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This paper studies the stratification conditions of the positive column of the dc glow discharge in nitrogen in tubes of various radii. In
each discharge tube the striations are observed in closed regions with respect to current and applied voltage values within the limited
range of gas pressure values. We revealed that the first striation (counted from the cathode end of the positive column) was clearer
expressed and it possessed the maximum thickness. Striation length is weakly dependent on discharge current but it decreases with
gas pressure growing. Again the striations with a large order number (counted from the cathode edge of the positive column) possess
lesser thickness. We find out that positive column stratification obeys similarity laws well. The extinction curves and striation
existence regions registered in different discharge tubes and plotted against the product of gas pressure and inter-electrode distance
pL coincide. Reduced striation thickness d/R (striation thickness d divided by tube radius R) in different tubes also is in good
agreement with each other when plotted against pR. We observe that the reduced striation thickness obeys the Goldstein-Wehner law
d/R = C/(pR)", the constants for nitrogen being C = 1.05 and m = 0.32.
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CTPATU®IKALIAS IIO3UTUBHOI'O CTOBIIA PO3PALY IIOCTIAHOI'O CTPYMY B A30TI
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V wiit poborti Gynu nocnimkeHi yMoBH cTpaTrdikamil MO3UTHBHOTO CTOBIIA TIII0YOro PO3psiLy MOCTIHHOrO CTpyMy B a30Ti B TpyOKax
pisuux pagiyciB. [loka3zaHo, 110 B KOXHii po3psaHiii TpyOLi CTpaTH CIOCTEPIralOThCsi B 3aMKHYTHUX OOJACTAX MO CTPyMy i
MIPUKJIAJICHIA Hampy3i B 0OMeXEeHOMY Iiama3oHi THCKiB razy. OTpuMaHO, IO Iepia (3 KaToJHOTrO KiHLS MO3UTHBHOTO CTOBIA)
cTpaTa SCKpaBillle BHpaXeHa 1 Mae HaHOUIbpIIy AOBXKWHY. TOBIIMHA CTparT ciabo 3aleKUTh Bi PO3PATHOTO CTPyMy, aie
3MEHILYETHCS 3 POCTOM THCKY ra3y. TakoX CTpaTH 3 BEJHKHM IOPSIKOBUM HOMEPOM (Bifl KATOIHOTO KPaK MO3UTHBHOTO CTOBIIA)
MalOTh MEHIIy TOBIIMHY. Iloka3aHo, mo cTpaTUdikamis MO3UTUBHOTO CTOBIA J0Ope IiJAKOPSAEThCS 3aKOHAaM ITOAIOHOCTI.
Cnocrepiraerbest 30ir KpUBHUX 3racaHHs 1 o0iacTel iCHyBaHHS CTpaT, BUMIPSIHUX B PI3HUX PO3PSIHUX TPYOKax i MoOyHOBaHHX B
3aJIeKHOCTI BiJ JOOYTKY THCKY Ta3y i BiICTaHI MiX elleKTpojaMu pL. 3BeneHi TOBIIMHY CTpaT d/R (BiJHOLICHHS TOBLIMHM CTpat d
