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ABSTRACT

This report describés precision measurements of swarm parameters over an
extended range of electric field in dry, C02-free air. These measurements
have been carried out using a pulsed drift tube in which the drift distance is
variable to permit differential measurements., The drift tube arrangement is
such that the three components of the total drift currept due to electrons,
negative ions,; and positive ions are individually detected. The electron and
negative-ion mobilities together with the three-body attachment, two-body
attachment, and ionization rates have been determined over the range of E/N
(the ratio of electric field to gas density) from 0.6 to 300 x 10~ 1 ym2, The
present measurements of electron mobility represent the first comprehensive
set of measurements in the range of E/N from 10-20 to 10-19 vm2., The values
of the three-body attachment rate coefficient determined in the present study
lie on the lower edge of the spread of previous measurements. No evidence for
either a two-body or a four-body attachment process have been found over the
range of E/n from 0.6 to 30 X 10-21 ym2,
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I. INTRODUCTION

The determination of air conductivity from air-chemistry models requires a
considerable body of basic data concerning the ionization and attachment rates

and the transport properties of electrons and ions as a function of electric

field. The conductivity ¢ may be defineﬂ by

- AU S B 1 |
o = e{neue+ L n u, ¥ Z n” u_} , (1)
i h| -
where n, and Ug are the electron number density and mobility, respectively, ni

and ui are the positive-ion number density and mobility, respectively, for
ions of species i, and n! and ui are the negafive-ion number density and
mobility, respectively, for ions of species j. The electron and ion
mobilities appear explicitly in Equation (1), wheréas the lonization and
attachment rates deterﬁine, in part, the densities of electrons and ioms.
Previous knowledge of these parameters in air 1s either incomplete or subject

to large uncertainty, particulariy in the case of humid air.

The present study constitutes the initial phase of a program designed to
provide a comprehensive set of precision measurements of electron, negative-
ion, and positive-ion mobilities together with attachment and ionization
coefficients for dry air and mixtures of dry air wi&h_water vapor. In this
first phase the data determined for dryvair are reported.. In order to cover
the range of electric field encountered during the:period of ailr conductivity
following an electromaghetic:pulse event, these measﬁ%ﬁments have been carried
out over the range of E/N (the raﬁio of electric field to gas density) from 6
x 10722 to 3 x 10719 vem2., This range of E/N corresponds to values of
electric field at atmospheric pressure from ~ 104 to ~ 107 V/m and covers
values of electron mean energy from near thermal to values well above the

onset of impact ionization.




IT. EXPERIMENTAL PROCEDURE

1. DRIFT TUEBE

A sectional drawing of the drift tube chamber 1s shown in Figure ! and a
photograph of the internal structure in Figure 2. A uniform—-field drift
region is maintained between the semitransparent cathbde and anode by a set of
ten annular guard rings 0.16 cm thick having an external diameter of 8.9 cm
and internal diameter of 5.1 cm. The guard rings are separated by precision
spherical sapphire spacers such that the centers of the rings are accurately
spaced 0.5 cm apart. Both anode and cathode are electrically shielded from
the drift region by a highly transparent etched grid (Ref.'l) located 0.1 cm
from the surface of each electrode. Each grid is 0.0025 cm thick and contains
20 lines/cm with a line thickness of 0.0033 cmvgifing an optical transparency
of 87%. )

_ The cathode consists of a plate with a bevelled sapphire disc insert,

vi.6 cm in diameter, centered along the axis of the drift tube and with its -
surface coplanar with the surface of the plate adjacent to the drift region.
The bevelled edge and lip of the sépphire are coated with gold to.a thickness
of 1400 A prior to its insertion in the support plate. After assembly,. the
entire surface of the plate and insert adjacent to the drift region are:coated
with gold to a thickness of 300 A. Electrical contact between the thin gold-
film photocathode and the support plate is provided through the thicker gold
film deposited on the lip and edge of the sapphire insqgf,

The anodehéna its associated grid structure are coupled to the chamber
envelope via a linear bellows drive enabling the drift diétance to be
varied. A sfop attached to the guard ring farthest from the cathode is
positioned such that at the maximum drift distance, the anode grid is coplanar
with the center plane of this guard ring and is indicated by electrical
continuity between the guard ring and anode grid. Thus, decreasing the drift
distance in increments of 0.5 cm ensures that the anode grid is coplanar with
each successive guard ring thereby minimizing distortions of the electric
field. Increments in drift'distance are accurately measured using a high-

resolution (0.0002 cm/div.) micrometer indexed to the drive outside the
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Sectional drawing of the drift tube.
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Photograph of the internal structure of the drift tube.
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‘chamber envelope. In this wéy the total drift distance between anode and

cathode may be varied from 0.7 cm to 5.2 cm.

The tube is designed so that either the'cathodé or anode may be connected
to high potential. Connection to each guard ring is made by an insulated lead

Lo a separate vacuum feedthrough in the chamber envelope.

The stainless steel chamber enclosing the drift tube also contains three
quartz windows, one to provide optical access colinear with the axis of the
drift tube and two for providing an optical path through the annular guard

rings transverse to the axis of the drift tube.

2. VACUUM AND GAS HANDLING SYSTEM

The_chémber is connected to an ultra high vécuum and gas handling system
shown ih.Figure 3. Materials used for fabrication of the drift tube and its
assoclated vacuum system have been chosen to be compatible with corrosive
gases. All system componénts within the dashed rectangle in Figure 3 are
baked during vacuum processing of the system prior tb admission of gas to the
chamber. Following é bakeout of the system at 350°C for 20 h, the residual

pressure is reduced to the low 10~9-torr (10~7-pa) range.

The gas pressure in the chamber is measured using a system of two
differential Baratron (Ref. 2) gauges having a combined specified accuracy of
*0.1% over the range from 0.1 to 1000 torr. The'reference side of each gauge
may be separately evacuated to a pressure < 10~% torr using the- ion pump.
Alternately, the reference side of the 10-torr gauge (which is connected to
the measurement side of the 1000-torrrgauge) may be pressurized from the
nitrogen supply. Thus, for pressures in the range 0.l torr to 10 torr the
pressure is measured directly using the 10-torr gauge.with its reference side
evacuated. for pressures greater than 10 torr, the 10-torr gauge is used as a
null indicator (differential pressure < 10~3 tdrr) byvallowing nitrbgen into
its reference side and reading the pressure- directly with the 1000-torr
gauge. Comparisons of the two gauges over the limited pressure range where
both gauges are within their specified accuracy limits show consistency to

£0.1%.
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Schematic drawing of the vacuum and gas-handling system.



3. MEASUREMENT CIRCUITRY

The experimental arrangement used for the measurement of current waveforms
from the drift tube is shown schematically in Figure 4 and is a modification
of that used by Stelman et al. (Ref. 3). A chain of 0.1% precision resistors .
across a bipolar DC power supply is used to derive the potentials applied to
the drift tube, and the potential difference between the cathode and anode is
measured to better than %0.1% using a digital voltmeter. A pulse of ultra-
violet (UV) radiation from an ektefnally mounted source illuminates the rear
surface of the semi-transparent cathode via the quartz window in the chamber
envelope. This provides the initial photoelectron pulse emitted to the drift
region. The resulting arrival-time currents of electrons and negative ions at
the anode or of positive ions at the cathode are detected when they pass
through the grid immediately adjacent to each collecting electrode. The
electrode current signal is amplified and fed to a waveform digitizer
(Biomation Model 6500) and signal averager (Nicolet Model 1070) and eventually
stored on 9~track tape (Kennedy Model 9700). Data are accumulated in the
slgnal averager at a repetition rate ~ 30-100 =l until the signal/noise ratio
has attained a satisfactory value. Typically this requires the summation of

between 104 and 105 digitized current waveforms.
. \

Although the signal averager is effective in improving the ratio of true
signal to random noise, sources of nonrandom (systematic) noise and direct
current (DC) drift are unaffected. Despite careful shielding nonrandom noise,
particularly that associated with pick-up from the pulsed light source,
remains significant. In order. to remove this source 6f noise from the signal
accumulated from many repetitions of the experiment 1t has been found
pecessary to arrange the transfer of data from the waveform digitizer to the
signal averager so that alternate pulses are added to and subtracted from the
data already stored in-the signal averager. A synchronized shutter between
the pulsed light source and the drift tube is arranged so that during the add
cycle the light pulse from the UV source 1s transmitted into the drift tube,
while during the subtract cycle the light pulse is blocked.

