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ABSTRACT,

A sumary is given of literature on cesuses of rocket chairge,ambient fields,
and on probe technigues. -

- A variety of techniques are available for determining rocket charge,
repres'ented by é potential relative to space of 0 to 10 volts. |

A cylindrical probe characteristic,analysed by the older Engel and
Steenbeck methode,vwas _obita:lnod for a pulse discharge with a low electron
concentration of 2 x 10'z electrons/c, Co 1n the author's experiments.

The probe sheath was collision free,and conditions for such sheaths in

the upper atmosphere are given.

The. predicted ambient field ie about .02 u¥/em,fields measured being
.60 o¥/cm. (by a probe technique) and 200 V/m (by field meters).

The author's tentative opinion is that the ambient field might be measured
by a simultaneous detemination of potential at two points using probes.

Laboratory simulation seems to require a low woltage gradient discharge, -
(preferably with ions and electrons in thermal equilibrium,) because two
p:iobe:s cannot be placed as close as a Debye length,

The contract specifically excluded development of circuitry so a precise
angwer cannot be given,but dgfi-nite- proposals are made,

In the experiment,the measured voltage gradient was about 30 V/cm,which
.seems abnormally high at a discharge current of about 10-# amps when
compared with recent results for steady glow discharges,

The explanation may reside in the existence of striations. From the work
recently reported in a Czechoslovakian journal™it might be argued that the
probe is responsible fow the striations.

Ho material is included on re-entry physics, nor on the time and space
- variations of electric fields. A study of the latter should be related to a
precise knowledge: of the rocket motion, '

The: research ropresents a branch of Atmospheric Electricity which had
not previously been studied at Durham. :

* Reference 59. Pekarek and Krejci, 1961.
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A STUDY OF METHODS OF MEASUREMENT OF THE ELECTRIC CEARGE O A ROCKE?
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3. Bxperimental Results,
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6. Ambient Fields.
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PREVIOUS WORK, .

A summary of some of the literature relating to the causes of the electric
charge on a rockst'andwof the ambient electric fields which it encounters was
undertaken. Prom a refeérence list supplied dy Pr R,L;F.Boyd“and other material
. a summary of some of the literature relating to probe-techniques vas also
attempted. These comnstituted the main part of the. work,

It appears that a variety of techniques are’ ‘available for determin:ng the
rocket charge,represented by a potential relative to apace of betueen.o_and 10

volts.
EXPERIHENTAL. SYSTEH,

A 2000 volt peak pulse was obtained from a circuit with a time constant
of 80 seconds and used to break down a 25 cm column of air at a pressure of
'10‘4'atmospherel. The air coluin sustained a total voltage of 470 wolts. A
'cylindrical tungsten probe of surfaee area n/éo cm2 vas placed in the mid-point
of the column to neasure the potential there relatzve to the anode, The
characteristic (see figure 47) vas analysed by the older methods described in
Engql and Steenbeck (1932),uhich,are-thua,incidentally,made.available in.
English, Tkeeanalyaié iq represented by figurqs 51 and 52.24% .4

EXPERINENTAL EESULTS.
The potential a$ the-middboint of the column wés determined as 128.5 voltss

the current demsity as 2 x 10”%
2x 1@7 e&ectrons/cc. Collisions do not occur in the sheath,because the

percentage ionisation is twenty times the critical value as estimated from a

amps/cm.;and the electron concentration as

formula believed to be original. The critical values of ionisation in the upper
atmosphere determined in the same manner are shown in figure 53 vhich suggests
( ) i o




that collisions do not occur between about 100 and 400 kms.
ANALYSIS OF RESULSS.

Prom the results obtained it appears that the dischargs current is of the
order of 10-4 amps and. that the free column voltage gradient is nee-r}y % V/em,

An extrapolation over a pressure range of 104,nsing the appropriate
proper variables,of the free column gradients (10% V/cm) quoted by King (1961)
for a current of 10 ‘amps at atmospheric pressure suggest that the measured
gradient is abnormally high, but this may be explained by the effects
associated with. the striations, (im point of fact the probe structure may
have been responsible for the e.xiste-n'ce; of striations which occur only on the
anode side of the probe, although. the positive column extends well tovwards the
cathode. This hypothesis is based on the theory of striations given bj_ Pekarek
and Krejei ... 1961,)

But even the normal gradients are high compared to the minimum measured
fields obtaimng in the Upper Atmosphere.

Although the matter is not discussed elsewhere in this thesis;it is of
interest to record that with high currents a self-rotating arc was observed.
This is apparently a rarely observed. phenomenan,but a study of it was,of
course_,quit_e' outside the scope of the present work, .

‘LABORATORY SIMULATION,

o The problem of simulation in order to test ambient fiémaheasuring
equipment seems to residesin prodicing a lowv voltage gradient discharge (in
uh:lch the ions and electrons are in thermal equxlibrmm) This arises as a
consequence of the disturbance which probes very near to each other would
create in a discharge,and of the lov voltage gradient which exists in the
ionospherc. The electric field in ﬁhe- upper afmésp__heré has been predicted to
be .02 mV/cm and fields as low as .60 mv_/cm have been measured,

ANBIENT PIELDS,

Present vwork bhas completely neglected the high-ambient fields of the
order of 10,000 V/m associated with the re-entry of the rocket intc the
atmosphere. ' .

Flelds of the order of 200 V/m as measured vith field. meters on a. rocket
might be measured by a .simultaneous determination of the potential at points
of the order of 10 meters apart using probe t-echniT;es. The .charactaris_t:lc




obtained by the author as described above shows that am error in the space
potential of 5 volts is po_saii;le in using the characteristic itself and the
curves obtained by Boyd and Twiddy (1959) show that an error of 0.L volts is
possidble using the semilogarithmic plot., Clearly,tc distinguish between. two
_probe characteristics requires refined circuitry (in the rocket) and is not
possible at the- lower value of field obta:.ning in the Upper Atmosphere,

DEFINITE PROPOSALS

The technique proposed is a familiar one in space experi.mentat:lon. 80
there is no need to make a design study apart from the development of new
circuitry to compare the characteristic differentials, Even.if no 1nformation
is obtained about ambient fields,a trial would not.be unprofitable,as: it
should be quite easy to: arrange matters so as to obtain the information ~ -
normally available from rocket~borne probes., The contract specifically
excluded the- d’eﬁre.lopmemt of circuitry. However,this branch of .th_e- subject is
well developed and the first Anglo- American Satél-lite,for-exampl-e,has circuits
for measw;rixig,the: first and second derivatives of the current to a probe.




INERODUCTION

The-motion'of charged particles 1s'u1timately responsiblé'for
the presence of electric fields in the ionosphere. This motion also
determines the behaviour of any device which similates the upper
atmosphere, anp also the behaviour of an&'instrument used to measure
ionospheric electric fielde. The basic theory concerning charge
motion is given firét for the case of a charged particle which is
moving in a uniform magnetic'field bﬁt subjact to various pefturbations,
(such as the presence of an electric field), and then for the case of
a weakly ionized gae in which the motion is largelf controlled by

~llision vith neutral particlés,'and'finally for the case of a highly
ionized gﬁs in which the motion is controlleéd by, space charge fields.
Tho basic equations for nacroseopic:motionuin a fully iohiqed gas are
chown to be consiStent with the idea that clectrical neutrality is
preserved for a suitadle model of the atmosphere. '

Electrically conducting fluids are dxsculsed broadly in order
to contrast various systems vhich caq.be obtained in the atmosphere
~and laboratory. - The reason for turning attention to this is that
the study of atmosphgric syStems'uithﬁrodkgts is far more expensive
than laboratory studies, so that'ideas gnd'equipment'for atmospheric
‘work must recéfve'preliminarm;%qsts'ig.anaIOgong labpiatozy systems.

The variation with height of the mechanidal and electrical properties
of the upper atmosphere are doscribed in terms of the ARDC model
atmosphere. The existence of the ionosphere is ezxplained, and matters
such as scale height, penetration tre§uency, and the measurement and
explanation of elegtrqn_pron;es_gre discuseed.

Before the advent of .extensive rocket research information con-
cerning electric fields in the uppér layers of the atmosphere was
almost completely lacking. Data on electric fields was urgently
naeded for the solution of many problems, such as the nature of solar
particles. The theory of the origin of ionospheric electric fields
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is presented, and the idea of an electric current system in the upper
atmoephere due to tidal movements of'condﬁeting air across the earth's
magoetic field is described. Graphs are given of the electric field
in the upper atmoephere'eomputed according to'theory. The total field
is predicted to be of the order of 2 xxlo‘s V/n. (See page 55)

_' A summary 1e given of ‘the eerly work on probe theory, done by
Langouir and his associates in the Research Laboratory of the General
Electric Company at_Sdheneetedyg.end of recent uerk on -probes uhicﬁ.
Boyd and_hie colleboratore have carried qut at University College,
London. The space potential is not well defined because of the
disturbance of the plaema ﬁhén'a'probe is draving a large electron
current, vhich happens vhen it is near the space potential. The true
space potential lies positive to the inflexion point on the cnrrent-
:voltage characterietic becaunse of the probe dlstnrhance.

. The author acknowledges the valueble help obtained from letters,
dzscueeione and visits, and confereneee. These have mede it poee;ble
to determine how the material available applies vhen one turns to the
task of making measurements on a rocket. The electric fields so far

neasured are ceneiderably higher than those predicted on theOretigul
grounds. '

So far we have only been concerned with 2 survey of relevant

x literature. Simple experiments have been carried out vhich have led
to a deeper understanding of this literature. Vacuum techn:que, the
most preoccnpying part of the experimentel etudy, is described 1n en
easy geference form,_ The theoretical diecueuion of the results _
presents the Engel eed Steenbeck theery for the use off cylindrical
probes and applies this to the resultl at hand. 'The author has" given
a theory of cheath collisions and probe louatien in order to £i11
apparent gaps in the literature. -

. The conclusions of the work are presented as a rumber of design
criteria for the experimental epparatue required. It has not been




pessible to make progress beyond this, largely decause the topic of
etudy is a nevw one to the department vhere réseardh'ha-'been carried '
out.. Acabrd1ngly. one of the aims of this work is to introduuu tho
sudject to newcomers.
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"o+ . . - CHAPTER.1, CHARGED PARTICLES,

THE NOTION OF CHARGED PARTICLES,

The motion of'oherged particles is ultimately responsible for
the presence of electric fields in the ionosphere. This motion also
dotermines the behavicur of any dévice waich simmlates the upper
atﬁosphere, eod also the behavidur of anykihefrhment used to measure
electric fielde in the 1onoephere. Accordingly, the basic theory
concerning charga motion 18 presented in this chapter.

In the case of a charged particle which is moving in 2 uniform
magnetic field, the path of motion is a helix of constant pitch
around a line of force. But there are various perturbations, such
as the presence of an electrio field, which cauee partiole drifts to
be. sauperimposed on this motion. It is of interest to note that if
the magnetic moment isa constant of the motion of the particle it is
poseible to explein, for example, the coemic acceleration of charged
particles. . '

In a gas which is partially ioniged, the motion of charged
particles is largely controlled by their collisions with neutral
particies. -An electric field has the effect of producing a drift of
the particles. : '

In fully, or highly, ioniged gases the motion is controlled by
epace charge fields. It is important to consider the contrapolar
ionic atmosphere about each of the ions, and also the unipolar charge
_cheaths uhioh develop at the boundaries of the gas.

T If in any emall volume there is overall eleotrieel ndutrality -
the name plasma is applied to the gas. In such a plasma cellective
interactions are possible, such as the particle drifts we considered at
the beginning. The motion of the particles is aleso controlled by
mutual Coulomdb electrostatic fields, '

]



The basic equations for macroscopic motion in a fully ionized
gas are congistent with the idea that electrical neutrality is pre-
served for a suitable model of the atmosphere. '

The distinction between the microscopic drift velocities of
charged particlés and the macmscopic velocity used in these '
equations is made elear.-

1. CHARGED Pumcms m ELECTRIC AND menmxc mes
a. sqtmnous OF HOTION..

The acceleration of a particle. of mass m kgn and charge Ze coulombs
in the presence of an electric field (B V/n) and magnetic induction
(8 m:/m"’) 1s g:lven (Spitzer. 1956) bys-

ad L n(ges

at - - .B_) o . : - esse Equn. _]'..

{ lﬂ‘

 where X is the particle veloez.ty in n/séc. This equation is in vector -
notation. .

Use is sometimes 'made of an expression for the angular frequency

of a particle which describes a oircular peth in a uniform magneti.c
field. 1It. may be derived from eqnati.on 1 and is gi.ven bys~-

‘qB/m = zeB/m = wp/a ' ' In..é Equn. 2e

where Z is tho particle charge in units of the electron charge, o is
the charge on an electron, wp_ is the ‘component of the velocity ﬁ_ at
right angles to B, and a is the radius of the circular path.

For oxzample, in a uniform magnetic field in the absence of an '’
electric field, the particle path will be a helix of constant pitch
around a line of force.




T

b, FPARPICLE.DRIFIS, ..

The motion of a particle may be regarded ( Sp:ltzer. 1956) as a |
drift superimposed on the motion in a helical path. Particle dr.tfte
are caused dy. various perturbations euch as the presence of an electric
field, a spatial :lnhomogeneity in the magnetic field, or alow changes
of the magnetic field with time. In the presence of electri.c and
magnetic fields a particle will circle about s point (ecalled the gnid:lng
centre),which ig moving. Drift is the motion of the guiding centre
transverse to the magnetic. field. d "

An electric field produces a drift velocity ¥a E /B uhere EP
is the component of B at right angles to B. If B 13 thougbt to come
out of the paper with E towards the top of the page, then the arift
is to the right. For an observer mov;ng at the velocity Wqr the electric
field has been tran'sfomed avay. Such a drift does not ;)quuce
separation of positive from negative charge.

‘Here there is only space -fo state the results. The derivations
are given for instance in the first chapter of Spitger (1956).

Because we aie concerned with charge motion in the atmosphere.
ve must also congidexy the drift velocity dus to a gravi.tational field.
Thie is given by L mgp/qB vhere gp is the .component of the accelera-
tion due to gravity which is perpendicular to B. The direction of the
drift nov changes with the sign of the pardicles eharge, hence there
is a separation of cl_mrge. (But see Section 3d: Electrically Eeutral
Atmosphere). o . A

The magnetic field of the earth is not uniform in either time or
space. A spatial inhomogeneity in the magn/etic field means that tize
radius of curvature changes as the particle rotates. The drift ocmused
by this prodnces a charge separation. Curvature of the ﬁeld lines
produces a centr.i_ﬁzga} acceleration and leads to charge aeparation also.




used -in this survey, the unit of magnetic moment is ampere-metre”.

Ce INVABI-AH‘.ES OF THE HOTION..

Restrictions are placed on equation 1 above in deriving drift

. Welocities.’ They are: eqnivalent (Post. 1959) to--

(1) E:actional veriatione in the magnetic 'end electric fields
shall ‘be- emall over the dia.meter of the particle orbit..

(2) The fractional variations shall be. small- during the
rotation period of the particie. ' s

, + Onder theee conditione, not only are the expreesione for drift
velocity trn_e:;' . the magnetic moment M. of .a particle is an invariant
-of its motion. The magnetic.moment does not change if B changes with
time ‘but is uniform: ‘throughout space. ' dhen B varies alon'g"'the particle
path dat ie constant with\ time at each point, His egain eonetent. L3 bl

Y MGNETIC HOHW"

| Fhe magnetio moment of a current X encircling an area S equals
1S,  The unit of magnetic moment haé not been générally egreed_ upon, °
as eome writera prefer to define it by means of the equation which
makes H the force, vector for a magnetie dipole instead of B.. with

.the latter definition the unit is weber-metre. With the def,init:ion .

2

For an electron eircling in a magnetic tield, the magnetio moment

x M is given 'ny°- '

X

Beaelofimdm?B - .o.Ees 3.

_vhere the only new symbol is T, the particle rotation period in a

maguetic field given by equation 2. It follows from -this_'that B
ts proportional to "12;' S

-So long as 'the. magnetic moment is invariant, each charged
particle in moving through a varying magnetic field maintains a




congtant’ £1ux (/3.45) through its helical orbit chole.

Phe'constancy of the magnetic moment has.the immediete msult
that circling particles will. tend‘to be reflectdd from regions of
increasing magriotic field. The derivation of this result is given =~
in Spitzer (1956),. s ' o L P

ACCELERA”ION OF. PARTICLES

All this is of :mterest partly becauee reg:.ons gf_increa.xﬁgumgnetic
field oce;u- in the etmosphere ef the earth . This will be considered
later cn in conneuticn with the Van Allen radietion helte, this eurvey
being intended to incluae background infcrmation on the electrical state
of +the earth's atmosphere. The following emple (Spitzer, 1956) =
illustrates the importence "of' the conclueion about the behaviour of
particles in regione of incrcasing megnetic £ield. _ ‘

) The theory of origin of coic rays is concerned with the cosmic
acceleration of charged particles. - The high conductivity of ioniged
gaeee in the stars and interstellar clouds limits the value which
electroetatic fields can have. If ‘the magnetic field in two inter-
stellar clonde, moving towarde each other, is greater than in the
intervening region. particles trapped between thess two "magnetic
mirrors” gain energy on each reflection. Altermatively charged
particles in space mgy be accelérated if the magnetic field increeees “
with time. ' :

2. HMOTION IN PARPIALLY IONIZED GASES.
a. AVERAGE VELOSITY, PRESSURE AND TEMPERATURE.

. In a gas vhich ig partially ionized, the motion of charged .
particles is largely controlled by their col_lisi"i'n,\e with neutral
parti@icles.. - According to the kinetic theory of gases all the particles
are in motion and the energy and pressure of each species of particle
can be expressed in tems of seme kind of average velocity




ofed)

. particle can be expressed in terms of a kinetic temperature, T°K. The

«10=

Suppose that n is the nunber of particles perr unit volume (i.e. per
c}zhic' metre). Fhen ve can define a "root mean square” velocity (xim/sec)

) 't_?:ﬁ:gr- the pai!t-iclez,—

2 1g 2 ' - I
. c = nznici . . . ) (XXX Equn. 4".

vhere there are n‘i particles with veloc‘ity"ci.
The pressure can be expresssd in .terms of this velocitys=

P = %amncz . ' l.l lo . o Eqnno 50

_ The unit of pressure in this equation is nauton/m . Atmosphex@ic pressure
(760 mn. Hg) is 10 ﬂ/m for a working value. 'Hore exactly it is

106:10 H/m.

. If there are (3 + x) degrees of freedom, the mean energy in joules
of & particle is given by:= '

' (}-%;)iﬁea = (1;3-5); k? - essss Bqun. 6.
I¢ ehéuld be noted that the average energy of a given species of
=21

energy E is expreossed in joules. For T = 290°K, the energy kT = 4 x 10
joules, since k = 1.3 x 1()""23 j.-ou-le-sfx-.

b, HBAXWELL'S DISTRIBUTIOR LAM.

The above rélétions are of gz;e_at importance in almost any con-
sideration of the i)ehavionr' of gases. In gensral a gas will consist
of a mixture of ch uiarged-and- uncharged species of particles. For some
purposes it is convenient to suppose that there is just one species of
neutral particle together with its positive ion and electrons. .The
way in vhich the velocity of’ the particles is diqst.ribu.ted is also
a matter of great importance. Quite often the velocities of the
particles are either known d‘-r assumed to be digtributed according to
Haxvell's Distribution Law (Cobine, 1931).F Bigure 1 shows this

o ; J
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distributxon in two convenient fomn.

.Suppose. ‘that the velocity &istridbution is given dy a function F(C)
go that the number density of particles with velocities in the range C
. to {C.+ ac) is gd.ven by: -

‘dn = n P(c) ac R " vee.. Bqua. 7.

r;ﬁg:e n is the total mumber denesity of particles, so that JF(C) ac = 1,
-. taken over all velocities. It is then possible to show that th e average
velocity € is given by:-

a #jnifci = 2/('::1:.)‘1" - c | (b = m/2kT) ee.ee Equn. 8.
" and thats-
| qz = 3k'1'/ ' - ' ceess Equu. 9.

- Piglire 1 chogs the average velocity defined by equation &, the most
'probable velocity, and the R:M.S. velocity (equation 9).

Because of equatio'n 9 it is customary to use the expressions "mean
velocity" and “kinetic temperature® as if they were syfionyms.

Horse, Allis and Lamar (1935), considering the motion of firee

electrons among the atoms of a gas assume ‘eithers (i) Eleetrons lose

no energy on collision with the atoms. So at 'any point all electrons
have the same energy. This is valid vhen the electron free patl_: is
‘greater than the dimensions of the apparatus. Or (ii) the electron
velocties have a Haxzwellian distribution and the density and temperature
can vai-y from poin t to point. . This is valid when the electroms are in
temperature -equilib-riuﬁx with the gas, or vhen there is available some
-mechani_sm-for- transferring energy'_dfrectly_ from electron to electron.

c. ENUDSER'S COSINE LAY,

' The total mumber of particles per second that come down on an area
.S in the solid angle df inclined at an angle © to the normal to the
area 48 is dSn © cos © df/4n. Hence the total mumber of particles
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com:l.ng from one e:lde per second per unit area :I.s i nc. This relation and
‘the other equstxons developed above are used :I.n chapter 5 on prohes.

" 4., HEA FREE paTH,

Where d is the diameter of the particles, the mean free path (see
'figurez) isgivenby:-- v : R '

) l/md | ) '." v . " . .' ‘ | L { Equane 100

- The random motion of all the molecules is allowed for hy using - = A/(Z)%
An electron, because ites diameter is negligible in cdmparison. with that of
.a ‘molecule, has a mean free path given by A =.4\, vhore A is defined by
:':equation 10. Ue might expect it to be gigen by "‘e.- = -4Am. This latter

: expression is wrong because the velocity of the molecules is negligible

in compa.ri'so,n with-,thst.of the. electrons, as we shall sce immediately

below. .

ENEBG’I ‘EBAESPER I8 PARTICLE COLLISIOHS

It is important to reeogn.ise thst the average loss of energy. by an
"elactron tn an elastic collilion with a molecule is very smell. Th:l.s

-----

.'hi.gzer for the electrons than for the gas.

Consider a particle (mass ml, velocity ml) colli.d:.ng with another

- particle (mass L ) at rest and subsequently moving off with a new velocity
(u ). The velocity (u ) acquired by the second particle (mass m, ) is
g.l.ven bys - .

& = -&m “a v4m1n2/(m + niz.)_z ' ..... Equm. 11.
- where V = 's}mlul « This is derived from the conservation of energy and

momentum equations. if By mfars to an electron. o, to a molecule, then
the fractional loss of ‘energy d\V ﬁ is seen to be small.