JI0 pajaiyca TpyOku R) B pi3HUX TpyOKax Takoxk I00pe y3ro/KyHOTHCS MisK CO0010 IpH MO0y I0Bi 1X B 3aexHoCTi Bia pR. [TokasaHo,
1110 3BEJICHI TOBIMHK CTPAT MiJKOPSIIOTHCS 3akoHy [onpauireiina-Benepa d/R = C/(pR)", npu upoMy aiist a3oty koHcrantu C = 1.05
im=0.32.
KJIFOYOBI CJIOBA: tirounii po3ps/ MOCTIHHOTO CTPyMy, HO3UTHBHUH CTOBII, CTPATH, a30T, HU3bKUH THCK.
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B nanHo# paboTe ObUTH MCCIIeOBaHbI YCIOBUS CTPATH(UKALMH MOJ0XKUTEIFHOTO CT0JI0a TICIOIIEro pa3psijia MOCTOSHHOTO TOKa B
a30Te B TpyOKax pa3znuuHBIX paanycoB. Iloka3aHo, 4To B KaXKIOH pa3psaHOi TpyOKke cTpaThl HAOMIOAIOTCSA B 3aMKHYTBIX 001acTsX
110 TOKY U NPUJIOKEHHOMY HaIlpsUKEHHIO B OTPAaHHMYEHHOM AMana3oHe AaBieHuil rasa. IlomydeHo, uro mepBast (¢ KaTOJHOTO KOHIA
MIOJIOKUTENIBHOTO CTONIOA) CTpaTa sipde BEIpaXKEHa M MMeeT HauOONBIIyIo UIMHY. TommuHa cTpar ci1abo 3aBUCHT OT Pa3psmaHOTO
TOKa, HO YMEHBINAETCI C POCTOM JaBJEHHs ras3a. Takxke cTpaTel ¢ OOJNBIINM ITOPSIKOBEIM HOMEPOM (OT KaTORHOTO Kpas
MIOJIOKUTENIBHOTO  CTOJI0A) WMEIOT MEHBIIYI0 TONIMHUHY. [lokazaHo, d9TO cTpaTHdUKanus MONOKHUTEIBHOIO CTOJII0A XOpPOILIO
TIOYHMHSIETCST 3aKOHaM onoous. Habmogaercst coBnaaeHne KpUBBIX MOracaHus M 00JacTell CyIeCTBOBaHHUS CTPAT, U3MEPEHHBIX B
Pa3MMYHBIX pa3psAIHBIX TPyOKaX M IOCTPOSHHBIX B 3aBHCHUMOCTH OT IPOU3BEICHUS [aBIEHHS Ta3a M PACCTOSHHS MEXIY
anekTpoaamu pL. TIpuBeieHHbIE TONIIUHEI CTPAT d/R (OTHOLIEHHE TOJIIMHBI CTPAT d K paauycy TpyOKH R) B pa3jMuHbBIX TPyOKax
TaKKe XOPOIIO COMIACYIOTCS APYT € APYTroM IpPH MOCTPOEHHM UX B 3aBUCHMOCTHU OT pR. Iloka3aHo, 4TO NMpUBEIECHHBIE TONIINHBI
CTpaT NOoMUUHSIOTCs 3aKoHy [onpaiureiina-Benepa d/R = C/(pR)™, nipu sToM 11st azota koHetauTsl C = 1.05 u m = 0.32.
KJIFOYEBBIE CJIOBA: Treromuii pa3psa HOCTOSTHHOTO TOKA, TOJIOKUTENBHBII CTONO, CTPaThl, a30T, HU3KOE JaBJICHHUE.
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The dc glow discharge is widely applied in such devices of glow discharge as gas discharge voltage stabilizers
(stabilitrons), rectifiers on the ground of glow discharge, as well as gas discharge lasers (neon-helium, carbon dioxide
with nitrogen admixture etc) [1]. Positive column stratification lowers the gas discharge laser efficiency therefore it is
of considerable interest to study the existence conditions of striations and their characteristics [2-6].