The logic circuitry required for operating the system in this mode is
shown schematically in Figure 5 and the derived control signals and synchro-

nized light pulses are shown in Figure 6. Encoder 1 signal occurs at the

13
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start of every cycle (open and closed) of the chopper wheel while encoder 2
occurs only at the beginning of each open cycle of the whee1° these signals
are shown on lines (a) and (b) of Figure 6. Line (c) represents both the
state of the chopper wheel (open or closed) and the mode (add or subtract) of
the signal averager. Line (d) represents the UV liéht pulse which ie delayed
from the encoder 1 pulses sufficiently to ensure that all logic levels are

- properly set. Line (e) represents the state of the digitizer and signal
averager. Wher the level indicated is high, the digitizer is live and storing
a receilved transient in digital form on a preset time scale. During this
period the signal averager is quiescent. After the predetermined sweep time
of the digitizer; the stored data (representing the Just completed single
sweep) are transferred to the signal averager. The data are added to or

- subtracted from the data previously stored in the memory of the signal

averager depending on the state of the logic gate represented on line (d) of

Figure 6.

The repetition frequency of the experiment'is determined by the speed of
rotation of the stepper motor. Each cycle must encompass both the'sweep time
of the digitizer (geﬁerally, inAthe'range‘from 2 ys to 2 ms) and the time (10
: ms)rrequired to transfer the data from the digitizer to the signal averager.
This limits the repetition frequency of the experiment to values less than 100
s.”l Data acquisition 15 initiated by the signal averager which latches the
trigger gate open for the preset number of cycles. The trigger pulses are
derived either from the encoder 1 pulses or from a photomultiplier which views
a fraction of the UV light pulse. The latter is necessary when operating on
the fastest time scales in order to minimize the jitter between the triggering
of the digitizer and the release of the electronm pulse from the photocathode
of the drift tube. On the slower time scales it is necessary to trigger the
digitizer in advance of the UV light pulse by an amount at least equivalent to
one channel width of the electron component of the total waveform. Under
these conditions the trigger pulses are derived from the encoder 1 pulses and

the UV light source is triggered after an appropriate delay time.

_ This scheme removes from the. accumulated signal all components of the
background which occur repetitively in synchronism with the pulsed light

source, including any DC component. In the. present application it has also

17




been found necessary to ensure that the chopper wheel presents the same

N

electrical screening profile In both the add/open position and subtract/
blocked position. This is achieved using a metal wheel consisting. of all open
segments with alternate segments masked by nonconducting opaque. material.
During the course of the present investigation an improved vers;on (Ref, 4) of
this data collection scheme has been incorporated which also provides cancel-
lation of qdadratic and lower order terms of the time-dependent background.
This has been found to yield_improved signal/noise in the measured waveforms

particularly when long averaging times are necessary.

Three different pulsed UV sources have been used during the course of the
present investigation for liberating the initial photoelectron pulse from the
cathode. For the measurements of electron drift velocity a spark dischérge
source (Xenon Corporation Model 437A Nanopulser with a Type N-789B Head) has
been used operating in air with an input energy ~ 1 mJ/pulse. The UV»dutput
from this source has a risetime of 10 ns and a halfwidth of 20 ns and

liberates ~ 103 photoelectrons/pulse from the cathode.

For measurements of ion mebility, attachment, and ionization two different

'sources have been used. The.earlier measurements were carried out using a )

.\“

deuterium lamp pulsed at a peak current ~ 4-A. The rise and fall times of the
radiation pulse are ~ 20 ns with a pulse width which may be ‘varied over the
range from 70 ns to 150 us. For the longer pulse durations the photoe;ectron
yield/pulse is comparable to the spark discharge source, Later measurements
were carried out using a pulse& xenon lamp (EGG Type FX-265 UV) 0petated at
input energies over the range from 10 mJ/pulse to 100 mJ!ﬁuise. Over this
range the risetime of the UV output varies from 65 nS'tgiESS ns and the
halfwidth varies from 145 ns-to 385 ns giving a cathode photoemission in the
range from 106 to 2 x 107 electrons/pulse. The higher intensity from this
source compared with the deuterium source results in a significant improvement

in the signal/noise ratio of the measured ion waveforms.

The configuration shown in Figure 4 corresponds to that used for measuring
electron and negative ion signals arriving at the anode. For measurements of
positive ion signals arriving at the cathode, the measuring circultry is
transferred to the cathode and the ground of the DC supply is transferred to
the negative side. The abllity of the present system to resolve the

18



individual negative ion and positive ion compoments under conditions where
attachment and ionization are occurring simultaneously simplifies the
determination of the attachment and ionization coefficlents as discussed in
Section II.4., For these measurements, normalization of the positive ion and
negative ion signals t& the initial photoelectron current is necessary. This
is accomplished by monitoring the UV radiation entering the drift tube. . A
fraction of the UV output from the lamp is diverted by a suprasii quartz .
beamsplitter, placed between the chopper wheel and the drift tube, onto a
photbmultiplier as shown schematically in Figure 5. The output from the
photomultiplier is fed to a gated current integrator whose gate width is
adjusted to be slightly longer than the UV pulsé duration. The input to the
integrator is arranged to be active for the same number of preset cycles for
which the signal averager 1is accumulating current waveforms. Preliminary
measurements were carried out to verify the correspondence betweeﬁ-the uv
signal and the tbtal charge collected from the drift tube. These showed
proportionality to within 1% justifying the normalization proﬁedure adopted.

_4. DETERMINATION OF SWARM PARAMETERS -

a. Electron Waveforms

Under conditions where the duration (St) of the initial electron pulse
leaving thé cathode is such that &t <« d/w,, where d is the total drift
distance and Wy, 1s the electron drift velocity, solution of the continuity
equation for electrons leads to the following expression (Refs. 5 and 6) for

the time-dependent electron current [Ie (4,t)] arriviﬁﬁ at the anode:
- 1/2 2,, , .
Te(d,t) = [Qowe/(4mDLt)" “] expl-(d - wot)“/4Drt + (a - niwgt] (2)

In Equation (2), Qo is the initial net electron charge released from the
cathode, Dy, is.the longitudinal diffusion coefficient, « 1s the ionization

. coefficient and n is the attachment coefficient. From Equation (2) the time
1o corresponding to the arrival time at the anode of the peak of the electrén

current pulse is given to first order by

Te = (d/we) [l = Dp/wed + ZDL (¢ ~ ﬁ)/we] ' | (3)

19



By making measurements of Té as a function of d, erfors due to thé finite
width of the pulse, end effects, and (to'first order) diffusion effects are
eliminated. However,feffects due to attachment and ionization are not removed
since, from Equation (3), the slope of the linear plot of T4 versus d'is-given
by [1 + 2Dy, (u - n)/wel/we, in contrast to the value 1/w; obtained in the
absence of ionization er attachment;' Thus, the true value of wg is 1léss than
d/Tg 1f n > a and larger than d/tg if a > n. Usually, experimentai conditions
are chosen so that Dy, ¢4 - n¢/we K1 making the correction to We negligibl)

small.