£, COLLISION CROSS :SECTIORS. -

1f there are n particles per unit volume, each of cross aectional
erea nd /4 thens~ : ‘ '




-13-

md2/4 RN K] Eqnn. 12.

I, = I, exp ('-Xx). 7

vhere I is the incident particle intensity per unit area, I .the intensity
aftér a distance x, ) the absorption coefficient (Townsend, 1947)

The probability (P) of making a collision in unit distance would be
nndz/4 if the particles vere so tennously diatributed that each collision
made no difference to the others. The nmumber of collisions made by a
particle per metre is P. = nnd2/4-= llhm, using equation 10. Thie provides
an alternative approach to the concept of mean free path.

Suppose Q(ce) is the collision cross sectional area for electrons
having a velocity Ge. Q has a ninimum at some low electron énergy. Let
ne!be the electron concentration,ffe the electron collision frequency,
nm_theAnumber of* heavy particles, and let the number of electrons with
velocities in the range C, to C, + dC, be na?(ee)dce. Fhend -

ngf, = nJdn ¥(c,) q(c ) ¢, ac, «evee Equn. 13,
Exper;ments on the drift velocity of electron clouds in air under veak

electric fields at.energies‘betueen 1/30 ‘e¥ and 1/3 oV give f .

©

f = B.7x 105 p. collisions per second, vhere p is the prescure
in newtons/h.. '

g. HOBILITY OF IONS IN AN ELECTRIC PIELD.

An electric field produces a drift of particles in a partially
ienized gaé. The avefage time between collisions is gi#en by xf;l The
average velocity acquired in the presence of an electric field is
%eEL/ﬁ%Z The mobility U is defined so that, (Townsend, 1947):-

U = ter/mc. (metres/sec)/(volts/metre) «es.o Equn. 14.
h. DIFFUSION,

Particles may be lost from a region by the process of diffusion
(0skam, 1957). fThere must be a gradient of concentration, ¥a. Consider
diffusion in one direction (x). The diffusion length (L motres) is
defined by:-

dn = n .
iz 1 cesse Bqun. 15.
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The: diff'usion coefficient (n o /sec) fe defined bys-

- -dx/ﬂt-—---o dnfax - . .. . e C hewes Equn. 16. .

4__.

where dx/dt 15 the.. d:.ffusion velocity.
-' 'I‘he varmtmn of concentrat;on wvith time is given bys- :
dn/dt ‘= -Dn/L : . ) g -.: (XXX X Equnolﬂc
| e net force on one: perticle gi.ving rise to diffusion may be denoted
by P. If the ccllxsion frequency ieif, the time between collisions fe
. 1/2. Hence.dx/dt = 4F/nf. But dx/dt = £).. Combining thess we heve:-
d!/d.t = (W/m)% "".'."' . . '. ‘ u-o-. Equn. 18.
SO the diffusion’ valocity of the electrons: :.s 1arge compared to that of
- the 'ions on account of’ theu- very dszerentbmalsec. The electrons will
therefore dbuild up a negetive space charge in the outer parts, and will

'_leave a positive ‘space charga in. the inner parts ‘of the ionigzed gas. In
the case of very lovw’ charge oensztiea. this space charge :.s small: its

80 .88’ t_o heve electrons and ions moving by pure dii_’fns_lon. The :gree -
_diffusion relations above then hold.
.Equation 16 can be put in this forme-
- dxfat = -0/ dn/dx = 'F/mf | «vess Equn. 19.
This equation is used in the chapter on the Upper Atmosphere. (See page 44).

Another point to note about firee diffusion is that a magnetic field
largely prevents diffusion across the-lines of force.

Piffusion can be checked by the use of helium at a comparatively
large pressure as a passive recoil agent. C

5. HOTION iN HIGHLY IONIZED GASES.
'a. DEBYE LENGTH, -

In th_g case of high charge densities frée diSfusion is prevented




by fields due to the space charges (Oskam, 1957). The. net ficlds built
up will retard the electron diffueion; but will accelerate. the positive
' fon diffusion until the electrons and ions move with one and the same
‘average velocity. Under 'thése circumstances the differemme of the
densities of the charged carriers of opposite sign causing the space
charge fields is small compared to the density of each individusl charge
carrier: the plasma is said to be ‘"quasi-noutral®. This diffusion
_influenced by'spéce charge is called “apbipolar diffusion™ and the
diffusion cefficient denoted by D 12 For a nixture of electrons and

pos1tive ions D12

In an electrolyte, thd.drift of ions is oppoeed‘by an asynmetric-

= 2D, since the average mess is im, .

"jonic atmosphere®, Similarly, in gasss the field of a stationary ion
is proportional to exp(-r/xn) This is the effect of shidldilig by con--
‘trapolar ions, which reduce the field by (1/e) in 8 distance r = XD.

If the dimensions of the vessel containing the gas ere much greater
than AD? called the Debye length, then the ions hold their a@belding
‘electrons, the diffusion is ambipolar, and the gas is called 2 plasma.

. If the dimensions are =uch less than this critical length, the diffusion
is free.

The Debye length can be defined (Allis, 1956) in terms of diffusion
and mobility coefficients:- '

1
- ) = . . Lo .
AD et (eolne’/meeue) . seasa Equn- 20. ;
The ration DA is'of the order kT/e. (This is consistent with para. 2g
and Zh) Hence the Debye length is:= ' '
x,, = (Gk)%/e x (2,/n, e vee.s Equn. 21,

12

where_§5_= 8.85 x 10" ° farad/metre and n_ is the electxon concentration
>3

(metres ’). A working formula is Ay = 69.0 (2 /n )7 metres.L
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Although the prpciae-appiicability to an ionized gas of Debye's
nesult; which vas derived for-électrolytep, is open to question, the
Debye shielding distance lD is clearly a measure of the distance over
which.ne can deviate appreclebly from Zn , under conditions whore the
electrical potential energy-per electron dods not exceed the mean
thermal energy. If, in a distance An, the potential energy ¥ of an
electron changes by an amount 1kP, then Poisson's equation leads to
the results-

Be® Ap

%,

v = = $k?

vhich is consistent with equation 21 (Spitzer, 1956).

' b. PLASMAS.(LOW PRESSURE).

In a plasma theres are high, approximately equal, concentratiocns
of positive and negativé charge. The negative carriers are actually
electrons as negative ions gquickly recombine. The electron temperature
is greater than the positive ion températuze, vhich ia in turn greater

'~ than the gas temperature. Ion and electron velocities are often

assumed to have a Maxwellian distridbution. The actual distribution can
be found using probes (see chapter 5, paragraph 2e). If an electric
field is applicd to a plasma, a drift current density is obtained which
is very much less than the random current density. In other words, the
positive ion temperature, and olectron temperature increase, but the
shape of the velocity distribution is not altered. The electron temp-
erature increases more th an the ion temperature because of the greater
electron mobility. There is little transfer of energy from the electrons
because of their small mass. The positive ions do increase the gas
temperature. The ionigation of a plasma can be maintained by electron
collisions and by phbtoionization. The average micro electric field
due to a particle (which would of course be reduced by space charge
effects) is several times the field required to maintain the plasma
(Cobine, 1941).
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c. PARTICULATE PROCESSES. - . - -, & ... K -

In o high temperature plalle (kinetic temperatures of 107°R) there
aro all the following processes taking place (Fost," 1959)9 ‘There ave
coliective interactions - particle drifts (paragraph 1b ‘of this chapter)
under electric, magnetic, and grevitational fields: and there are particulate
processes,i These particulate processes include ionigation (collisioms
betueén electrons and neutral atoms): charge exchange (ions capturing
electrons from neutral atoms): and cooling mechanisms (such as inelastic
collisions of electrons with nuclei and excitation radiation): and
Coulomb collisions.” It is proposed to discuss only the last of these,

It is convenient to suppose that a particle is surrounded by a sphere
of Fedius Ap;iand to call this the Debye sphere. The elastic scattering
arising from the mutual Coulemb electrostatic fields of the charged
particles leads to a defleotion .of the particles and to an exchange of
energy.: This deter mines the basic rate of all collisional transport
processes. collective interactions take place with particles lying outside
the Dehye sphere, while very close collisions lead to lsrge discontinuoue
deflections or energy exchanges.

In the intermediate region, deflection or energy exchange is a |,
contimous process arising from the. integrated effect of small but -
uncorrelated "collisions" with the many particles which are "distant”.: ..
but within the characteristic distsnce lD. .These distant collisions are
an order of magnitude more important than close collisions in producing
deflections between particles of equal mass. It is one of the weaknesses
of present plasma theory that it treats the colligional interactions
between a given charged particle and each of its many neighbours within.
& Debye sphere as separate, uncorrelated "events", even though many such
events may be occurring simltaneously. lt is for this reason that the
numbsr-of particles within & Debye sphere is of interest.

In addition to encounters between like particles, the electrons of
a plasme can substantially influence the ehergy of plssme ions by
collisional interactions, because of their greater mobility.
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d, ELBCTRICALLY EEUTRAL ATM@SPEEBE

Dynamical equations for average velocity and current, v and ji(defined

below), can be written, the terms of which have the dimensions newtons/
cubic metre. If ¥ does not vary with time we. haves- G

3= B) - grad P~ (d srad ) - o .

LA,

XXX Equl_l. 220

where p = scelar pressure: d = density = om 4+ Bms ¢ gra\!;itational

potential: j = e(n Z¢ - ny ). If 4 does not vary vith time ¥ haves~

(enB) + (en ,x xB) + (grad pe) - (J.x.la) - (By) = O
sesss Equn, 23.

ﬁhere gei represents the rate at which momentuﬁ'is transferred to ions
by collisions with electrons and is in the same direction as jr ¥ =
'(n4m»v‘ + nbmeve)/d pe} p, = gleetron, pésit;ve ion partial pressaure.
(see Spitzer, 1956). | '

In those situations where an electricel field may exist in a plesma,
deviations from electrical neutrality must be considered when unsing
Poisson's law, but may be ignored in these equations. For electrical

neutrality, en,2=sen. Son /n = Z, Por an isothermal atmosphere
vith T = 2, D, /b* = Z. Using this relation, the two equationl may be
combined to g:lvez-

1

°f = T ., grad G+ P i/ne | evees Equn. 24,

With suitable boundary conditions at the top of the atmosphere, no.
current can flow vertically. The vertical slectrical field cancels a
fraction Z/(1 + Z) of the gravitational force on the positive ions, and
provides a force vertically downwards.on éach electron just equal to
the net downward force on the positive ioms. In this way electrical
neutrality in the atmosphere is preserved, apart from the minutd space
charge needed to produce the electrostatic field. .
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There may be confusion between macro (v) and miecro (w ) velocities.
v is the mean velocity of all the particles which are located ine
volume element, regardless of uhere their guiding . centres are located.

—e—Omeme




APPENDIX 70 CHAPTER )

EXTENSIONS T0 THE DISCUSSION OF CHARGE MOTION,
Hotion' of a l'aarl."ti'cle -
Electrical Heutrality

' Boltsmann egquation '
Strees te_hof- -
.Macroséopic _motiim
Dynamical equations.
Electroma@etic field

~ Lines of force |
P:l:_xch effect
Electromagnetic waves
Hydromagnetic waves
Electrostatic waves
Particle encounters
Non-equilibrium

This appéndixz, based on Spitzer (1956), contains material which is
" et used in subsequent chapters. It is included in accordance with a
general aim 6f this work - to provide an introduction for newcomers in
this field of research. '




- ABPENDIX TO CHAPTER ]
EXTEHSIOES 20 - THE - DISCUSSION ' OF CHARGE MOTION,

MOTION GP A PARTICLE

The motion of indivzdual charged particles nnder given external
fields frequently gives some insight into the behaviour of an ioniged
gae. However, in the presence of a magnetic field the relationship .
betuween the current density and the particle velocitiee is not slmple.
Horeover, a distribution of particle velocities must be taken 1nto
account,

ELECTRICAL SEUTRALITY.

* .A plasma tends towards electrical neutrality because it cannot
'-_normally support an elect:ic potential emergy per particle much greater
than the mean thermal éﬁérgy.

KINETIC THEORY OF GASES.

The density of particles in phase spade changes with time along
a fzajeétory;entirely as a result of collisions among the particles.

" STRESS PENSOR. -

The particle velocity may be regarded ag a random velocity super-
imposed on & mean velocity. The random velocity gives rise to a scalar
pressure. (In the-absence of collisions, compression of the gas in one
direction may increase the rcot mean square random velocity in that
direction without affecting the corresponding velocities in the other

< two directions. Thus the pressure has different values in different
directions. Shearing stresses arise in a viscous gas, but the viscosity
of a fully ionized gas is seldom important).

MACROSCOPIC MOTION,

The-hacroséopic quantitiés, current denéity and mean velocity, are
determined by the transfer equationg of the kinetic theory of gases.
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DYNAMICAL EQUATIONS,

Spitzer (1956) has given two general dynamical equations for
macroscopic motion (- his equations 2-11, and 2912),

The first relates macroscopic acceleration to magnetic induction,

pressure, and gravitational potentisl terms.

The second, a gencraliged Ohm's Law, relates the time variation
of current density to electric field, electromagnetic induction, electron
pressure, back e¢wm,f,, and ion to electron momentum transfer terms.

ELECTROMAGNETIC FIELD, o

A plaama is a diamagnetic medium, The actual magnetic fleld inside
the gas may differ from theufield produced by external currents. Since
-+the permeability -is not a very useful concept for plmmaes it scems desirable
to treat all plasma currents explicitly.

LINES OF FORCE,
tnagﬂaﬁt
Consider the motion of material across theflince of force. The lines
of force within a perfectly conducting gas tend to be "frogen in" the
material. The magnetic flux through any closed contour, each element

of vhich moves with the local mean gas velocify, tends to remain constant.
PINCH BFFECT.

Consider a cylinder of plasma in which an electric chrrent flows
parallel to the cylinder axis. The magnetic pinch effect is explained
by assuming that the current is strong enmcugh so that the resultant
magnetic field will confine the ionized gas vithin a finite cross section,

- BLECTROHAGRETIC WAVES.:

Electromagnetic waves may be described as follows. ' Suppose E is
perpendicular to the wvave front. Then the electrons in a plasma interfere
vith ¢these transverse waves, and incrcase the wave velocity. If the
electron density exceeds a critical value, vhich increases with increasing
frequency, electromagnetic waves cannot propagate through the plasma
unless a magnetic field is progent. '




HIDROEAGNETIG HAVES

) These -appear only 1n the presence of a magmetic fleld, and then
- only for frequencies emall compared with the cyclotron frequency of
.the positive ions. .The positive iomns provide the inertia of the
oscillation, while the resboring forces are largely magnetic. The
oscillations may be regarded as waves in the lines of force, which
"behave as stretched stringa and which are “loaded" with the charged
particles. ' ‘ o

' ELECTROSTATIC WAVES

If E and J are parallel to the direction of propcgation, electro-
static restoring forces are present, T™hese longitudinal vaves are
"calied ‘electrostatic waves. In electron oscillations of this type:
"the frequenci is Bo great that the positive ions are unaffected. ‘In
‘positive ion oscillations the frequ ency is so lov that the electrons
are distributed at each time in accordance with the equilibrium Boltzmann

formula.
PARTICLE ENCOUNTERS.

‘ To analyse’ non-equillbrium phenomena a qnantitative study of
‘¢ollisions is necessary. Electrostatic forces between particles have
- 'a‘much longer renge than the forces between neutral atoms, The time
interval bdtween "close" collisions gives & mean free peth too sm all
by more than an order of magnitude,, The "time of relexstion” is a

,term frequently'used to denote the time in which c@llisions produee a

large alterﬂation in some original velocity distribntion,
_ABSENCE OF EQBILIBBIHH. .

The folloving problems arise in.the absence of equilibrium.
(a) In a gas far from equilidbrium, at what rate is equilibrium epproached?
This applies to a beam of particles ﬁassing fhrough é'plasma. or to a
case in which elgctron and ion femperaturea are gradually approaching
each other. (b) Is thers a steady non-equilibrium state? This applies
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to a flow of current, or to transport of heat across the gal. Henca
' wa must congider traneport coeffieients (resistivity and thermal :
) conductivity)

.
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CHAPTER 2. CONDUCTING FLUIDS.

‘The -purpose of thig chhptef’ is to consider different types of
electrically conducting fluid, and to suggest contrasts between
‘atmospheric and léborétory ‘systens. ‘

'i’he reason i‘or doing this ‘is that the study of atmospheric
systems with rockets ig more expensive thdn laboratory studies so
jhat ;dqa and equipment for atmospheric work must receive preliminary
tesats in aﬁalogou's 1aborafory systems.

The direct current dischsrge is considered in greater detail

because of its relevance to experimental work.

'A”_@iscussio_n. of the solar plasma concludes this chapter.

N’GTE:-

In general, refersnces have been omitted as thé information is
duplicated widely throughout the literature. Volumes 21 and 22 of
the Handbuch der Phyeik (1956) céntain much useful material en con-
ducting gases.
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1, THE DIREOT CUBRENT’GHABECTEBISTIG7'

‘The resistance of a gas at low pressure is non-linear, Using a
circuit of the type sgxo\fm in figure 3a, the current (1) and potential
evrween

drop (V) in- the gas ofithe electrodesa {anode) and ¢ (eathode),
governed by the follouing relationss~- - :

E=s R+ V.
= P(1)

The forn of the funotion FP(1), i.e. the dirdct current dischasge -
characteristic, is shown in figure 3a. It turne out, however, that
this curve is mainly governed by electrode phenomona, in particular by
the behaviour of the cathode potential fall and tells us little about
the voltage gradient at the column of the discharge. The toltage
_gradient increases towards both electrodes, This follous from &
general pattern of behaviour, namely that as the losses increase, the
voltage gradient must increase together with an incresse in actual
temperature and a reduction in the discharge diameter. The presence
of the electrodes represent,\%ounda::,y surfaces at high thermal con-
ductivity at temperaturee well below those associated with the discharge
coluibn and the gas immediately slirr(mhding it causes increased thermal
-gradient through the gas, and hence an increase in voltage gradieht.
This occurs quite :lndependently of the electrode mechani sm proper;
(see paragraph 9). L

R

2. THE COLLISION FREE REGION. .

.The portion AC of the characteristic (figure 3a) represents a
region in wh:.th collisions do not take place. It is sometimes stated
' that in the region AB ionisation is caused by cosmic rays. Actnally,
though it does not matter much in this context, the jonisation near
the ground is only about 29% due to cosmic rays, the rest being due to-
radio-activity, (and the proportion is increasing with fall-out). The
{éns forded in the diechsrge tube recombine before they can reach the
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electrodes. The situation is similar to that obtaining in the lower
-atmosphére vhere the thunderstorm process acts as the electric direct
current generator for a world-wide direct curfent dischafge system,
OBm's law is valxd for this’ region, the specific conductivity being
given byO-

o{n,vu, + nvu)
vhere v. is the vélency and u the mobility. (An analogy is to be noted

between this and conduction in electrolytes suggestive of the use of
the Debyo length concept in discharge contexts - see chapter 1).

In the region BC the ions are carried to the electrodes but the
electric field uh.ich1gollects them is not strong enough to cause
collision ionisation. AVoltage reached at C depends on the mean free
path and hence on the electrode separation (d) and gas pressure (p),
as vell as on electr ode pheﬁomena. At this voltage ionisation is
produced by electrons coiliding'wiﬁb molecules.

3, THE TOWNSEND PROCESS.

‘Consider the region CD (figure 3a). As a result of ioni s:?%n
radiétion,-Eﬁﬁﬁdsé“iiéfmigmiiectrons leave the cathode per second .and
n is the number of electrons at a distance z from the cathode, vhere
the B8 . have the.dimensionsipér unit volume per second. Collision
ionisation between electrons and molecules in the clement dx produces
extra electz,dhs and the process is d4scribed as an electron avalanche,
The number of electrons is given bys-

dn = a n dx
vhere a is a proportionality constant.
Hence: n = noexp(a z) ' eeeces Equn. 25.

If n is now the number of electrons at the anode, then the anode current
1g depends on
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ne = n e axp(ad) = I exp(ad)

whero I is the eleetron cnrront from the cathode, oTs. in other worﬂa,
the anode current in low fielde.

Other ionising processes in the gas are possible, such as collisions
betveen ions and malecules.'the;mal ionisation by neutral molecules, and
photoionisation. -

Secondary processes cause.the emission of more electrons, so let’
'na,electrons actually leave the cathode. Thus the pumber of electrons
p;oduced by collision ionisation isg-

na(exp(ad).-;l) = b,
- and this is equal to the nunmber of positive iomns (n’) produced. Since
secondary procosses depend on positive ione striking the cathode, the
number of secondary electrons leaving the cathode is given bys-

(n' -n) = "7. ﬁ' (exp(ad) - 1)

vhere J ig a proportionality constant

I, exp(ad) : I exp(ad)
I = nle exp(ad) = =2 « T -2
° 1 - l(exp (ad) -1) 1 - J exp(ad)

Excited molecules (metastables) also can cauée electron emission
by colliding with the cathode themselves, or by emitting photons wvhich
strike the cathode. '

4. THE BREAKDOWN VOLTAGE,
'The sparking or breakdown potential drop (Vs) corresponds tog
exp(ad) =(I +« 1)/)

This implies that I tends to infinity in other nords. I is greater
than 0 even if I, te um=Lizere.

_ Paschen found by experiment that Vs-= f(ﬁd). The relation is
shown in figure 4. ‘




For emall values of {(pd) the breakdown voltage is. high because
ths mean free path is so great thet there are few collieions, while,
for high values of (pa) the breakdown voltage is high because the '
mean free path is so small. that few electrons gein sufficient energy
fron the field betwesn collieions to cause ionisetion. At high presanres
positive fons do not have time to reach the cathode.during the spawk.
At pressures of-the order of 100 atmospheres with . centimetre gaps,,
Paschen's lav breaks down as high fields at the cathdﬂe cause “Field
emission" and this is independent of ionisation in the gas.

5i THE GLOW. DISGHARGE REGION,

~ The proeesses taking place in the regioniEF of the characteristic

~ ‘shown in figure %a bave been- described as follows. (Handbuch der Physik).
The phonomena taking place nearest to- the cathode -are related to the
liberation of the -electr_ons necessary for the discharge. Once the
discharge is estsb11Shed the positive column acts as.a conducting path
shorting out a part of the gap between the electn,odes. The length of
the column adaustl.itseifvuntil tEe*minimnm breskdown voltage occurs.

If the anode is muved further avay frem the cathode & slightly larger
‘valtage is necae&-to saintain the di-charge and the positive column
'_extendl to occupy the additional ‘length.

‘The formation of. spots on the anode is connected with the fact
that the necessary current ie conveyed to the anode by the leask applied
,potential. These spots are gegions of intense 1onisation.

