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Optical measurements of paired luminous rings in capacitive radio-frequency
hydrogen discharges

Y. Sakawa’ M. Hori," T. Shoji, and T. Satb
Department of Energy Engineering and Science, Nagoya University, Nagoya 464-8603, Japan
(Received 11 March 1999

Optical measurements of paired luminous rings separated by a narrow dark gap have been conducted in
capacitive radio-frequendyf) hydrogen discharges. The lines of moleculardte strongly excited at the ring
emission compared with a weaker emission of the lide. The number of ring pairs increases with gas
pressure, and the outermost ring pairs near the electrodes start to appear earlier than the inner ones. Each ring
emission is turning on and off with the applied rf frequency, i.e., the left-gidat-side ring of a paired ring
is on when the left-sidéright-side electrode is biased positively. The axial light intensity profile, which is time
resolved with the applied rf frequency, indicates that the emission profiles are similar to those of dc glow
discharges, and the luminous rings correspond to the standing striations at the positive column.
[S1063-651%99)12911-9

PACS numbd(s): 52.80.Pi, 52.80.Hc

. INTRODUCTION rings are clearly observed when, ldr D, is used. The mea-
sured results indicate that the generation mechanism of the

Studies of moving and standing striations in positive col-paired rings is similar to that of the standing striations in dc
umns started already in the last century. Research on strigdow discharges.
tions up to 1968 were reviewed by Nedospafbly Pekarek This paper is organized as follows: Sec. Il describes the
[2], and Oleson and Coopé¢B]. In the reviews, standing experimental apparatus; in Sec. lll the experimental results
striations were covered briefly compared with detailed defor H, are given; the model explaining the experimental re-
scriptions of the moving striationgl—3]. In 1980, Landa Sults is discussed in Sec. IV; Sec. V presents the conclusion
et al. reviewed experimental and theoretical studies of mov-2nd a summary of the paper.
ing and standing striationg4]. However, most of the re-
search is focused on dc discharges. Striations and Plasmoids Il. EXPERIMENTAL APPARATUS
in capacitive radio-frequencyf) and audio-frequencyaf) - )
discharges, on the other hand, are rarely treated either experi- P/asmas are created by a capacitive rf discharge as shown
mentally[5—10] or theoretically{11,12, and are very poorly N Fig- 1. The electrodes are made of copper and are sur-
understood. Grouet al. studied the formation of striations in "°Unding a Pyrex discharge tube of 85 mm in inner diameter

- . d 500 mm in length. The electrode widthv
the positive column of an af2—10 kH2 glow discharge in .
using Ar and Q gases, and measured the number of stria—; 60&;20m£uﬁggaéherfe$;gd;t Seigzlraﬁrleoazggqu'
tions as a function of the distance between the electrodes P gatyp q y

[10]. Schneider and Handel observed pairs of luminous disks. 1.2-1.5MHz, zero to peak rf voltagé;=0.5-1.7kV, rf

. . . Bowersl kW, pulse lengthr is typically 150 us, and rep-
separated by a dark gap in an rf discharge jraid D, [13], etition timet, is typically 7 mg is applied to the electrodes.

which was interpreted asa pla_sma caviton_induce_d bY aresyx palanced matching circuit is used to allow symmetry of
nance between an applied rf field and an ion oscillalt® 1y output voltages with respect to the ground. In order to
14]. In most of the early experiments, however, time evolu-pchieve better optical measurements in the radial direction,

tion and the time resolved measurements of the structure %e placed a Pyrex tube of 40 mm in the outer diameter
the striations were not studied.

In this paper, we show detailed experimental investigation 500 mm
of the optical measurements of paired luminous rings ob- Gas Inlet < 4 >
served in pulsed capacitive rf discharges with dghs[15]. i’ 5 |w > W < |
The experimental apparatus and parameters are similar to i 1
those in Ref[13] except that the rf is applied with a pulse. |: Vacuum Station
The ring shaped structure of the emission is formed because |