The ‘electron reduced mobility u is readily determined from the drift
velocity through the relation .

e = v/ (B/N) T, o o L )

where N (= 2. 688 X 1025 '3) is the gas number density corresponding to 760
torr at 273K. '

In general, seven different drift distances have been used for the
determination of w, at each value of E/N. A typical example of the raw data
is shown in Figure 7, corresponding to data taken at a nalueiof E/ﬁ = 1.000 x
10-20 V-mz_and'a gas density N = 1.077 x 1024,m'3, 'The.part (a) of Figure 7
is en analog presentation of the stored digital data corresponding to seven
superimposed electron waveforms taken at drift distances ranging from 2.2 to
5.2 cm in increments'of 0.5 em. The lower part of the photograph shows the
magnified peaks at‘drift,distences of 2.2 and .5.2 cm toggindicate the resolu-
tion attained in the meaeurements. The part (b) of Figure 7 shows a plot of
the arrival time T; of the peak of the waveform as a-function of drift 7
distance, these data being obtained from the stored digital values
corresponding to the waveforms shown in the photograph. 1In all cases the
plots are found to be linear and the values of W, are obtained directly from
the slope of ‘the 1inear regression fit to each plot.. Since the drift-velocity
is obtained from differential measurements, no effort has been made to
determine absolutely the time -t=0 at which the initial electron pulse is
released from the cathode. Thus, as illustrated in Figure 7(b), the plot

of T; versus d does not necessarily pass through the origin.
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(a) Analog presentation of stored digital data corresponding
to seven superimposed electron waveforms taken at drift
distances ranging from 2.2 to 5.2 cm in increments of
0.5 cm. The lower part of the photograph shows the peaks
at 2.2 and 5.2 cm magnified to indicate the resolution
attained. The time scale is 5 ns/point (~ 0.5 us/division).

3.5 I I ¥ I T
Dry Air

30F  E/N=1.000x10 2 vem? -
N=1.077 x10% 3 '

(b) Plot of 1g versus d derived from the data shown in the
photograph. The line represents a linear regression fit
to the experimental points. E/N = 1.000 x 1020 y.n2,

N = 1.077 x 1024 o3,

Figure 7. Sample of the raw data used for the determination of electron
drift velocity.
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b. Ion Waveforms

Under conditions where the duration (6t) of the initial electron pulse is
such that ot << d/wt (where w, and w_ are the drift velocities of positive
ions and negative ions, respectively) solution of thé.éontinﬁity equation for
negative ions leads .to the following expression (Ref. 7) for the time-

- dependent negative ion current [I_ (d,t)] arriving at the anode:

I_(d,t) Qohw- exp[(a - n)(d - wt)] for 0 <t <‘d/w_

I (d,t) =0 C for t > d/w. ‘ (5)

Similarly, the time-dependent positive ion current I; (0,t) arriving at the
cathode is given by

It

Ip(0,t) = Quawy exp[(a - n)w.t] for 0 < t < d/wy

1.(0,t) o . for t > d/w+ (6)
The positive and negative ior transit times, T4 and T., respectively, are
readily determined from the ion current waveforms as described above for the .
case of electrons. Examples of total current waveforms collected at the anode
are given in Figure 8. Here, four superimposed waveforms are shown taken at a
drift distance of 5.2 cm and a gas density of 3:235 x 1624.E-3 for values of
E/N = 2.000, 3.000, 4.00, and 5.00 x 10721 yep2, For each waveform the first
peak represents the collectec¢ current due to electrons wh}cﬁ have crossed the
drift space without suffering attaching collisions and tﬁ?‘second peak is due
to the collected current of regative lons formed in the drift region. Similar
measurements of the total collected current at the cathode enable the positive
ion component to. be recorded at values of E/N where a > O. Thus, from
measurements taken as a function of drift distance at constant E/N the values
of W{ and w- are given from the slopes of the linear plots of T4 versus d, and
t- versus d, respectively. The ion reduced mobilities U4+ and p_ are defined

by the relations

My = Wi/ (E/N)No; uo = we/ (E/NON, ‘ . 7)
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Figure 8.

Sample of the raw measurements of negative ion waveforms.

The photograph shows an analog presentation of stored digital
data corresponding to four superimposed waveforms taken at
values of E/N = 2.000, 3.000, 4.00, and,5.00 x 10-21 y-m2,

N =3.235 x 1024 w3, d = 5.2 cm. The time scale is

10 ps/point (v 1 ms/division).
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The net ionization coefficient (¢ - n) may be determined from either the
positive ion or negative ion waveforms. In practice, greater precision is
obtained if the positive ion waveform is used when o > n, and the negative ion

waveform 1is used when n > «.

Under conditions where only a single ion specles 1s present, plots of
Zn I-(d,t) versus t or 2n I;(0,t) versus t are linear and from Equations (5)
and (6), have slopes (a - n)w. and (a - n)wy, respectively. ' Thus, knowing w_
and wg, (a - n) iS'determined. For situations where'mofehthan one lon species
is present, the ion current waveforms are no longer purely -exponential and
(a - n) is more conveniently determined from the 1ntegra13 of the current
waveforms, il.e., from the charge collected. In the analysis of the charge

waveforms, account must be taken of the different transmissions of the grids

for electrons and ions.

Thus, at the anode, the charge of electronS'Qé, negative ions Qé and total

charge Q% collected are given by

QQ = f% Qo exp(a - n)d B 7 o . 8)
o = L6165 Qg M/(@ = )] [exp(a = n)d - R 7>
% = 0 [{If1£2 /(o = W] + £} expla ~n)d = £152 n/Ca = )] . (10)

where f] and f, are the fractions of electrons and ionsfﬁkeSpectively,
transmitted by each grid. Wriﬁihg yA = Q%/Qé, it follows from
Equations (8) and (10) that

Yd + 84 = ¥4 exp=(u - n)6d + {1 + (£/£1)[n/(a = 1)1} [1 = exp=(u - nad]  (11)

where yg and yﬁ;hd are the charge ratios at the drift distances d and d + Ad,
respectively. Thus, by making measurements of the charge ratio Q%/Qé at a
sequence of drift distances differing by a comstant increment Ad, keeping E/N
.constant, the net ionization coefficient (a - n) is determinedlfrom the slope
exp - (4 - n)Ad of the linearvplot of yﬁ#ﬂd versus yé.
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Similarly, at the cathode, the total charge QT collected is comprised of

the initial electron charge leaving Qe and the returning positive ion charge

QE. The resulting expressions for Qe, QE and QT are given byl

Qg = Q, (12)
Q¢ = [£1£5 Qp a/(a - n)] [exp(a - n)d - 1] 13)
of = Qo {[£1£7 a/(a = )] expla = m)d = £,£, N/ =)} | (14)

leading to the corresponding expression for the charge ratio yg QT/Qe given

by
yg +Ad = yg exp(e - n)ad + [1 - fifz a/(a = n)l [1 - exp(a - n)ad] (15)

The net ionization coefficient (¢ - n) is then determined from the slope

exp(@ - n)Ad of the linear plot of Yd+bd versus yd.

The ratio a/n is determined directly frOm the ratio of (Q+/Q0)/(Q_/Qo)
where normalization of the charge Q+ and Q_ collected at the cathode and anode

is made to the charge Q, (or more correctly to a charge proportional to Qgp) as
discussed in Section II.3. Thus, knowing (a - n) and «/n, the individual

coefficients o and n are determined.

For given values of E/N and Qs it 1s noted that théatotal charge QT
collected at the cathode is larger than that collected at the anode QT by an
amount (f1f2 - fl) exp(a - n)d. For perfectly transmitting grids, i.e., for

= fy = 1, the expre531ons given by Equations (10) and (14) both reduce to
the well-known form describing spatial current growth between planar

‘electrodes under steady-state conditions.

At the limiting value of E/N at which « =n, Equations (5) and (6) show

that I.(d,t) and I4.(0,t) .are constant for t < d/w- and t < d/w,, respectively,
and from Equations (9) and (13), Q4 = Q+ f1£2 Qond. Thus, the limiting
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value of E/N may be determined precisely from measurements of the fon

component of the total current waveforms.

For values of E/N below the onset of ionization, o = 0 and Equation {(5)

reduces to

I.(d,t) = Qo n w- exp[-n(d - w~t)] for 0< ¢t « d/w;‘

I_(d,t) =0 for t > d/w_ " ‘ (16)

Under conditions where only a single negative ion species is present, the
attachment coefficient is determined from the slope nw_ of a plot of

Zn I_(d,t) versus t, and the determined value of w_. Such is the case for the
waveforms shown in Figure 8. One of these taken at E/N = 3.000 x 10-21 vy. 52

is replotted in Figure 9 in semilog form (inverted for convenience) using the
stored digital data.  For the sake of ciari;y, every fifth point only has been
plotted. The slope nw_ is determined from a regression fit to the experi-
mental points on the rising portion of the ion current waveform. Such a fit
is shown by the straight line drawn in Figure 9. Precautions are taken during
the measurement of the waveforms to ensure that the time constant of the
measuring circuit RC << 1/nw.. Thus, the ionic component‘of the waveform is

undistorted by instrumental effects.

