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ABSTRAGT

if & small signal A,C. voltzge is superimposed on the D.C. operating
voltage of a gaseous discharge regulator tube, it is observed that there
is a large time lag between the flow of the resulting A.Cs current and
the applied voltage.

The magnitude and phase angzle of delay of the small signal A.C.
cuwrrent was determined in function of frequency, D.Ce glow current, and
voltage by means of bridge measuremcnts. The effects on the variational
current of electrode configuration, purity of the gas, and cathode temper-
ature were observed.

It is concluded that the time delay of variational current in refer-
ence to applied variational voltage is due principally to the build=-up

time of ionization. A simple mathematical theory of the time delay

mechanism is worked out for certain types of discharges.
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TIME DELAY OF VARIATIONAL CURRENT
GLOW DISCHARGE VOLTXgﬁ REGULATOR TUBES
I, INTRODUCTION
A number of papers have appearéd in the literature giving measure=
ments indicating that there is a time delay between the flow of the
variational current and the application of a small slgnal variational

1,253,k When a glow

voltage to a glow discharge voltage regulator tube,
discharge regulator tube is used as a component in an electronic circuit,
an accurate theoretical-analysis of the circuit must include the effects
of the delay current on the action of the circuit, 35k

The research described in this report was an investigation of the
causes of the time deloy of sm2ll signel variational current in the
voltage regulator tube, The tubes were operated in the normal D.Ce glow
discharge region, and & small signal alternating current voltage of from
LLO to 100 millivolts was superimposed uﬁon the normal D.C. operating
voltages The magnitude and phase delay angle of the resulting small

signal alternating current was then determined.

.1 H. Gowchn ¥On tho NoneStationary Gascous Discharge," Annalen Der
Physic, 20:60L, May 1934

2 G, M, Kirkpatrick, "Cheracteristics of Certain Voltage Regulator
Tubes," Proccedings of the Institutc of Radio Engineers, 353487, May 1947

3 Fulvie Iannone and Howard Baller, "Gas Tube Coupling for D.C,
Amplifiers," Elcctronics, 1982106, Octe, 1946

4} We Cq¢ Curtis, "Transient and Low Frequency Response of Electronic
Voltage Stabilizers," Harvard University, 19L9
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The effects of clectrode configuration, tcemperature of the cathode, and

- purity of the gas on the delay current were obscrved.
% II. PREPARATION Or THE EXPERIMENTAL TUBES

The clectrical characteristics of commercial gaseous discherge

voltage rcgulator tubes vary considcrably from tube to tube of the same

manufacturcr axcept for a very rccent design of tube based on the work

5)6,7

of Jurrisanse, Penning, and lloubis, The instability of operation
of glow discharge regulator tubes is due to contamination of the cathode
; by gascous impuriticse The glow itsclf has a tendency to remove this

contamination of tho cathodce On the other hand, gascous impuritics

] . comning from the glass walls of the tube ter 1 to again cortaminate the

E cathode, The result of these two opposing actions is to makc the glows
ing spot on the cathode change position in an crratic fashion and to
change the sterting and operating voltages.

7

Penning and Houbis ' point out that a tube containing a carcfully
clcancd molybdenum cathode charged with a few centimeters of ncon gas
may bo preparcd in such o way as to give very stable clcectrical charace

‘ : teristics,

5 T, Jurrlaanscy, Fe M, Penning, and Je He A, Moubis, "The Normal
Cathode Fall for Molybdcnum and Zirconium in thc Rarc Gascs," Philips!
Research Reports, 18225, April, 1946

8 . 6 T, Jurriaarse, "A Voltoge Stabilizing Tube for Very Constent
¥ - Voltage," Philips! Technical Revicw, 82272, Scpt., 1946