the electrodes are surrounding the discharge tube. Paired Center tube

Discharge tube

85 mmo 40 mm¢
P Matching Electrodes
*Electronic address: g44210a@nucc.cc.nagoya-u.ac.jp umnp Double Circuit
'Present address: Fujitsu Ltd., 1-9-3 Nakase, Mihama-ku, Probe
. 1 kW
Chiba 261, Japan. RF Osc.
*Present address: Department of Electrical and Electronic Engi-
neering, lwate University, 4-3-5 Ueda, Morioka 020, Japan. FIG. 1. Schematic view of the experimental setup.
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FIG. 2. Photographs ofa) one and(b) two pairs of rings at < 6f Pl
P,=1.71 Torr andP,=1.92 Torr, respectivelyV,;=1.0 kV, f g M
=1.5 MHz,d=3 cm,w=10 cm,7=150 us, andt,=7 ms. Typi- 2 4r 7]
cal dimensions of the rings as measured by a scanning diode-array ig oL 1
camera(SDAC), are the width of each ring=1 mm, the outer g
diameter=80 mm, the inner diameter50 mm, and the dark-gap 5" 0_4 3 _'2 e '2 '3 4

width =2 mm. x (cm)
concentric with the discharge tuligacuum region is at FIG. 3. Axial profiles of spectral intensity ¢&) H, and(b) H,
=20-42.5 mm. A sheet of black paper was inserted inside(601.8 nm:d 3Il,; v'=0—a33;; v'=0). V4=1.0 kV, P
the center tube to prevent emissions from the other side of1.08 Torr,P;=1.47 Torr,f=1.2 MHz,d=6 cm,w=3 cm, 7
the luminous rings from coming into view. The paired emis- =250 us, andt, =7 ms.

sions are in a ring shape even without the center tube. It. Ronnected to the exit slit of the monochromator, and the
confirmed that the center tube does not affect the generaﬂogonverted sianal is time resolved by a boxcar intearator
of the ring emissions. The base pressure-0 mTorr. The g y 9 '

. . The measured spectra of the ring emissions show that
experiments were conducted with, it a pressure range of . . .
P<5 Torr when no ring pairs appedgas pressur®,), lines from the

H atoms[H, (656.3 nm and H; (486.1 nm] are dominant.
When ring pairs appear &=P, lines from the H mol-
IIl. EXPERIMENTAL RESULTS ecules, in addition to Hand Hz, are strongly emitted from

When the H pressureP is increased up to a critical pres- the rings. Figure 3 shows the axial light intensity profiles of

sureP, , a pair of luminous rings separated by a narrow darkla [Fig- 3@] and H (601.8 nm [Fig. 3(b)], which is the
gap is produced in the middie of the two electrodes. TwoStrongest emission among the lines of Rolecules, mea-
pairs of rings are abruptly produced by increasingp to the ~ Sured atPo and Py. When a pair of rings appears B,
next critical valueP,. Photographs of one and two paired compared to only a slight increase in, HH, light intensity

rings atP, andP, are shown in Figs. @) and Zb), respec- incr_eqses_ more than an order of magnitude._ The 601.8 nm
tively. The rings are axially symmetric with respect to the emission is representative of an electron excitation behavior

midplane of two electrodes and produced only in pairs. N Hz dischargeq16]. The electron energies at which the
The ring shaped emission from the plasma is formed be€Xcitation cross sections for,Hand H, become maximum

cause the annular electrodes surround the Pyrex dischar@&e =16 €V[17] and=80 eV[18], respectively. Therefore,

tube. However, wherd is large, roughlyd>70 mm, the e energy of the electrons that causes the strong emission of

shape of the emission becomes a disk as was observed fife light from the rings might be lower than the energy of
Ref.[13]. those that causes the emission near the electrodes.

The plasma densit[/npzlog—(SXlOlO cm™3)] and the P de_pen_dence of 51(6_301.8 nm light in_te_nsity profile is
electron temperatureT(=2.5 e\) are measured by a radi- Shown in Fig. 4. AP, [Fig. 4@)], whenP is increased from
ally movable double probe. The axial profilesmf and T, ~ 0-15 to 1.08 Tor, the decay length of the light intensity,
are measured by moving the electrodes in the axial directiofVhich peaks in the vicinity of the electrodes, becomes
In the axial directionn, has maxima near the electrodes andsmaller. A pair of luminous rings is generatedxat0 atP,

a minimum at the midplane between the electrodes. [Fig. 4b)]. The number of the ring pairs increases with
Figures 4c) and 4d) show H, light intensity atP5 and Pg,
respectively. Note that the distance between the neighboring
ring pairs and the dark-gap width are nearly the same for all