If more than One:negative lon species is present, the attachment coeffi-—

cient is determined from the charge waveform and Equation (11) reduces to

Yé+bd = yg exp n4d - {1 - (£5/£1)} (exp nad = 1) - o (17)

Thus, n is determined from the slope exp nid of a plot of Yg#éd versus yd.

The above analysis demonstrates clearly that differential measurements are
mandatory if meaningful values (free from grid transmission effects) of both:
(4 = 1) and n are to be obtained from charge waveforms derived from a drift
tube of this type. ‘As pointed out previously, the charge wavéforms are the
most convenient data to use when more than one ion species is present.

Neglect of grid transmission effects not only leads to incorrect values of the

coefficients but also to an incorrect functional dependence of the
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coefficients on E/N since the value of £2/£1 1s also a function of E/N.
Present measurements taken at low E/N where only a single negative ion species
is observed have shown that values of n determined from the current waveforms
and from the charge waveforms agree to within the uncertainty of the
measurements when proper account is taken of grid transmission effects. The
determination of the parameters n, a and Wes 88 functions of E/N enables the
rate coefficients for attachment ka = nwe/N (for a two-body process) or

k, = nwe/N2 (for a three-body process) and for ionization ki = awe/N to be

determined as functions of E/N.
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III. RESULTS

The present measurements have been carried out in dry air with the COg
- removed. The gas was supplied by Matheson Co. together with the analysis of

the composition given in Table 1.

1. ELECTRON MOBILITY

The electron drift velocity is determined from the slope of the'arrival
time of the peak of the electron component of the anode current as a function
of drift distance. For every plot analyzed, the experimentel‘pbints differ
from a linear regression fit to the data by less than 1% and in most cases by

less than 0.5%.

A summary of the values of W and the derived reduced mobility He @s a
function of E/N is given in Figure 10 and in Table 2. 'The upper abscissa
scales in Figure 10 (along with most of the subsequent figures) show the
corresponding values of electric field at atmospheric density for three
different altitudes, O km, 15 lm, and 30 km. The data cover the range of E/N
from 6 x 10722 to 3 x 10719 ven?, 1The uncertainty in the values of wg and ug
is estimated to be * 1% for values of E/N < 10712 vem? and + 27 for values of
E/N > 10719 Vem2, No corrections have been applied to the data for attachment
or ionization effects. Based on available knowledge of .the parameters u, n,
and DL/“e’ such corrections are estimated to be less than 0.5% (i.e., less
than the assigned uncertainty) for values of E/N < 2 x 10”12 vem2. For values
of E/N > 2 x 10-19 V'mz, the correction due to ionizationgincreases
monotonically with increasing E/N and may be as much as 2% at a value of E/N =
3x 1019 yem2,

A comparison of the present values of electron mobility with previous data
(Refs. 8~14) 1s presented in Figure ll. For the sake of clarity, the present
data are denoted by a smooth curve drawn through the experimental points shown
in Figure 10. The left ordinate scale represents the value of reduced
mobility Mo while the right ordinate corresponds to the mobility at a density
N_ = 2.688 x 1025 g Also ‘indicated in Figure 10 by the arrows on the left

)
ordinate are the value of the mobility of thermal electrons, 1.61 m2/V-s,
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TABLE 1. COMPOSITION OF THE DRY AIR USED IN THE PRESENT MEASUREMENTS

Fractional Concentration

Gas (by volume)
Nitrogen 0.781
Oxygen 0.209
Argon® 0.0097
Carbon Dioxide 4ob x 10-6
Carbon Monoxide < 4 x ].0"6
Total Hydrocarbons < & x 1076
Water 11 x 1076
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TABLE 2. VALUES OF THE ELECTRON MOBILITY IN DRY AIR.

E/N. EN,/N ueN v eN/Ng
10-21 g2 104 v/m 1024/Veme s me/Ve g
0.600 1.613 . 8.25 .0.307
0.700 ‘ 1.882 7.59 0.282
0.800 2.150 - 7.10 " 0.264
0.900 2.419 6.78 0.252
1.000 2.688 6.58 0.245
1.250 3.360 " 6.04 , 0.225
1.500 4.03 : 5.39 0.201
1.750 4,70 5.09 0.189
2.000 5.38 4.77 0.177
2.500 6.72 4,16 0.155
3.000 8.06 3.73 0.139

3.500 . 9,41 .. 3440 0.127 .
4.00 10.75 3.18 0.118
4.50 12.10 2.96 0.110
5.00 13.44 2.82 0.105
6.00 . 16.13 2.58 0.0961
7.00 18.82 2.39 0.0887
8.00 21.50 2.24 0.0832
. 9.00 24.19 2.12 © 0.0789
10.00 26.88 2.09 0.0777
12.50 , 33.60 1.94 0.0723
15.00 40.3 1.80 0.0670
17.50 47.0 1.71 : 0.0638
20.00 , 53.8 1.64 0.0610
25.00 67.2 1.56 0.0582
30.00 80.6 1.49 0.0556
35.00 94,1 1.43 0.0530
40.0 ¢ 107.5 1.40 . - 0.0519
45.0 121.0 1.36 0.0504
50.0 - 134.4 1.33 %% 0.0496
60.0 161.3 © 1,24 0.0461
70.0 188.2 1.21 0.0449
80.0 215.0 1.20 0.0446
90.0 © '241.9 1.21 0.0451
100.0 268.8 1.21 : 0.0450
125.0 336.0 1.17 0.0434
150.0 . 403 1.12 . 0.0417
175.0 470 - 1412 " 0.0417
200.0 . 538 1.10 ~ 0.0407
250.0 672 1.01 0.0375
300.0 806 0.98 0.0366

N, = 2.688 x 1025 g7

Estimated uncertainties in the measured quantities are:

E/N: * 0.2%

Ny MN/No: & 1% for E/N ¢ 10719 vem?; + 27 for B/N > 10719 von2
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deduced from the measurements of electron collision frequencies in oxygen
(Ref. 15) and nitrogen (Ref. 16), and the value of 1.75 m2/Vss deduced from

measurements of electron mobility in dry air-carbon dioxide mixtures (Ref. 17).

As may be seen from Figure 10, the data obtained in the present study are
the first comprehensive set of measurements in the range of E/N from 10720 to
10719 ven2, 1In the region of overlap, the present data.are in excellent
agreement (to within the combined uncertainty limits which range from + 2% to
+ 5%) with the measurements of Rees (Ref. 12) and of Hegerberg and Reid (Ref.
14). The values of Nielsen and Bradbury (Ref. 8) and of Hessenauer (Ref. 9)

are up to 10%Z and 20% larger, respectively, than the present results.

It is interesting to ﬁote that the data of Hegerberg and Reid (Ref. 14)
indicate that the electron mean energy is still above ﬁhermal at a value of
E/N = 10722 ven2, This is in contrast to the measurements of Price and van
Lint (Ref. 13) which .exhibit an approximately constant mobility over the
range of E/N from ~ 2.5 x 10723 to ~ 3 x 10-22 vep2, A possible éxplana;ion
for this discrepancy may be that sufficient amounts of water vapor'were
present in the experigents of Price and van Lint to cause thermalization of
electrons to higher vglugs_of E/N by virtue of the large inelastic cross _
section of electrons in-ﬁﬁtep vapor.

2. "ION MOBILITIES . !

Thé ion mobility is &etermined from the slope of the measured time of the
peak of the arrival spectrum of negative ions at the angge, or positive ions
at the cathode, as a function of drift distance. As in the case of electrons,
seven different drift distances have been used for the'dgterminétiOn of w_ or
Wy at each value of E/N. 1In all cases, blots of T or 14 as a function of
drift distance are found to be linear and the values of w_ or w; are obtained
directly from a linear regression fit to each plot. 1In every case, the |
experimental points differ from the linear regression fit by less than +
0.5%. No correctioms to the values aré required, since errors due to the
finite width of the initial'photoeleqtron pulse; end effécts,'and (to first
order) diffusion effects are eliminated by makiné differential measurements.