It has been found that a glow discharge may'be set up in a moving
gas. The wor _king voltage decreases vhen the gas flows towards the anode
_and increases slightly then the gas flowe towvards the cathode.

. As thdipressure increases, the positive column extende. and at a
certain pressure it contracts radislly. At low pressures, the positive
. column is driven into the anode.
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In a new tube, the walls are covered with a surface layer of gas
-which is slowly removed by bombardment with ions. Capricious starting
effocts may be the outcome of patches of charge on the walls remaining
from a previoue discharge. These can be removed by running the hand
over the 'éutside of the tube. The waél;eﬁay also becon'ie coa,te@ with
cathode materia%;gpnttering - bnt.thiqAés slight with tungsten.

6. THE POSITIVE COLUHN.

The glov discharge parameters are shown in figure 5. Except at

" the ends conditions are usually uniformralong the length of the column.
The: weak field sustaine a smell rate of ionisation due to random
electrdn motion. Ion and electron concentrations (usually between 101°
and lols/hc) are egual. it is often assumed that the electron ené:‘gy
distribution is Haxsellian, and that the electron temperature is constant
acrods the discharge. Charges flov radially by an ambipodar process to

the walls, where they recombine at the same rate as they are produced.

The current along the axis of the column is sustained by electrons
wvhich flow in from the Faraday Dark Space, travel along with a small
drift velocity superimposed on their random motion, and are collected
at the anode. The attractioe of electrons and repulsion of positive
ions by the anode results in a negative space charge aﬁd an enhancement
of the field. In this short region additional ionisation occurs sec that
ions are fed into the positive folunn and balance those that flow out
into the Paraday Dark Space.

7. SIMILAR DISCHABGE TUBES,

In the conclusions to this chapter the importance will be stressed
of considering "proper variables” rather thau epecific parameters.
Accordingly, the rolations between similser discharge tubes will now
be described. It should be understood that these ralatidns are only
atrictly valiad over smallhnangas-of the parameters to vhich they refer
and'that they are given here only in order to illustrate general
principles, If the same voltage is maintained across similar disdharge
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tubes, the following relations ’hold: .

e . . fube 1 Tube 2
- Discharge current ' ‘: 1.1 = _ 12 :
Discharge voltage R !fvl = V'2
"i!‘empexfature o : -Ti = 'na_
Electrode Separation d'l_ = 4, xa

- . Blectrode radius : - = r,xa.

.': _'.?p;be" radius . " ‘ - ‘R, o= na X8
Bean froe path - Y 2 M x8

~ Pressure ' _ : Py =. P / a
‘Longitudinal field AP ST = X, /a
Gae density : ',nl & B, / a -
Surface Charge density s, = 8, /a |
Volune Charge demsity 8, - =  8,/a°

Prom these relationms, the following "™proper varizbles" emergee-‘

. X\, K/p, pd, pR. 1In this pdrticnlar case"propor variables" may be )
defined aa quantit:.es which do not depend on a, and if results are
expreecsed in terms of them they will_ be true vhatever the value of a
happens to be. ‘ | '

8. THE STRIATED COLUHN,

Individual striations are cirved convex towarde the cathode. This
is the effect of the negative 'wafll’ charge. The eleciric field is weakly
negative between the striations, zero at their edges, and may be as high
as 68 v/cm in the middle of a striation. 4s far as stationary striations
are concerned, the regions in which various kinds are formed can be mapped
' as closelareas on thé\(pn) ageinst (i) curve. Por high values of (pR)
there are no striations, and in general they‘ dlsappear vhen the current
den&ty is greater than 10 mA/cm . Hoving striations disappear when the
current density is’ greater than 1 A__/ema,". or when (ip) is high.
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9. THE ARC DISCHARGE.

. In this work the arc column is defined as a column of gas in which
thermal equilib%ium existg between the electron, ion and gas particles.
The electrical conductivity of this column ia’maintainéd'by‘fﬁbrmnl
ionisation. The glow column.is defined as a column of gas in which
thermal equilibrium does not exist, (i.e. the electrons, ions and gas
particles each have different temperatures), the electrical conductivity
being maintained by field ionisation. This followe the convention uged
by King (1961). “Glow" and "Arc" cathodes are markedly different and
the transition ffbm one to the other tales place extremelj suddenly."
The mechanisme are cdmpletely different and the voltages associated with
the tuo types are also markedly different - 200 to 500 volts 6n one case
end about 10 volts in the other. The cathode voltage fall can be ueed
to classify these two types unambiguously. The free column voltage
gradientsover a very uide range of current are shown graphically in
- figure 3b. This curve is an indication of the voltage gradient of a
reasonably uniform discharge column, as free as possible from electrode

vapour and reasonably remote froi electrode phenomena of the type described

et thenend of paragraph 1 (Direct Current Characteristic) of this chapter,
At very low currents the voltsge gradient departs from the normal negative
ch aracteristic of an arc, the discharge column gradually changing from
2 glow column at currents of the order of milliamperes to an arc column
vhich is well established at a current of 0.1 amperes. At curreants from
0.1 to 100 amperes the voltage gradient has the normal negative arc
characteristic. At currents above 100 amperes the voltage gradient

of an arc remote from electrodes remains almost constant at 10 V/cm

at least up to currents of 10,000 amperes.

10. BREAKDOWN PROCESSES. \

¥ost dbreakdown processes in gases are initiated by an electron
avalanche, théeé term applied to the process of electron mmltiplication
in an electric field. Breskdown requires, in addition to the initial: 1L
avalanche, secondary ionising processes which lead to secondary avalanches.




'In the Townsend. theory of breakdown, which has already been describied

-in this chapter, ‘for each elsctron created in the pr1mary avalanche a
certain number -of secondary electrons,. available for 1n1tiat1ng )
secondary avalanghes, are produced. The Streamer theoxry of breakdown .
has been_proposed as an alternatife. In this the 1nit1a; process is
again the electron avalanche which grdwé until it produces an increase

of field at the head due to the pésitive-epace*cbargé; éecondary'avalanches
oriéinafing in electrons caused by photoiohisation inﬁthe gas are directed
into the positivé gpace charge regién. In this way the region of high
positiVe space charge is rapidly extend@d towards ﬁhe electrodes and is
also quite permeated vith electrons or negative ioms. This channel of
positive and negative ionisation constitutes the so-called Streamer and
vhen this growth is extended to the two electrodes the gas path is
effectively ghort circuited and breakdowp ie effected.

By using a high frequency electric generator iﬁgtead of a direct

" current source, the breakdown voltage is lowered. -This is due to
incomplete removal of positive ions during a half cycle. Positive
ions do not guite move across the inter-ekectrode space. Positive
space charge is built up giving rise to distortion of the field and
enhanged values of a (see equa . 25.). The electrons move rapidly
acrose the gap and a trail of positive ions is left behind. The
exponential form of the fon density (see equn. 25~) means that the ions
are concentrated near an electrode, and are therefore .more like a layer
than a column, During a2 cycle, the space charge layer mekes an

. gicnrsion into the gap and back towards the electrode. The gradual
growth of space charge is responsible for an increase in ionisation
as compared to direct current values, and hence breakdoun at lower
potentials, |

At ultra high frequencies there is a large.fractionai change in

the .breakdown VQlfage. The true nature of breakdown at ultra high
frequencies (10 Mc/sec) is that the electron ambit is just filling the
gap. o
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11, 'DECATING PLASHAS.

If the generator is removed from a laboratory plaema, the plasma
:quickly decays. There is thermal equilibrinm between ions end electrons
“in this decaying plasma, -though thie is obtained a.t the expenee of
temporal equilibrium. and the fact that measuremente nmet be made in an
_extremely short space of time. Thie eyetem is of interest however as
thermal ‘equilibrium is thought to exiet in the mnosphere, at leaet i.n

(3

_:the lover regions., (See chapter 6),
:12, 'SOHE CONCLUSIONS,

The: problem of aimuleting the: ionosphere in the laboratory is- not
smply a matter of Javing a plaema at the correct pressure. Of more
importance -are such natters as the relations between the dimensions of
the appara-tixe and the Debye length and mean free pathy and also the
~ extent .to ‘which the physxcal processee in the laboratory system resembde

“thHose in the ionosphere. The experiments described later on in Section

"II ‘vere carried out 4in a laboratory syetem vhich was neither easy to handle
.-'.ex'perimentall-'y, nor ezactly résembled fonospheric conditions ouing.to the
.absence of thema;l.equilibrium in the experimental dische.rge.-. Succeasful.
experiments have been carried out in this country and -abrbad:.uéiog such: .
systems as decaying plasmas and high :velocity' placma streams. - (sce
'chapter 6). "If these matters are borme in.mind,. the pressure can be .

t-_aken into corsideration as well by dimens_ional analysis (see Similar.

Discharges) as by vacuum tochnigue.
13, TEE, SOLAR PLASHA .-

Distances from the earth and su_;x are cozxveniently g:.ven in terms
of their radii,.Re (about 4000 miles) and Rg (about 400,000 niles):
The: atmoephere of the sun 1e a 491asma vhich extends further into
_ interstellar space tha.n 200 Re, whzch is the distance betveen sun and
' earth. . Near the. solar corona this plasma is at a. temperatnre of 106°x
| and this falls gradually to 105 °K at 200 Rs, and then very rapidly

" because the ions: ree_ombine in interstellar space. The:- electron

e —y—— .
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‘concentration falls by a factdr'o'f 104 in’ the d:.stance 200 Bs ‘between the

vicinity of the corona and the pos:.t:.on of the earth, 'L'he plasma above
the ionosphere of the earth merges smoothly with the solar plasma. ',1?19,
moon, at a d:.stance of 60 He from. the earth encounters a plaasma of

5 o

temperature 10 K. and its situation is in sone vays 1:.ke a sphencal

probe in a gas disc.harge.

.. The pietar.a. of the hot solar gas steadily conducting a .weak stream
of energy into the earth's atmosphere.is dramatically changed by the
frequent storns on the sun, At these t.imes- douds of ionieed particles
are blown out from the sun, and,/ these extend the magnetic lines of force
of s sunspot magne.ti:g field to the vicinity of the earth. The telporary
linkages ensble the particles to spiral diroctly from sun to earth. Only
the mors energetic particles will penetrate to atmospheric levels, the
majority being trapped in the van Allen region. These 'éharged particles
sp:n.ral along the terrestrial linss of force and are reflected in the
converg:.ng polar fields. 'This is thelcause of the ven Allen radiation .'
belts of high ‘speed particles trapped within the earth's magnetic field.
Contours which show the counting rates per second of the Geiger-Huller

tabes in the satel.‘,l:.te_ 195_'8e and in-lunar probe Pioneer IXI have been
given by Van Allen (1959). (See chapter 4, pardgraph 2b: Rotation of
"Barth). ‘ '
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CHAPTER 3. UPPER ATHMOSPHERE,

INTRODUCTIOR,

In describing the upper atmosphere it is sufficient for present
purposes to consider the variation with height of mechanical and
. electrical properties. Accordingly, we shall first éescribe the
A.R.D.C. model atmosphere (Hinzner et al, 1956). and then discuss
.the existence of the ioncsphere. In the latter case we are only
interested in the measurement and explanation of the alectron profiles
(Ratcliffe, 1959, 1960a, 1960c). The scale height and penetration
frequency are derived here but not in the references cited.

1. RODEL OF THE ATHOSPHERE,

In considering the upper atmosphere (Hinzner et al, 1953), it
is sometinmes more convenient to discuss géopotential rather than
geometric altitude. The geopotential (H) at an altitude (Z) is the
potential energy of 2 unit mass at that altitude relative to the
potential enorgy of that same unit mass at sea level. For g = 9.81
m/'sec2 (acceloration due to gravity) an interval of one standard
geopotential metre corresponds to a distance of 1 metre.

The properties of the upper atmosphere are summariged by the
profiles in figures 6 to 11 (Minzner et al, 1959).

Hotes on the Profilesg-:

Pigure 63-
a) Kinetic Temperature and Molecular-Scale Temperature.
b) Hean Kolecular Weight.
The relationship between temperzture (T) and molecular-scale temp-
erature (Tm) is given by:~- ' '

'MTm = Tﬁo

where i is the molecular weight and ﬂo_the sea level molecular vweight,
The shape of this curve is considered in the discussion of the
resonance theory (in chapter 4). Moleculer weights are referred to

- ioxygen= 16,
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Figure 7:-

a) 'Pressure.
b) Hass Density.

Hass density is given by the- formula M P/RT uhere R'=8.3 % 10° in
HKS units. ' : : o -

_ Figure 8--

- a). Specific weight.
b) Accele:at:.on of gravity.

fhe specific weight is given byaar:'g:aplnf'ﬂm.'
‘Pigure 93~
a) lole volume.
'b) Hean Particle Speed. _
The méie volume (v) is fhe spec'ifié volume of the gas (fhe reciprocal
of the denaity) when the density is expressed in terms of the mole mass
nnit. The mole is deﬁned as 1 kgu-mol = Ellgn

The mean particle speed is given by (BR/nH x T )%
Pigure 103~

a) ‘ Scale height.

b). HNumber density.

The scald height E is the space constant for pressure variation with
height. For an isothemal atmospheres -

42 . _pg shere D is the demsity.
P ' = nDkT. D = on
p = p, exp (-zHeg/s?) = p  exp (-z/H)

uhere M is the molecular weight:

B, = RT Mg : " eeses Bqun. 26,
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Figure 1ll:=-

a) Hean free path.
b) Collision frequency.

The mean free path ik given by A = 1/(2% 8 n) vhere the molecular diameter

8= 35.65 x 10 10 m, The collision frequency is 4s ﬂ{ %E tg

2. THE EXISTENCE OF THE IONOSPHERE,
a. HISTORY OFP THE CONCEPT OF THE IONOSPHERE,

A century agd Kelvin argued that since air at a low pressuré is
conducting, there must be a conducting layer high up in the atmosphere.

. In 1882 Balfour Stewart, thinking about ferzastrial magnetism,
postulated that there are electric currents in the upper atmosphere.
(See chapter 4, paragraph. 2e: Hagnetic Variatioms). In 1900 Marconi
vas able to send radio waves across the Atlamtic, but these waves did
not travel in a straight line. Diffraction effects could not account
for the intensity of the received signal.

Kennelly and Heaviside, in 1902, vorking independently, attributed
the results of Marconi's experiments to a conducting layer about 100 km
above the gréund. The basic theory of the ionosphere was adapied from
existing theories of the conductivity of ioniged gases by Eccles (1912).

Appleton and Barnett in 1925, working at Cambridge and using
existing BBC transmitters and later on some aerials of their own, studied
the separate existence of a wave reflected from the sky and one trans-
mitted along the ground by analysing the interference patterns caused
by the difference in phase between them. Breit and Tuve studied the
ionosphere by using pulses of radio waves - in other vords an early
radar technique.

Hodern research on.the ionosphere uses both radic and rocket
techniques.
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b. ELECTRON PROFILES - PRODUCTION AND LOSS OF ELECTROHS,

In considering the theory of the origin and shape of the glectron
concentration prolee in the atmosphere it is necessary to discuss both
the production and the loss of -.electrons (eee figure 12). If the pro-
duotion.of elect;ons wore due to photoionization by radiation from the
sun it would be cxpected that the electron concentration would be
greater lower down because increasing density means that there are
more particles to,ionize. Cn the other hand the increasing absorption
of the radiation with increasing density would oppose this.

Thus simple considerations predict an ionized layer with a peak
rate of production, within some range of height,

_Por a model of the ionosphere vhich contains only one gas at a
uniform temperature and for which the absorption is not a functlon of
the vavelength, the follow;ng conc1u51ons have been deduced. The
height of the peak of electron production (hm) is determined by the
absorption coefficient, the scale heigh t, the gas density and th e
angle at which the radiation is incident. The magnitude of the
electr_on production rate at the peak value depends on the radiation
intensity, the ecale height and the angle of incidence.

Consider the production of electrons . Let the rate of jonization
be such that q; electrons are formed per second per unit volume,
The presence of negative jions may be allowed for by defining an
efféctive value for q, such that

%%

[ ] -

q=

Those electrons which are mot lost from a region by diffusion
into another region must be lost by processes of recombination or
attachment.



The: latter process weans that electrons are lost by the forma-
- tion of negative ioms, at a rate per unit volume por unit time given
by’ ' '

=~bm N ¥ ~Bo_ .
vhere B is the attachment coeﬁfioient. ”. ,

Attachment is- possible to atomic and molecular oxygen, but not . to
atomic .and molecular nitrogen. 1t ehould be noted "that collision or
photo detachment is also possible. -

. Electrons nay be lost. by recombining with poeitxve ions; the
'_rete of loss of electrons hy thie process being--

eanD & -aDnc p.uv [sec
tele’s T Togle PoleV-/EOC:
vhere a is the recombination coefficlent.
The negative ions may be thought to modify the recombination coefficient,
80 that:—'

a = 2, +a n;/nf

vhere a, is the recombination coefficient for positive and negative
ions (n s I ) '

Suppose that electrona are produced by the photoxonization of
atomic oxygen, and loet by a compmex recombination process involving
'charge oxchsnge and dissoeiation, 80 that the follouing equations holds
*

Production 0 + hv = 0 .+ o : es+.. photoionization
. Loss o o' + 0, = '0; + 0 _ ess+. charge exchange
0y + e = 20" (excited) .~ +.... dissociation/

recombination.
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Let L be the rate of 1os§ of electrons per unit volume. per second,
N be the concentration of oxygen molecules
Kb.be the combination coefficient for 0’.
Kc be the combination coefficient for electrons.
Then it can be shown that if
K,§ is much greater than K o, then L = Ka2
- i.e. recombination.

_lgnd if‘Kbn is much lees than Ke“eﬂ L= thnb
i.e. attachment.

The first condition holds below 200 200 km where the mumber of oxygen

. molecules is highs the second holds at heighte greater than 200 km

uhere there are few oxygen molecules._ It has been confirmad by Dickinson
and Sayers {1960) that dissoc1ative rocombination with molecular oxygen
-dons produced by a charge exchange reaction could be the primary electron
loss process in the F2 layer.

1f the electron concentration doees not vary vith time, then th e
fdllowing equation, representing quesi-equilibrium, is true:-

dn,
at.

vhere q represents the effective production of electrons and L =

" =q=-L=0

Bg? + a nz. |

This condition obtains at midday and early morning. It can be shown
that for a layer in equilibrium, if a or B decrease with increasing
height, the peak of the electron concentration will be at a greater
height than the peak of the electron production rate. If the electron
concentration does vary with time, th_on:-

P = q-1LF0




Suppose that-a'chaﬁgs;in the electron density takes place corresponding
to a change in thedelecfron;production rate, as for instance at the time
of a sudden ionospheric disturbance. Then it can be shoun that the
exceés electron density follbﬂs a small perturbation in the production
rate. like a system with a.time constant 1/(2an ). This is also the
time between q and n.e reaching their reapectlve maxima.,

c. DIFFUSION OF. ELECTRONS.
_fSachchapter 1, paragraph 2h: Diffusion).
If-there“is_é—vertical~mdvementvog electrons, such that w is the
meaﬁ'vérticai electron drift velocity,ia movement term %E'(n»w) comes
‘into. the continuity equation. Here, h is the vertical distance co-mrdinate.
Accordingly, '::é has to be defined by this equatzons-

dn

3] |  & ¢,
FraR S Sl A
- i dw dn

dh dh

where 1L is the rate of loss of electrons by the mechanlsms above.
‘Such a drift velacity might be due to a change of’ temperature or to
electromegnetic forces as well as to diffusion. The drift velocity
appropriate to diffusion 1s: (see equation 19, chapter 1)

w ;-;-.F/mf ‘dhere f is th e collision fieqnencj'

yhero - 4 & . kI da
aqd_w@erg the Qef force F = ¥ & - mg =3 @ - ng
fhenw = D(L @x + 1) whére.D =kT/uf - ..... Equn, 28.

ndh  H)
D being the diffusion coefficient.
The diffusion coefficienf fof'eléctrons'ié greater than that for 1ohs

but the plasma diffuses as a whole with an ambipolar diffusion coefficient

D12.




Dl 2 = ZD"_:
B = ZE;

(The mean molecular ion—-electron mass is %m+.)

The earth's magﬁetic field largely prevents diffusion across the lines
of forece. Consxderlng vertical gradzents, 912 is proportional to th e
square of the sine of the angle of inclination of the magnetic field.

Diffusion can introduce either a positive lor a negative movement term
into the continuity equation. 'if aﬁ electron profile yersuparabolic,.
at the peak .diffusion would increase the electron density if the ratio
half thickness to scale height were greater than 2 and decreasen it if
less than 2. '

d, HAVE PRQPAGATIORLTHROUGH THE IOHOSPHERE.

CGnsider the electric vector of a waveo travelling through the

ionosphera--

E= E sin 2nft

where f is the frequency of the wave being propagated. If uy is the
instantaneous velocity of an electron in the direction of the electric
field, thens-
n_  du
® ot
For 2 suitable ch pice of ¢t = Oz~

E’.° e sin 2nft

u, = - (Eoe/hean) cos 2nft

This gives rise to a convection current density due to electron motion

given by: -

e (e o2/
n,eu = (Eonég /hb2nf) cos 2nft

There is also a displacement current associated with the fluctuation of
E given bys—-
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& aE/at - B 5 2uf cos 2nft
' The total current is thenz-

s (8 -n ez/lm (2nf)2)3 2uf cos 2nft.
o 3:..... Equn. 29.
| The “penetretzon frequency" fp has ‘this meanxng:- Only vaves with
_ frequencles lower than the penetratxon frequency can be reflected if the
" wave is incident vertically. This penetration frequency follows '
TIimmediately from this equation for the vertical wave will not be
‘:propagated if the current is zero. o '

._Thueg-
vhere k is a conetent.
ssove Equne 39.-

Thns by etudying the time delay between the emission and recep-
tion of a wave it is possible to plot "ionograms" showing the variation
of equivalent height for reflect;eﬁ(aesuming free spacoe velocity for
the. wavae) with frequency, and from these to deduce electron profiles
(see figures 14 and 15). Discontinuities in the ionogranm correspond
: to turning points in the electron profiles. Beceuse of the presence
" of the earth's magnetic field, the ionosphere is birefringent. The
dashed line in the 1onogram represente the extraordxnary yave. .

mhe eritical frequency of the F2 region behaves in a peculiar
manner, not because the processes of electr,on production are unusual,
but because therle'ere 1arge-scale vertical movements of the electrons.

The first order theory of the E and Fl regzons is explained in
terms of photoionization and recomb1nat1on. fhe E layer is probably
formed by absorption of soft X~rays in air, and the Fl1 ledge by the
absorption in atomic oxygen of ultravioclet radiation (100 to 600 3).
The critical frequency of the F2 regidh is so irregular that it £s=. -
usually discussed in terms of “anomalies®. The F2 peak results from ..
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the diffusion of the electrons., Ignoring loss and,prodnéiioq, if
thers is a uniform electron concentration, the highest eélectrons,
having the greatest diffusion coefficient, will fall most-rapidly,

" Low electrons do mot fall, so a peak is formed wh_ich falls slowly
%o the ground. In the F layer, movements of large irregularities.