The uniformly glowing positive column under certain conditions is split into striations — consecutive bright and
dark regions (layers). In molecular gases they occupy, as a rule, a substantial portion of the positive column whereas in
noble gases they are strongly damped or are in a state of constant motion, and their observation is impeded. Standing
striations can be seen with a naked eye and they are most easily observed in molecular gases such as hydrogen, nitrogen
as well as in mixtures of noble and molecular gases [4,5]. In pure noble gases the steady striations may exist to the
anode side of the substantial plasma nonuniformity, e.g. the cathode part of the discharge, a probe with a large negative
potential, abrupt tube narrowing; however, their strong damping is observed along the column. An eye cannot observe
moving striations because of the large speed of their propagation.

Experimental study and description of standing striations started much earlier than that of moving ones because
one did not require special equipment for their observations. Reviews of papers devoted to research into standing and
moving striations may be found in publications [4,5,7-9]. However, reviews by Nedospasov [7] and Pekarek [8]
devoted only little attention to standing striations. At the same time one can observe standing striations in molecular
gases in the broad range of discharge current and gas pressure values and they are most clearly expressed.

From the viewpoint of plasma technology it is most important to elucidate the conditions under which the uniform
positive column becomes stratified. The authors of paper [6] presented the diagram of various states of plasma
discharge in neon showing the existence regions of the uniform and stratified discharges. Papers [10,11] studied the
moving striations in nitrogen. Conventionally a positive column of the glow discharge in nitrogen demonstrates
standing striations, therefore for observing moving striations an additional electrode was introduced in the column and a
weak alternate voltage of a kilohertz range was applied. Authors of papers [10,11] determined the existence regions for
every type of striations, their phase and group velocities, dispersion curves (frequency of ionization oscillations against
wave number k) and voltage drop across each type of striations depending on discharge current for different nitrogen
pressure values.

Klyarfeld [12] dealt mainly with standing striations and concluded that there is no fundamental difference between
standing and moving striations — they are the periodic repetitions of the local perturbation in plasma in the direction of
the electron drift. Zaitsev [13] studied moving ionization waves and produced them from outside either with an
additional internal electrode or through modulation of the discharge current with the alternate voltage of the frequency
close to that of the waves.

The authors of paper [14] studied the formation of moving striations in neon in experiment. They found that the
striations were formed out of small anode spots usually oscillating with the growing amplitude, increasing in size and
then leaving the anode surface. These striations moved with a high speed to the cathode edge of the positive column and
then disappeared. The author of paper [15] suggested a refined method with which he determined the value of the
critical current (limiting the existence region of striations) in argon and xenon.

In helium, neon and their mixtures the critical current for ionization wave excitation, the dispersion law, the
velocity and the waveform and their dependence on gas temperature were studied in experiment in the discharge tubes
of 1 to 3 mm in diameter [16]. The authors of paper [17] performed the spatial-temporal probe measurements of plasma
parameters in S- and P-striations in neon. Paper [18] proposed a nonlinear model describing the modes of ionization
waves in plasma. This model revealed the hysteresis transition between different modes on changing the discharge
current. S-, P- and R- striations which may be observed in dc discharge in noble gases at low pressure and small
discharge current were studied in paper [19] employing the numerical solution of the Boltzmann kinetic equation.

Authors of paper [20] found out that the layered positive column in molecular gases acquired a macroscopic
instability under certain conditions. This instability manifests itself either in a slow spontaneous displacement of the
layered positive column to the anode with the velocity order of 1 cm/min, or in slow longitudinal oscillations of the
column as a whole. The existence regions of standing as well as moving striations possess a complicated shape. For
hydrogen and oxygen they are given, e.g. in paper [8], and for nitrogen they are obtained in [7]. Comparison between
the existence regions of standing and moving striations shows that standing striations, as a rule, are observed at lower
gas pressure and current values than moving ones.

In noble gases [21] the standing striations in neon exist mainly inside the region free of moving striations (with
current values of 1 — 10 mA and pressure values of 0.1 — 1 Torr). In papers [22,23] evanescent standing striations
were observed in helium, neon and argon with pressures up to 10~ Torr and currents up to 100 mA.

If you intend to elucidate the nature of standing striations, then a question arises on how possible values of their
length d depend on discharge conditions. The length of standing striations usually has the order of the tube radius R and
it decreases with current increasing approaching a certain constant value [4]. Also the length of standing striations d
decreases on increasing pressure p and decreasing radius R according to the empirical law of Goldstein-Wehner [4,24]
(d/R)-(pR)" = const, where m < 1 and it depends on the nature of gas. In noble gases standing striations are usually
substantially longer than in molecular gases, their length exceeding several times the tube diameter especially at low
pressure. Molecular impurity added to a noble gas makes standing striations the shorter the larger is the impurity
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content [25].

Many researchers [12,22,23,26] remark that the striation closest to the cathode somewhat differs from the rest of
them being not only the sharpest but also the longest.