The uncertainty in the measurements of ion mobility is estimated to be + 1%.
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A summary of the values of reduced negative~ion mobility are given in
Table 3 and Figure 12. The negative-ion waveforms show the presence of only
one dominant species. However, based on the widely different mobilities, the
identity of the ions for values of E/N < 4 x 10720 yop2 ;4 probably different
from that for E/N » 6 x 10720 ven2 and the dashed line in Table 2 indicates

this distinetion.

At low values of E/N, previous work (Ref. 18) in pure oxygen and oxygen-
nitrogen mixtures has shown that the primary ion is 02' formed in the three-

body reaction’
e+ 0y +M*0y +M : (18)

where the third body M is either an oxygen or nitrbgen molecule. Among the

possible reactions of the 02_ ions which can occur are

027 + 02+ 09 % 0,7 + 0, ' (19)
O9” + 0y + COy » €O, + 0, . o)
Oy + COp + COL™ + 0y ' (21)

with corresponding thermal rate coefficients of 3.0 x 10~43 m6/s, 4.7 x 1041
m6/s, and 4.3 x 10‘16.m3/s, respectively (Refs. 19-21), Based on these rates
and the densities‘of 02 ()76 X 1023 m_3) and CO2 (< 3 x‘égls m‘3) in thq air
mixtures used in the measurements for E/N € 4 x 10720 vep2 the observed ion
species is expec;éd to be 04-. The values found'fof the mobility over the
range from 6 x 10722 to 4 x 10~20 yep2 are constant within the experimental
uncertainty, having a mean value of 2.27 x 10=% m2/ve s, This suggests that,
over this range of E/N, the observed ions are in thermal equilibrium with the
gas. The only previous value of low-field mobility of 04_ avajilable for
comparison is the value 2.30 x 10-% m2/Ves found (Ref. 22) for the low-field
mobility of 04' in pure oxygen. It is noted that for naturally occurring
abundanciés of €Oy in air (~ 0.03%) the final ion identity is expected to be

€04 formed predominantly via reactions of Equations (19) and (21). The value
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TABLE 3. VALﬁES OF THE NEGATIVE-ION MOBILITY IN DRY AIR

E/N EN,/N u-N u_N/Ng
10721 yom? 10% v/m 102 /v - mes 1074 w/v.s
0.600 1.613 6.13 2.28
0.800 2.150 6.11 2.27
1.000 2.688 6.12 2.28
1.500 4.03 6.09 2.27
2.000 5.38 6.12 2.28
3.000 8.06 6.09 2.27
4.00 10.75 6.11 2.27
5.00 13.44 6.09 2.26
6.00 16.13 6.11 2.27
7.00 18.82 6.12 2.28
8.00 21.50 6.14 2.28
9.00 24,19 6.13 2.28
10.00 26.88 6.13 2.28
12.50 33.60 6.10 2.27
15.00 40.3 6.10 2.27
17.50 47.0 6.10 2.27
20.00 53.8 6.13 2.28
25.00 67.2 6.10 2.27
30.00 80.6 6.13 2.28
35.00 94.1 6.10 2.27
40.00 107.5 6.10 2.27
60.0 161.3 8.14 3.03
70.0 188.2 8.47 - 3.15
80.0 215.0 8.66 = 3,22
90.0 241.9 8.84 3.29
112.5 302.4 8.79 3.27
125.0 336.0 8.55 . 3.18
137.5 369.6 8.23 3.06
150.0 403 8.00 2.98
175.0 470 7.66 2.85
25 -3
m

N0 = 2.688 x 10

Estimated uncertainties in the measured quantities are:

E/N: + 0.2%
W N, w N/N : + 1%
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of the low-field mobility of 004_ ions in pure oxygen is only 3.5% larger than
that of 0,  ions in pure oxygen (Ref. 22).

At high values of E/N, the primary negative ion is expected (Ref. 18) to

be 0T formed in thg dissociative attachment reaction
e + O2 + 0 +0 , (22)

Further reactions involving the 0T ions and their progeny are

0” + 02 + 0y > 03' + 0, (23)
07 + 0y + COp *» CO3™ + 0y (24)
037 + CO, > CO3” + 0y \ (25)
07 + 09 * 0,7 + 0 | (26)
07 +.0, + Hy0 0 .Hy0 + 0, ’ - (27)
03" + 03 + Hy0 > 03 .Hy0 + 0y : (28)

The first three reactions have thermal rate coefficients of 1.2 x 10'42
mb/s, 3.1 x 10-40 m®/s, and 5.5 x 1016 m3/s, respectively (Refs. 19, 20, and
23), while the fourth requires energetic 0~ ions. The gst two reactions have

thermal rate coefficients of 1.3 x 10740 mb/s and 2.7 x 10-40 m6/3,
respectively (Ref. 20). Under the present experimental conditions the ions
observed for values of E/N » 6 x 10~20 y.p2 are expected to be 03~ ions. The
varying mobility as a functlon of E/N 1ndicates that the ions are non-thermal,

as is to be expected (Ref. 22) at these values of E/N.

In the case of the positive ions, the waveforms observed do not exhibit a
simple exponential dependence indicating the presence of more than one
positive~ion species or the occurrence of ion conversion reactions. Thus, the

values of positive~ion mobility summarized in Figure 12 and Table 4 refer to
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TABLE 4. VALUES OF THE POSITIVE-ION MOBILITY IN DRY AIR

E/N ENy/N U4 N u+N/N,
1072 y.p? 10* v/m 0% /v mes 1074 w2/y-s
112.5 302.4 6.83 2.54
125.0 336.0 6.88 2.56
137.5 369.6 6.91 2.57
150.0 403 6.95 2.59
175.0 470 6.85 2.55
200.0 338 6.73 2,50
225.0 605 6.54 2.43
250.0 672 6.33 2.35
275.0 739 6.11 2.27
300.0 806 5.94 2,21

N = 2.688 x 10%° 3

Estimated uncertainties in the measured quantities are:

1

o

BN, u+N/NO:

|+
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the slowest ion, the only species clearly resolved in the present
measurements.
The positive ions formed near the threshold for ion production by electron

impact are expected to be N2+ and 02+ as a result of the reactions
+ 7 - -
e + Ny + Ny + 2e (29)
C A+ ' .
e + 0y > 0y + 2e . : (30)

Charge transfer reactiomns of the N2+ ions with either 0o or €Oy can lead
to the formation of 02+ or C02+ lons, respectively. In addition, the N2+ and
02+ ions can undergo three-body collisioqs with Né or Oy forming N4+ or 04+
ions, respectively. At values of electron energy a few electron volts above

the thresholds for N. and 0; formation, N' and 0% ions are formed by

2
dissociative ionization, Further reactions of these ions with NZ’ 0y and CO9

lead to the additionmal ion species NO+, CO+, C02+, and 02+. Clearly, the
positive—ion situation is more complex than that for the negativé:ions and it
is difficﬁlt to draw any conclusions regarding the identity of the positive-

ion species observed in the present measurements.

3. THREE-BODY ATTACHMENT COEFFICIENT ' -

Measurements of the three-~body attachment coefficient have been determined
over the range 0.6 < E/N < 30 x 10721 ven2, Since only a single negative-~ion
species 1s observed, the attachment coefficient may be g%termined from either
the current or the charge waveforms; both methods hévé been shown fo give the
same value of n, to within the experimental uncértainty, at values of E/N
where both methods can be conveniently used. However, at the lowest values of
E/N, the large value of the attachment coefficlent, whicp increases with
decreasing E/N, is more con?eniently determined directly from the slope of the
semilog plot of the time-dependent ion-current component of the total anode
waveform, as illustrated in Figure 9. TFor all waveforms anaiYZed using this
method, the experimental points differ from the regression fit by less than &
3%. 1In contrast, for values of E/N in the upper portion of the range investi-

gated, the attachment coefficient becomes so small that its measurement is
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more accurately determined from the charge waveforms. In order to maximize n
via its quadratic density dependence, the maximum gas density is used. To do
so within the voltage constraints of the drift tube, measurements have been

made at tﬁe'smaller drift distances, down to 0.7 cm. In this way it has been

possible to determine values of n at values of E/N up to 3 x 10720 v.p2,

A summary of the values of the attachment coefficient is given in Table 5
and the data are compared with previous measurements (Refs. 9, 13, 24, and 25)
in Figure 13. The present measurements have an estimated uncertainty of * 5%
and the values reported represent the mean of two or more measurements at each
value of E/N, the spread being less than the specified uncertainty. Measure-
ments carried out at different gas densitles for a given value of E/N have
established the quadratic dependence of the attachment coefficient on gas

density.