.'may fiot represent electron mo%idbn.but may constitute a:compression
vave, the ‘cause of which is mot known. Part of the drift in the
P ‘layer 1s caused by the 'motor" effect. (See chapter 4, paragraph
2r), '

The continuity equatﬂbﬁ for theféleetron density in the P region
of ‘the ‘ioncsphere can be soIVed by the use .of an electrical analogue
(Briggs and Rishbeth, 1961). This employs a series of condensers,

.. the charge on any one of vhich represents the electron density at
;;g}geftain height." The,qondqngera form part of a network which contains .
'ngpééisiors whose values are .related to the vertical di#fusioﬁ and ioss

'-coéfficients. Theddiuznal vériation of'pro&uction‘of ionization is
represented,by.thg;supyiy-qf*qurrent from poteﬁtio@etqrs, varied

- periodically by an assembly of cams. Thé voltage on each condenser
is recorded by a pen-recorder, and represents the variation of electron
density at the appropriate height.

Comparison of the solutions with the actuél ionosphere may show
the extent to which additional movement, caused by elecoromagnetic
forces and diurnal temperature dhanges, are amportant.

Figure 13 shqws the general day and night varnation of electron
profile, experimgntaily détexmined by_rockefs. ’
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| CHAPTER. 4, -' ELEGPRIC PIELDS,

1, THE SIGNIFICANCE OF ELECTRIC FIELDS IN THE UPPER ATHOSPHERE,
There can be no doubt tliat the electrical state of the lover

atmosphore is self-contained between the earth and the iomosphere.

Solar flares, sunspots, magnetic storms and aurorae ‘have no effect
on atmospheric electric:.ty '

"lu

Before the advent of extenli.ve rocket research {about 1957)
'.|.nformati_on concerning electric fields and space charges in the
upper leyers oi‘ the atmosphere was almost completely lacking, Data
on e_lec_trieal fields and space charges was urgently needed for the
solution of certain problems, (Imyanitov, 1957).

. It was hoped to form a comp'lete 'theory' of the aurora polaris,’
to prove the theories of magnetic storns, and to demonstrate the
en'iry of charged particles into the earth's atmosphere. Othor
questions discussed were: Is the earth together with the atmosphere -
a neutral body in space; and is the elcctrification of the earth and
atmos_phere due to extra-torrestrial sources? Of course, the latter
ie possible, with cosmic ray ionigzation and solar heating.

The presencé of a field increasing in the direction earth to
sun would indicate the existence of an electric field created by the
sun. The distribution of the electric field was also needed to
decide wvhether the stream of particles moving from the sun is charged
or uncharged. ‘

' The .causes of the appaarance of fast, charged particles in the
atmosphere and the nature of cosmic rzyswere not clear. The earth
might act as a gigantic linear accelerator of charged particles,® was Weaghk.
Vvith the -advaﬁce of rocket research such theories as the existence
of the van Allen radiation belts and the penetration of the solar
plasma into space. beyond the distance of the earth have been e-tahlished.

T ey e




It seemed to Krassoveky (1959) that in explaining the heating of the
Upper Atmosphere one should keep in mind the.possibilit&'of itshbeing
heated at the expense of electric currents in the ionosphere. Other
modern 1dess are discussed (in chapter 2, pnragraph 13), based on
results obtained ‘with lunar rockets. '

It would seem thatwthe.mostsimpcrtant-resson for measuring the
ambient electric fields in the vicinity of a rocket is to further
develop the dymamo theory. (see. chanter-4, paragraph 2fs-- Atmospneric
Electromagnetic machinery) The vehicle eharge is of interest in that
it affects. this measurement, end also it may have sonme bearing on
rocket detection..

2. TBE OBIGIN ¢} ELEGTRIC PIELDS

The general application of the dynamical equations to the atmosphere
has already beon presented (chapter 1, paragraph 3d). Imn this chapter,
_ the theory of origin of ionospheric electric fields is developed. In '
" the ionosphere particle motion is controlled by electromagnetic forces.
The upper atmosphere rotates with the earth since the geomagnetic
field is confined by the effects of electric currents in a traneitional
.layer ﬁithin ten earth radii.-

_ If, as Kelvin (1882) postulated, the aimosphere bas & natural mode

of oscillation with a. 12 hour period, there is the possibility.of a
resonsnt»response to tidal forces in the atmosphere. .The idea of an .
electric current syster in the upper atmosphere due to tidal movements
of condncting air across the earth’'s magnetic field wvas developed to
explain the Tegular fluctuations of this field.

.In all aspects of’ meteorology, the atmosphere should be thought of
as a great engine, but one which is delicately balanced. The upper
atmosphere must be pictured as a pisce of electromagnetic machinery, y
in which the E reéion.behaves.as a dynamo and the P region as a motor,
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Graphs are given of the electric field in these regions. - The
total electric field is of the order of 2gmV/kmaccording to the theory
given. (See page 55.) ' - -

" a, MOTIONS IN THE IOROSPHERE,

The motions of particles are ultimately responeible for electric
fields in the ionosphere. The tehdency for electromagnetic forces to
dominate over the collisional forces characterises the ionosphere,
Apart from the rotation of the earth and atmospheric tides (Hines,1959)
there are no establiched cemgal connecﬂ_.ons between motions within and
beneath the ionogphers, '

_b. ROTATION OF EARPH,

Does the upper atmosphere rotate vith the esrth? The outer
atmosphere would be.held almost rigidly by the interplanetary gas if
the geomagnetic field should penetrate ths latter. But there is no
vestwvard wind increasing with height in j:he ionosphere., This is con-
sigtent with the idea that ‘I:ha geomagnetic field is eonfined vithin
the earth's outer atmosphere by the effects of strong currents in a
t'ransitional-layer within ten earth radii. The outer atmosphere is
then free to rotate rigidly with the earth (Hines, 1959).

¢, TIDAL ROTIONS IN. THE ATMOSPHERE.

Tidal motions have be’eh studied for more th an two centuries.
Tides give rise %o .a-variatj.on" of preesure on the ground, and hence to

a ground air velocity (PFejer,1955 ). Let v, v}o.be the components of

this velocity (see figaure 16). —Thens=-

V! Vyo = Fap 0)

LL = _longitude. e

L © 1atitudg .

The solar semidiurnal component of pressure variation greatly excoeds

the lunar semidiurnal component, although the tide producing gravitational
force of the moon is about twice' that of the sun (Hines. 19'59). Thermal
effocts must be considered, and in fact the diurnal then_nal input,
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acting in conjunction with the semidiurnal motion, may actually control
the period of thé earth's rotation (Holmborg, 1962). Eelvin (1882)
discussed the thermodynam;c acceleration of the earfh's rotatzon.

He postulated that the atmosphere has a natural modeof oscillation:
with a 12 hour period; hence there 1sjthelpossdbiiity‘of a resonant
response. ' |

'd., RESONANCE THEORY,

A satzsfactory resonance theory has been developed (weekes and
'ﬁilkes, 1948) There are carcumstances in which the tidal energy '
suppl;ed to the atmosphere through the action of tide-proﬂncing forces
can be trapped betwenn a certaxn stratam (usually vhere the’ temperature
has a minimnm) end the ground. For a model atmosphere, bounded at
the top by a perfect barrier the amplitude of the oscillation at
resonance is infinitely great. If the temperature riseo again above
‘the minimum the barrier will be. partially transparent and energy will
leak through, to be finally absorbed at a high level uhere the effects
of vigcosity and thermal eonducﬁion becbme'important. The variation of
barrier thickness affects the charpness of resonance (see the temperature
graph, figure 6). .The sharpnésa of resonance is cogirolled by the
distance a, (ehown in figure 6). If a, is 30 km, the magnitude of

the tide il 160 times the eqnilibrium tide; if a, is 10 km, it is
- 10 timel the eqn;lzbrium tide. .

t

@. MAGHETIC VARIA”IONS

The earth's magnetic field is given by the following equations
(Villet Morgsn, 1959).

B = BE -1, =.4'n/107 H/m

et H be ﬁhemggggtof the earth. - Then:s=-

grad °°§ 9 amp /m. ees.s Equn, 31.

r

3




Fi,m \8. The -GeomS«kic Fied.
To fue \:ose 5.
l

,(1',0) |




agze

B, = 1/4 0.9% amp/l® R = 6,57 x20°n.
The radial component of H is given by:-
B = & 3 2Mg-cos &
r = 3n -

3aqd tﬁé azimutha;_comppqent bys~- ., s oy

. . = ‘g'ﬁs MH.ein 8

PR S 3.
The magnetic intensity at the iénosphére is 103 lower than at the earth's
surface. The ddta at present available indicate that less than 1% of
the earth's surface magnetic field is of external origin (Chapman, 1951).

Regular fluctuations of the earth's magnetic field are believed to
be due to a current'éystem in the upper atmosphere. As already noted,
tidal oscillations have been studied for more than two centuries
(Fejer, 1953). Balfour Stewart-in 1882 and Schuster in 1906, argued
that. the currents ares probably due to tidal movements of conducting
air across the earth's magnetic field. Chapman in 1919sestimat§d the
cﬁn&uctivitj of the atmopphere %o exﬁlain'ﬁagnetic'variations assuming
the tidal speed to be at all heights the same as on the ground.
Appleton in 1937 found that the conductivity of the ionosphere calculated
from radio measursments vas far below this gstimate.' Taylor in 1936
and Pekeris in 1937 showed that tidal oscillations of the atmosphere
could oceur to cause very much greater wind velocities at great heights
than on the grounds these éonld-be more than 100 times greater in the

_absence of dsmping. BSalsbarg and Creenstone in 1951 and Phillips in
1952 provided experimental confirmation of this end obtained a factor
of 100. Cowling in 1945 and Bates end Massey ia 1951 find a factor
of 6000 is needed to explain the magnetic variationms.

f. ATHOSPHERIC ELECTROMAGNETIC MACHINERY.
The neutral perticles in the atmosphere are set in motion by

solar and lunar gravitation and by thermél'forees.,'Charged particles,




sharing 1n this motion, move througn the earth's mognetic field. This
process takes place in the B rogion of the ionosphere, which acoordingly
acte in the same way as a dynamo (Batcliffe, 1960b). Currents in this
region are responsible for changes in the magnetic field at the ground,
and they areo accompanied by an. eleotrostatic field. Because these
currents flow in the geomagnetic field, the plasma is set in motion by
a process which corresponds to armature reaction in a dynsmo. The
conplexity is increased by the circumstance that ionization, and the
dynemo electromotive force (v ¥ B, where v is the air velocity), vary
over ‘the surfsoe of the earth and uith height. The électric field of
horizontal and vertical distributions of space charge, built up before
curronts can flow, will modify the condnctivity.

The horizontal distribution of space ch_arge predncee an electric
.field which influencee the P region. 'If the ionosphere were pictured
as two slabs ~ the B and F regions - of highly ionized gas separated
by a weakly 1onised lsyer, this field would reach the F rogion through
a weakly 1onised intervening region, where the conductivity would be
_predominsntly along the lines of magnetio foroe. In the F layer,
therefore, there would be a horizontal electromotive force due to
chapges conducted along these lines of forco from the horizontal
. space charge in the F region. This electromottVe force would then
produce horizontal currents determined by the'horizongsl layer con-
ductirity in the elab uvhich represents the F rogion.

Thus the P region may Us thought %o behave like an electric
motor, because the electric field in the E region givel rise to
" currents in the F region, and the presence of the geomagnetic field
causes the plasma to move.

Rocket research into electron profiles {(see chapter 3) has
shown that the sladb model is a very poor approximation to the actual
ionosphere, and therefore a mathematical diacussion in terme of this
picture will not be given hore. The details of the theory have been

T .
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sef iiown by Ratcliffe (1960), and theso include a _discugsio‘x,l. of con-=
ductzvxty. » ' '
g. ELECTRIC FIDLDS

The calculated total electric field' components E < Ey as functionl
of latitude (Pejer,1953 ) are given in figure 19. It sh_ovs the maximum
values of the field componenta .and the ‘mnber of hours by which the
maxime lag beh;nd the maximum atmospherlc pressure. If the ionospheric
air tide differs in amplituie by a known factor (60) and in phase by a
known mumber of hours fr_om the ground -tide, then the ampl;tv de must be
multiplied by the tidal amplification factor, aud tne phase difference
between ionosphere and ground air tides must be added to the phases
ghown. The solar atmospheric tide in the B region is in phage with the
tide on the ground, but the lunér tide in the E region is in phase

opposition to the ground tide.

Consider now the production of fields in the F region (Fariey,1959 ),
Farley begins his consideration of the electrostatic fields by noting '
that the ionosphere is anisotropic. (The geomagnetic field restricts
charge motion perpendicular to the lines of'magnetic flux but.hgs no
effect on motion parallel to these lines) He then notes that the
ionosphere is inhomogeneous. (conduct1vxty depends on height). He
errives at the result that it is possible, under certain conrditions,
for say a horigontal electric field 3 km in extent, at 120 km height
to give in the F region a similar:field not greatly attenuated. TFigure
20 shows the field strength reduction, vhere:—

1/ = spatial period/2n source field in km.
A, = field strength at 300 km/source field strength.
B, = height of source field in kms.




‘..56':.

.A STITDY oF- EETHODS OF MEASUREMERT OF THE ELECTRIC CHARGE ON.A ROCEE?:
' AND OF A!-IBIEHT ELECERIC FIEL’DS USING PROBE TEGKEIQUES

SEO'EION I SURVEY OoF LITERATURE
-CHAPTER 5. PROBE I‘HEORY '

~ ‘Pege Wo.

PLASMAS AND PROBES. @ .. . ... _ 57

QUPLINE OF TEE CHAPTER. - 87

1. "BARLY WORK :ON PJ%OBL*THLORX ... 59

a. Current to-a Negative Probe in a Plaema.. . 59

'b." 'Ion sheath about a negative probe. S .. 60
e ‘Concept of Positive Column Electrons: - 61

- 4. petermination of Space Potentials. _ 61
e. . Plane Probe charactenatic..--. - 62

_£. - Interpretation of Plane Probe Characteristics . 62

- g+ Probe providing an accelerat;ng field for

electrons . . o 63

: h.—l" Probe prov:.d:l.ng a retarded field for electrons. 63

i_.' The Space Charge Sheath Equation. 64
. J. ,Deteminationé from Probe Analysiss 64
k. Limitetions of Probe measnrements and Disturbing -

* Factors. , 66

1. Spherical and Cylindrical Prohea.- 67

m. Velocity Distridbution obtained from Probe

_ Characterigtics. . o 67

n. Electron Velocity D:.s'tribuition.- - 67

0. Large Eandom Ion Currents. 68

Pe The Sheath Edge Paradox. . ' 69:

" q. Revised Concepts of Plasmas and Collection Process, 69

2. . MODERN EORK ON PROBE THEORY. ' _ 70

a. FBlectron Energy Distribution. S S 70

. b. Sheath Formation Criterion. . i
c.. Positive Jon Gollection . . 13

d. Presence of Negative Ions. .

‘APPENDIX —~ THE MOVING HEMISPHERE CURRENT EQUATIONS 77




<5 7=

CHAPTER 5. PROBE THEORY, N
PLASHAS AND PROBES..
An ionizad gas of zero net charge 1s called a plasma. A metal test
body, wvhich should 'be at least two orders of magnitude smaller than the
volume of the plasma in which it is immeraed, is called a probe. This

: eectzon 1a concerned with the study of plasmas uaing the electrical
characteristics of snch probes.

At a point in a_pl_a_a,: there is a certain space potential. Hsre,
po'tentiel has' the same meaning as in elementary electrostatics. 4n
insulated probe is sa:l.d to assume s floating potential, and it is
important to empha31se thet such an insnleted prodbe; in & plasma, does
not assume the space potential. Instead a sheath of unipolar eleciric
charges is formed about it. |

The kinetic energy associated with the random motion of ione and
ele_ctrqhe. in a2 plasma is represenied by en'e'quiValent ion and electron
tempe-rature. lt is this random motion which enables us to speak of random
current densities for each charge spec;es.

This seet._ion .bqg:.ns_with.an ,easent:lal.ly' historical account of work
done before 1939, mostly by Langmair and his collaborators, working in
the R'eseaz_'ch-l.aboratory of .fh_e Genoral Electric Company at Schenoctady,
and also by Spencer-fmith (1935) and D@rrwang,end van Berkel (1938).
Then a summary is given of modern work on probes which Boyd and his
collaborators have carried out at University College, London.

'oipfrbi_ﬁs OF THE CHAPTER,

A probe floating in a plasma doea not aesume the space potential.
1f the ion and electron current densities to a probe were deternined by
the random current demsities in the plasma an electrode would run negative
and the flow of ions to the collector would be controlled by the space
charge which they produced.in its neighbourhood.



From the current-voltage characteristic df'a'planﬁ probe it is
possibleito find the space potential. Algso the electron constants and
... the space potent1a1 may be fonnd from the electron current in g retarding
field, ' ' ' '

Plane probe pgasuremants,aré'limited;bi vseriocus. factors and dis;
turbances and so experiments have been carried out using-spherical and
cylindrical probes, ’

The characteristics of a collector oﬁ.ﬁmalllénpugh radius have been
used to distinguish between the different. types of ion velocity dis-
tritution. . -

' ' There was much evidence for the idea that the electron velocity

- distribution in a plasma night be Maxwellian., Despite the evidence in
favour of a large random ion current, it was thought unreasonable that
the ion energy should even approach the electron energy.

The existing theory led to another paradox = that & predominance
of negative charge at the sheath edge requires poa:t;ve curvature in the
potential distribution curve there, thus making it 1m90351ble to merge
the cheath into the plaema.

4 new description atiributed the ion velocities to the electric

' fields through which they passed. The presencs of an electrode in
contact with ‘the discharge was held responsible for the ion current
flowing to it, by reascn of its influence, as 2 boundary condition, on
the potential distribution in the plasma. ‘

. Suppose we have a .current-vdltage characteristic for a probe, so
that the current equals £(¥). Then, as Boyd and Twiddy (1954) have

. poimted out, the electron ensrgy distribution function dgﬂends on the

second derivative - £7(V) - of this function. If £"(¥) is plotted against
(V) 1t ie possible to find the space potential with greater accuracy

than that obtained in earlier methods. This approach to probe theory
also.yields nevy methods of finding the electron concentration.



'Boyd and Thomﬁsbn (1959)-hévé shown that fdr a sheéth to exist
about a negative: probe a .certain, criterion must be sat;sf;ed.r Unless
thia criter:on is satisfied the, probs field w1l penetrate into the .
plaema and modzfy the energy diltrzbution until the criterion is
'aatisfied. The important consequences of this are (i) that orbital
 motions of the 1ons need not be considered aancdat the ‘sheath edge their
waloc;ties are almost wholly no¥mal to theé ‘edges and €1i}-that the flux
of positive ions into the sheath is determined by the electron temperature,
because it-is this which detormines the electric field which penetrates
beyond the sheath edge and dravys in the ioms. - -

" The sheath is enlarged by the.nsutrallzzng effact of electrons
" which penetrate into the sheath edge.

o Rochet-borne Langmuir piébes encounter plagmas’ which contain
negat:ve jons (i.e. which are weakly eleetronegative) Accordingly,
the effoct of the presence of negative ions is finally_diseussed.

1. EARLY WORK ON PROBE THEORY,
a. CURRENT TO A NEGATIVE PROBE IN A PLASHA,
-1t had been observed that negatively charged probes in & plaema
take up a current which had been ascribed to electron emiseion by either

. positive ion bombardment or the photoelectric effeect. Langmuir (1923)
.chowed that these effects are both negligible.

‘According to the kinetic theory cf gases the random current
densities in a plasma due to positive ions and electrons are related

in this way
g . ok
:1§ = F_G. = E esves Eqnn-o 32.
3* v, By ) .

where je is the random electron chrrent.density;'j+ is the random
positive ion current;density,-Vé is the average electron velocity, -
'V, is the average positive ion velocity, m is the mass of the poeitive

fons, me.is the mass of the electron.
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" (See chapter 1, equn. 9j thermal equili.brium between ions and electrons
is asgumed). '
" From tl'xief."eqtiat‘ibn ‘the random ‘electron current density is seen to
be very much greater than the random positive ion current density.

Ignor:lng the question of a sheath, a plane 1nsulnted probe immersed
in a plasma should become more end more negatzve until the electron
current is reduced to the same value as the positive ion current. A

1

"probe more negative tha.n thza would draw in posi.tzve :.ona.

by IOH SHEATH A.'BOUT A NEGATIVE PROBE

Up to about 1939 it was believea that the flow of iens tc a negative
prodbe is controlled by the space charge which the ions g.lve rise to in
.th_e ‘probe ne_:.ghbourhood_. Thislnqgghbouégo'_% region is called a sheath,
The modern concei»t of positive mn coliection is that the ion current is
deternmined mainly by the electric‘: field which pe'netrates b'eyond'the
sheath edge. ' The consequences of th_is ideam developed in the second
part of the chapter. (See paragraph 2cs Poaitive Ion 001lectxon)

.Consider firat of all a simplified model: of-the sheath in which
there is & charp boundary between the sheath and the plasma. Then the
si.tuation is analogous to a system :m which 8 plane electrode is
emitt:lng ions at the sheath edge. So (.‘.hild's lau can be appl:.ed, but
it must be modified to relate to an ion source rather then the usual
electron source. The maximum posi:t:l.ve ion current dens:.ty (;) ) and
the voltage drop (V) and the distance acréss this space charge "gheath
(z) are related (in the’ absence of collisions) in thé follow.ng menners-

jp = v3/2\ & . ! 2 ) "' 3 o'o‘o.o'o Equn. 33.
2 e R IR

- The concept of the simplified model of the sheath, as used in the
‘first part of this chapter, is as follows {see figure 21).
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All electrons are geflected at its outer edge and all positive ions
vhich reach. the outer edge are absorbed. The potential drop (v)
betveen probe and plasma is confined to this sheaih, Thus the sheath
is seen to act as a screen, so that the field due to the probe charge
does not extend beyohd its edge. The positive ion current density to
the probe is the same as the positive ion current density in the
plasga. '

The motion of charged particles in a fully'ionised gas is influenced
- by the fields of ions, these fields being shielded by ions of obposite
sign. (See chapter 1, paragraph 3a: Debye Length). In en electrolyte,
at distances greater than AD the electric field of a point charge is
shielded by particles of opposite sign, and the Debye length N is the
thickness of the ionic atmosphere about a stationary ion of opposite
sign,

If AD is small compared with the other lengths of interest in an
ionised gas, the gas is ealled a plasma. A sheath of roughly this.
thickness develops wherover the plasma is in contact with a solid
surface. Within the sheath, electrical neutrality is not preserved.

c. CONCEPT OF POSITIVE COLUMN ELBCTRONS,

langmuir's picture of the positive column of the mercury arc,
with vhich his experiments were done, was like thiss~ The electrons
have velocities distributed in accorddnce with Maxzwell's Law, and the
directions of motion are distributed nearly at random. The average
velocity of the electrons is approximately independent of the arc
current but depends on the pressure. The wall of the tube absorbs
all positive ions moving to it; but repels éll but a minmute fraction
of the electrons. (The assumption of a Maxwellian distritution can
now be tested by probe experiments.)

d. DETERMINATION OF SPACE POZENTIALS,

Langmuir (1923) described two simple methods for finding space
.potentials. The first method utilised the current-véltage-femperature
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characteristics of a tungsten filament, dut this was found unsatisfactory.
His second method utilised the current-voltage characteristic of a cold
probe, in a way vhich will be explained later.

e. FPLANE PROBE CHARACTERISTIC.