7 Fo Mq Penning ond Je He Ae lovbis, "Ihwe Contraction Phenomenon
in a Necon Glow Discharge with lolybdenum Cathode,” Philips?® Rescarch
Reportu’ 1:119, Aprl.l., 1946
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The experimental tubes used in this stuqy'were all prepared acw
cording to the methods of Pennimz and Moubise The cathodes of all
of the tubes were constructed of molybdenum, After the cathode was
mounted in the envelope, it was very carefully cleaned chemically
with a solution of two parts concentrated nitric acid, threce perts
concentrated sulphuric acid, and onc part water, The cleaning so-
lution was then ncutralized with a 15% solution of sodium carbonate.
The tube was rinsed with tap water, distilled water, and alcohol, It
was then dried with a vacuum pump. Aftcr the tube was clecned, it
was placed on a vacuum system using an oil pump and liquid air trap.
It was pumped to a pressurc of at least lglO‘émm after a thorough
boking in an oven and after thg cathode had been héatcd to incane
descence by induction hecating apporatus,

The tube while still conrected to the liquid air trap; was then
filled with commercial spectrographically purc ncon to o pressurc of
40 mm of mercury, This pressurc was measured by an oil manomcter,
The o0il uscd was Octoil S, and it was degassed by hecating it under
a vacuume After filling with ncon the tube was sealcd off.

When the tube was carcfully mrepared in this manner, the con-
traction phenomenon as described by Penning ond Moubis took place
when a glow discharge of about 10 milliamperes was initiateds As &
final action in the preperation of the tube, u currcnt of 100 to LOO
milliampercs was pesscd through the tube for o continuous period of

about a wecke This caused cothode matericl to be sputtered on the
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walls as an opaque metallic £ilm which protected the cathode from cone
tamination by gascs released from the walls, The cathode is at a bright
rcd heat during whis process and is, thereforcy; quite well degasscde
Any adsorbed gases on the cathode are removed hv the ionic bombardment
and by the heat,

Expcrimental tubes preparcd in this manner displayed very stable

“electrical characteristics when operated in the normal glow discharge

région.
III. PHYSICAL APPELRANCE OF THE GLOW
When the glow of the discharge tube was cxamined, it was found to

have certain physical appearcnces which were different from those con-
sidered normri. There was no daxk space and the negative glow extended
from the cathode for a disfanco of sbout onc millimeter. The intonsity
of the light in this rocgion was constante. The light of negative glow
dics out slowly in thc Faraday derk spacc and has a red color in this
region indicating that the gas is quite pure and that metastable ncon
atoms are prescnt,

| When the light of the negative glow is viewed through a spcctroscope,
all of the important arc lincs aro visible and no impurity lincs can be scine
A measuring microscope with a rcsolving power of +001 millimeters was used
in an attompt to obsorve the derk spocc of tho discharge but none could
be found.’

8 Mo Jo Druyvesteyn and Fe. [is Penning, "Electrical. Dischargcs in
Gases," Reviews of Moderr. Physics, 123130, April 1940
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IV, VARIATIONAL CURRENT AND PHASE CHARACTERISTICS
Measurements of the delay charactepristics of the glow discharge
tubes were made on a conventional Hay Bridge so arranged thet the direct
current and voltage necessary for the operation of the tube in the normal
glow discharge region could be suppliede. The equivalert conductance and

susceptance of the glow discharge'were neasured, and the nagnitude and
phage angle of delay of the variational current with reference to the
variational voltage were computed, Figures 1, 2,Hand 3 show the vari~
ation of the magnitude and phase angle of delay of the variational current
in reference to the variational voltage across the glow tube., The small
signal voltage across the tubce for these measvrements wac maintained at
LO millivolts.

The experimental tube used for these measurements had plane parallel
electrodes 2 cm square spacel 6 millineters apart, There was no positive
column or anode glow in the discharge spaces. A direct current of 30 milliw
amperes completely covered the inner cathode surface with glow. A stable

discharge current as low as two milliamperes couvld bé.maintained. The
glass cnvelope was about 15 centimeters in diameter. This dimension was
made large so tﬁat the enveloﬁe would not affect the characteristics of
the discharge, The tube was filled with neon to a mressure of 3043 milli-
metcers of mercury.

