITDET( U 1B)sCGCeBGCIBGSCPICGTHFE(  IB)sQ5
506 FORMAT ( 9HOERROR144s9X ,215.7F13.7/ 1H0.6F13.7’9X,2F13 7)
' TGO TO 417
150 FP(1IB)=1
PLRT IB) 3414159265
GO TO 417
160 FP{IB)=zU.0
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PLR( IB)=040
GO TO 417
170 IF(BGC~-CGC) 16091605150
TEITTF(1IB-2) 41854209420

418 1B8=2
T 77X IR==XIR
XIt 2)==x1( 1)
o GO TO 42
420 FPT = (FP{1)+FP(2))/ 24V
o IF(10) 421942109421
421 WRITE QUTPUT TAPE 3,511s IXys FPTys

7] UBTAUIXeL9)sL9=193)s (XI(IB)s BD(IBI»DE(IB)sDET(IB)SFE(IB)sFP(IB
2)9PLR(IB)s1B=1+2)
511 FORMAT (3HOXI s9Xs I5+1P1E12.497Xs0P3F10e5 /1HOs TF15.8/
1 1HO 9 7F 1548}
"4210 DO 422 L9=1sLT
FDACT =FPT*BTA(IXsL9)
422 TFDA(L9)= TFDA(L9)+FDACT
423 IF(IX~-1PM) 3754305430
430 IF(NP2) 43254325431 -
431 WRITE QUTPUT TAPE 3+531s IXsFPTy (TFDA(LY9) 2L9=1sL T}
"7 531"FORMAT (3HOL9s [I5s 4F1548 ) )
432 DO 434 L9=1sLT
434 FGTDA(L9)=FGTDAIL9)+TFDA(L9) /26

GO TO 4398 .
439 WRITE QUTPUT TAPE 345149 Ks TCsAlTs TINs A2Ts TMs ASRs CS(K)s TR»
1 TTs Xs AS12, CSE» SN » (ZLIL9)YsL9=193) s JeMsMIJINF

514 FORMAT (10HIERROR 439y 9Xs [5s 7F13¢7 /1HOs 9F13.7/ 1HO418)
4398 IFINP2) 440,44094399
4399 WRITE QUTPUT TAPE 355129 CK(K)sKs " (FGTDA(LS)LG=1sLT)

512 FORMAT (3HOCKs 1FB8e39s9Xs11595Xs 2HLSs 3F2048)

440 CONT INUE '

... IFUIA) 452,452,454

452 DO 453 L9=1,LT T

453 ETDA(L9sNF) = ETDA(L9sNF) + FGTDA(LI}I*WE(N)
. GO TO 460 7 ' ’ o
454 DO 455 L974s6 o
455 ETDA(L9sNF) = ETDA(L9sNF) + FGTDA( L9=3) *WE(N)
GO TO 460
457 WRITE OUTPUT TAPE 355159 NsMTJs NBs TINs AT1ls TCIs AT24TRRy
1 AMUsATIs CEP(N)s AM1(MIJ}s V1s V2y CSGsTRFs ROs (B(JB),
2 JB=1sNX)sT2s V22s V11ls GGy Qls Q2

515 FORMAT (10HOERROR 457s9Xs  315s 7F1246/ 1HOs 6F 12469 1P3E1244 /
1 {(1HO» 9E12e41) '
460 WRITE OUTPUT TAPE 35513s  AMI{MIJ)sCE(N) sAMM(M)» (ETDA(LIsINF)sLY=
1 1+6)
513 FORMAT (5HO®*MIJsF8e396H EP=zy F8e3s 6H M=s FBa3,6H ETDAGF
1 12.8)
IF(NF=NN) 465+4562+4562
4562 IF(J=1) 45644456444565
4564 WRITE OUTPUT TAPE 145593s (CE(N&)s GFP(N&)sGCIN4)9sT3(N&)s AA(N&)
1 N4=1sNN)
593 FORMAT ( 1P1E1le3s4E1507)
4565 WRITE OUTPUT TAPE 149592s B(J Js(RIJ sN&4)sNa=1sNN)
© 592 FORMATI(1P5E15.7) -
WRITE OQUTPUT TAPE 14+594s ((ETDA(L9sN4)sLI=156)sNs=1sNN)
594 FORMAT (1P1E12+4s5E1245)
465 CONTINUE