In their studies of electric discharges in gases at low preasures,
Langmuir and Mott-Smith (1924) eongiued the case of retarding and
accelerating fields providedlby plane, spherical andccylindrical probes.
The form of the probe eurrsnt density versus applied probe voltage
curve is shown (figure 23) and also the sort of apparatus (figure 22)
used to obtain it. Néglecting'the contact potential between the anode
and the probe, the probe voltage (Ve) is equa] to the potential drop
across the gheath (V) plus the voltage between the sheath edge and the
anode (von Engel, 1955). In practice the characteristic obtained is
for vs and not for V,

£. INTERPRETATION OF PLARE PROBE CHARACTERISTIC.

Using the simplified sheath model, the characteristic (figure 23)
may be interpretéd as follows (Cobine, 1941). Ions and electrons can
reach the probe except in-thé region AD vhere only positive ions can
penetrate. E is the (ill-defined) turning point in the curve. In the
region AE the probe has a positive space charge sheath. At C, the
net current being gero, the thickness of the sgheath is given by a
"ghielding distance™ which is the thickness'of a sheath about an
ineulated probe, ). Uhen the probe is at plasma potential (at B)
it receives the entire random currents due t¢ both the olectrons and
the ioms in the plasma. The plasma extends to the probe surface, and
the space charge sheath disappears. At F, whore the probe voltags is
high and positive, electrons in the sheath ionise the gas by collision
giving slow positive ions, which annul the electron space charge,

(It should be noted that it is po-sible for the discharge to
become drained of its electrons).




é, PRDBE PROVIDING AN ACCELERATING PIELD 'FOR ELEGTRDNS

In the region EP of the characteristic (fignre 23) electrone are
accelerated tovwards, andlions are reflected avay from the probe. (If
the positive ion temperature is much less than: the electron temperature
(see chapter 1, equn, 9), the positive: ion:current will quickly disappear
with. increasing positive voltages). : An electron.space. charge gheath
exists. 'Equation 33 gives the oleotron. current density to:a probe with ..
a negative eheatn, if the electron mass is-:substituted for ion mess,
Since. the: probe is already receiving the entire random electron curient
of - the plasma,’an increase in the positive: probe: voltage will not give
any increase in. electron current. ’ X

" In ghe rogion near a positive probe there are & large nnmber of low
velocity electrons, resulting from collision processes. These are trapped
within this region by the accelerating field. Thus such an gccelerating
field provides a current density uvhich increases near the probe. ’

h. PROBE PROVIDING A REPARDING FIELD FOR ELECERONSy
Still using cur simplified model (ses paragraph 1b of this chapter),
the.electric field about a highly negative plame probe falls off to zero
at the boundary of the eheath. "rne pFote is subject only to a random’
ioa curzent. density, ' ' S S
| J.P' s 4n§ev | ' . ' e Ec';un. 34a.

vhere n is the ion density in the plasma. The. random electron current
density towards an imaginary.plane in the body of the plasma is given by: -
1

By = gmEv, . . ... Equo. 34

(See chapter 1, peragraph 2cs Knudsen'e (Cosine an)

~ The concentration of electrone near the probo is amall cogpared 10 '™
the concentration in the body of the gas, but the velocity distribution




. and temperaturel(that is ‘to say; aVerage energy) of" the alectrons must
, .Be-the same: in both regions. The .6l ectrons vhich reach the neighhourhood
‘of the probe have lost kinetic energy by moving against the field. but
» these eleetrons vere not average electrons but were those vhich .
- originally had unusually high velocities.:

i;. THE SPACE CHARGE SEEATE EQUATION

' In our eimple model, the diffe::ence in potential between the probe
"and the plasma is localized in a space-charge eheath of appropriate sign,
across vhich the potential is controlled by the variation of posi tiwe
.“charge conoentration (Poieeon'e equation) ¥ithin the positive ion
. sheath the following equationl applys- Poisson's equations a contimity
equation relating positive ion current and positive charge eoncentration;
. and-an energy equation for an ion wvhich starts from rest at the sheath
edge and gains kinetic energy from the electric field. From these
equations it is poseidle to deduce equation 33, i.e. Child"s Law,
(Bleaney and Bleansy, 1957). The positive ion eurrent given by eqnation'
33 has to beﬁmltiplied by a factor (1 + o.025(T /V ) ) to allow for the
' kinetic energy vhich the ions havé on entering the cheath. _ '!' is the
" temperature equivalent of this- ‘energy, aseuming it has a Ilaxwellian
distribution. ‘ ' '
(Equations 33 and 34 (a) ana (b) are consistent irifh the definition
- of Debye length if one makes ‘the assumption that the potential energy
- of an electron changes by an ‘amount something like kT in one Debye length).

:]. DETERHINATIOKS FROFI PROBE AHALYSIS

. Usling the probe current-voltage characteristic ebove (figure 23),
.the electron eoneentration and energy and -the ‘space potential may be
found from the electron current in a retarding field, obtained by
extrapolating the ion saturation current density for large collecting

- voltages to emall eqllecting voltages, and assuming that the difference
between the i’exp'erime_ntal and the'exti'apola‘ted lines is the electron
current (BEmaleus, 1951). | ' '




-65-.

Boltmann's relation for electron concentration may be applied to
the region BE of the probe characteriltics-

“ ne = n. e-m (-ev/kT ) ‘ . eesnsae Equn. 358.

uhere n 19 the electron concentration at the probe surface, B, :ls the
electron dens:.ty in the plasma, V is the potentialidrop across 'I:he sheath,
-and-:.Te. is the absolute tempereture of plasma electrons. Hences-

Jog = I exp (-ev/i2)
vhere J es is the 'electron current dén_s_ity to a probs providing a retarding
field. ' ' '

ln je: = 1n §_ ~ eV/k‘E_e “e+se. Equn. 35b.

ELECTRON TEFPERATURE,

This can be found from the slope of the curve representing e'quation
35b (i.e. with co-ordinates 1ln J,g and v). Thig is often referred to as -
the “semi_log plot®. (The validity of this conventional msthod of deducing
the electron températura by the retarding field method is unaffected by
consideration of the penetration of the probe field .beyond the sheath
edge).

PLASMA POTERTIAL.

This is detormined as the potential at which the Boltzmann relation
breaks down - in other vords, the charaetér:l.sti.c becomes nonlinear - as
the field becames accelerating for electroms. This is not a very satisfactory
approach: to the problem of space potential as can be seen from the graphs
in sectionil and also from this chapter (paragraph 2as¢ Electron Energy
Distribution).

ELECTRON CONCENTRATION,

This may be found from the relations-
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:je‘=%n ér.'_ 4_ ee (SkT /ﬂm ) T bemee Equ.n 36.

-----

The electron concentration should reelly be obtatned using one of the two
methods indicated later on in this. ohapter (paragraph. 2a).

. .POSITIVE ION '.EEMPERATURE

'l'h:l- should oertainly not be: fonnd from the oorresponding equation
for positive ions. .(See paragraph 2bs Sheath Formet:lon criterion) o

k. LIMITATIONS OF PROBE HEASUREMENTS AND DISTURBING FACTORS,

The space occupied by the sheath and the current which it draws must
be small compered with.the ,eolume and current of the discharge. Probe
theory :ls usually applied to d:l.sohergee in wvhich pressures are in the
range 1 mm to 10 -4 mm Hg, ion and electron coneentretione are greater than

10 /en3, and currents are of the order of 1 pamp/cm .

......

The beheviour of a negative plane probe is affected by effects at
the edge of tho probe. If the effective area increases mth increase. in
negatiwe voltage, ‘the positive ion cnrrent will increase:at the same time.

) 'l'he plaema—;probe potential drop (V) nay - depend on the rate at which
obsemtions are made, as for instance if the contact potent:l.al is dize ' to
a phenomenon which varies w:lth time. Imgular read:.ngs may be due to
contaminatzon of the probe surface by adsorbed oxXyeen layers. Horeover,
the surface resistance of e/probe. changes with its pdential. Probdbe
characteristice should be measured only after the probe surface has been
cleaned by heating, and this heating may disturb the local gas densl. ty. *

The probe. sn'z'f‘aee is ascumed ‘to be a perfect. absorber of all- iomns-
and "e:lectrons reaching it.  In practice, secondary emission will take
pla'ee. In other words, the “somi.log plot" is displaced parallel to the..
voltage ax:i.s. '

' The ions end electrohs are assumed to have a Maxwellian distribution
-of wvelocities.. Whoen Maxzwellian distributions are superposed, the semilog
plot. consiste of broken lines representative of each distribution, Thus
the space potential is uncertain, and the concept of electron temperature

Se.-e van Berkel (l9v38),and Spencer-Smith (1935).
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has no significange‘(see=pafagfaph32aa ‘BElectron Energy Distribution).
A substantial drift current.density may complicate the results.
1, SPHERICAL AND CXLINDRICAL PROBES. Lo

A plane probe disturbs the distharge as too much charge is removed
from the plasma. Theories for cylinders collecting only ions of one sign
(and under conditions such that the lon free path is much greater. than the
sheath radius) have been obtained. Cylindrical collectors of lérge diameter
may .g_iv'e trouble because of end coriecfioqé. The analysis of cheracteristics
obtained with cylindrical collectors (Engel and Steenbeck, 1932) is discussed
in eection II. |

Fiebich in 1950 showed that when emall cylindrical probes are used
consisting of a short lenéth of wire protruding from an insulating etexﬁ,
the ion sheath formed around the -stem covers part of the probe. The
effective aree can be deduced by surrounding the probe with 2 small metal
fube vhose potential is veried.

m. VELOCITY DISTRIBUTIOE OBTAINED FROM PROBE CHARACTERISTICS,

The 'characteristies of a collector of small enough radius can be used
to distinguish between the different tjpes of velocity distribution. Hott-
Spith and Langmuir (1926) presented a theory welating the second derivative
of the probe characteristic to the velocity distribution. (See Hott-Snith
and Langmuir, 1926. p.753). : |

n, ELECTROR VELOCITY DISTRIBUTION,

fonks and Langmuir (1929) provided a general plasma theory. By then
there was much evidence for the idea that clectron velocities in a gas .
discharge plasma have a Maxwelliam Distribution. These velocities corres-
pond to temperaturss betwoen 5000 and 70,000°K. Measurements depanded on
the Boltzmann density distribution which. the electrons assume in the sheath
about a negatively charged collector. This is valid if the slectrode
potential changes are confined to a sheath about the electrode.



O. LARGE RAM)OE ION CURRBNTS

Sach direct measnrements on posit:l.ve 1ons are net poael‘ﬂa, but the
saturation current to a.collector at negative voltages indicated-that
‘the magnitudes of fion and elecfron velocities are similar.

, It had been argued that since tho potential drop is econfined to the
_gheath, only those ions will be: collected which are in any case moving
.towards the cheath edge. ‘ '

Heasurements with perforated probes had shoun that the normal com-
ponents of velocity of the ione in & plasma whichireach the edge of a ‘
caShode are roughiy those of a Maxzwellian distribution corresponding to
a temperature T 'defined in the same ‘way ae electron temperature. Pef a
- given plasmathie ion temperature is abont half the temperature of the
electrons._

In low preasnre diseharges the ione probably acquire pzactically all
the kinetic energy they possess from the elect¥ic fields within the plasma,
The momentum of the electrons is so small that 1onising collisions of
electrons ‘with gas molecies cannot impart to the ions apprecieble kinetic
energy. '

All the ions which reach theedge of a cathode sheath pass to the
electrodes and thus only half of the ions oorresponding to a Haxwellian
distribution i’ can be present in the plasma near the sheath edge, 80 ;

~ that the directions of the ions can be distributed only over & hemisphere.

' Using equations 34(a) and. (b) and substituting temperature for
. veloc;ty produces the equatmn:-

T/, = ‘ip/éie)2é+/hb, : e Equn. 37.

.Eeaau-rement'a on a mercury arc gave a value of 6.5-5 for this ratio. But

it is unreasonable that the ion energy should even approach the electron

; enargy in view of the fact that it ie the: electrons primarily which supply
energy. to the rest of the plasma and theﬂ)ositlve ions with their relatively
large mass and frequent impact with slow atoms do not acquire large random
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’ 'i‘ha eheaths on a epherical electrode :.mmersed An a pos:.tive column
are aeen to be of equal thicknese on cathode end anode sides, and thio is
ev'idence in favaur of a large random ion current. )

Y THE snnawn Eoos Pananox;

'Ehe aheath edge provides a paradox. The potential at B (figure 24)
is lowerﬁhan at A, !l'he electron conoentration mll also be louer accord-
ing ‘to the Boltmann I.aw. and becauae of their greater average velocity,
the ione will have a iower concentration. By Poisson's equat:.on any
predozninance of nggative charge at the cheath edge requiroe positive '
curvature in the potential distribution curve thero, thus mak:mg it N
impoeeiblo to. merge the sheath into the. plasma.

REVISED CONCEPTS .OF PLAS!AS ARD COLLEO"‘ION PROCESS

Langnmir (1929) and Tonks (1929) .came to accept a new point of view,
Suppose the electrons possess a.laxzvellian velocity distribution and -alao-
such & high mobility that they obey - the Boltamann Law. irrespective .of any
drift.. Further, suppose the positive ions are formed with negligible
veldrcity and acquire velocitiee corresponding to the electric fields through
which. they pass.

v For long jon free paths each ion will move freely: ninder the influence
of emall plasms fields set up by the electrons and ions themselves, that is
fields maintained by the balance of electron . -and ion. charges. For short

: free pathe, there are coll:.aions betueen ione and atoms, but the ions are

 still mainly guided by the electric field.

. It 1s the presence of an eiectro_de in contact with . the discharge .vhich
is reésponsible for the ion current flowing to that elecfrode. This is by
reason'of its influence, as a boundery condition, on the potential
di‘stribu't'ion in the plasx;xa. (Very small electrodes have no effect on. the
potential distribution through the' Boiv" of the plasma ;end. can, ‘therefioze,
be used ‘as true probe'e.’)l Each negative bodj in contact .with ‘the discharge
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is collecting ione from a definite region of the plasma .»only.

In order to handlo thi!s thoory mathemat:lcally it is necessary to
' knov the space diatribut:lon of the generation of ioms. -

In the plasma surronnding a fine: negatively charged probe wvire the
potential difference betwsen, plasma potential maximun and sheath odge
may be~so emall that the ions gonerated wvithin the plasmn potonti_.a_l '
.maximum are not. trappod out' can traverée tne maxipum by virtue of thai_r__.
finite initial velocities, {This justified the uss. of . ‘sufficiently
fine negatively charged wire in- the. nsual wy to mensure poait:lve ion
concentrations.) :

A posi.tivoly charged cylindncal probo collects electrons in the
- same. manner as previously supposed, except that the sheath about it is
considerably thickened by the presence of ions generated in the sheath.

2. MODERS WORK ON PROBE THEORY.
a, ELECTROF ENERCY DISTRIBUTION,

‘Suppose we have a current-voltage characteristic for a probe, so
: tﬁét’ i § f(V) If at any point on the characteristic we superimpose an
‘alternating voltage (e), the current is given by i g ° = £(V+ e) Expanding
this_-,by Taylor*s theorem, we can express the current in terms of an
iufinite series of direct current end harmoric terms:-

1.5 27 + €)= £(V) + & £2(V) + S5 29(V) +...

essue Equn. 38.
Thus with the potential at each point. oscillating betvween V ¢+ e and V -
the rectified current is proportional to £(v). The second derivative
~of the characteristic can be obtained d:l.reotly ue:lng a circuit snoh as .

that given by Sloane and McGregor (1934).

“ . Phis is useful, becauso, as Boyd and Twiddy (1954) poxnt out, for
an-‘isotropic distribution of e_lootron energy, the distribution function
is given by:-
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PV ).= i3 £2(¥) (¥ is electron energy)..... Equn. 39.

'Th1s result was obtained by- Druyvesteyn. This approach was used by

Boyd and Twiddy (1954) to study the elsctron energy dietribution in the
striated hydrogen discharge, but the anisotropy of the veloeity distribu-
tion reduced the precision of their results. Boyd and Twiddy (1959)
criticiae poaitive column theories which ofton assume: a Mexwellian
Distribution.for,elqctron energies in etriated discharges.

In using the socond derivative technique the effect of the positive
ion current can be neglected, becausoc, except when the probe is very
near %o the space potential, the second derivative of the electron
 current is much éreater than the second derivative of the positive ion
' current. The Druyvesteyn analysis is applicable to all probe shapes
only vhen the energy distribution is isotropic. A aphérical probe nust
be ﬁsed in the study of anisotropic distributions. A more sensitive
" test for a Haxwellian electron energy distribution than the linearity
~of the 1n(j,) against V plot is to plot 1n £°(V) againet V. This should
. be linear with a slope l/ve, vhere Ve,is a measure qf the mean electron
. energy (in volts). If tho logarithm of the second derivative plotted
against vz is a straight line graph the distribution is said to be
Druyvesteyn. '

The space potential is not well defined bscause of the disturbance
. of the plasma vhen the probe ias drawing large electron currents. This
happens vhen it is near the sPace-poteﬁtials There are two conventions
for obtaining the space potential from the semi log plot (indicated by
A @nd B in figure 25) and frequently there is not even a linear portion.
The true space potential is more positive than the inflexion point on
the current-voltage characteristic becauso of the disturbancs caused by
the probe. This disturbance depends on the fatio of probe diameter to
tube diameter, to Debye length, and to electron mean free path.

The total selectron concentration can be found by tuo methods. One
method is to make a direct integration of the energy distribution curve.
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~ The other method is to obtain the eloctron concentration from the ‘random
electron current te the probe at space potent:.al, and a, knowledge of the
mean energy.

. b. . SHEATH romu'rxon CRITERION.

. Consgider a point near a negative' probe. let f(v )} be the distribu~
" tion function of the normal .components of the veloc:.ty of the ions. Let
@' .and p," be defined bys-

'=n_/n I "=V/V

For a cheath to exist at a point mea r a probe, the total space charge
density must be positive. When this is so Boyd and Thompeon (1959)
have shown thatr'

(.ff(v o~ 2gv ) =l 45 greater than -VXF ( ..)

1 + p'p
~ from. which it can be deduced _that

e 21

(-}m+vn) ie greater than i-ov (1 ramy p") |
sase Equn. w.

Ions of low energy are mighted in the aygerajje, 50 even a high ion-:
temperatnra does not .enable the sheath criterion to be patisfied by a _
‘ one sided Maxwellian Distribution because of the large low energy contribu-

tion. Unless the criterion is satisfied the probe field will penetrate
"into the plasma and modify the energy dist§ibution so that it is satisfied.
Boyd (1954) considered that it 'was'not then possible to say to what extent
" th:le field penetfation. wouid modify the more _conventional interpretation

* - of probe action as applied to rocket probes {which encounter an environ-

. ment where the mean free path is long). In a laboratory disch_srge
(\where the electron temperature is much greater than the ion temperature)
; thez!e are two important conclua@ons. Firatly. orb1te,1 motiones of the

ions need not be considered sinée at. the sheath edge their velocities
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are slmost wholly normal to-fhb'edge;a sbcohdlf;'thé'fiui'bf'ﬁoéi%ive'
‘ione into the sheath is not zn*v; hut;it is determined by the electron
tomperature. Consider for ezample:. the predicted ratio of saturation -
‘positive ion and electron currents for cylindrical and spherical prodes
in a running electropositive (posltiva ions present) d;scharge plasma,

The: classical saturation current ratio is given by:-

18/ (T /@ m )? o seese Equn. 41..

The present ideas suggest that T ghould be xaplaced by an “effectzve
_posxtive ion temperature"of 2.31 To

c. PGSITIVE 0N COLLECTIOH

_ The modern concept-of positive ion collection is that the ion
current is deter mined mainly by the.electrié field vhich penetrates
beyond the sheath edga. It is convenient to conaider the low pressure
plasma, where the usual conditions are an ion mean frée path much greater
than the probe dimeneions, and an elactron temperature much greater than
fhe.positive ion temperature. It has already been pointed out that.

the ion current dopendis on the electron temperzture and not on the jon
temperature, because the electron temperature determines the field strength
vhich draws ions to the sheath. The validity of the conventional method
of deducing the electron temperature by the retarding field method is’
unaffected by field penetration;

- It is appropriate at this stage to_introdnca.the idea of an absorption
‘radius., This is defined so that within this radius from the centre of
the prove all the ions move towards the probe and no ions hit the latter
at graging incidence. Mott Smith and Lengmuir (1926) developed a theory
whcih asesumed orbital motions for the positive ions. Consider a negative
ﬁrobe as in figure 26. Do not assume that the electric field is restricted
fo the space charge sheath. Af.tperﬂistancq of c;osest.approach.hc
to thq'prpbe,-a positive ion has no radisl velocity. Suppose that
before the trajectory of the positive ion is modified by the probe, the



kinetic energy of the ion iS‘éV“. If'Vé ig the negative potential at-
P, the kinetic energy of the 1on at P s e(v - v :)e- The -equation .
réepresenting the conservation of angular momentum then.takes the form:-

bv% "'III (V -V )i‘ ' : '.:o-’:o..lo Egqun. 42"-

Ionz_hit the probe if b = t(l - V/V )% whero 'V is the probe potential
and)}s the probe radius. In figure 26 Ty is tho sheath radius, T, 1s
' the abporption radxus and h ia the radius of the effectIVe targat
;area;-: o : L ' '

No absorptiou radiua exists 1f the potential distrihution satiefies
the condition that Vr/v is greater than (+/r)2, where v, is the potential
:at.a radius r. This does not hold in a dense plasma

¥e are now in a position to set out the scope of the differont
theories of positive ion collection.