The values of the attachment rate coefficient, summarized in Table 5, are
obtained by combining the measurements of n/N? with the measurements of wg-
These values have an estimated uncertainty of + 6%. These data are compared
with previous measurements (Refs. 9, 13, and 26) in Flgure 14 where the lower
abscissa also shows the values of (3/2) eDp/u, measured by Rees and Jory (Ref.
27) in dry, COp-free air to indicate the range of electron mean energy covered
by the present measurements. Also shown in Figure 14 by the arrow on the left
ordinate is the value of the three-body coefficient for thermal electrons
deduced using recent measurements (Ref. 28) in oxygen and oxygen;nitrogen

mixtures, i.e., from

8

ky = 0.044 k; + 0.166 ko (31)

a

where k; and ko are the rate coefficients for oxygen and nitrogen as the third
body, respectively, and a density ratio of nitrogen to oxygen of 79/21 has
been assumed. Thus, using the values (Ref. 28) for ky = 2.15 x 1042 n6/s and
ky = 1 x 10'43 m6/s, gives a value of ka = 1.11 x 10"43 m®/s. The data shown .
in Figure 14 suggest that the attachment rate coefficient has a peak within
the range of electron mean energy between thermél énd 0.2 eV reflecting the
peak found previously (Refs. 7 and 29) in pure oxygen. The present

observation that the attachment rate coefficient does not vary appreciably
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TABLE 5. VALUES OF THE THREE-BODY ATTACHMENT RATE IN DRY AIR

E/N ENo/N va 2w v, (3) /82
10721 y.op2 104 v/m " 107/s 1044 b /g
0.600 1.613 8.4 . 11.7
0.800 - 2.150 7.8 ~10.7
1.000 ' 2.688 7.2 9.9
1.500 4.63 5.8 8.1
2.000 - 5.38 4.8 ' 6.6
3.000 ' 8.06 3.5 4.8
4.00 o 10.75 ~2.60 N a6
5.00 i, _  13.44 . | 2.15 - 2.97
6.00 " 16.13 - 1.78 ' C 2,46
7.00 ' 18.82 1.51 _. 2.09
8.00 ‘21.50 | 1.46 2.02"
.9.00 .- Co 24,19 : .1.36 . 1.88
10.00 26.88 135 1.87
12.50 33.60 1.35 a . 1.87
15.00 " 40.3 1.31 ' ' 1.81
17.50 47.0 | 1.24 - 1.71
20.00 .‘ 53.8 1.18 - 1.63
25.00 67.2 1.05 1.5
30.00 T 80.6 | 1.01 _ 1.40
25--3

N, = 2.688 x 10" m
Estimated uncertainties in the measured quantities are:
E/N: + 0.2%

va(3)/N2, va(3)N02/N2: + 6%
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with E/N over the range from 8 to 30 x 10~21 Vem? is consistent with the g

plateau region found (Ref. 27) in the measurements of Dp/u, over the same
range of E/N. In this range of E/N, the electron mean energy 1is approximately

constant as a result of the effective energy barrier introduced by the large

vibrational cross section in N, ocecurring at an energy of 2.2 eV,

It may be seen from Figures 13 and 14 that the present data lie on the
lower edge of the spread of the previous measurements. However, there is no
evidence for a two-body attachment process in this range of E/N, in contrast

to the results of Schneider and Brau (Ref. 26) who find a sharply increasing

two-body coefficient with decreasing E/N. Results of measurements carried out
at a value of E/N = 3 x 10721 yep2 (corresponding to an electron mean energy ~
0.6 eV) where a large density range from 3.2 x 1024 to 1.3 x 1025 n=3 can be
covered, show that the values of attachment coefficient are precisely
described by a three~body process. At this value of E/N an upper limit of
10721 n3/s can be placed on a possible two-body rate coefficient.

Using the same data at E/N = 3 x 10~21 V°ﬁ2, an upper limit of 5 x lO“71

nd/s is placed on the rate coefficilent for a possible four-body process. This
is more than three orders of magnitude smaller than that reported by Shimamari
and Hatano (Ref. 30) for a four-body rate at thermal energy with 02 as the
fourth body and more than one order of magnitude smaller than that found by
Goans and Christophorou (Ref. 31) for a four-body rate at an energy ~ 0.05 eV
with Ny as the fourth body. This indicates that the four-body rate

coefficients decrease rapidly with electron mean energy-above thermal. At

Y
present, the results of Goans and Christophorou provid;‘;he only convincing
evidence for the existence of a four-body process. However, their rate
coefficient for the Ny four-body process is too small, even at an electron
mean energy ~ 0.05 eV, to be significant at atmospheric density. In the case
of the oxygen four-body process, the data presented by Shimamari and Hatano
(Ref. 30) could equally well be interpreted by a much lower value (even Zero)
for the four-body rate coefficient. Thus, it is concluded that at atmospheric
density the only four-quy process that requires‘further consideration is the

09 four-body process and then only for mean energies near thermal.
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4., TWO-BODY ATTACHMENT AND IONIZATION COEFFICIENTS

In Section II1.3 it has been noted that the primary negative ion formed in
the range of E/N » 60 x 10721 yew2 is 0~ produced in a two~body, dissociative
attachment reaction [Eq. (22)].  Moreover, it has been concluded from mobility
measurements that the ions observed at these values of E/N are 03_ formed from
0~ via a three—Body ion-molecule reaction [Eq. (23)]. It has also been

proposed (Refs. 32-35) that O~ ions can combine with nitrogen molecules in a

two-body associative detachment reaction to form N,0, i.e.,
o~ + NZ > N0 + e (32)

Alternatively, if the 07 ions are sufficiently energetic they can suffer two-
body collisional detachment reactions with either nitrogen or oxygen molecules

(Refs. 10 and 36-39) i.e.,
0T +M*O0+M+e (33)

where M is either an oxygen or nitrogen molecule. Thus, for an arbitrary
density N, the measured attachment coefficient is an effective coefficient
which is a function of the true attachment coefficient (for 0~ formation), the
charge transfer coefficient, and the detachment coefficient (Ref. 40).
Evidently, since the charge transfer reaction involving 07 is a three-body
process, the effective attachment coefficient tends towards the true
attachment coefficient with increasing gas density. In order to minimize
detachment effedts in the present study, measurements ha;:&beeh made at the
maximum value; of gas density consistent with electrical breakdown

constraints, by working at small drift distances.

The values of the net lomization coefficient determined as a function of
E/N from either the negative—ion or positive-ion waveforms are given in Table
6 ‘and plotted as absolute values in Figure 15 where they are compared with
previous measurements (Refs. 9, 25, and 41-45), TFor values of E/N < 70 x
10721 yemZ no positive ions are detected and the data in this region corre-
spond to pure attachment coefficients. In contrast to previous work (Refs. 44

and 45), negative ions are detected at values of E/N > 100 x 10721 V-mz,

46

N



TABLE 6. SUMMARY OF VALUES OF THE SWARM PARAMETERS IN DRY AIR

(a-n)/¥, n B, P, am, k;: As moted in table

47

E/N v, g et . s | 32| ¥ (a-n)/n <2 1y k.(l) a/¥ ky
10hved]  are o2/v-0 | a?/v.4 10782 /7-8(1074a% g 1074%0° [ 10740/ 107222 am | 107|283, | 07222 | 0m18.3,

0.100 0.949

0.120 0.840f -

0.140 0.757|.