Despite a large number of articles devoted to the research into moving and standing striations in the dc discharge,
the references lack data on the link between the existence region of striations and the regions of appearance and
existence of the discharge itself (its ignition and extinction curves, respectively). Again, the references do not contain a
united opinion about the striation shape. For example, in papers [5,26] the first striation (located at the cathode edge of
the positive column) shines brighter but its length equals approximately that of subsequent striations (located closer to
the anode). However, as was said above, in papers of other researchers [12,22,23] they report that the first striation
closest to the cathode is the longest. Still again, the references do not contain detailed information on the behavior of
each separate striation against gas pressure and discharge current. Therefore this paper aims at studying extinction
curves of the dc discharge in nitrogen, existence regions of standing striations, as well as lengths of separate striations
against gas pressure and current.

EXPERIMENTAL CONDITIONS

In order to study the existence conditions and characteristics of striations in the positive column of the dc
discharge we employed the discharge chambers shown schematically in Fig.1. Measurements were performed with the
tubes of inner radius R =4 mm, 6 mm, 12.5 mm, 27.5 mm and 39.5 mm. We used the discharge devices of similar
design. For example, for the tube of radius 27.5 mm the inter-electrode distance was 395 mm. For other tubes the inter-
electrode distance also was about 14.4 times larger than the radius.

The studies were performed in nitrogen within
the pressure range p =0.05— 0.5 Torr. The cathode Cathode Anode
was fed with the dc potential U, <3000 V. The

resistor of 75 kOhm was switched in series between Gas
the cathode and the dc source.

Before measurements we cleaned the cathode supply
surface igniting a glow discharge in nitrogen at the
pressure of p~0.1 Torr and discharge current of Pumping
I;. =5 mA during 10 minutes. Under these conditions -]
the ion flux onto the cathode is sufficiently high to
remove monolayers of gases, which remained on the

cathode surface after mechanical grinding and R
polishing, but the discharge current is still insufficient @
for producing cathode spots eroding the cathode
surface. We did not employ any external ionization
sources for discharge igniting.

We have taken photos of striations. The obtained
images are downloaded to the computer. In order to
process them any program can be applied which can
separate a rectangular region (Adobe Photoshop,
MBizGroup PhotoEditor etc.). If necessary, the
images have to be rotated if the discharge tube is
located not horizontally but at some small angle. Fig.2
depicts the photo from which you can see how to
determine the first striation thickness. As is seen from
the photo, it amounts around 9.3 mm. In the same
way you can determine the thickness values for the
second striation etc which are usually a little thinner
and dimmer than the first one, but in this work they

Fig.2. Discharge photo at the nitrogen pressure of p = 0.6 Torr
and the discharge current of 1.6 mA.

are not important. The matter is that near the  Anode is to the left, and cathode is to the right. d is the first striation

boundaries of the pressure range you can observe 1-2  thickness. The tube of inner radius R = 6 mm.

striations and further the positive column glow

becomes uniform. Therefore it is expedient to deal with only the first striation as the brightest one, long and existing in

the broadest range of gas pressure.

EXPERIMENTAL RESULTS
The aim of these studied was to clarify the existence conditions for standing striations together with their length
for different current and nitrogen pressure values. Fig.3 depicts the discharge extinction curve U, (the minimum
voltage of discharge burning against the product of gas pressure and inter-electrode distance pL) limiting the existence
region of standing striations in the glow discharge from below. The voltage U,y is the maximum voltage at which the
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striations disappear. At the section of the Uy, curve growing with gas pressure the total length of the cathode sheath,
negative glow and dark Faraday space approached the inter-electrode distance and the positive column disappeared.
Together with it the striations also disappear because they may be observed only in the positive column. Fig.4 presents
the photos of the discharge in the tube of 27.5 mm in radius with a stratified positive column for different current
values. At small current values we observe only 2-3 first striations located at the cathode edge of the positive column.
The rest of the column seems to be uniform visually. However, on increasing the current almost the total positive
column becomes stratified, the striations are readily seen and the column length decreases. And at some maximum
values of the voltage U, and current /., the positive column with the striations disappears completely.