The first case (A) to cons;der is whcn no ‘absorption radiua exists.
outside the probe. Then..zf the positive fon energy distribution is
Hazwellian (eV = kT ), the Hott Suith and Lengmuir (1926) theory may
- 'be. applieds- ' o ' '

L,= a3, (4/n - GV/nVo")% for a cytinder ..... Equn. 43a.
I*p = 43,01 - V/vb) for & sphere ..... Equn. 43b.
where j is the ion current density in the undzsturbed plasmajg I +p is

the posit;ve 1on current to the probe.

. The second case (B) is when an absorptzon radius does exist, outside
the probe. The theory to be applied then depends on the ratio ¢ /t.
1f£ (4) r, = t, and the ion energy distribution can be neglected (ev /km # o),
the Behm, Burhop, massey theory ghould be applieds-

I*.::p = ﬁc‘ll.;'(-'oa55?2.({§.?:e/m* )% . | ' s Eqm: da.



Bere"the factor=o“55 is'notistrictlyfeonstsnt;'
If (ii) r = t, and the ion, energy is very much less than the electron
energy, then the Allen, Boyd, Eeynolde (1957) theory appliees- '

fI*b Aen o 61 (kT /m )% ‘ veees Equn. 44b,

'If (iii) r, ie greater than t. and the fon energy very much less than the
electren energy, the eguations are solved by nnmerical integration (lee
Allen, noyd, Reynolde. 1957). -

The positive ion temperature T, cannot be found from i, +p because the
latter depends on ?é, However n, can be found from 1 +p instead of ueing '
the ‘saturation electron current. Ehie is better becauee emall ion
cnrrents do not drain the plasmalof charged particlee. If the meesured
current is fairly constant as the probe becomes more negative, equation
dibabote-ehould be used. If the:pesitive jon current characteristic has
an appreciable slope, the results of the mumerical integration method
ghould be used. For a low plaema density the sheath thickness is not
negligible, and the probe-ion current grows as the sheath radius and
probe potential increase,

- TIonisation in the vicinity of the probe is neglected in this theory.
This is valid for a suffid ently -small probe. :

. The effect of igmoring the neutralising effect of the electrons which
penetrate into the sheath edge is"to contract the sheath by a factor
(1. 7)%{ and so to rednce the predicted current by 1/1.7 (see Boyd and-
Thompeon, 1959).

. d. PRESENCE OF REGATIVE IONS,

The sheath formation criterion may be used to derive the potential
outside the sheath region eurronnding e epherical prebe immersed in an
electronegative plasma (negative ions preeent) It is found that the
potential falls to low values whee.the ratio of negative lons to electrons
is greater than 2. Under theee circumstances the positive ion current
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collected is the random .current choss the sheath edge. If, however, the
ratio is much less than two, then the collection of pon1t1ve ions proceeds
as for an electroposit;ve gas. In e plasma in vhich. there are no electrons,
pasittve ion collecticn would depend on T Rocket borne Langmuir probes
encounter weakly elecﬁronagative plasmas (q_/h much leSl -than tuos v not
greater than V ). The method described by Boyd and Ehompson (1959) méy be

nsad in studying ‘the ion current.

. -—o—-—¢. :



APPENDIX TD GEAPTEQ 5
‘THE HOVINC EEﬂISPREBE CURRENT EQUATIGHS

The eQuations for the ion. and electron current to a moving ,
" hemispherical collector, vhich have been developed and applicd to oredict
. the volt-ampare characteristics of a double-hemisphere probe by Hoegy
and .Brace (1961). are given in this appendix.

For a probde “sballer than some lower limit (typicaily one or two
rillimeters), thé ion current is limited by ordbital motion. For.a
. probe larger then some upper iimit {(typically several centimeters), the
jon current is limited by.the sheath area. (See section II).

* Thus the magnitude of the sheath effect on the ion current depends
"primarily on the size of the probe in relation to the thickness of the
“gheath éurrounding it. 'For example, the current to a very large collector
f(aay of ar extent greater than one meter) is due almost exclusively to
the random motion of particles qtriking-its surface, and the relatively
' shall sheath (having a thickness of a few centimeters) does not significantly
“contribute to the current. Conversely, the ion current to a very small
¢ollector is greatly affected by sheath considerations (sheath eigze and
potential)

‘The individual particle trajectories are essentially unaltered by
the geoqé;zas field while in the sh _eath. The potential induced across - .
‘a probe due to its motion through the geomagnetic field is only a few
milliwolts at typical rocket ﬁelocities, and may be considered negligible.

The current equations are derived on the basis of the following
'assumptions-- . | .
The negatively charged hemisphere is surrounded by a spherical positive
ion sheath which is permeated by a radial electric field terminat1ng
at_the aheath,edge beyond which the velocity dlstnibntlon of electrons
and ions is Haxwellian. Inside the gheath, the slectr_ons and ions do
.hot jnteract, but move according to their initi#l velocities and the
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walocity they acquire from the local electric field. Ths probe moves
, through the plasma vith a. low relative drift velocity which is assumed
- not to alter the spherical symmetry of the sheath but serves only to
modify “the maxtvellien velocity distribution relative to the collector.

' I-Jith the se assumptions 1t can be shown that the random pos:.tive
ion current density to an area element moving with a drift velocity
relative to the plasma is given by~

Bnec

: :i+ =—2n-_§:-1 g"‘%"(fl_* erfi) + exp_'('-'-lz); '..'... Equn. s5.

-where )\ is.the normal component.of the velocity of the element and
'- c? = ZkT‘_/n*. The quantity in brackets represents the change in current
'density.due to the probe motion.

The resulting random 1on current to a hemisphere is found by

':.ntegration.

E_‘or e.-lectrone,'.l is nearly zerc. 1In view of this, the electron
cirrent to a hemisphere is givenm bys-

—-;—-2:::- exp( )

vhere r is the probe radius.
The net current to & single hemisphere can then be derived.

The positive ion current also depends on V3/ 2 and a transcendental
function of the sheath radius. Combining this with the expression for
posi_tive ion current which ie obteined by the method above it is possible
to eliminate the sheath radius and éxpress the net current as a funcfion
of the voltage alone,

Pigure 27 shows the superposed current characteristics so obtained
for two oppositely oriented hemispheres, and the current—Volgage
characteristic of such a dumbbell arrangenent, together with pertinent
factors in the reduction of ionospheric parameters.
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- - The assumptionémade by Hoegy and Brace (1961) must be criticized
in that they do not incli;de"thé_ -ino'dérn ideas on probe theory 'discussed
'inh the latter part of chapter 5. ' :
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CHAPTER 6. ROCKET FLIGHT,
HEASUREMENTS ON A ROCKET,

The: wvork being carried out at other centres, and the ideas of the
people concerned (e.g. Hhitlock,!lQGO; Sayers and Court, 1961), have
proved very illuminating. Information derived from letters, discussions
and visite are included throughout this chapter, and their value is hore
collectively acknowledged. In addition, discussions vithin the depart-
ment where thid research was undertaken have provided the same sort of
gstimulus, and- Dr J.A.Chalmers, Dr W.C.A.Butchingon and Dr ¥W.A.Prowss
should be specifically mentioned in this context.

The previous chapters present a survey of the literature relating
to various aspects of the work, srd the next section describes the
experimental work carried out under the guidance of Dr Hutchinson. 'But
this chapter is concerned with what ie really the core of the problems
"How does all the material available apﬁly when one turns to the task
in hand - the making of measurements on a rocket?"

The chapter is diwided into two parte - rocket experiments, and a
‘description of the rocket laboratory.

1. ROCKET EXPERIHENTS,
a. SOME GENERAL CONSIDERATIOHS,

(1) A rocket is subject to certain hazards (Science Reus 48).
For example X- and ultra-violet radiation destroy rubber and certain
organic materials. Heteors destroy glass gindows.

(3i) The temperatures on the nose cone or projecting parts of a
rocket may, owing to air frictioﬁ, reach several hundred degrses Kelvin
on ascent (Boyd, 1959).

(15%) A rocket or satellite is subject to a drag (Berkner, 1958¢c)
caused by (8) collision with neutral particles, and (b) the passage of a
charged vehicle through an ionised medium. The mechanisms for charging
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are the high electron velooity and: photoemission vhich have opposite
effects to each other (Smiddy, 1959). ' '

(iv) The source of ionospheric electrons may be taken (Be!kner; 19580)
to be radiation from the aolar'corono‘at a black body temperaturs of 70 eV,
The high energy tail of the electron velocity distribution is of the order
of 60 eV, The fraction of the electron population at such high energies
is of course small, the energy of a fast electron being quickly reduced
by ionisation and olectronic excitation nntil it reaches the threshold
for the 1attor process (at 2 e¥).

(v) An estimate (Borknor, 19580) ‘'of the high energy electron popula-
tion suggests that one electron in a thousand has an energy of the order
of 60 eV, At these encrgies the random velocity ratio v /i is of the
"order of 1000, and the flux of 60 eV electrons is equal to the positive
ion flux, The time for energy degradation of a 60 eV electron is about
10 seconds, so this is the time in which the high energy electron popula-
tion disappears when the sun eets. '

(vi) 1In considering shielding theory, we must remember (Berkner, 1958¢)
{hat: ithha vehicle epped is much greater than the ion speed, then the o
ionjdiltribntion continually oxperienced by the vehicle does not have time
to adjust itself.

%. U.S.A.P. EXPERIMENTS,

A rocket experiment has been dosigned using two probes (see figure 28)
to measure vehicle charge and ambient field. A sensitive A.C. amplifior
between a probe and the tip of the nose cone gives the external variation,
while a D,C. amplifier between another probe and the tip gives the effect
due to the rocket (Smiddy, 1959). '

- The D.C. amplifier has a time constant very'ouoh legs than the
rotation period of the rocket, while the A.C., amplifier is tuned to the
rocket rotation frequency. The output from the D.C. amplifier is proportiocnal
to the vehicle potential with an added A.C. component proportional to the
ambient field. Aspect sensing cameras sllowed for the complexity of the
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rocket motion.

The potential of the rocket relative to the surroundings was found to
be between 0 and 10 volts. fhe effects of photoemission oppose the effects
of electron capture. These are the main charging proceesel Charged
particles f_rom the rocket in flight build up a potential but th_is is
soon lost. Other results (Smiddy, 1960) ehow that the vehicle potential
turns out to be of the order of -1 vclt and. ‘the potential gradient ‘of the
crder'of 60 mw/hetre. This is subject to correction because photo-emission
from the prebe surface uill give the vehicle a pos;tive potential with
reapect to the surreundings. An indication cf this photeemission pctentiaI'
ie obtained by seeing ‘what happens when the prebe enters the rocket shadow.
Bowever the probe time constant is only 1/6 of the time in the shadow.

“l' Re-entry data start at a height depending on the vehicle velocity -
this height being higher for a fast vehicle, lower for a slow one = but in
the region of 60 kms. . Ro~eniry data are available from intercontinental
ballistic missile ehots. Telemetry'tranamiesion usually fails during re-
entry and so these reeults are recorded in the vehicle and played back
later. Tho chief characteristice-of re-entry are the production of tre-
mendous fields at the nose comet= 5000 to 16,000 ¥/n.

Fields of the corder of 280 v/h have been measured with field meters
on a rocket. The field at the surface of a rocket mast depend on the
potential dietribution within the unipolar charge sheath surreunding the
rocket. :

c. RUSSIAN EXPERIMENTS.

The vehicle charge was measuired on Sputnik III (May 1958) and found
to be negative and high. - The earth's electrostatic field was 10 to 100
times the value which had previously been assumed. '

It appears that the density of charged particles was found using
Langmuir probss, and pairs of electrostatic voltmeters pointing in
opposite directions made it possible to allow for the sheath field (Boyd,
1958).
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with the: apparatus indicated (figure 29.), the sawtooth variation
VG permits the measurement of the vehicle potential relative to the '
plasma potential (Kxalsavsky. 1959). '

‘Let dt rap equal the voltage of the grid with respect to the
‘surroundings, and let d equal the voltage of the vehicle with rospect

‘to the surroundings (figure 3@b)

trap ¢ap‘ How ¢ is negative, and V must run -

=0, As V becomes'more positive, it reaches the

 When ¥V =0, ¢
positive before trap
etarding potential for the collection of poeitive ionss~-

e -¢ret = {- m Vs.z,

“where m is the mass of the heaviest ions which are tropped, and Vs is.

- the vehicle speed, which is very muck greater than. the average ion
velocity. Typical results were obtained with voltage impulses every

| tuo seconds of 0.2 sec duration with the apparatus mounted on Sputnik III.

For dtrap =0, the voltage is given by V = 6.4 volts, or in other
words, ¢3p = ~6,4 volts (f;gure 3&)

The results published wores-

-6.4 volts (i.e. T = 15,000°K) at 795 km
-2.0 volts (i.e. a'e = 7,000%K) at 242 km

d. MICHIGAN UNIVERSITY EXPERIMENTS.

The University of Michigan have used 2 rocket-borme adaptation of a
"Langmuir probe to measure the projerties of the E—léyer of the ionosphere
(Hok et al, 1953, 1954, 1958). Edrlier attempts to use a rocket-~borne
probe were usually hampered.by desién concessions made for other
experiments, considered primary, on the same rocket. The probe described,
by Boggess (1959), was completely seﬁaéated from the carrier vehicle

and therefore no design compromises of this kind were necessary.
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One particular b:polar design using two six inch spheres separated
by a 10 inch long, 2Z inch diameter cylinder was chosen; -In this

_partxgulartdeeign theéspheres vere split and the outer hemispheres acted
as informa lectrodes.
~as Euagd elgggrgd:%.r Tﬁg equal area double elec%ro&ner mls &gggstECted

least disturbance of the plasma which is being measured.

Important accomplishmente of the experxment were the first measure-
ments of electron temperatires and ion number density in the altztude
range between 112 km to 177 km, and the successful ejection of the probe
in working order from a rocket moving at a high velocity.

The work is. of intereet because the simple arrsngament of a rocket
borne probe behaves as an unequal area bipolar probe system, the rocket
itself behaving as a probe.

A schematic diagram of a bipolar probe is ahown;(figure 32) and -
(£igure 3%) the corresponding potential diagram is given.

The potential of each probe With'respect.to the space potential
adjusts itself according to the current-voltage characteristic of the .
probe considered, and to the requirement that the currents to the probe
are equal and oppesite.

The single probe characteristics are shown (figure 3%) and the
resulting bipolar probe characteristic is given (figure ).

It was assumed that outside ‘the sheath there is a region of ambipolar
diffdsion which continuously replaces the ions and ele;trons collected
by the probe from the sheath. The>potential.gradient”in this region is
suall, but the concentration gradient of ions and electrons is appreciable.

- It should be borme in mind that the modern probe theory holds that
the presence of an eleetrodegin the plasms is responeible for the ion
current flowing to it by reason of its influence, as a boundary condition,
on the potential dietribution in the plaema. (See the int¥oduction to
chapter 5 on probe theory).
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e, BIRMINGHAM UNIVERSITY EXPERIMENTS, -

The Ionosphere has been successfully simulated {Dickinson and Sayers
1960) in a laboratory expeiimeht‘designed to study ion charge exchange
reactions in oxygen afterglows. 1In the decaying plasma, despite‘the
absence of temporal equilibrium, thermai equilibrium obtains between ions
and electrons. This situation is like that in the ionosphere and,
moreover, it is poss1ble to have particles of szmilar energies. These
experzments have confirmed that disaociatzve recombination with molecular
®xygen lons produced by a charge exchange reaction could be the primary
electron loss process in the F2 layer.

~ If the electric vector of a vave is represented by E = E sinnft, f
being the frequency, then the alternmating current to which this gives
rise is represented bys- I = (Eo - néezlhe(23f)2)E°2n£cosanft. For the
. experiment about to bs discussed £ is 10 Ec/s (vwhich is not near the gyro-
frequency (1llic/s) and is much greater than the collision frequemcy). Thus
‘the dielectric constant of a plasma is modified in & manner which depends
on the electron concentration. So it has been possible to design apparatus
to find tho electron concentration by a measurement of the capacitance
betugen two insulated plates at space potential. In an earlier form of
this experiment {Sayers, 1959), the tip of the rocket was used as & probe
and insulated from the nose cone. The variations in probe capacity vere
determined by using it to modulate the frequency of & local oscillator.
Since the potential acquired by the rocket body was unknown the potential
of the insulated cone with respect to the rocket was varied linearly -
savtooth waveform = provi&ing an opportunity of identifying the condition
that the nose cone is at local space potential (maximum measured clectron

concentration).

A mass spectrometer (Sayers, 1959) has been flown in which ioms
dif_fuse through an outer cylindrical grid and are accelerated by a known
difect current voltage t0 an axiasl collecting rod. Pulses of ions are
adnitted to this sage by varying the grid potential and the ions are
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dispersed in time of arrival at the. central collector according to their
masses. In order to identify the space potentlal relative to the rocket

a slowly varying "staircase" w&veform vas applied to the outer grid after
the manner of the sawtooth wvaveform in the plasma dielectric method. Graphs
of rocket potential relative to space potential plotted against altitude
fipto 160-kmsididshow similar results to those obtained by Johnson and
Hepner at Fort Churchill using Aerobees in 1958 (Sayers, 1960).

Apparatus designed at Birminghem and intended for rocket flight is
tested in a large tank. The pressire in this tank can be reduced to 10 Tmm
in half an hour. An A.C. or D.C. plasma is created in what is (comparatively)
an oxtremely smell side chamber and diffuses by an ambipolar. process through
& hole into the tank (Sayers and Court, 1961).

£, -UNIVERSITY COLLEGE (LONDON) EXPERIMENTS,

The work at University College, London, has been described by'Boyd
(1954 to 1960). The laboratory simulation of upper atmospheric conditions
is carried out by Boyd and his colleagues using a wind tunnel, This is a
pressure wind tunnel designed to give J8ts with velocities of mach numbders
1 to 3 by expanding a suﬁerheated jet of mercury vapour. This jet streanm
is ionised by a radic frequency discharge.

The problems of using Langmuir probes in spacdpawe been discussed by
Boyd in relation to a probe flown in the Skylark rocket (figure 36).

The problem is to make measurements from a gassy rocket during its

transient encounter with the ionosphere.

In the ionosphere there is both thermal and temporal equilibriiim, at any
rate in the lower E and D regions, to a good approzimation, Boyd has
pointed out that a closely integrated experimental and theoretical research
into the operation of probes in plasmas in thermal equilibrium in the
laboratory would be most valuable,

In the laboratory, probe potentials are referred to an electrode. 1In



a rocket the potentia1 of the'systemﬁaé.a Whole:must.édjust'itself go that
there is no net flow o6f current to. the system. The probe current is limited
by the flow. of positive ions to the more negative electrode. Thus
observations are only pqsaible on the positive ibn'part qf the characteristic,

'B%foﬁf any deductions are drawn from the positive ion part of a rocket
ur .

probqlvery careful attentidn must be paid to the situsation at the sheath
edge. In particular the form of the positive iom velocity vector distriba-

tion must be taken into account,

The.total area of zero or positive potential with respéct to sﬁace“
must be a very small fraction of the missile area. The positive ion current
collected by the rocket should be larger than the electron collection by
the positive areas and thus permit th_e latter areas actually to aseume

zero or positive potenfial with respect to space.

If would greatly increase the pdssibility 6f_reliable interpretation
if it were possible to obtain probe curves.giving the electron collection
part of tn,é characteristic up to saturation. Here the basic problem is to
return to the ionosphere from the rocket a current equal to that collected
by the probe. This might be done by means of.thermionic emitters at some
part of the rocket distant from the probe, or by creating at such a part
an intense radiofrequency plasms such that the positive ion flux €rom the
plasmé to the rocket is ampleo to neutralise the election flow to tﬁg probe.

The problem of returning the collected charge to the plasma'through
a lov impedance path is not serious with a probe diameter of 6 mm, for
wvhich the probe area is very much cless- than the rocket area. Photo-
emission and the collection of positive ions may be expected to give quite'
2 low impedance between the rocket and the ionosphere. IIf'the impedance
is‘high, the voltage of the rocket is changed by the return of cugrent..

Since it is difficult to clean the probe from oxidey and oxygen during
flight a sufficient voltage must be applied so that the saturation current
flouws despite the voltage drop in a surface layer.
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‘Theré are regions:uhere-theumean.'free-pafhwis nelther.large nor
amall-cohpared with the probe (and rocket) dimensions, so that neifher.
free motion nor diffusion approximations are valid. .Ionisation -densities
are such that sheaths may be.many'centimstres thick. There are negative
ions present.: ' S

The potential of the rocket depehds on photoelectric emission and
electrification by frictibn, as well as on the electrical state of the
ionosphere, The effects.of photp-emiésion from the probe and its structure
may be allowed for by. the use of two electrodes set into the surface of
"the probe - one sunlit and the other in the shade. The aspect of the
rocket also controls the potential to some extent. (The photoelectric-

5

current. is of the order of 10 'amps/hz).

The supersonic vehicle velocity transforms the ion velocity distribu-
tion into one which is not isotropic. '

In the D region the prodbe should be well ahead of the shock wave,
and remote from the electrical influence or contamination from the rocket.

The second derivative of the'iunbtion which represents the probe
characteristic cannot be obtained from the telemetered signals but must
be prepared slectronically in theFocket iteelf.

2. THE ROCKET LABORATORY,
a. ROCKET PROPULSION,

Rocket propulsion (Sutton, |956) is of interest from two standpoints -
first}y, because ve héye to take the rocket trajectory into considerations
and secondly because we are interested in any possible contamination of
the rocket surface, '

in general the velocity attained by a rocket (vr) is given bys -

v, =V, log,R «+.es Equn. 46.

where v_ is the exhaust velocity and (R - 1) = Mass of Fuel/Mass of Rocket.
This formila neglects (i) the effects of the acceleration due to gravity



" which are small if the combusthon time is small, and {ii) air resistance,
which reduces the veloc;ty by about: 10% (Science News 48). - '

‘ Pr1or to launching (Berkner, 1958 a, b), the propellants are contained
within their tanks by thin aluminium burst-diaphragms. At the instant of
"firing, high preésure-helium id fed into the propellant tanks. The - .
propellants, under pressure, rupture the diaphragms and flow into’ the
thrust chamber where they ignite sponténequsiy; Valves prevent the con-
tamination of the upper atmosphere by unused propellant.

) The propulsion may be in two stages - for example 'the Aerobee is pro-
‘pelled by a *"booster" which uses solid fuel and brings the velocity to ' -
300 1i/sec ﬁefore the booster falls awvay, and by a "sustainer" which pro-
pels the rocket for 45 sec to & he;ght of about 30 km and a8 velocity of
1. 25 kn/sec (Smiddy, 1959).