From Figures 1 and 2 it will be noticed that at high frequencies

the variational currents decrease with a decrease in the value of the

D.Ce glow current, At low frequencics th's is not the casc., In Figure 1,
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the variational current for 15 milliamperes DsCo, is less than that for
10 milliamperes DoCe The size of the glow spot at 15 williamperes DeCe
is of course larger than that at 10 milliamperes, This indicates that
some factor other than small perturbaticns in the ionization is producing
the current,

An examination of tne phasc angle of delay of the small signal current
in relation to the applied voltage siiows that the angle decreases with
frequency for high glow currents and increases with decrcases in frequency
for the lowest current, It would secn that the mechanism of the low
frequency time delay at low glow cwrrcnts is not the one effective at
high currcntse At high frequencices, the delay angle is about the same
for all D.Cs glow currents which indicates thot here the same mechanism
of delay is operating in all cases, It is clcar, also, that the mechanism
involved is not based on a constant timc delay cxcept for possibly the
highest glow currents,

V. EFFECT QFF ELECTRODE CONFIGURATION ON
VARIATIONAL CHARACTERISTICS

In scction IV, the variational currcent characteristics of a glow
discharge tube with plane parallcl clectrodes was discussedes It was
thought that there was a possibility that the electrode shape might
have some effect on the mechanism,

If the anode is a small wire located in the tube axially with respect
to a plane circular cathode, the variational currert characteristic differs
little from those for the plane parallel casc provided that the current

density is not so high as toc cause an anode glow. At the currents of a
g g
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normal glow discharge, this condition is easily met.

Referring to Figure 3, it will be noted that as the direct current
of the glow is decreased from 30 to 5 milliamperes, the phase angle of
delay of the variational current increases to quite large values, Two
physical factors related to the glow spot size should be noteds Cne of
these 1s the fact that as the DsCe glow current decreases, the spot
size decreases in direct proportion, If 30 milliamperes of glow current
completely covers the inner suwrface of the cathode, then a 17 milliampere
glow current would cover only half of the cathode surface, This means
also, that at this glow current, onewhalf of the cathode surfate is not
covereg by glow. If metastable atoms of neon escaping from the negative
glow which possibly could not survive a transit to the cathode surface
in the area directly under the spot are now able to strike the uncovered
parts of the cathode, electrons would be ejected from the cathode by
thesc atorise There would be a considerable time deley in the arrival
of these metastable atoms at the cathode since they travel by thermal
diffusion. This could possibly be thc cause of the time delay in the
tube at low frequencies;

The other physical factor related to glow spot size is connected
with the idea that the glow spot size is essentially circular., As the
glow current decreases, the cross-sectional area of the spot decréases
as the radius squared while the circumference decreases directly with
the radius. If the loss of charged particles through the circunference

of the glow spot 1s important to the efficiency of the ionization process
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in the glow,.then i% would be reasonable to expect the buildeup time of
small perturbations in ionization caused by the varlational voltage to
be longer as the spot size deercased., This might be a possible cause
of the declay,.

As a check on the sccond of thesc factors, a tube was designed in
which the edge of the spot, through which ions frum the discharge could
escape without taking part in the discharge, would be of constant length
as the spct increased in size., This was accomplished by using a cathode
of 2 millimeter molybdemum tubing about 8 centimeters longe The anode
was a 0,6 nillimeter wire running parallel with the cathode and separated
fron it by 5 millimeters, This tube was prepared in the usual manner
and was thoroughly sputtered alfter the contraction phenomenon took place,

The discharge olways began at one end of the cathode and spread
along it as the D,Cy¢ glow current was increcascds Twelve milliamperes
of glow current completely covered the cathodee The gas pressure of
neon in the tube was 37.4 millimeters of mercurye The length of the
edge of the discharge was always approximately equal to the perivhery
of the cathode. The glow then.alwmys had a constant length of edges
through which charged particles from the discharge could be lost, regard-
less of the size of the glow spote.