-131-

IF{NM2-NUM) 194704470
470 CALL EXIT

_ END

SUBROUTINE WGTEP(EPI+BJsNP3sNNsAASROSWE)
DIMENSION RGE(30+4)sDLEI(30)sDLEJI30)sWE(20) +DLTI(30)+DLTI(30)>
1 BEt21) | ‘ '
AAA=AAFAA
RA=RO/AA
BB=04Q
- JBP=NP3+1
ZN=NP3
DBB=BJ#BJ/ZN ,
EP8=EPI +3.14159265
IF(EP8 - 6¢2831853) 10,1048
8 EP8 = EP8 =~ 6,2831853 =
10 RGE(1,1)=EP8
RGE(14+2)=EP8
RGE(143)=EP]
RGE(1s4)=EPT -
DLEI(1) = 3,14159265
DLEJI(1) = 0,0
BE(1) = 0e0
N3D=2#NN
235=N3D
"BED= 642831853 / 235
BE(N3D+1) = 6.28319
TTWE(1) =060 C
DO 11 NZ=2sN3D
WE(NZ)=0.0
11 BE(NZ)= BE(NZ-1) + BED
NZ=0 o
12 NZ=NZ+1
IF(EP8-BE(NZ)) 13512912
13 N1=NZ=-1
N2=N1
‘ NZ=0
14 NZ=NZ+1 .
IF(EPI-BEINZ)) 15414914
15 N3=NZ-1
N4=N3
DO 44 JB=2,J8P
BB=BB+DBB
BAA=BB/AAA :
EX=SQRTF(1.0 + BAA)
CHE=(1+0 +RA)/EX
W2=CHE#CHE-1,0
IF(W2) 16+18,518
16 WRITE OUTPUT TAPE 3:501sJ838BsDBBsBAASRASEXsCHEIW2
501 FORMAT ( 6HOCHE(ls I541P7E13.5)
W2=0e0
18 ANGD= ATANF( SQRTF(W2/BAA}/CHE)
ANGDZ= ATANF(AA/SQRTF(BB)}
DLEI(J8) = ANGD + ANGDZ
DLTI(J8) = ABSF(DLEI(J8) = DLEI(JB=-1)}
202 IF(DLTI(JB)) 22221922
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21 DLTI(J8}= 04001
"22 DLEJ{JB)= ANGDZ - ANGD
DLTJ(J8) = ABSF({ DLEJ(J8) -DLEJ(JB-1))
TTTTTFIDLTINUB)) 26923926
23 DLTJU(JB)= 0001

726" RGE(JBsl) = RGE(JB-1s1) - DLTI(JB)
DL = DLTI(J8)
NB=N1
I8=1

281 IF( RGE(J8s18) - BEINB)) 282+2944294
282 RB=RGE(J8-1,18)

'284 WE(NB) = WE(NB) + (RB-BE(NBJ)/DL

NB=NB-1
IF(NB) 286+286,288

286 NB=N3D

RGE(JBs18)= RGE(UBs18)+ 6.2831853
288 IF{RGE(JB»I8) - BE(NB)) 29042924292
290 RB=BE(NB+1)} ' :

GO TO 284

7292 WE(NB) = WE(NB) + (BE(NB+1) - RGE(JB,»I8)}/DL

GO TO 295
294 WE(NB) = WEINB) +1.0
295 1F(18-2) 29642985298
34 RGE(JBs3) = RGE(JB =193} - DLTJ(J8)
TUbU=pLTIUEY ' '

GO TO 281
ol RILNg o
30 RGE(JB8»2) = RGE(J8-152) + DLTI(JB) "
DL = DLTI(J8) :
oo NBEN2 ~
18=2" ' . _
301 1F( RGE(JBs18) - BE(NB+11) 31453025302

‘302 RB=RGE(J8-1+18)