R=27.5mm
2500 - e U
ext
" Uhigh
2000 | R=4mm
—o—U_
> 1500 F Ay
< low
N B
1000 | -
500 | =
1 10 100
pL, Torr cm

Fig.3. Discharge extinction voltage U,,; and maximum voltage of
striation existence Ujg, in the tube of 27.5 mm in radius, as well as
discharge extinction voltage U,,,, minimum and maximum voltage of
striation existence U, and Uy, in the tube of 4 mm in radius against
nitrogen pressure.

a

Fig.4. Discharge photos at nitrogen pressure of p = 0.2 Torr and
discharge current values:
a) 0.7 mA; b) 1.7 mA; ¢) 9 mA; d) 29.3 mA.
Anode is to the left, and cathode is to the right.

At the descending section of the curve Uy, the
positive column did not disappear with the current
growing but the striations were broadened and the
column became uniform. At nitrogen pressure above
1 Torr (for the tube of 27.5 mm in radius) the
striations were not observed in the total range of
discharge current values studied in the present paper.

As the experiments were performed in
geometrically similar tubes then the discharge
characteristics had to obey similarity laws. Let us
check whether similarity laws apply to a stratified
glow discharge.

As we observe in Fig.3, the extinction curves
registered for discharge tubes of 27.5 mm and 4 mm
in radius and plotted to the scale U,,, (pL) actually
match each other. The maxima voltage values Uy,
for the striation existence in both tubes also match. It
indicates the validity of similarity laws in describing
the processes of discharge stratification and
extinction. The descending section of the maximum
voltage Uy, in the narrow tube was not registered
due to technical reasons because at large gas
pressure a strong discharge current flowed through
the tube leading to substantial cathode sputtering and
discharge chamber heating. However the knowledge
of the behavior of this descending section in a wide
tube may help us to predict its path for a narrow
tube.

Photos in Fig.4 demonstrate that the striation
thickness does not remain constant at gas pressure
fixed but it experiences changes with the discharge
current growth. Fig.5 shows the dependence of the
first striation thickness (counted from the cathode
end of the positive column) on discharge current at
different nitrogen pressure values. The first striation
thickness demonstrates a nonuniform pattern with
discharge current growth remaining almost constant.
The pressure increase leads to the decrease in the
first striation thickness.

Photos in Fig.4 also demonstrate that the
striations in the positive column do not have the
same value because the first of them counting from
the column cathode end is thicker and brighter than
subsequent ones. The authors of papers
[12,22,23,26] also observed that the first striation is
the longest one. Fig.6 depicts the striation thickness
against its ordinal number (counted from the column
cathode end) registered for three different sets of
discharge conditions. The figure evidences that the
farther is the striation from the cathode end of the
positive column the narrower it is. But the striations

with large ordinal numbers (N > 4) have approximately equal thickness.
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As follows from Fig.5, the striation thickness

50 | a p, Torr experiences little variation with the discharge current
. ®0.06 increasing. Therefore we averaged the striation thickness
g g
40 —0—0.1 value for each fixed gas pressure value. Fig.7 shows the
= i P —A—02 average thickness of the first three striations thus found
g 30r —A—03 against nitrogen pressure. In the figure we observe that the
g gen p g
N; 20 _ -m—04 average thickness of striations uniformly decreases with gas
| e |05 pressure, the speed of their narrowing with pressure being
10 F 906 about equal.
L In order to compare between the striation behaviour in
0 Y B S Y B S S the tubes of various radii it is expedient to use a dimensionless
0,1 1 10 100 (reduced) tube thickness. To this end we divide the striation
I, mA thickness d by the tube radius R in which the striations were
10 - b measured. Fig.8 shows in logarithmic scale the reduced
- b, T(())r; average thickness of the first striations against the pR product
8 0. for all discharge tubes we employed. The figure clearly
g —0—0.5 o . .
= 6 DA oA 0 A0 0.8 demonstrates that the striation reduced thickness is well
- A— N A AN —A— . .
- : described by the following dependence
— L ﬁ
S 4 s d__¢ 1)
2| ~0-50 R (pR)"
that is called the Goldstein-Wehner law [4, 24]. However we
0 ] remark that Wehner [24] presented in his paper contradictory
0,1 1 10 100 data. He approximated his data for the striation reduced