Figures I} and 5 give the rcsults of measurements of this tube, It

will be noted that neither the amplitude nor phase of the variational

current varies as greatly as in the casc of the tube with plane clecctrodes,

The shape of the phase angle curves in Figurcs 3 and 5 indicates that the




*5pOY3 LY TROTJIPUTTAD © U3TH aqny MOTS © Jo ‘xoqoureaed ® se
JuaImd MOT3 *)°Q YT ASucnbair yo woTqouny UL ‘3USAMO TTUOTQBTIBA OUJ °ff *St¢g
LU Pl .ﬂh_q _-._-._-_Uhav - AQ_QN‘-QHH\
L i [ [ stot 14 o ood [ [ or [
& Bt PO Mckir B o
5 Pr— L ,.......r.r-a.u.r Rt 8 = [ 4
i .....ltll..: .........l)..f =l
-’-Itl....l.......“....!....f............,/!... .../-lll.-l.l i ..-.r.....-._!
Yoy, Wi N - §
e ¥ il e 7 Teu,
[~ P e b0 l....l.-.lr ...l.irull. m
~ i o TR . S J
7 ~ L4d .l-l.llllll e - 2
Sl /. Y e 2
./1 e llg.l.’l.rlr ~
/ [~ / ~
—- S e S orr
.AII 11 ~ s .jrtll!: :ll.]v. M
-~ ~ |-.-.l_lll_tcf lr’ / »
/ “~ T — S " / ~
lvf’ llllcvnlll_llai M
/ Pt 17‘ g
/ s B ™
-~ .llllll_-.lll.._ - ”
v‘// l.l.'..........l.......... W
/ L 1 m
i X
»
Y
™
QJ(.I/
.._...._._.-l-ll"ll b
i
’ + ’ ’ ’ ] 2 m
| et |




*apoYRo TTOLIPUTTAO B Y3THM oong #MoT3 © Jo faeqerreaed © sB quod IO MOTZ *0°C UFTM

Rouanboay Jo UOT4OUNT UT ‘jusiand TRUOTARTICA a3 Jo feTop Jo afdSue oseyy °§ °*3Td
ANOO IO ¥Ry $ITIIUA) - AININO IV Y
Q_t... o090/ soes so0g 0007 oo0r vod 005 oor i d .Jﬂ.

-
-
-
-

a’

or-

223993Q - 17Ny




w5

same mecnanism is active in both cases at frequencies above 5,000 cycles
7 and that a mechanism active at about 1,000 cycles in the plane parallel
case is not effective in the cylindrical cathode case wntil atout 300
cycles., It would seem that at 2,6 milliamperes the spot displays charac~
teristics in the ¢ylindrical case which are similar tc the case of the

rlene perallel electrodes at 10 and 20 milliamperes,

VI. EFFECT OF ARGON IMPURITY
It is well known that metastable neon atoms of o glow discharge are
very efficiently destroyed by introduction of a few tenths of a per cent
of argon. This is due to the fact that the ionization of argon is 15,69 3
~ volts while the two metastable states of neor. are 16,67 and 16,76 electron ,
volts. If metastable atoms arc striking the cathode in appreciable numbers
and are producing delayed currents as a result of the fact that they travel
to the cathode only by thermel diffusion, it should be possible to reduce

the delayced current considerably by the introduction of small amounts of

argon,

To examine this idea experimentally a tube with plane parallel elec~
trodes two centimeters square and separated by (¢ millimeters was used,
A side tu e containing a breakable capsule of argon was attached t¢ the
experimen: al tube., The side tube was provided with a barium gottér,

which was flashed after the main tube was charged, to prevent any gaseous

o impurities evolved by the walls of the side tube from entering the main

discharge tube. The contraction phcnomcnon was obtained in the main tube

and the walls werc thorougnly sputtercde A sorics of measurcments were
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made of the delay characteristics of the tube for the pure neon discharge