Time and spectrally resolved emission profiles are meapairs.
sured as follows: The light emitted in the radial direction is  Figure 5 shows time evolution of the axial profile of the
focused by &/30 lens to an entrance slit of an optical fiber zeroth-order lighttotal light) from the monochromator mea-
(0.1 mm wide and 10 mm long Both are placed on an sured with7=5 ms andt,=50 ms atP5 (the pressure that
axially movable stage located roughly 20 mm from the dis-five ring pairs exist at the typical experimental condition of
charge tube. The optical fiber leads to a 250-mm focal lengthr=150 us andt,=7 mg. As shown in Fig. ), no ring
monochromator(1200 lines/mm, blazed for 500 nm, and pairs exist early in time. Two pairs of rings which are closest
spectral resolutior0.3—4.5 nm. A photomultiplier tube is to the electrodesx=+1cm) start to appear at=80us

A. Time and spectrally resolved emission profile
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FIG. 5. Time evolution of the axial profiles of the total light
intensity atPs=2.49 Torr.V;=1.0kV, f=1.2 MHz, d=6 cm, w
] =3 cm, =5 ms, and, =50 ms.V(t) is applied to the electrodes
att=0, and the gate width of the boxcar integrator is 9
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e | L ! ! ) believe that the structure at SS is the one which Schneider
302 A x((():m) 1z 3 4 and Handel observed in cw dischard&8]. In this paper, we
focus on the phenomena at GS and QSS to investigate the
FIG. 4. H, pressure dependence of the axial profiles of spectrapvolution of the paired rings. Therefore, most of the mea-
intensity of H, (601.8 nm. (a) P,=0.15 Torr(thick line) and 1.08  surements were conducted at the pulse lengtB00 us.

Torr (thin line), (b) P;=1.47 Torr,(c) P5s=2.06 Torr, and(d) Pg A detailed time evolution of the axial profile of ,H601.8
=2.61 Torr.Vy=1.0kV, f=1.2 MHz,d=6 cm,w=3 cm,7=250  nm) light intensity atP, at GS and QSS is shown in Fig. 6.
us, andt, =7 ms. We see that the emission|at <2 cm is larger than that near