304 WE(NB) = WE{NB) + (BE(NB+1} - RB) / DL
NB=NB+1
~ IF(N3D-NB) 306+308s308
306 NB=1

) RGE(J8s18)= RGE(J8sI8)- 6,2831853
308 IF( RGE(JBsI8) — BE(NB+1)} 312+310,310

_310 RB=BE(NB)

GO TO 304

312 WE{(NB) = WE(NB) + ( - BE(NB) +RGE(J8»18))/DL

GO TO 315
314 WE(NB) = WE(NB) +1.0

" 315 I1F(18-3) 316,318,318

316 N2=NB
38 RGE(JB8s4) = RGE(JB-1s4) + DLTJI(JB)
DL=DLTJ(J8)

NB=N&
18=4
GO TO 301

318 N&=NB

44 CONTINUE
Z3= 4#*NP3
N3P=N3D+1
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. DO 65 N3=1sNN

N35=N3P-N3"
65 WEI(N3) = (WE(N3) + WE(N35 ))1/23
7T T TWRITE OUTPUT TAPE 35503 EPIy (WE(N3)Y4N3= loNN)
503 FORMAT (6HOWGT E» 4H EP» F12e5/({1H091P9E1344))
e T RETURN
e pe— END
C CALC ALPHA

T DIMENSTON T TPRST35) s PMN{35), B(35)s R(35510)s CE(10)»GFP(10)
1 GC{10)s TC(10)sAAl10)s ETDA(6+10) sSKK(6935410)98B(35),
27T T ZIE(35) s AKJI(35910) sAKI(35+35410)sTKK(37931sRKD(35)sTFI(35),
3 FDI(35+35) Cl(35)9AKZ (3935910} DAL(35)y CK(36436)
4 T ALFU3935410)sRAL(3935)sALPH(3435)9AVKZ (3435}
5 sEFS(3593)s RELE(35,3)
777 COMMON UMy AKJsAK1,.BBy GCoZJEoR’AA’TC,GFpoJMSoIO
READ INPUT TAPE 255019NPs10sIKsTEMP »ID
"5017 "FORMAT ( 3154F9%9e¢3y 15)
IK=NEGATIVE = NO ClsCK OR FDI QUTPUT»=0 = NO CI,CK BUT GET FDI,
" 2POSITIVE GET BOTH CI»CK AND FDI OUTPUT
10=NEGATIVE OR ZERO TO SUPPRESS DT OUTPUT
77T 1D=0 OR NEGATIVE TO SUPPRESS DAL OUTPUT
READ INPUT TAPE 25586y . (PRS(NM)sNM=1,NP)
5867 FORMAT(10FT7.2) o R
DO 1014 NM=1,NP

AnnN

101477 PMN(NM) = (2.68713 E+19 '* 273,15 7TEMP ) #PRS(NM) 7/ 76040
_ WRITE OUTPUT TAPE 3,504y NPs(PRS{NM)s
1 PMN-(NM) s NM=14NP)
504 FORMAT ( 10H1PRESSURESs 115/(1H0s1P8E1244))
) 5 7 READ INPUT TAPE 295069sJMaJLsPOLsJS »JAJE

506 FORMAT (21551P1E12e443]5)
"7 IF FIRST RUN MAKE JS=1 AND JA=2, AFTER THAT JUS=FIRST VALUE OF J
WHICH IS NEW AND JA=JS - EXCEPT IF JS=1 FOR -NEW NEUTRAL BUT
SAME ION PAIRs THEN USE JA=JM TO AVOID RECALCULATION OF
i THE FIRST JM~1 AVE K2 VALUES.
JE=NEGATIVE WHEN RUN TO BE USED AS STANDARD FOR RELs EFF.
READ INPUT TAPE 29514y (ZJE(J)eJ=059JL)
514 FORMAT ( 14F5.0) ’