The propellant tanks contain the fuel and an.okidiser, In the Aerobee-~Hl
the oxidiser is red fuming nitric acid (6.5% excess oxides of nitrogen)
and the fuel is a mixture of eniline and furfuryl alcohol. The oxidiser/
fuel ratio is 2.58. Aniline is readily oxidised and at normal pressures
it even undergoes aerial oxidation. The fuels have three main advantages
- that of being readily available, a high density, and the property of
self ignition (Neat, 1960). ' |

With all the "High Altitude Sounding Rockets" (q.v.) of the USAF Space
Flight Physics Laboratery, the thrust of the vehicle is terminated in the
sensible atmosphere (i.e. at an altitude of 40 kms). Above this the
vehicle is in a ballistic trajectory.

-The thrust produced by the Aerobee-Hl1l booster is 18,000 1b x 2.5 sec,
~and bﬂwhe sustainer 4100 1b x 50 sec at a epecific impulse of 198 1b sec/ib.

_EX0S is a rocket with three solid propellant atages - Honest John,
Nike booster, and Recruit. .. . . 5 .
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AEROBEE 300 - is a standard Aerobes.150 (with its solid booster) with a
solid propellant engine, Sparrow, added. The Sparrow is fiped 1mmod1ately
upon cessation ofzthe Aerobee thrust. The nominal burn out time of the
Aerobee is 52 sec. The Sparrow is a 1.8 sec burner.

AEROBEE 150 - is a booster 3591sted liquid propellant rocket whlch is
tower launched. mhe nominal burning time is 52 sec. This rocket is aleo
called the Aerobee Hl. ‘

(_no-_rn ON IONIC PROPULSION.

Ionic propulsion (Summerfleld, 1961). for very fast space Vehicles is.
"a completely new technique. The: thrust of ag ion jet of Y kU power leaving
the nozzle at the relatively low speed of '10° m/sec is only 2g. But there
exi sts no other method by vhich matter could be ejected at, say, ten times
Sputnik speed. The development of high-powsr ion guns, with neutralisation
of ithe ejected space-charge by elecirons is a difficult problem, owing to
certain inherent instabilities when jon and electron streams move ‘together).

b. ROCKET PRAJECTORY., e o

The first graph (figure 37) shows the velocity-time curve for the |
"High Altitude Sounding Rockets’{q.v.) of the U.S.A.F.. Space Flight
Physics Loboratory. The thrust of the vehicle islin'ehch'case terminated
in the sengible atmdsphere, and after this the vehicle is in & ballistic
trajectory. During this ballistic trajectory, the free fall equations
maj be used for a first approximation, and graphs may be constructed from
the table.(figure 39). The other graph (ﬁ.gure 38) gliove the effect of
payload on the altitude which can be obtained.

The Aerobec H1 has a maximum velocity of 2.2 km/sec and can attain
a maximum altitude of 310 kms. We are interested in making measurements
above about 100 kms, vhich is well above burncut height. The Aerobee
trajectory is such that it lands 50 kms from take off point in a flight
4ime of 16 minutes. To a first approximation, the rocket cuts through
the region of interest vertically, once on the ﬁoy:up. once on the way!
down.

The dimensions and weights of the rocket and its payload vary
according to the research tasks. Typically, the gross weight is 700 Kg
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and the payload"'lo Eg The maximum p'ayload :l:s"gé' Kg. Recovery of.
1nformat:lon ie poesible if a pere.chute is added in another section. The -
weight of this equipment is 36 Kg, 80 the maximum payload is’ then 54 Kg.
'].‘he Aerobee Hl vas produced :m two vereions (for thé U.S. Navy and the
U.5.4:F.) by the Aero;jet-ceneral Corporets.on, Azuea, Celifornia. ('lhe
Air Force rocket .carries less propellant) 'l‘hxe rocket can carry a: 70
Kg payload to a. height of 235 km from a launchigp elevation of 1,22 !:m
and 230 km assuning a see leVel 1annching. The payload includes the
sensing element, tho telemetry ‘gystem, the supporting etructure and the
. snveloping ski.n, eetimatee of these weighte being obtainable from the . _‘. '
U.S.A.F. space vehicle engzneerlng section. The choice of rocket depehds
"C_;fl'f’_aylocd feguir'em'ent:..;. ' S - e T
 E.@. 23Kg to 160km  Nike Cajun. |
23 Kg to 480 kn  Exos Aerobee 0.
46 Kg t6 100 km  Aerobee 100,
' 69vEg to 240 km  Aerobee 150.
Included amonget extenszons ava:llable are a 107 section, a 15“ section,
a nose recovery 'aerachute, and a body recovery parachnte extenelon._ A
limq.t of 30" of extension hae been set on the baeie of aerodynamic |
'e'ta'oiltty. The exteneione are constructed of magneeium and the nose cone
'of epun aluminium. ' ' ) - '

The Aerobee has been descr:lbed by Berkner (1958e, b)3 Smiddy ( 19&)
and in Science Newe 48.

’Irhe elementary theory of project:.le tra;)cctoriee (figure 40) :le
presented in the form of a table {figure 39)

- The trajectory, with the notation of figure 40 is givan bys~-

$ 't:vmax-_coe] S : ;....- Equn. 47a.

tv sin J - % et® veess Equn. 470
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¢.  PROBE _LOCA‘?IQN .

'ﬁftér-burn—outfaf the fuel,'and'befbre the vehicle re-entérs the dense
atmosphere, it moves freely in ‘the gravitatlonal field. The motion of the
rock et is determined by whateVar lznear and angular momenta it had when the
external forces (rocket motor, s}eer1ng Jets, or aerodynemic forces) ceased
or ‘dvindled to ins1gnif1cance. 1In general it may'be assmmed“(Séiencé Rews
' 48) that unless special steps are ‘taken to’ stabilise it, any vehicle will
rotate about its centre of gravity and at the same time ezecute a roll
and precessional motion to a greater or less degree depending~upon the com-
ponents of angular momentum parallel $0 and normal to its major 8!18. In
the case of a long cylindrical object like's rocket this means that inm
generai the vehicle rolls (at a rate of about 1 r.p.S. for a nedium-gige
rocket) about its length, and at the same time rotates much more sldwly
about some axis through its centre of gravity and at an angle to ifé
length. This motion is nmt wholly undesirable. 1t provides a means by
vhich sun-sensitive devices, for exzmple, may sinply and automatically be
brought into a correct orientation for a short time du_ring each revolution.
0f course, the aieslof rotation are fixed in space, and not felative to thel
f;ight'path.' A rocket that asconds nose first to its apex descendm'tail
first until it enters the denge atgosphere again.

d. HOSE CORE,

Exos has a nos4assemb1y which is 22,9 cm in diameter and 1.22 métres
iong, being cylindrical im shape with an attached cone. Instrumentation
is affected by severe heating probiems, and the diameter of all the
apparatus must be iess than 20.3 em to give sufficient clearance.

The Aerobee 300 has a cy11ndrical payloed section with a conical
nose. The outside diameter is 20.3 cm and the length is 1,22 metres.

The Aerobee.150 payload section has 2 38 cnm base diameter and is
about 2.2 metres long with & useful volume of 0.1 cubic metres. 'Stamdard
12.7 cns sections are available to increase the volume.
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"Fhe hose'cone.iéﬁconstructed~of spun aluminium arnd ppinted with heat
resistant paint.  Doors can Be'f;fted, end in fact it is.possible to cut
a slot going the vhole: length of .the nose cone. (See figure 41).:

e. APPARATUS REQU_IREMENTS,

"he requlremants for rocket apparatua havgbeen described hy Smiddy
(1959)., Cameras can be used to get aspect 1nformation,but,thzs will reduce
the space, There must be a built-in callibration system, Tis will give
"gero" vhen the tdemetry is turned on. The zero should mot be 0, &nd a
‘gsuitable gero woﬁld be 1 volt. Eﬁere are four temetry channels. The'ﬁb.-
‘and 20 ke/s channels take ‘1000 cycle/sec variations, the 14 kc/sec chénnel
responds up to 100 c/s, ‘and the 7 ke/sec channel is 60 point commutated.
Timing mechaniams must be includod A 28 volt n.c. power supply is
'available. and requires smoothing. The information is required in the
form of & 0 - 5 volt signal. '
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PREFACE TO SECTIOE II

DESCRIPTION OF EXPERIMENTAL WORK.

During the two years of research the direction taken by the experimental
'-uork vas changed many t1mes, under the 1nf1uence of discussions and increag-.
:.ng knowledge of ~the sub;ject, vwhich vas a completely nev one for the
Departlent. fhus a chronolgzcal account of the work would scarcely be

" appropriate, the ma:i.n value of the expenmental work itself boing the
understanding it.na given of some of the literature.
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A STUDY OF METHODS OF MEASUREMENT OF THE ELEGTBIC CHARGE ON A ROCKET

AND OF AMBIENT ELECTRIC FIELDS USING PROBE ﬁECHNIQDES.

SECTION II. ACCOUNT OF EXPERIMENTS,
CHAPTER 7. VACUUH TECHNIQUE. |

VACUUM TECHNIQUE - INTRODUCTION
1. THEORY OF VACUUM TECHNIQUE,

a.
b.
Ce
" d.
Q.
f.
-8

Units of Pressure. _
Uses of Vacuum Technique.
Pumging Speeds..
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2ir Ballast Rotary Pump.
Traps.
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2. VACUUM SYSTEM COMPONENTS,
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3, HMATBRIALS USED IN VACUUM WORK,
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VACUUM TECHNIGUE - INTEODUCTION.

Vacuum technique was the most preoccygpying part of the exﬁeriments.
As this whole work is being written as an introduction to newcomers to the
subject, the lessons learned here are put.in a form ﬁhich_dhcn;d make for
easy reference for such a reader. . Thus the rudiments of. this subject are
presented under three headings - theory of vacuunm fechnique, vacuum system
components, and materials used in vacuun work. The sources of informgtion
are Martin and‘Eill‘(1947);_Edwards' (1961) Speedivagiz Catalogues, and
Braddick (1956). |

The experimental arrangement used for pumping down the vacuum chamber
is shown in figure 42. '

' 1. - THEORY OF VACUUM PECHNIQUE.
.a., UNITS OF PRESSURE.

Some-co nfusion exists over the units of pres _sure. British Standard
2951:1958 is a glossary of terms recommended for use in the high vacuum
field. This standard lists the "torr" and its sub-multiple the ™millitorr®
as units of pressure, 760 torr being equal to 1 standard atmosphere. For
all practi_cal purposes therefore 1 torr = 1 mm Hgy 1 millitorr = 1 gicron Hg.
Throughouf'this vork pres_sures have been expressed in mm,.Hg.

b, USES O VACUUM TECHNIQUE.,

The main usee of vacuum techn_ique are:~ (%) to secure for atomic
and molecular particles paths which are relatively free from collision, and
(ii) to preserve surfaces relatively free from contamination.

/

c. PUMPING SPEEDS,

Pumping speeds are given by this relation:-

p = po exp (-Stﬁ) sdaeesn Equn. 480
vhere S is the pumpiné speéd of the opening. At 300°K the value of 8 for
air (per unit area of opening) is 11.7 litres per sec. The speed of any

pumping system m_ust alvays be less than the "hole" speed of the orifice
presented to the vacuum ch_amber. In practice absorption or emission of
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gas by the walls is important. A tubular connectién offers résisténce to
molecular flow. The directions of particles bouncing off the well have a
The-ﬁumping speed of .a tube is less than the pumping speed of an orifice of
the same radius. Pumping speeds of different sections may be ‘added in series.

d. CHOICE OF PUMP,

The choice of a pump et be based on four considerations: (a). the

" gize of the vacuum system, (b) the ultimate vacuum required, (c) the pumping
time available, (d) the quantity and type of process gases and vapours. Thers
are fev vacuum systems without volatiles present and outgassing leaks, de-
gaa_sing and the presence of gases evolved during the process concerned
.almoat invaria bly ;ncrease the sigze of the necessary pump..

Some pumps operate on the displacement principle. In rotary oil pumps

. the oil fille the dead spaces and so allows & high compression ratio to be

obtainedy it seals the moving piston against leaks, besides lubricating and
cooling the pump. The pumping speed is low at low pressures. The finsl
vacuum is chiefly limited by the dissolved gaseé and vapours which con-

' taminate the oil. - - '

Alternatively, pumpe may operate on the diffusion principde. ﬁhen the

pressure has been reduced so that the mean free path of a molecule is of

the otder of a millimetre, it is possibl_e to use pumps which depend directly
on fhe kinetic behaviour of holecules. In diffusion pumps molecules entering
' the pumping region are swept away by a stieam of wapour. Vapour diffusion
pumps are used for the highest vacua. Vapour booster pumps are used for

high speed pumping in the region vhere the displacement of other types of
punp is rapidly falling. Residual gas in a system may combine with a "getter"
to form compounds of lov volatility. '

e. AIR BALLAST ROTARY PUMPS,
In a rotary pump, when the hoving.rotor hag compressa.d thé trapped

gas to slightly above atmospheric pressur_e, a discharge valve opmns and
the gas is blown out of the pump through a sealing oil bath. At low



permanent gas pressures condensable vapours are compressed to their
saturation point before the discharge valve lifts, causing liquid to be
ejected into the sealing oil. Tho liquid, which cannot escape £rom the
pump, circulates with the oil and evaporates into the vacuum system,
causing a deterioration in the ultimate pressure attainable as vell as
impairing the sealing and lubricating properties of thqﬁzl. The air .
ballast method cons_ists of introducing air at atmospheric pressure thrdugh
a one-way valve into the volume betveen the moving blade and the discharge
valve .vhile it is still at a comparatively low préssnre. then this volume
is compressed prior to expulsion the discharge valve 1lifts before the
partial pressure of the vapour componeﬁt is sufficient to cause condensation,

f. TRAPS.

Single stage rotary pumps will produce a vacuum of 0.005 mm.Bg. The
vapour pressure of water is 12 mm.Hg. Water will also contaminate the pump
oil. For these reasons a dgfézigant must be used. The ultimate vacuum
obtained from a mercury vapour pump, assuming the design to be satisfactory,
is limited by the presence of mercury vapour. At 20°¢ the vapour pressure
of'mercury is l.2 x 1()'3 mm.Hg. A refrigerated trap is placed between the

pump and the vacuum system for work:at lower pressures.
g. OUTGASSIRG,

Glass and metals hold large quantitiés of gas both in solution and as
adsorbed surface layers. Adsorbed gas may be removed from glass by heating
to 30000. In practice, during the baking out of a glass vacuum system,
the temperature is maintained as closely as possible to.theknnealing temp~
erzture. Fetals may be outgassed by heating in vacuo to temperaztures’
somewhat below the fusion point. Since the outgassing process is principally
one of gas diffusion the temperature of the metal should be as high as
possible. Electroplated surfaces are good provided they are unbroken, but
cracked surfaces are too often prolific sources=of gas.
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‘2, VACUUM SYSTEM COMPONENTS,
a. PUHP,

The pump used by the author was an Edwards' 25C50 two-stage g;s
ballast rotary high vacuum pump. It can obtain an unltimate vacuuﬁ.
without ballast of 0.0002 mm,Hg;_Witﬁ fuil ballast, 0v003 mm.Hg. These
pregsures are measured hﬁié_ﬁcLeod gauge since the.pump 0il has a vapour
pressure which may be greater than that of the'yermanent gases in an
evacuated systen. The pump has'a displacement of 48 litres per minute,
and is driven by a 1/3 h.p. motor. '

b. g‘!oUmTINGs-

The pump stands on anti-vibration mountings, each one consisting of
two "U"-shaped metal pieces separated by rubber bondings.

c. HANIFOLD,

fhe menifold (Edwards' type 54) fits immediately above the non-return
valve at the pump inlet. then filled with phosphorus pentoxide, it is
suitable for use as & moisture trap. In the presence of excess desicfant,

smm.Hg.A When filling

the approximate water vapour pressure is 1.8 x 10”
the manifold, the surface is left rough, and furrovs are drawn accross
it to increase the exposed surface arce. Air is admitted slowly to avoid

blowing the desiccant out of the trays.
d. VALVES,

An Edwards' "Speedivalve" vas used. These are designed so that all
moving parts are isoclated from the vacuun gsystem which is sealed by an .
elastomer diaphragm. When open the valve gives full pipe area with clean
flow lines to obviate throttling effects. The Edwards' Non-return valve,
mounted on the inlot flange of the pump, did not prove satisfactory. Air
must aluays be admitted to rotary vacuum pumps before they are stopped,
otherwisa the pump o0il will be forced into the vacuum system. Edwards'
air admittance valves were used. One was a type 0SIC vacuum sealed needle

valve having a dependable spindle seal, and a diai pointer that can be -
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zero adjusted. The other was a type RS1A brass air-admittance valve with
vacunm.ieplation given by & rubber-nosed spindle, vhich is prevented from

rotating during operation.

The pump was run continuously and the pressure controlled by using
the air adm;ttance valves as adjustable leaks, by using the’ speedlvalve
as a throttle, by 1nserting extra air reservoirs, by su;table ballaet

settings, or by relying .on ultimate equilibrium.
e. GAUGES,

The thermal gauge (Edwards' Pirani type Bz) operates by the change in
temperatuio ~ and hence resistance = of an electrically heated filament as
the heat conductivity of the surrounding ges changes with pressure. The
resistance change is measured on a meter as the out-of-balance current of .
a ¥heatstone bridge network. The gauge gives continuous readings and
indicates total pressure, but is gas dependent.

The‘mcLeod.gauge depends on & direct application of Boyle's Law. The
trapping and compression of the vacuum systom gas is arrangoed for by raising
a reservoir so that mercury rises into the géuge head. In the "Vacustat"
the same effect is obtained by gravity, the reservoir being raised by
revolving the complete gauge head. These.compression gguges condense out
system vapours and indicate partiél pressures, They indicate a lower
pressure than the Pirani gauge. Readings cannot be taken contimuously.

The pressurc indicated does not depend oa the gas.

f. HBIGH-FPREQUENCY LEAK-TESTERS.

A control varies the distahce between contacts which are coupled
through condensers to feed a Tesla coil connected to qérobe. They will
give a2 glov discharge in gascs at pressures between 1 anq6.1 mm.Hg. They
cannot be used noar an electrode saal; It is possible to find a leak by
obtaining a pink discharge. The susbected areas are pai_nted with acetone,
alcohol or ether and if there is a leak, the colonr of the glow discharge
will change from pink to pale blue. These solvents may of course dissolve
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the jointing compounds used in the eystem.
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3. HATERIALS USED IN VACUUH VORK,
a. OIL.

.The 0il used in the 23C50 pump was not the mineral oil racomﬁenéed for
rotary vacuum pumps without the air ballast facility, but an additive-type
0il. . These oils are blended with multi-functional sdditives selected for
minipum volatility so that they will nqt be distilled out of the o0il or
significantly contribute to the oil vapour pressure, Edwards' Grade 17.
was uged at first, and later grade 18, vhich -is of heavier viscosity. The
0il in the interior of a mechanical high vacuum pump may be subject to
conméminatioh by condensed or dissolved vapours or gases from the vacuum
system being pumped. Air ballgst is usually sufficient to remove
condensable vapours.

b. TUBING,

¥hen tubing made from rubber or plastice is used in a vacuum gystem
at presssres below 1 mm.Hg., it tends to 'outgas', i.e. to emit vapours
vhich raise the pressure, just as if there were & leak in the systen.
_Measureménté heve been made of the qutgasaing rates, under various conditions,
of samples inéﬁuding neoprene and'poljthene tubing. Polythéne wvas found
to be cne of éﬁé most satisfachﬁﬁ'materialé and neopfene-the'least
setisfactory. (Hayward, 1960).

Flexible tubing of large diameter was supported by helices of
enamelled coppér wires as part of the experimental system.

c. OL&SS,

Glass in an excellent vacnumgmaterial - it can be cleaned, outgassed
in situ, and sealed together without wazesy leaks are readily located and
rectified; and pumped systems caﬁ'easily bqéealed off. Borosilicate glass
(pyrex type) has an annealing temperature of 560°G. Glase ig at a dig-
advantage in systems subject to strain, and polythene links may be used.
Polythene tubing remsins firmly fixed to any material onto.uhich it can be
" tightly pushed.



=103~

‘d. SEALS,

Black Picieniwax adheres well %0 glass and metél, Tt is'sufficiéntly
yielding at 15%¢. to avoid cracking in use. It flows freely at about 80°¢C.

The soft grade of vacaum grease flows freély at about 40°C andbis
‘suitable as a lubricant for stdpcocks. The hard grade flous freely at
ahout 50 9. ¥t is wsed for sealing conical and flat’ JOlntS of glass or
mctul. A well lubricated stopcock free from streaks may be easily
prepared by anplynng two lines of grease down the length of the warmed
plug furthest from tha bore. The plug is then pressed into positlon without
‘rotation until all- thqkir is expelled.

Araldite X83/11 adhesive is a cold-setting flexible material suitable
for bonding materiais with dlfferant coefficients of expansien. The
adhesive consists of two solvent free components: a2 medium-viscosity

‘liquid resin, and a low-viscosity liquid hardner.

© . '0'-ring containing members may be used to make a pipe connection to
‘any apperatus face that is machined to a reasomably flat surface.

e. HEPAL-GLASS SEALS,

The earliest seals were made in ancient Babylon by the goldsmiths
who fused a vitreous glaze on to gold to form enamelled ornaments. Discé
of glass may be gealed .to metal rods. It is not practicable to seal pyrex
to copper on a seal of this type, but tungsten to pyrex seals can be 6btained

from various lamp works.
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A STUDY OF METBODS OF EEASUBEMENT OF THE ELECTRIC CEARGE OF A ROCKET
AND OF AHBIENT ELECTBIC FIELDS USING PROBE TEGINIQBES

SECTION II. ACCOUN? OF EXPERIMENTS,
'CHAPTER 8,  EXPERIMENTAL SYSYEM.