0.170 0.635

0.200 0.569

0.250 0.485

0.300 0.429

0.350 0.389

0.400 0.360

0.500 3 0.323

0.600 | 4.95xl0 0.307 | 0,296{ 2.28 23.6 1.7

0.700 | S.31x 0.282

0.800 | 5.68x10] 0.264 | 0,262 2.27 18.9 10.7

0.900 | 6.10xi02 6.252

1.000 | 6.58xl 0.245 | 0,236 2.28 15.1 9.9

1.250 { 7.55x10 0.225

1.500 3-09!103 0.201 2.27 10.0 8.1

1.750 | 8.90a0? | 0-189

2.000 9.53x10° Q.177 2.28 6.9 6.6

2.500 | 1.04x10' 0.155

3,000 | 1.12x0 9.139 .27 4.2 4.8

3.500 | 1.19m0% 0.127

4.00 1.2701 0.118 2.27 2.83 3.6

4.50 1.23x104 0.110

5.00 1.41x10% 0.105 2.26 2.11 2.97

6.00 1.55x10% 0.0961 2.27 1.59 2.46

7.00 1.67x10% 0.0887 2.28 1.25 2.09

8.00 1.79x10% 0.0832 2.28 1.13 2.02

9.00 1.91x70% 0.0789 2.28 0.99 1.88

10.00 2.09x10% 0.0777 2.28 0.50 1.87

12.%0 2.43x10 0.0723 2.27 0.727 1.87

15.00 2. 70x10 0.0670 2.27 0.67 1.81

17.50 3.00x10 0.0638 2,27 0.57 1.mn

20.00 3.28x10% 0.0610 2.28 0.50 1.63

25.00 3.91x10% 0.0582 2.27 0.3 1.45

30.00 4.48x10 0,0556 2.28 0.31 1.40

15.00 4.99x10% 0.0530 2.27

40.0 5. 58x10% 0.0519 2.27 .

45.0 6.10x10% 0.0504

0.0 6.67x10% 0.0496 )

60.0 7.44x10 0.0461 J.03 - 0.069 + 52 0.069 + ST [0.51 + 62

70.0 8. 44x10 0.044% 3.15 -0.128 + 61 0.128 % 6X(1,08 * 7%

80.0 9.60x104 0.0446 3.22 - 0.115 + 72 | 0.34{0.174 ¥ 8% {1.67 ¥ 9I|0.059 + 83| 0.57 + 92
90.0 1.09x107 0.0451 3.29 - 0.091 + 8% | 0.58[0.217 ¥ 10X | 2.4 F11Z2[0.126 * 122 1.37 ¥ 13%
100.0 1.21x10% | 0.0450 *

112.5 (t.36x10%}¢ .27 2.54 0.18 + BI | 1.76(0.236 +10% 3.2 +'122|0.42 + 7Z| 5.6 + 92
125.0 1.46x10° 0.0634 3.18 2.56 0.48 + 3T {3.7.(0.178% 5T (2.6 ¥ 72|0.66 * 4| 9.6 + 6%
137.5 (1.561.[05)1‘ 3.06 2.57 Q.87 + 3% { 7.97[0.126 # 53 {1.97 ¥ 7I[1.00 ¥ 4X} 15.6 ¥ 62
150.0 1.68x10" 0.0417 2.98 2.59 1.37 & 3% |16.7 |0.087 ¥ SI{1l.46 * 7X {1.46 * 4X| 24.5 + 62
175.0 1.96x10° 0.0417 2.85 2,55 2.70 * 32 - - - tss ¥ sz
200.0 2.19x10 0.0407 2.50 46 + 32 - tl01  * 52
225.0  [(2.37x10%)¢ .43 7.3 % 3¢ ta 173 % 52
250.0 2.52210 0.0375 2.35 10.2 + 2 $257 * s2
275.0 (2.73020%)¢ 2.21 12.8 + 32 3 ¥ 52
300.0 2.95x10° 0.0366 N (22 17.0 * 32 tsoz ¥ sz

\

* Daca of Hegerberg and Reid (Raf. 14) i
+ Extrapolstead valus
{ Nec fonizacion race coafficient ' , b
Thermal 4, 1.61 a’/9-s(Raf. 15, 16): 1.75 w’/¥-a(Ref. 17) oersal k, P 112 x 107 28/p (rer. 28
Estimaced uncertaintias {o the msasured quancities ara:
E/N: % 0.21 N ARt
V. u i *1I for B/R £ 1077 v?s + 21 for 2/m > 1077 v.? L e
o, b 11 afn: + 2T
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i.e., well above the onset of ionization. The estimated uncertainty in the

present measurements is given at each value of E/N in Table 6.

From Figure 15 it is seen that the present measﬁrements lie on the lower
edge of the spread in the previous data. The iargest spread among the
different measurements occurs in the region of the limiting value of E/N and
is attributed to a combination of the increasing measurement uncertainty at
values of E/N approaching the limiting value (cf Section III.6) and the
effects due to electron detachment which become more apparent in the region of

E/N where a = n.

The present measurements of a/n which are given in Table 6 have been
determined directly from the ratio of the positive charge to. negative charge
collected as discussed in Section II. 4, i.e., neglecting detachment effects.
The estimated uncertainty in this ratio is * 2%. Combining these medsurements
with the values of the net lonization coefficient and using the values of wg
given in Table 2 gives the rate coefficients for two-body attachment and
lonization shown in Figure 16 and in Tables 7 and 8. The data for the
individual coefficients are confined to values of E/N < 150 X 10721 yem2 gor
which sufficiently high gas densities can be used to minimize detactiment

effects. For higher values of E/N the data correspond to net ionization
‘rates. .

The influence of detachment on the present values of two-body attachment
and ionization rates is difficult to assess. Measured rate coefficients that
have been reported for associative detachment vary by'ﬁbre than one order of
magnitude whereas those for collisional detachment vary by more than three
orders of magnltude. Moreover, the onset for associative detachment occurs at
a value of E/N~ 5 x 10~21 v. 2, whereas that for collisional detachment
occurs at E/N ~ 100 x 10721 yen2, For values of E/N < lOO x 10-21 VemZ, the
present values of v, (2) are in good agreement with those predicted (Ref. 46)
from solutions to the Boltzmann transport equation using cross sections for
oxygen and nitrogen, appropriately weighted to reflect the relative
concentrations of the air constituents, and neglecting detachment. This
agreement is taken as evidence that associative detachment is not important,

- at least at the gas densities used for the present measurements. On the other

hand, the decrease in Va (2) with increasing E/N observed for values of E/N >
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Figure 16. Present measurements of the two-body attachment rate
coefficient (solid points) and ionization rate
coefficient (open points) as a function of E/N.
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TABLE 7. VALUES OF THE TWO-BODY ATTACI'DIE.’NT RATE IN DRY AIR

N ~E/N ENo/N. -,va(2) No/N va(z)/N
1022 g3 o2y, 10* v/m  107/s 10718 23/
265 60.0 © 161.3 1.37 + 6% 0.51 + 6%
133 70.0 188.2 2.9 + 7% 1.08 + 7%
133 80.0 ' 215.0 4.5 + 9% 1.67 + 9%
133 90.0 241.9 6.4 + 11% 2.4 + 11%
66.6 112.5 302. 4 8.5 + 127 3.2 + 12%
30.6 125.0 336.0 7.0 + 7% 2.6 + 7%
25.8 137.5 369.6 5.3+ 77 1.97 + 7%
19.4 1150.0 403 3.9+ 7% 1.46 + 7%
1025

o]

N = 2.688 x

Estimated uncertainties in the measured quantitiesfgre:

E/N: + 0.2%

v (2)/N, v 2
. 4a a

)

NO/NT.
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TABLE 8. VALUES OF THE IONIZATION RATE IN DRY AIR
N E/N ENo /N v4No/N vy /N
1022 573 107 ven?  10* v/m 107/s 10718 p3/s
133 " 80.0 215.0 1.53 + 9% 0.57 +..9%
133 ° 90.0 241.9 3.7 + 13% 1.37 +13%
66.6 112.5 302.4 15.1 + 9% 5.6 + 9%
30.6 ~ 125.0 336.0 26+ 6% 9.6 + 6%
25.8 - 137.5 369.6 42+ 6% 15.6 + 6%
19.4 150.0 403 66+ 6%  24.5 + 6%
6.54 175.0 470 148+ 5% 155 o+ 5%
6.54 | 200.0 538 271+ 5% | 101 + 5%
6.54 1225.0 605 465 + 5% 1173+ 5%
3.35 250,0 672 690  + 5% 3257 + 5%
1.71 275.0 739 940  + 5% 1349  + 5%
1.71 300.0 ° 806 1350  + 5’5“--’1502‘ o+ 5%
25 -3 "'