SN aXaXatal

JAS = =2
IF{JA=-3) 69797
6 JAS=+2
7 JMK =JM

o READ INPUT TAPE 245909 TF19TF29sTMsAMl » AM29AMM,TEMP
590 FORMAT ( 7F843) '
PLE = SQRTF(POL * 640247 E+23) %4480288 E-10%3414159265
WRITEOQUTPUT TAPE 39510 TF19TF29TMsAM]1 » AM2 4 AMMyTEMPsPOLsPLE
510 FORMAT ( 5H1TFl=y F743s 6H TF29 FT7e3s 6H TM=y F7e¢3, 6H Ml=
1 s FB43y 6H M2=9 FBe3s 6H MM=32F8435»1P2E1244)
READ INPUT TAPE 29589 9NNsEDINP39sKMs ISILZTHLT9ARM
589 FORMAT ( 144F8e3y 51591P1E1547)
READ INPUT TAPE 29589 sNNsEDINP39sKMy [SsLZTsLTsARMI
ZE=NN
WRITE OUTPUT TAPE 39591 sNNIEDINP3IsKMyISsLZT oL TsARMIARMI 9 UMy JSs
1 JuL



591

593

592

594

10

15

35
37

34

392

394
3941
530
395
398

400
402

404

CUCALL AVEKZ ™ UNFyJA) "7 s e e
~CL(JUM)=GFP(NF) * (BB(JIM) - B8B(JMS))
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FORMAT ( I1644F8e3s 51591P2E1567s 315) .
READ INPUT TAPE 2 593s (CE(NF)s GFP(NF)sGCINF)I»TCINFIs AA{NF}o»
NF=14NN)
FORMAT ( 1P1E114354E1547) ’ :
WRITE OUTPUT TAPE 39593s (CE(NF)s GFP{NF}sGCINF)I+TCINF) s AA(NF)
NF=1sNN) ’ :

PLRM=PLE / SQRTF{ARM)

PLRMJ=PLE/SQRTF{ARMJ)
DO 10 J=JSsJL
READ INPUT TAPE 2% 592y B(J )e{R(J sN4)sN&=14NN)
FORMAT(1P5E1547)
WRITE OUTPUT TAPE 39592s B(J )e(R({J sN&)sN&=1sNN)

READ INPUT TAPE 29 5949 ((ETDA(LIsNF}sL9=196)9NF=1sNN)
FORMAT (1P1E124495E1245)

- WRITE OUTPUT TAPE 39594 ((ETDA(L9sNF)sLI=1+6)sNF=1sNN)
DO 10 NF=1sNN ' ' ] ' o

DO 8 L9=1s3
SKK(L9sJsNF)
DO 10 L9=4y6
SKK({L9sJsNF) = ETDA(L9sNF}*PLRMJ
J@=JL~-1

ETDA(L9sNF ) #PLRM

UM gM-1

DO 90 JB=JM,JQ

IM=JM+1

IMS=JM-1

DO 15 J=JSsJIM

BB(J) = B(J)  *B(J)

‘DO 60 NF=1sNN ‘
IF(JAS) 37435435

DO 50 L9=1sLT
DO 39 J=2»JM

TUTRKT (JeL9) = ISKKTLYsJaNF ) + SKKILI+3sJaNF) + SKK L9y J=13sNF)

+ SKK{L9+3sJ=1sNF))1#*0e5

" 'DO 50 NM=1sNP

DO 392 J=2,yJM )
RKD(J) =TKK{JsL9)*PMN(NM
DO 394 J=19IMS

TTFI{J) = 0.0

J5T=UM~J

DO 394 J5=1,J5T7

J3=JUM-J5+1 :

FDI(J39J) = RKD(J3)*{1e0-TFI(J))/(AKI(J35JsNF)+RKD(J3))
TFI(J) = TFI(J)+ FDI{J3J)

IF(IK) 3954394153941 ‘
WRITE OUTPUT TAPE 355300 ( FDI(JsJ3)9J3=10J )9sJ=24JM]}
FORMAT ( SHOFDI=y 11F10.7)

DO 402 J3=19JMS

J=JM-J3 )
IF(J=1) 398,+398+400 -
CI{1) = GFP(NF)* BB(1) * (la0- TFI(1))

GO TO 402

CI(J) = GFP{NF) # (BB(J) - BB(J-1}) ) #{1.0-TFI(J))

CONTINUE )