I, mA thickness (black squares in Fig.8) with the curve (1)
corresponding to the constant values C=2 and m=0.32,
though actually the best match between his measured data and
formula (1) is observed with the value C=0.6. Our results
also are well described with formula (1) but with C=1.05.
From axial profiles of discharge glow at different nitrogen
pressure values given in paper [5] we determined the thickness of the first striations and also presented it in Fig.8. This
figure demonstrates good agreement between the reduced thickness values for the first striations with our results. In the
broad range of discharge conditions the thickness of the first striation comprises from one to two radii of the discharge
tube. We also determined the thickness of the first striation in nitrogen from the axial profile of the electric field
strength measured by Graham [30] (see Fig.12 [30]). The obtained value is also shown in Fig.8 and it is above the
results of our work and that of paper [5]. One can see from the description of the experimental conditions given in [30],
that Graham employed the mercury manometer therefore the nitrogen in his tube was contaminated with mercury
vapour. As the mercury atoms possess a low ionization potential, their presence makes the ionization process easier and
makes striations longer. The mercury manometer in [30] was vacuum-sealed without grease and, consequently, organic
contamination in nitrogen was absent.

40 - —e—0.15 Torr, 0.8 mA

Fig.5. Thickness of the first striation against
discharge current at different nitrogen pressure
values. Tube radius is 27.5 mm (a) and 4 mm (b).

> ~o 0.25 Torr, 3.7 mA 8T
—4—0.30 Torr, 3.5 mA T
2; \.\ 6 E ‘.\\
\.\Q‘O— I
E O\ 4\' g 5k
-~ 4 =
o A
= \O\ ~ 3 A
L m S 3 _ B dl
25 L Ai—aA A A, 2L —0—d,
1 _ —A—d,
20 1 1 s 1 s 1 s 1 0 [ 1 1 1 1 1 |
0 2 4 6 8 0,0 0,5 1,0 1,5 2,0 25 3,0
N p, Torr
Fig.6. Striation thickness against its ordinal number. Fig.7. Average thickness of the first three striations against
Tube radius is 27.5 mm. nitrogen pressure. Tube radius is 4 mm.

Note that Wehner made vacuum sealing with cement containing resin and wood oil therefore due to the presence
of organic vapour the striation thickness values he had obtained happened to be remarkably lower than in our work and
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in paper [5].) The admixture of air does not affect noticeably the applicability of the Goldstein-Wehner law. This can be
observed from our results for air presented in Fig.8.

3 2/(pR)0'32| CONCLUSIONS
e ¢ 8mm This paper clarifies the stratification conditions
2F Ve i gm of the positive column of the dc glow discharge in
:. ?Ag& A 55 mm nitrogen in tubes of radii R =4 mm, 6 mm, 12.5 mm,
~ T ‘6%8 @m O ¢ 79 mm 27.5 mm and 39.5 mm. The striations are observed in
S T m O% B Wehner closed regions with respect to current and applied
1+ / - . %&Séoo O Garscadden voltage values within the limited range of gas
! - . CAA QQ_ g %“ﬁ;nmkir pressure values. We found that the first striation
0.6/(pR)"* | g ‘ (counted from the cathode end of the positive
I 1.05 /(pR)(m column) is clearer expressed and it possesses the
- maximum thickness. Striation length is weakly
0.4 = e ' dependent on discharge current but it decreases with
0.1 e Tot 6 1 gas pressure growing. Again the striations with a

Fig.8. Ratio of averaged thickness of the first striation to tube radius

large order number (from the cathode edge of the
positive column) possess lesser thickness.

We found out that positive column stratification
obeyed similarity laws well. The extinction curves
and striation existence regions registered in different

against the product of gas pressure and tube radius.

discharge tubes and plotted against the product of gas pressure and inter-electrode distance pL coincide. Reduced
striation thicknesses d/R (striation thickness d divided by tube radius R) in different tubes also are in good agreement
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each other when plotted against pR.
We observed that the reduced striation thickness obeyed the Goldstein-Wehner law d/R = C/(pR)", the constants
itrogen being C = 1.05 and m = 0.32.
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