No = 2.688 x 10" m

i Net ionization rate coefficient

Estimated uncertainties in the measured quantities are:

E/N: + 0.2%

vi/N, viNo/N: As noted in table
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100 x ].0'21 VemZ is not predicted from solutions to the Boltzmann equation.
This may indicate the presence of collisional detachment and that for E/N >
100 x 10~2! vemZ the present measurements should be regarded as effective
values. For this reason, the values of gas density at which the measurements
were made have been included in Tables 7 and 8. However, it 1s pointed out

that for values of E/N > 200 x 10~21 yep2 attachment 1s so small (< 5%)

compared to ilonization that the presently reported values of the ionization
rate should be insensitive to detachment effects. Future measurements in
mixtures of dry air and water vapor are expected to provide additional

information on the importance of detachment in this region of E/N by virtue of

the additional channel for stable-ion formation that is-available through

clustering reactlons between 07 and water vapor molecules [Eq. (27)]. {

5. DISCUSSION

- The present data represent a comprehensive set of measurements of the
swarm parameters in dry air and will serve as a base for future measurements
in dry air-water vapor mixtures. The complete data base for dry air
determined.inuthe'preaent study is summarized in Table 6. Also included in
Table 6 are the values of electron mobility measured by Hegerberg and Reid
(Ref. 14).over the range from 0.1 to 1 x 10~21 V°m2, which renresent the most
reliable data currentlj available at values of E/N below the lower limit of

the present measurements.

A plot of the three-body and two-body attachment frequencies together with
the ionization frequency corresponding to atmosphericgdensity at 0 km and 273K
(2.688 x 1025 3) is shown in Figure 17. Extrapolating the data on the
three—body attachment frequency to higher values of E/N, it appears that the
two-body attachment frequency is at least an order of magnitude larger than
the three-body attachmeqt frequency in the vicinity of the limiting value of
E/N. On this basis, for gas densities up to atmospheric density, observed
(Ref. 47) departures from Paschen s Law are more likely due to the variation
with gas den51ty of the branching ratio of the reaction channels of the 0~

ions (i.e., stable ion formation versus detachment) rather than the influence

of three-body attachment.
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6. ESTIMATES OF MEASUREMENT UNCERTAINTIES

The values determined for the Qwarm parameters are subject to both random
errors arising from the statistical variations in the measured current
waveforms and systematic errors arising from uncertainties in the absolute
values of E, N and t. The magnitudes of these uncertainties depend both on

the particular swarm parameter and on the functional dependence of that

parameter with E/N.

The absolute values‘of E, N, and t are each determined with an uncertainty
of + 0.1% and so an overall uncertainty of + 0.2% is assigned to the values of
E/N. Describing the local functional dependence of a swarm coefficient on E/N
by (E/N)®, the uncertainty in the coefficient due to the uncertainty in E/N is

given by
A{coefficient)/coefficient = n A(E/N)/(E/N) = + 0.2 nz (34)

a.  Electron Mobility

The values of the electron -drift velocity are determined from the slope of
plots of Terversus d. In the present work, for values of E/N < 10~19 V-mz,
‘the slope is &etermined to + 0.5%, while for values of E/N > 10719 ven2 the
uncertainty increases to + 1% due to the smaller electron transit times. From
Figure 10, it is seen that n < 1 so that from Equation (34) the uncertainty in
w, due to uncertainty in setting E/N is € + 0.2%. Thus, the assigned overall
uncertainty limits in w, or u, are * 1% for E/N < 10712 vem? and & 2% for E/N
> 10719 ven2, These uncertainty limits do not includegcorrections due to
attachment and lonization effects. From Equation (3), this correction is
200(Dy/ugl)(¢ = n)/E % and is positive when o > n;and negative whenn > u. At
low values of E/N (a = 0), n/E increases with decreasing E/N while Dp/ue
decreases with decreasing E/N, i.e., to a degree the twd component factors are
compensating. In addition, since the attachment occurs by a three-body
process tﬂe value of n/E may be kept small by ‘g suitable choice of gas
density. At large values of E/N where a > n, both (x - n)/E and DL/“e are
monotonically increasing functions of E/N so that the correction increases
with increasing E/N. Based on available Rnbwledge of bL/ue, «/E, and n/E the

corrections to the present measurements are less than 0.5% for E/N € 2 x 10_19
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VemZ but may increase to 2% at a value of E/N = 3 x 1019 ven2, Since the
corrections are less than the assigned uncertainties in the values of wg (or

Hg), Mo corrections have been applied to the reported values.

b. Ton Mobility

7 The values of the ion drift velocity W, are determined from the slope of
plots of T, versus d, respectively. 1In the present work, the slope of such
plots is determined to + 0.5%. From Figure 12, it is seen that n~ 1 so that
from Equation (34) the uncertainty in w, due to the uncertaiﬁty in setting E/N
is ~ & 0.2%. Thus, the. assigned overall uncertainty in Wy or uy is £ 1Z.

c. Three-Body Attachment Coefficient

From the analysis of negative ion current waveforms measured in the
present study, the slope n(3)w_ of plots of %n I_ (d,t) versus t is determined
to + 3%Z. Using the meesured values of w_ (which have an estimafed uncertainty
of £ 1%) results in an uncertainty of # 4% in the values of n(3)_ From Figure
13, the value of n in Equation (34) varies from 0.8 to 1.6 over the range of
the present measurements‘so that the uncertainty in n(3)/N2 due to the
uncertainty in setting E/N is less than + 0.4%. Thus, an overall uncefiafnty
of + 5% is assigned to the values of n(3)/N2 and of + 6%.to'the values of kg

‘using the previously measured values of w, of estimated uncertainty + 1%.

-d. Net IoniZation Coefficient
Th £ a-n)a by th £ ¢

e values o exp( n) d glven y the slope o plog&ﬁof yd+ﬂd versus yq.
have an uncertalnty of & 1%.  The uncertainty in the value of (a-n) resulting

from the uncertalnty in the slope is given by
A(a—n)/(a-n) {1/[(u-n)Ad]}A(slope)/slope » . (35)

In the presenf measurements, for values of E/N » 125:x 10-21 V-mz, (a~-n)ad >
0.5, so that an uncerteinty of + 27 is assigned to the uncertainty of (u-n)

determined from the slope of the integrated current plots. From plots of %n
[(a—n)/N] versus Zn(E/N), n in Equation (34) varies from 6 at low E/N to 2.5

at hlgh E/N resulting in an uncertainty in («-n)/N as a result of uncertainty
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in setting E/N of less than % 1.2%. Thus, an overall uncertainty of + 3% is
assigned to the values of (u-n)/N for E/N > 125 x 10~2]l ven2, For lower
values of E/N, the uncertainties increase as ca/n(2)¢ approaches unity.

Estimates of the uncertainties in (u-n)/N for E/N < 125 x 10721 yop2 are as
noted in Table 6.

e. Two-Body Attachment and Ionization Coefficients

- The ratio of a/n(z) is determined from measurements of the ratio

(QE/QO)/(QélQO) with an estimated uncertainty of + 2%. The values of «/N and
n(z)/N are then determined, using the measured values of (e=n) from

a/N = [(a=n)/N]/(1-n(2)/a) : . (36)
n(2)/N = [(a=n)/N]/(a/n(2)ml) | | (37)

Thus, estimates of the uncertainties in o/N and n(2)/n depend on the magnitude
of a/n(z). In particular, even if the net ionization coefficient and the
ratio of the coefficients are determined reasonably precisely, lé:ge
uncertainties arise in both coefficlents when ¢a/n<2)¢ approaches unity.
Estimates of the uncertainties in u/N, kg, n(z)/N, and ka(z) are given in
Tables 6, 7, and 8 at each value of E/N. These éstimates do not include

uncertainties due to the effects of detachment.
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