for various values of glow current, Characteristic curves such es thnse

of Figures 1, 2, and 3 resultcd,

The argon capsule in the side tube was then broken, and the nature of

the discharge changed radically, The tube was being cperated at ten

milliamperes of glow current. When the argon was introduced the glow

current increased to about 12 milliamperes, The glowing spot which }

covered about‘one-third of the inner surface of the cathode spread over

beth the back and fiout of the cathode. The D,Cs operating voltage

dropped from 10 to about 91 volts which is characteristic of a neon .

discharge with a smhll impwrity of argon. . !
The argen capsule contained enough gas to produce & O.l4 per cent 1

impurity. A new series of measuvrements were then made on the discharge

tube to determine the time delay of the variational current.

Although the introduction of the argon produced spectacular changes

in the physical appearance of the discherge, it made little differcnce ﬁ
in variational characteristics., Figures 6 and 7 give the results of
the introduction of the Q.4 per cent argon impurity, Note that at low

frequencies the argon ccuses a decrease in the amplitude and o decreese

_in the phase angle. th of these; however, are small. In the midband
of frequencies the varilational amplitude increases with the introduction
of the impurity., At high frequencies there is no effect on the amplitude,

There is; however, a greater phase delay at the high frequencies,

If metastable neon atoms are playing z major role in the production
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of the variationsl current, it would be expected that this current would
& decrease very radically at about 100 cycles, There is only a 5 per cent
decrease, The phase angle decreases from 29 to 2 degreess
A metastable atom striking the cathode will almost always produce
an electron whicn will go on to produce an avalanche. On the other hand,
a metastable atom lonizing an argon atom produces an electron but since
it 1s not necessarily at the cathode; it will not prodﬁce an electron
avadanche. The positive ion so produccd will have a chance of gbout
one in twonty of producing an electron when it stidikes the cathodes
Therefore, it is.clear thnt since the introduction of argon does not
change the variational currcnt a grecat dcal, the metastable atoms must
¥ not be carrying out a major role in the production of thc variational
CUrrciive
VII. EFFECT OF CHARGES ON THE WALLS
Somg charge carriers of any gascous discharge move to the walls and
are loste Very often metastablcs have lifetimes sufficicnt to reach the
walls and sometimecs are produccd closc to the walls by radiation from the
discharges Since it wus possible that the walls may have played a part
in thc production of the deloyed variational current, a tube was cone-
structed with an envelope of 30 millimeter glass tubing and a cathode
2l millimeters in diameter was mounted in the envelope perpendicular to
the axis of the envclope end 3 mill mcters from the walls. Therc was
a one ccentimeter-six~tenths millimeter diameter wire slong the axis of

the tube as an anode. A small wire was z2lso scaled into the wall of the
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envelope Iin process of preparation of the tube. Here again in the prepa-~
ration of this tube the contraction phenomenon was obtaineda

In this tube it was found that there was a D,C. voltage of the walls
with respect to the cathode such that thc net current to the walls was
zeros This was to be expecteds In the tube tested, it was about 4845
voltse If the potential of the w2lls was chenged by as much as 10 volis
plus or minus from this value, there was no noticeable change in the
value of the variational current. This led to the conclusion that the
walls, even when close to the disciharpge, had no important effect in the

variational characteristic of the tube,

VIII. EITECT OF THiPERATURE OF THE CATHODE

In the process of periodically sputtering the tubes at glow currents
of about 300 milliamperes, the cathode is heated to a cherry red colors
If the glow current is suddenly reduced to a normal value of say 5
milliamperes, it is observed that the glow covers the entire cathodes
The glow contracts as the electrode cools, and returr.s to its normal size
for a 5 milliampere current in about 5 minutes, This suggests that the
temperature of the cathode may affect the amplitude of variational current
and ‘the phase angle.