.-'Page No.
Introduction . o
a. Description of Apparatus. ' o :. ' 104
b. Qualitativs Results. , g 104 . -
c. HNature of Striatioms. ' '- 105
INTRODUCTION,

The apparatnslnsed for performing exporimentsl work is described and
qualitative results presented, including a probe characteristic:

a. DESCRIPTION OF APPARATUS

" The mgin fegtures of the apparatus vhich was constructed are shown in
figure 43. The gas in a fairly large discharge tube was pumped down to
0.07 mm. Eg. pressure. -A large tube was chosen. s0 that the probe should de
small relative to ‘the volume of the plasma; The pover supply was obtained
with the circuit shown in figurel44a

A pulse was obtained from a circuit with a time constant of 80 seconds
-and was used to break down the air in the tube. This pulse wvas obtained .
from a bank of electrolytic condensers, wvhich were charged in parallel and
discharged in series. The elsctrolytic condensers were kept on charge for
dnys before making‘a series of experiments as this increases their leakage
resistance. The: charge/hischarge dvitch (figure 45) was of the mercury in
wax type, with & polystyrene key wzth brass foil contacts.

b. QHALITATIVE RESHLTS

The diroet currentidisnhsrgs has been discussed in chapter 2. A very
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steady discharge wasp obtained, which susteined a potential dszerence of
470 volte between the electrodes. With a 25 ea. gap between the electrodes,
this means that pd-= 0. 175 in the units given on flgure 4, page 29.‘ Thus
~the’ operating point. (X. in f1gure 4) is- jult on the low pressure side of
the. Paschen curve minimun. ' - '

~ The leekage ree;stance of the ﬁhole tube uas 109

ohssglﬁhich'is obvicusly
'sufﬂciently high. E R

: " The main experimental problem was to find steedy conditions, and a
discharge which filled the d:l.ameter of the tube. This meant suitably
edgnsting the pulse and vacuum systems e1mnltaneously. Neasurements were

made with the circuit of f1gure 46 at the edge of the striations in a

discherge which took the‘form of three-extremelj.stable strietionsl

. Outeide the stable region the pulsed discharge behaves in a most
-complex manner, which suggests it migbt be interssting to study. but this
has no bearing on probe technigue.

'Attehpts to obtain characteristics with a scréened cylindrical probe
.(tacitron)'were inconcluusive as steady conditions were not obtained.
However, a probe characteristic was obtained (figure 47) for a cylindrical
tungsten probe.

c. NATURE OF STRIATIONS,

- The problems encountered in finding steady cohditiqns,arensed interest
in the physical nature of discharge striations. The hatcre of the striations
hes been interpreted by Pekarek and Krejci (1961) on the basis of the
production of a periodic structure in a plasma after an aperiodic disturbance.
The wave of stratifi_cation in a plasma is phenomenologically most similar
to the development of the well—knoun vave pattern on a water 1evel after
an aperiodic distnrbance, e.g. after throwing a stone into uaver. The
following three phenomena ssem to be the most important for the physical
mechaniem of the production of stristionsa' (a) the dependence of thce rate
of ionisation on the electron temperature and hencé on the electric field,
(b) the production of space charges due to the different rates of diffusion
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..oi‘ the electrons and ions, ( e) the ereation of additional electric fields
due to the creation of space chargee.h The chain of processes caueing

o stratification of the poeitiVe co lumn and the coursge of solutionl for the

deflection from the equilihrium state of concentration of. positive ione

‘n ) and additional electric field (e) for five different moments of time

is shown in figure 48, The striations develop only on the side towarda the

anode from the place where _the equilibrium state is disturbed The_discharge

| in- the region between the disturbance and the cathode is unstable. In

. & real plasma, influences. exist which have not. been taken into coneideration
guch -as finite - Debye length and the condition of equality of current through

different cross-sections. ' ' -

Kocian and Eracik (1961) carried out an experimental inreetigation in
‘ argen (plns heavy organic molecules) The direct and alternating currents
"at which ‘the striations appeared and the voltages acrose the discharge tube

' were determined as'a function‘bressure.

Depending on the current and pressure, the positiVe column icould be
in the form of a helix or a mumber of separate striae. A rotating positive

' column could be obserVed at & certain critical current.
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IETROHUCTION

The theoretieal discussion presents the Engel and Steenbeck (1932)
theory for the use. of cylindrical probes, applies this to the experimental,
work in hand. and sets it by the side of modern theory. ~ Sheath collision
-theory {is. presented in the light of the suthor's concept that the absence
of collisions in the sheath depends ultimately, in a complex way, upon the
porcentage of the gas molecules which are ionised. '

. The thgory of rockst motion ie developed to find how the location of '
the probe is determined by the "free“ notion of the rocket. This last has
of conrse no bearing on the experimental work.

THEORBTICAL, DISCU SSION.,

A plane probe disturbs the discharge as too much charge is removed
from the plasma. Theories for cylinders collecting only ions of one sign |
(and under c'onditiona such that the ion free path is much greater than the
sheath réﬂius) have been obtained. The theory was put in.a convenient form
by Engel and Steenbeck (1932). Accordingly we turn our attention to this

vork.
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They considered firat ‘the case of a negat:we collector. if' fhe
“current is 1im1ted by the size of the sheath, then eV/’kT is very much greater
‘then ¥ /r , where r is the sheath radiue and r, the probe radius. The ion

' 'saturation current 1s given byl-'

R 4m§:5 AXRNRCE )‘% w”z/dK s Spherse

LN ) eee Eq’lln. 493.

I = e v.ne l (2e/m, )% V3/2/p'z Ty oo cylinder of
S &= ' - unit length.

- ) ee '... L] Equne 49b0

" Phe factors. dx and d,z' are plotted i.n figure 49 for sheaths of various sizes

! relative to the probe size. These equatmns are subaect to correction for

"the velocity of’ agltation of the 1ons ‘when they enter the sheath In
pr:lnc:l.ple the plasma potent;al can be found from the poa:n::lon of the
. inflexion point in the current-voltage characteristic.

Next tl;ey considered the: case of a positive collector. If the current
is limited by orbital motion, then eVﬁ:‘E is very much less than r /r . VWe
ca:; replace Ip by '-Ie- and m, bﬁ'met. Because of the great difference 1n the
masses, for equal currents g andvro are much greater. The question arises:
. how many electrons shoot past the probe in comeig-l.tlge paths?

With the notation of figure H0s-

Ie (i -rx) f§

8
For small values of ,eV/kTe; and large values of rolts, ve have

(see figu_re'sa) eesee Equn. 50.

fK = 1 +'ev_'/k1‘°‘ o . XXX Eqnne 5la.
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Thus for a spherical collector. the epaee potent:.al can be found from the

graph of current against voltage.

large values of ro/r‘s:- '

_For not so.emall values of eV/k'l' and -

£, = 2(1.f evlkmei7h”*

.;'... Eq\ln. Slbo

'l'hus for a cylindrical collector. the current equarod 18 plotted against
voltage. (See figure 52). o

.We will apply these theorotical argunents to our experlmental roeulte, A

"~ and then examine the theory ‘in ‘the 1light. of more recent’ work on probe theory.

., 2 718, the change in voltage V is 9.5 volts.

' Yo can wr:ltei- o

. 1/ov = efkT,

'From tho semilog plot. (ﬁ.gure 51)s~ For & change in current equal to e

= 1.7 x 10%/2_ . Hence 2_ = 111,000 -

mo_.tangente'.interseot 'for:_,a, space potenti-al of 1.28'v‘olte.

potential of -12805 volte (relative to the anode)

., the surface area of 'the.probe being n/_20 em

™

From. the current squaredeplot: (figure 52), deducting the 9.5 volts
from. the 1ntereeotxon voltage (tangent with voltage axie) givee a epaco

- At 128.5 volts, 4

s

i, = ene(k'i‘e/anm‘.e )%

- 2.x 10° eleo/co.

0.5 x 108 cm/eec.
0.53 cm.

2

= 30 p amps- from figure 47 thus :]

=2x -10“4 amp.s/cxnz.

seeiss Bqun. 52,



. =110+

' The _f‘b;_io_iing velues have l’be'ezi'_ae',eh,ﬁed foi;'con'stazite;;" |

L F91x1078 g

1.6 x 10"19,; coulombs

: .
1
]

= 1, 38 x 10 erg/°x
- Modern tliéd;y -attributes the ion velocities to the electric fields through
which they pass. ‘The presence of an electrode is responlible for the ifon
_current flo\ring to it, by realon of its :I.nfluence, ag a boundary. conditi.on,
.on the potential distribution in the plaama. Unless a certain criterion '
_:le gsatisfied the probe field will penetrate into the plasma and modify
the energy distribution 80 that it is patisfied, Thus orbital motions of
| the icme ‘need not be coneidered eince at the. sheath edge their velod ties
are almost wholly ‘normal to the edge. Also the flux of positive ioms into
""the sheath is dstemined by the electron temperature. The eoileetion of
positive 1oqs 1sj._ d:l_..se_nssed on page 73. '
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_ APREEDIX TO CHAPTER 9
NOTE ON SHEATH COLLISIONS.

The "author has not seen a satisfactory theoretical treatment for ‘the
conditién"that'nb collisione occur within the sheath.

Thera will be collisions in the unipolar charge eheaths unless x 15
greater than ID ’ '

x = 4/hnd g where n 15 the: unmber of molecules per unit volume

d ie the molecular diameter = 3.65 x 10 =10 metres.

; ) R
A = 69.0('20/%),
ﬁ;, ' ; ' . '

e -where B, is the concentration of neutral particles.

n + n . . . . —
E-1 - a : : :

Let I% = 100
_ y

Bymrearranéing terms it can be shown that there will be collisions in the
gheath unless I% is greater thans-

7.2 x 10726 (T, ;ne)‘} _ Equn. 53.

Figure 53 shows fhat between 100 and 400 kms the typical ionisation level
far exceceds the limiting minimum level for collision free sheaths. If,
at a less height, insufficient gae molecules are ionised, there will be
collisions in the sheath. '

For the experimental system considered, we have
=:z x 10-%%
Liniting jonisation = 0.1 £ 10™%

Thus we can assume that there are no collieions in the sheath.
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.FOTE OB PROBE 1OGATION, .

This has no bearing on experimental vork but ie intended to develop
the theory of rocket motion. It has been stated already that all the
rockets of the U,S.A.F. space flight physics laboratory are free flight,
'aerddynamiqally spabiliZed'vehicles;’aﬁd that after .burn-out of the fuel,
and before the véhicles.re-entér.the dense atmosphere, they move freely
in the gravitational field. There is no evidence of gravity, but there
is a centrifugal acceleration field, provided by causing the vehicles to
rotate. The motion of the rocket after bufp—ant £é deternined by the
linear and angular momenta it had when the rocket motor, steering Jets,
or aerodynamic forces ceased. In considering the roll and precession of
an unstabilized rocket, it should be borne in mind that the axes of
rotation are fixzed in space, and not relative to the flight path.

.The location of a probe is illustrated through figures 54a to 54d.
The point to be noted is that there is a predictable relation between time
and orientation. I |



513~

A STUDY OF RETHODS OF MEASUREMERT OF THE ELECTRIC CHARGE ONF A ROCKET
AND OF AMBIENT ELECTRIC FIELDS USING PROBE TECHNIGQUES,

SECTION III. METHODS OF MEASUREMERT,
CHAPTER 10, DESIGN CRITERIA,
1. Beview of the Position of the Present Research.
2. The Electric Charge on a8 Rocket.
3. The Ambient Electric Field. |
4. Laboratory Measurements of Space: Potential. ,
5« Analysis of Experimental Work - Voltage Gradients - Possibilities
of Simulation.
6. Meagsurements of Ambient Fields by Simultaneous Determinations
of Potential.
7. The Physics of Re-entry.

8. . Definite Experimental Proposals.

1, REVIEW OF THE POSITION OF THE PRESENET RESEARCH,

From an analysis of the available material it seems there is no
lack of techniques available for the, measurement of _ the charge on a
rocket,and this problem was the most important part of the work.

The group at Bedford,Hassachusetts,have apparently cgncentraté'a
on the experimental side of probe studies.Again,although the Michigan:
group have published eiﬁerimental and. theoretical papers, their very
extensive work unfortunately does not take into full consideration.
all the early studies made by Langmuir and the very useful reformulation
of. the theory by Engel and Steenbeck,nor the refinements- due to Boyd:
vorking at University College,London..

Texts it is hoped that a report prepared from the present survey

will £ill a gap in the literature available for interpreting the results
of the probe work carried out by the United States Air Force. '
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2. THE ELECTRIC CHARGE OH A ROCKET,

The: potential assumed by a rocket (betweer. 0 and 10 volts) has
been determined by the following methods which heve already been:
describedy=

i, . Pronm the signal from a D'.C. amplifier betveen. a probe and the tip
of a rotating rocket. Page 82,

if. Prom the signal obtained vith a sawtooth voltage variation between

the vehicle surface and & grid surrounding the probe.(The theory given.

ie for orbital speeds.) Page 84.

111, From the signal obtained at maximum measured electron: concentratiocn..
dit

ob la?i.n%%nbly Jézonsalwtootha voltage: varlation betwaen. the rocket end its

insulated nose cones Page 86.

‘v, From the signal obtained upon varying the voltage of the grid

A

controlling a mass spectrometér. Page 87.

The choice of a method must depend on uhat other parameters it is
requimd to determine.{In the pz'eaon‘b case the ambient electric field is
also required.) '

At a geophysical" discussion he-;sﬁ by the Royal Astronomical Society
(24th November 1961) it was pointed out by Boyd (1961) that the potential of
- a space vehicle is not well determined,and that this had recently been.
overcome in thé.ﬂpited States on Explorer 8 Satellites by making probe
measurements in a very chort time so that the potential cannot vary during
the measuvement.This needs extensive telemetry,and the Britich approach
is to analyse the data in the rockes.

3. THE AMBIENT ELECTRIC FIELD,

_ Phe ambiont electric fields experienced by a rocket have been
measured in the following waya?.--

i. From the signal from an. A.C. amplifier between a probe and the tip
of a rotating rocket, Page 82, (60 aV/km)

13,  Prom field meter techniques. Page 83. (200 V/m.)



<115~

calculations of the. horisontal componenta of the eloctr:lo field
yield a value orders of magnitude too low.(0.02 V/km,but this must be
mltiplied by the tidal amplification: factor). Page 55.

Parley (1959).1’02 Mstance.hae attempted to fit the electron demsities
as determined by the rocket exploration of the upper atmosphere into a
theory of electric fields.‘l‘his must ultimately be coupled with field
determinations,and results will Lhave to be determined and interpreted
using techriques such as those described by Brigge and Rishbeth (1961) -
page 47,rathe® than in terms of "slab models" (Ratcliffé.,1960)'. '

-4, LABORATORY MEASUREMENTS OF SPACE POTENTIAL, -

The laboratory methods which have been. described for detomining the:
spaco potential in a discharge are, in. order of 1nereaaing accuracys-
i, Prom the cumnt-joltage-tempermmre: ch-.araqte-rist:tcs of a tungsten.
filament. Page 1. ' ' '

:H. From the (111-defined) tuming point in the current—voltage
characteristic of a plane cold probe. Page 62.

iii. Prom the Semilogarithmic Plot (Boltzmann's relation breaks down).
Page 65.The space potential may be taken as the point (A,figure 25,page 71) a'
which the tangents to the semilogarithmic plot intersect,or -

4dv. As the point on. the semilogarithmic plot of its departure from
linearity.

\ 8 From an analysis of the semilogarithmic plot and the current squared
plot using a cylindrical probe. Page 109. . .
vi. Prom the second derivative of the probe characte-rist:lc. Page T1.

5., ANALYSIS OF EKPERIKENTAL hOBK - VOLTAGE GRADIENTS - POSSIBILITIES
OF SIMULATION,

_ Prom the determimation of ﬂme__ random cu_rrenf to the probe and the
space potential (page 109) it would appear that the discharge current is
not greater than about 10 ' ampe and that the free column. voltage gradient
is '
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is greater than 10 V/cm.An extrapolation over a pressure rgnge ot 104
using proper variables (page 32) of the gradiente (10*3 V/co. - page 33)
for a discharge current of 10~ 3 amps at atmospheric pressum leads to a
predicted gradient of the. order of 10~ V/cm' The very mach higher gradients
msasured might be: explained by the offects associated with the striations
vhich can involve gradients i excess of 10 V/em (page 32).The prode
structure seems in any cass to have been: raaponsible for their presence -
page 105).

This does mot affect the utility of the probde. characteristic as such
although it may well ropressnt some kind of average of the potential.

But the important point to note is that although field measurements.
using probes are possible: in discharges,mich higher gradients extst in
'theee discharges than. those which are found in the npper Atmosphere,

Thus to: simlate in the laboratory the magmm of alectric fields
by smanamm detoxminationa of potential sk fwp places weuld zequire
the probes to be placed vary near cach other,and this would disturd
‘condi tions too much, (i'hie method is considered in the mext gection). However
lov voltage gradients exist under A.C. breskdown. (page 34).Bazelyan,
Brago,and Stekolnikov,in.a paper (1960) wvhich the euthor has not seen,
" found a significant reduction of the mean breakdown: gradients in long
discharge gaps vith an oblique voltage: wave.'l'hey explained this hy the
ghort ‘time available for vuilding up and propagating a space charge - under
the effect of ‘an'obliqu;e wave or in A.C. conditions, the zone of’ propagation
of the unipolar space charge is mch emaller and independent of electrode
- spacing.So there 'is some hope of simmlation for test:lﬂg this method of

ambient field measurement. ' '

£ MEASURENENTS oF mmnw FIELDS BY smummmns DETEBMINATIONS oF
'rommmu.. '

'Ehe author had hoped that it mu.ld be posaible to suggest a method
for determining the ambxent electrie field by a simultaneous determination
of the potential on . either side of a ‘x;ocket.But from theoretical studies
‘the ambient field is predicted to be £ volts/km,and even. vhen. this is
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" multiplied by a tidal amplificatfion factor of 50 the field is only 129
ao¥/m.This is consistent with the 60 mV/m obtained in probe ezperiments

but orders of magnitude different from the result obtained with field meter
‘techniques.As the probes' cannot be more than 10 metres apart,it would be
necessary to detsvt a potentisl difference of + volt,This would require

an accuracy of 0,05 volts in the determinations of space potentia,l.rigure
4T shows that an eifror of 5 volts is possible in the determination of

gpace poten-tiai from the characteristic itself, so this approach vwould make
sens® only in measuring fields like 200 V/m.&ga-in-.ﬁg;ure 47 indicates that
"an. accurate determination of epace potential is possible only from a full
analysis of the characteristic.To do this would make heavy demands on
circuitry.Figure 25 shows that an. error of 0.1 volts may be obtained usimg
the semilogarithmic plot to obtain the space potential.But the method using
the derivative tochnique (figure 25) might work with a suitable development
"of a circuit of the type used by Sloane and McGregor (1934),as also might

a complete analyis (by means of circuitry in the rocket itself) of e
spherical ‘probe cheracteristic using thexg‘;gal and Steenbeck (1932) method.
C:lrcuitry is outside the scope of the: present research, g0 it is not
pose:lhle to give a more defindite. anawer. .

TRE PHYSICS oF RE-ENTRY — TH’DRAWN

robes flo\m on gkylark were placed 4§ feet in front of the

and Boyd has pointed out (page 89) that in the D region
ahead of the shdck wave.Apparently Benson studi’e‘d
Rg actize Nitrogen (otherwise they are mot

a rocket profile..At ‘the time of writing
this the author is studying a paper on BhQck waves about rocket nose cones
produced by A.V.Roe, Prom the letter by Smidd)(1960) it appears that
fields of 5000 to 10,000 volts'/metre. are produced etngyeentry.The author
‘hopes to have something on this ready to include in the Temqrt to the
U.S.A.P, but the subject must be omitted from the present thesid

rocket nOSs Condy,
the prode chould be wei]
low pnessure shock waves us!
" visible) directed in a stream onbd
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8. DEFVIRITE EXPERIMENTAL PROPOSALS,
A Rocent Deve-logmeut.

Druyvesteyn {1930, 2.f.Phyeik 64, p.790) employed two successive
graphicel &ifferentiations, ‘l'h-i‘s' process can;hovever, lead to quite large
errors, and Sloans and HocGregor (1934) devoloped a method,suggested first
by Emeleus, of superposing a emall alternsting e.m.f. on the ste‘aﬂy'probé.
potential., Emeleus roports difficulties with this method caused dy interaction
of tha altornating e.m. £, with the plasma, Gas discharge plaamaa are prolific
scurces of noise and oscillations, and differont:lating circuite accentuate
thess, making double differentiation uesing two networks genernlly mﬁoesible.
It &5 possidle,however,with care,tc odtain the first differentinl coefficient
(of the prode current signal with respect to the probe potontial opplied in a
time dependent mauner) by this method and then to uss graphicel differentiation
once only,vhich reduces labour aad error considerably.Plasma oscillations
may be s0 bad as to render the oscilloscope trase unintelligible,but at the
eame time any other method available will be no more meaningful, (Smithers,
1962, "Blectron Snergy Distributions in Gas Discharges™,J.Sci.Instrum. p.2l.)
Author's _E_géomondattons.

At the present state of this work any proposals are ossentially of
a very tentative nature. The material quoted in the preceding peragraph only
enhances the author's opinion that attempts at laboratory simulation should
be discontinued in favour of building equipment which can be flown = a "suck
4t and gee” approach., This sesms the only basis for determining whether the
proposed method for studylng anbient fields = sinultaneous determinations of
space potential st two points -« is or is not practical. It has the following
nerits, |
‘. The technique propoesd is a familiar one in space experimentation, so
there is no need to wake a design stndy apart from the development of new
circuitry,
ii. Even if no infornation is obtained abont ambient fields, the trisl
would not be a waste of money, ag it should be quite easy to arrange matters
so as to obtain the information normally available from rocket-borne probes.
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14 4s not necessary to discues the relative merits of the proposed device

and éxisting methods for field study because of the general agreement in

space research that it is extremely desirable to msasure given spac,e- parameters
by more than one techrigque, ' :

(1% mnst be borne in mind that the results of a parallel study at the U, S.A.P.
laboratories are not available at. the time of writing,vhich circumstance

makes the above remarks even more tentative,)

An Addit:.onal Acknowledgnent.

, The: final chapter has bocn written only after. the completion of the
typing of the rest of this work. Tho author is now vorking at the Electrioal
Research Association,leatherhead,Surrey and has profited from the Information
Service here during the final revision of this wotk. Hr. L.A.King provided
information on arc physics which inwonei re=writing chapter 2,and also he
very kindly read through the draft of chapter 2 vhen it was completed,

CONCLUDING REIARKS,

. " Phe suthor hap been pleased to attempt the task of introducing s

Bew branch of atmospheric electricity reloarch in the departmont vhere this
vork has bccn undertaken. o chow that it is pot outside the proper scopc of
atmospheric elcctricity-. the following quotation is given from. the introductory
remarks to the proceedings of the second confcrenco on atmospheric elcctricity
{Few Bampshire.1958):- Pechnology is nov pressing so rapidly after fnndamental
knovledge that we are bcing urged to ansver practical questions vhich are at
the same time t‘undamental. The probleml of ionic drag on satellite vehicless
iom.c propulsion of space vehiclcl.space-charging of space vehicles as a result
of solar radiation: these and many other similar problems are of immediate

and practical interost,and our scionce is being taxed for answvers., In the vox-y
near future we will have to answer = multitude of questions about eleetrical -
f‘iclds in space and in the aimosphere of the other planets, The classical
ficlds of inquiry in the electricity of the terrostrial atmosphere,in cloud
physics and weather modification remain an essontial part of geophysics.
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