the electrodes at=>5 us [Fig. 6(@]. The emission ak=0
[Fig. 5(b)]. The inner ring pairs ak==*0.5cm and that at decreases nearly an order of magnitude at QSSLQ0us)
x=0 appear at=90us [Fig. 5(c)] and 100us [Fig. 5(d)],  [Fig. &(f)], while, that near the electrodes slightly increases.
respectively. The intensity of five pairs of rings keeps grow-At t=50-70us, a dip exists at=0 [Fig. 6(d)], however, it
ing until t=170us [Fig. 5e)] and remains nearly constant disappears at QSS. Figure 7 shows the time evolution of the
until t=300us. The position of the rings starts to move axial profile of H, (601.8 nm) light intensity aP;. The
towards the negative direction att>300us. At the same emission profiles at<40 us are similar to the ones shown in
time, the intensity of the far left ring pairs decreases andrigs. §a)—6(c). A dip (dark gap atx=0 is not formed yet at
finally disappeargFigs. 5f) and 5g)]. At t=2000us, the t=74us [Fig. 7(@]. Once a dip appears &t=82us [Fig.
intensity and structure of the remaining three ring pairs ar&(b)], the ring emission starts growir{grig. 7(c)], and the
unchanged until the end of the rf pulggig. 5(h)]. We call  light intensity increases nearly an order of magnitude at QSS
the sequenceis< 170 us, t=170—300us, t=300—2000us, (t=120us) [Fig. 7(d)]. Time evolution of the axial profile
andt=2000 us the growing statéGS), the quasistable state of H, (601.8 nm light intensity atP, is shown in Fig. 8. The
(QSY9, the decaying stat€DS), and the steady statSS,  emission profiles at<40us are similar to those shown in
respectively. Note that at GS and QSS, the positions of th&igs. §a)—6(c). Note that two dark gaps at=*+0.5cm ap-
luminous rings are nearly unchanged. The structures at Sfear simultaneously dt=60us [Fig. 8a)] before the light
are different from those at QSS. For example, when 20 pairgitensity atx=0 starts to decrease &&=70us [Fig. 8d)].
of rings exist at QSS, the number decreases to 13 at SS. W&om these results, it seems that the strong emissions from
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are maximum. From these results, it seems that the ring
emissions are not excited by the electrons coming directly
from the electrode regions, but by those at the dark gap be-
tween the paired rings. When;(t) applied to the left elec-
trode is negative, an exponentially decaying emission peaked
; ; ; ; near the left electrodex& —2.8 cm), multiple emissions
tbheetvsslerre]: 11::3? grﬁnegxg:gi;ﬁrﬁeréhe dark gefark regions from the right—sidg ring$Fig. A(d)], and the weaker emission
Now we show the results of the optical measurements oP€aked near the right electrode={ +2.8 cm) turn on. These
the paired rings which are time resolved with the period of€Mission profiles are quite similar to those of dc glow dis-
the applied rf. Time variations of H(601.8 nm light inten- charges,_ar_ld each proﬂle_t_:orresponds to the negative glow
sity for the left- and the right-side rings from a pair of rings (NG): striations at the positive columiC), and the anode
separated by a dark gap measured at QSS are shown in FRJOW: respectlvgl)[19]. Sl'ml'lar profiles are also observed in
9(a). The instantaneous voltayk;(t) applied to the left-side r d|_scharges without striatior(<.9]. . -
electrode is also shown in the figure. We see that both rings F19ures 10a) and 1@b) show the time variation o «(t)
turn on and off at the rf frequency of 1.2 MHP.83 us).  aPPlied to the left-side electrode and, 501.8 nm light
Furthermore, the left-side ring is on whah(t) applied to intensity of the right-side ring of a pair of rings separate_d by
the left-side electrode is positive, while the right-side ring is@ dark-gap measured By, respectively. The light intensity
on whenV,(t) applied to the left-side electrode is negative. 9TOWS quickly W|th|_n a few cycles of rf then _decreases nearly
Figures 9b), 9(c), and 9d) show the axial light intensity 2" order of magnitude before a pair of rings appears at

FIG. 6. Time evolution of the axial profiles of H601.8 nm),
light intensity at P;=1.33 Torr. V4=1.0 kV, f=1.2 MHz, d
=6 cm,w=3 cm, 7=200 us, andt,=4 ms.
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FIG. 7. Time evolution of the axial profiles of H601.8 nm
light intensity atP,;=1.47 Torr.V;=1.0 kV, f=1.2 MHz,d=6
cm,w=3 cm, 7=200 us, andt,=4 ms.

=95us[Fig. 1ab)]. At t<20us the emission at the central
region is large, and the light intensity peaks both at the posi-
tive and negative peaks &f(t) [Fig. 10c)]. This means
that the emission at the central region before the ring pairs
appearsee Figs. @) and Gb)] is excited by the electrons
coming from both sides of the electrodes. Once the strong
ring emission is excited at=95us, the light intensity at the
right-side ring is peaked only when the left-side electrode is
negatively biased, as is shown in Figs(d)910(e), and 9a).

On the other hand, the light intensity measured in the vicinity
of the right-side electrodex&2.9cm) always peaks when
the left-side electrode is positively bias@tbt shown.

B. Emission profile at QSS

By limiting 7 less than time that DS starts, we can mea-
sure time integrated emission at Q35dependence of the
ring positionx observed by the scanning diode-array camera
(SDAC) is shown in Fig. 1(a). The appearance of theh
pair of rings at critical pressure®, (n=1,2,...,9) is
clearly seen. At the pressure just before the transition from
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FIG. 9. (8 Time variations of H (601.8 nm light intensity of = <
the left-side ring(thick line) and the right-side ringthin line) of a \“E 1 =2
pair of rings separated by a dark gap measurdd=@00us. V() > 05 5
applied to the left-side electrode is also shown in the figlg f
=1.0kV andf=1.2 MHz. (b) H,, (c) H, (601.8 nm emission 0
profiles atP,=1.37 Torr, andd) H, (601.8 nm emission profiles Time ( s ) 6 =
at Ps=1.95Torr, measured at the left-side emission is maximum
(thin line) and the right-side emission is maximuthick ling). The FIG. 10. Time variation of(a) V4(t) applied to the left-side
gate width and the time delay of the boxcar integrator is 0.1 and 20@lectrode andb) H, (601.8 nm light intensity of the right-side ring
us, respectivelyd=6 cm, w=3 cm, 7=250 us, andt,=5 ms. of a pair of rings separated by a dark gép, (d), and(e) are the

expandedV(t) (thick line) and H, light intensity (thin line). P,

one to two ring pairs occurs, the position of a ring pair shifts~ 1-47 Torm, d=w=3 cm, andf =1.2 MHz.