To investigaté this phenomenon, a tube was constructed with a helical
cethode of 0,7 millimeter molybdemun wire., The diamecter of the helix
was 10 millineters and a wire anode was located at its axis, The turns
of the hellx were very close topether and a circular spot covering about

ane~fourth of the swrface formed on the inside of it when a 5 milliampere
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glow current was passed. Both ends of the helix were brought through

a press, and it was possible to pass a current through the helix, A
DCe current of 10 amperes causcd the helix to have a dull red color
and 15 milliamperes nade it incandescent., If the 5 milliampere glow
current was held constant and heating current started, it was found
that the glou spot completely covered the helical cathode when its
tenperature approached inccndescence. If it is assumed that the energy
of the discharge is principally dissipated at the cathode, it would be
possitle to compute this cnergy and determine the values of D.Ce helix
current which would produce the same cnergy at the cathode, Figure 8

is a plot of the relation of variational current to D.Ce glow current

in the curve marked with circles, The cuwrve marked with crosses shows
the effect on the variational current of heating the helix with filament
current, In thic case the glow current was held at 5 milliamperes. The
breal:s in the curve are due to the fact that the cathode is composed of
& closely wound helix which did not act as a perfectly smooth cathode.
The glowing spot on occasion jumps to 2 new position as the heating or

glow current varies because the cathode is not smooth.

Figure 9 shows the relation of variational voltage to the temperature

of a liquidecooled cathode. The experimental tube is that described on
Page 8 of this report. The cathode consisted of a molybdenum tube through
vhich a cooling liquid could be passed. The glow current was l; milli-

anperes, the variational voltage 100 millivolts, and the frequency was

500 cycles for these measurerents.
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It is clear from both of thesc measurements that the variational
current is linearly related to the temperature of the cathode. Because
of the very small changes in variational cwrrent for the sort of vari-
ations in temperature of the cathode expected under normal overation,
it was felt that temperature wvariations at the cathode could not be the
major factor in the production of the time dclay of the variationzl current.

llention should be made of the fact that the investigators were con-
scious of the fact that the data ol Fipgure 7 was influenced by the small
voltage drop of some ferr tenths of a volt which existed along the cathede
due te the glow of filament currente This voltage drop did have some
effect on the variational current as could be verified by reversing the
heating battery connections to the helix. However, the effect was small,

IX. STIFLE THEORY CF THE VARIATIONAL CURRENT OF THE
CI. W DISCHARGE AT HIGH CURRENTS

An examination of the curves of Figures 2, 3, L, and 5 shows that
the amplitude and phase relation of the variational current to frequency
is simpler for ﬁigh glow currents than in the cases for low glow current.
This is particularly true for the delay angle. The highest glow currents
were those which just covered the cathode with glow. For the lower values
of glow current In these measwrements only & small portion of the cathode
surface was covered with the glow,

If it is postulated that the large chenges in variational current at
low frequencies as compared to those at high frequencies is due to the

fact that at low frequencies the spot has time to expand and contract
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with the variational changes in voltage, this would account for the large

rise in variational current at low frequencies and low glow currentis.

At high currents the spot cannot spread because the cathode is already
covereds At the edge of the glow spot for low currents, the discharge
is barely gble to maintain itself and will therefore increase and decrease
in size for very small changes in the voltage of the discharge, This is
why the D.C. discharge voltage remains essentially constant over large
variations in glow current, On the other hand, if the glow completely
covers the cathode, the spot is nolt able to expand to the point of deli-
cate balance mentioned for low currents, Therefore, small perturbastions
of the voltage at low frequencies will not produce large changes in vari-
ational current when the cathode is covered by glow.