DO 404 J=3sUM -

CK{JsJ=1) = CI(J-1) *{1e0 = (RKD{J-1) / (AKJ(J=1oNFI+RKD(J=1))))
DO 406 J3=3,JM ’
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J5T=J3-1
DO 406 J5=24J5T
406 CK(J3+19J5)= CK(J39J5)% (140=(RKD(JI3) / (AKI(J39J59NF)+RKD(J3))))
TUUTTUTTRAKZILYSNMeNF) = CII1Y T T T T '
. IF(IK) 408,4084+407
TTUH07T WRITE OUTPUT TAPE "39533s (CIUJY o (CK{J3JI NV 9I3=29J) 9d=29IM)
533 FORMAT ( 6HOCIsCK o 1P9E12.4)
408" DO 420 U=29UM
DAL(J) = CI(J) # RKD(J) 7/ (AKJ{JsNFI+RKD(J))
J3T=u-1 ) o
IF(J=2) 41254125410
T%10° DO 411 J3=2+J3T7
411 DAL(J)= DAL(J) + CK(JyJ3) = CKIJ+1sJ3)
412 DAL(J) = DAL(J) + GFP(NF) *88(1) #FDI(Js 1T
, [F(J=2) 62054205414
4147 DO 416 J3=2,J3T C T e T T
416 DAL(J) = DAL(J) + GFP(NF)*(88{J3) -88(J3-1) Y# FDI(JeJ3)
%20 CONTINUE - oo mmm e T T S
IF(ID) 4202+4202+4200
420077 WRITE OUT PUT TAPE 3+5655L99PRSINM) s (DAL(J) 9 J=2yIMT
565 FORMAT ( 4HOL9=s14s6H PRSs FB8e2s 6H DALs 1P7E1244/(5HODAL=Y
: L oEY2ek) ) 8 ARl
4202 ALFIL9yNMsNF)=0.0
' TTDO 50 U=2UM T ST
50 ALF(L9sNMsNF) = DALI(J) + ALF(LIsNMsNF)
T T RRITE OUTPUT TAPE 3558 7s  JMsNFsAMMs BUIMYs  TTALF{LIWNMeNFTs
1 NM=1sNP)s L9=1sLT) ’
TTBET T FORMAT U GHGIMEY T4y 6H 7 NF=s I4y 6H MMy FBe¢3y 6H = BM=),
1 1P1EL12e4/ { SHOALF=99E1244)) -

TTTWRITE OUTPUT "TAPE 39560y o
C LUUSKKILIsJaNF)sSKKILI+39JaNFI s TKKIJ9LT ) L9=193) sJ=19JIM)
"'560 FORMAT { 4HOK3=, 1P9E1244) ' T
60 WRITE OUTPUT TAPE 35568s (( AKZ(L9sNMsNF)s NM=14NP}sL9=14LT)
568 FORMAT (4HOKG= TP9EN2a.4) ~~ "7 7777 7 miimmmnrn o T
DO 80 L9=1sLT
DO 80 NM=1sNP
ALPH(L9sNM) =
"AVKZ (L9 sNM) =
DO 80 NF=1sNN
CAVKZ(L9sNMY 3 AKZ{L9WNMaNF)Y FZE T4+ AVKZIL9sNM) T T
_ ALPH(L9sNM)=ALPH(L9sNM) + ALF(L99NMsNF)/ZE
80 RAL(L9sNM)=1+0/7ALPHILIsNM) . o ’
N WRITE OQUTPUT TAPE 39570sJMsB(JUM)s ((ALPHIL9sNM)}s RALILIINM) s NM=
S S EY T Y-S ST 8 Tmrmemm
570 FORMAT ( 3HOJMs1492H BrlP1lEL2e499Xs9HAVe ALPHA /(4HOALA»B8El4e4))
TTTTUUWRITE GUTPUT TAPE 39575s  ((AVKZIL99NMYs NM=1sNP)sLI=1sLT)
575 FORMAT ( 8HOAV. KO= » 1P8E13+4)
TTUTTT U IF(JE) 82984984
82 DO 83 L9=1sLT
83 EFS( JBsL9) = ALPHI(L9,1)
.60 TO 90
847 DO 86 L9=1,LT
86 RELE( JByL9)= ALPHI(L9s1) 7 EFS{JUBsLY)
90 JA=UM +1
WRITE OUTPUT TAPE 3s 572s (B(J)s (RELE(JsL9)y LI=193)s JI=JMK»
1 JL)
572 FORMAT ( 14HORELATIVE EFFe /{4HOBM= s 6P1F540+9Xs OP3F1043))
' GO TO 5 ’ '