The variational current at low frequencies and high current must be
produced by the same meahcnism which produces this variational current
at high frequencies for all currents, Note that at high frequencies the
amplitude and phase of all variational cwrrents merge in Figures 1, 2, 3,
i, and 5 which indicates that the same mechanism is operative at these
frequencies., The glow discharge which cr..nob change size with variational
voltage will be referred to as a constrained discharge. The process of
expansion and contraction of the glcw is slow, When the discharge is
viewed tﬁrough & synchronized shutter, thec spot can be seen to expand
and contract with variational woltage at low frequency but steadily

decreases in amplitude with increases in frequency and ceases at about

700 cycless A discharge is therefore constrained if the frequency is

T




ebove about 700 cycles, The discharge is also constrained if thc glow
completely covers the cathodes Here the glow cannot expand and contract
with variational voltage because the spot cannot expand under the influ-
ence of the D,C. cperating voltage to the point where the discharge at °
the edge of the glow can varely maintain itself,

A simple theory has been worked out for the constrained discharge.
It is assumed that as a result of the superimposition of a small A,C.
voltage on the D,C, operating voltaze of the rlow discharge, that positive
ilons are releaséd from the potential maxinum of negative glow in much the
same manner that electrons are releascd from the votential minimum in a
vacuum tube Wy a change in platc voltage. These positive ions travel to
the cathode and release electrons whichh in turn produce more positive
icns which again travel tc the cathode causing the releaéo of nore
electrens and continuing the processe It is further assumed that some
gverage transit time Trelates the time of arrival of succeeding groups
of positive ions and that the magnitude of each group is related to the
preceding group by the factor e~ oc”

Under these conditions the current' of ions released at the negative
glow can be described asIo ejk:t » These ions release electrons at
the cathode which produce a positive lon current ./ o e"wié"“ fe"‘“?
The factor e-Oc rreprescnts the dyins out of the disturbances The

w7

factor e” represents the time delay between prilses of lon current at

the cathode, The total current at the cathode is

* ¢ 1 t‘ E > o
zzzo{erw{r o7 r‘/' KTy -2 T, zczr+w}(1)
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The real part of the current is

g Loll-p Cos w7/ (7)
R " .
Vo prepCosw i/

The imaginary part of the current is

‘Z‘ i~ -20 ~ s ar R 77 (8)
AT 7~ :
22 - /-

Most measurements show a maxinum value of IL o« To compute this we take

o w

from which we find

Cosws = :?--4—77—_'- (9}

and

Sinvw? = LA A ey 2
fg‘l-.;-./ ﬁtf/

The second of these roots is physieally realizable., At the point where

(10)

I;, is maximum

That is, the ratio of the real to the quadrature components of current
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ilons reaching the cathode.

The factoer '7’ can also be calculated by the equation

( os .- ' (12)
L. P o+ 4
f/
The measurec curves of amplitude and phase delay angle for 12 millie
amperes in Fisures Ly and 5 will be used to check the theory.
Figure 10O shows the incasured values of the real and quadrature com-

ponentg of variational current in the glow discharge tube, The cathode

was fully covered at 12 milliamperes ,and the discharge was therefore

constrained. HNote that the meximua value of I; is ab 1500 cycle~ per
second. The ratio of Tp te T; yields the value of -p equal to CeéLS and

a value of T equal to heliS x 10"5 seconcis. The equation was fitted to
the curve by computing I, from the equation for I, at 1500 cycles,
Figures 10, 11, and 12 show thc relation of the theoretical curves
to the measured curves for 12 nilliamperes., The fit at frequencies
below 1500 cycles for the ampliitude and phase angle is excellent. The
amplitude curve is good to 19,000 cycles as chown in Figure il while
the calculated phasz avgle curve is a very poor fit above 4,000 cycles

in Figure 12,

is the ratds of the amplitudes of
successive bunches of ions arrivin;; at the cathode, aid the value of

'hich is the average transit timc of the ions, indicate that ilous

due to a variational disturbance die out to one per cent of their mitlal

value after about ten transits, Therc is no data available to check the
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Q=

transit time,

One of the failures of this theory is that it predicts a periodicity
in the ampiitwdie of the variational current in function of frequency.
From the constants of the cwrves of Figwres 10, 11, and 12 the theory
shows that the amplitude of the variational current should be a maximum
at zero, and integral multiples.of 22,500 cycles. These peaks in ampli-
tude have not been detecied in a nuwaber O ablenvts. ‘inis faiiure of
the theory is probably due to the fact lhal positive lons are produced
throughout the dark space and will not have a common itransit time, A
mathematical theory following the work of Kyruithof 7 will give a solutlon
The solution does not give as good
a fit to the measured curves.