0 .
- e

.9
0
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END

~

SUBROUTINE AVEK2 ( NFsJA) v
DIMENSION AKJ(35510) » AKI(35935510)s EXM(35)s R(35+10)s GC{10)s
ZJE(35)y EBB(150),BB(35)s AA(10)s TC{10)s DT(150)sGFP(10)})
COMMON JMyAKJ9AKIsBB9yGCsZJEIRsAATCoGFP s IMS IO
EXM(JA=1) = SQRTF({ BB(JA-1) * GC(NF) .+ 1«0}
DO 385 J=JA,JIM
AKJ(JsNF) =0,0
‘DO 383 J3=1,4J
AKI(JsJ3sNF) =0.0
EXM(J3)= SQRTF( 88(J3) # GC(NF) +140)
IF (J3=1) 2727428
DBJ= BBI(1) 7/ 2JE(L)
GO TO 282
DBJ= (BB(J3) - BB(J3-1) ) 7 2JE(J3)
ZIM=ZJE(J3) +1e2
JEM=Z UM
EBB(1) .= BB{J3) + 045%DBJ
DO 38 J2=24JEM
1€= =2
EBB(J2)= EBB{J2-1) - DBJ
EX= SQRTF(EBB(J2)*GCINF) +1,0)
CHE= (140 + R{J sNF)I/AAINF))I/EX
Q3= CHE#CHE-1.0

CTF(Q3) 7 30431,317 '
30 WRITEOUTPUTTAPE3»540sJyNFsJ29J39JEMsdBIJ) sRIJsNF) s DB ( EBB(

1

31

3z

33

540

AT 9 JB=1s 21T EXMIJUZ) s EXsCHE QS

FORMAT ( 6HOQ3NEGs 518s1P5E146/(8EL4e6))

Q3=040

SHE=SQRTF(Q3)

TEC=LOGFICHE+SHE)
TJ= TCINF)*(EX*SHE-EC)

IR EX-EXM(J=11) 33533532

TI=0.0
IE=2
GO TO 36

CHE= ({140 + R(J~1sNF)/AA(NF))/EX

Q2= CHE#CHE-140

" IF{Q2) 34435435 ) :
34 WRITEQUTPUTTAPE3+540sJsNFe U293 JEMsBBIJ}sRIJINF) s DBJs ( EBB!

1

362,

. 364
38

381
355
1

J4) 9 Jb=15J2)s EXMIJ3)9EXsCHEQ2
GO TO 32 .
SHE=SQRTF(Q2)

EC=LOGF ( CHE+SHE)
TI = TC(NF) * (EX®SHE -EC)

DT(J2)= 1.0/(TU-TI)

IF(IE) 36453645362
AKJ(Js NF) = AKJ(JsNF) + 0e5% DT(J2) /ZJE(J)

"GO TO 38

AKI(J9J3sNF) = AKI(JsJ3sNF) + DT(J2)/2ZUE(JID)

CONT INUE

IF (I0) 383,383,381

WRITE OUTPUT TAPE 35555s JsJ3s( DT(J5)9J5=24JEM)

FORMAT ( 3HO0J=s l4,s 6H J3= 9 l4y 6H DT= » 1P8E1244/(3HODT>
9E1344))



“t

of

383

1545

385

CONTINUE
JT=J-1
SKI=GFP(NF) * BB(J)

"WRITE OUTPUT TAPE 34545,

JeJ3sNF ) J3=14JT)
FORMAT ( 3HOJ=s l4s 6H

El12.4» 6H K2=y 4E1244/(4HOK2=)

CONTINUE
RETURN
END
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JINFsR(JsNF ) s

NF=y [4y 6H

RO=»

9E1244))

SKIsAKJ(JeNF) 9 (AKT(

1P1E12e4y 6H Kl=y
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