X. VARTATIONAL CURRENT OF LOW GLOW CURRENTS
AND LOW FREQUENCY '

At low glow currents the stability of the giow on the cathode depends
on a very critical balance. The spot spreads until at its cdge, the dis-

charge is harely able to min‘bain itself. As a

resul

o+

of this very deli-
cate balance between charged particle losses and production; any change
in the volbage of the glow such as the superpositicn of a suall A.C,
voltage will mcke relatively large changes in the current. Since thkere

iz a balance between losses and production of charged varticles at the

_edges of thc discharge, one would expect the spread or decay of the glow

——e s 4w o ms s A mmem
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9 A, As Kruithof, "Timec Lag Phenomena in GaseFilled Photoelectric
Cells," Philips! Technical Review, L3152, Feb,, 1949
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and

(21)

at the edges of the spot to be very slow. A reasonable assumption would
be that if any increase in operating voltage i1s appllied through the appli-
cation of a variaticnal wvoltage, the jonization wculd increase at the
edges but so would the losses, It i3 for this reason that the spread of
the glow is at a slow rate,

Reference to Figure 1 shows that the varlatiocnal current at low

glow currents Incresses rather rapidiy with decreases

de
5
1=ty

equency. iAi

-
v *

%

bears out the conclusion that a process which is very siow is in operation.
The process described in the preceding paragraph may be the mechanism,
If it is assumed that the variational currcnt

2 = f (% ) (13)

then

o £ (1)

P (15)

Experimental measurements will give some idea of the functions on
the richt of Fauatien 1E. Fioure 13 shows the rathor remarkable relation-
ship between variational curreat ond voltage for a glow discharge. From
this data it may be concluded thet the spread of the glow at low free

quencies is proportional to the magnitude of the weorintional voltage

4 R A K2 4 i A
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(22)

gsince it 1s reasonable to assume thzat the tarrent density distribution

- ag the glow spreads is the sane, That is, the velocity of the spread

of the glow

dx =ke
—_—l. = 6
IE (26)

where e is the variational voltage and k is a constant. It is assumed

that the second term in Equation 15 is the erivative of the current
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the rate of change of variational current ihile the glow is not allowed
to spread. This is the constraired d:l;.schargea The solution of Equation

15 would be of this form

I PN ¢ . [ 20 Af

(17)
It is assumed that the second integrsl is iguation 5. The solution
cannot be completed because there is no information on the current density
distribution of f;he glow at the edges and thc first integration cannot

~ be carried out, If it is assumed that thccurrent ‘density distribution
at the edge qf the sppt is an exponentially decaying function, the first
integration of Equatién 17 can be carried sut. The resulting éolution

while of the correct feowm iz 2 very poor 8% ic the data.

i —

-It is concluded, as a result ‘of this skudy, that the time delay of.
variational current in reference to the apilied veriational voltage is

the result of the buildeup time in ionization. This is true at high
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(23)

and low frequencies and at high and low D.Cs glow currents.

The temperature of the cathode seems to have no major effect on
the time delay.

Electrode configuration is not an important factor in the response

curves of the variational currents.

discharge. Metastable atoms, however, play only a minor role in the
variational discharge characteristics as 1s borne out by the data of
Figures 6 and 7.

There seems to be no way to eliminate the large time delays inherent
in glow discharge voltage regulator tube. If it were possible to elimi-
nate these effects, the usefulness of the glow tube in electronic cirecuits

as a circuvit elemeht'would be greatly increased.
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