=1 mm towards positivex direction. A slight increase i®

causes a sudden appearance of two ring pairsxsat  11(c)], are reduced from Fig. 18). Even though the appear-
+2.5mm. By increasind?, the position of two ring pairs ance of thenth pair of rings atP,, is abrupt, bott. and! vary
moves outward, and the distance between two ring pairs besmoothly with P, which scale ag. «P~%% andl«<P~1% A
comes wider. AtP=P5, the third ring pair appears at  slightly decreases witR, i.e., decreases when the number of
=0. We define the distance from an inner edge of the elecring pairs increases. Even &y the variation inA among
trode (x=+15mm) to the dark gap of the outermost ring nine ring pairs is the same within 0.4 mm.

pair asL, the distance between the outermost ring pair and Figure 12a) showsV,; dependence of the ring position
the neighboring pair ak and the dark gap width as [see By decreasing/,;, the number of ring pairs increases from
Fig. 11(a)]. P dependence df andl [Fig. 11(b)], andA [Fig.  four to six, and no discharge occurs ¥<<0.55 kV. V
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FIG. 11. (a) H, pressurgP) dependence of the ring positi¢r)
observed by the SDAC. Different markspen and closed circlgs
are used for convenience. The pressure dependend® bf | and
(c) A reduced from(@). The solid lines in(b) represent fits td., |
«P~™ dependencem is 2.6 and 1.5 folL andl, respectivelyV
=1.0 kV, f=1.5 MHz,d=3 cm, w=10 cm, =150 us, andt,

=7 ms.

Y. SAKAWA, M. HORI, T. SHOJI, AND T. SATO

—_
g 15 T T
E 10 ¢ pos s i3 3RE8E
N L 208 0% 7 000953388
e 00 58 300 Ol ee e
» 5t _;.f 05000, e38 SIS ]
= H 09 BoP ce8 e %0 0000883
=) o 0 " 080 e s" 00 956 6F0ge e
= 0OF—e e® ®0F,, eew Qe 00 C0o o 0008
= kY .-, S 0o eeb Sg .00 88000
7] ® ot °° 0%wm e %8884 00008
o -5FEA Sl PT80S
A * $%m e, 00 888858800
E'IO' O Bee 00 229 sesspe o]
o= (a) AL R 224
2-1

2 2.5 3
H, Pressure P ( Torr )

35

=15 . - .
=
E 10 % 3333%3 2 g9 ooIoL E
» 5_ . ::::t..,. iof[ 1
= S wo.re*Nl 38
g o somafesd oo ¥
2 st s 2e$333° T TF
& s megzrzt HF A
=-10F S seeet 3
2 @ .
<_i(5} 1 1
® ' '
~ 8t :
£ o .o 1
I 4 § #5000 P 1
- e L
= f 3
o !
(2} . .
© . '
M . . -
EI.S' ] u'"‘. ' H i: EE
g 1 ]
Yo.5¢ :
O35 1 15 2
RF Voltage Vg (kV)

PRE 60

15 : T T .
~~ ... ¢ i * %
E10r o 1
E Lo
~ 1® 1o}
5 5_00&06 o © o 1
(d)
0 ! i L

0 2 4 6 % 10 12
RF Frequency f ( MHz )

FIG. 13. The rf frequencyf) dependence of andl. P=2.19
Torr, V¢=1.5 kV,d=w=3 cm, 7=150 us, andt, =7 ms.

dependence of andl, and A reduced from Fig. 1@) are
shown in Figs. 1&) and 1Zc), respectively. We see thhtis
roughly proportional toV ¢, while | shows weak/,; depen-
dence.A decreases witN; or increases with the number of
ring pairs, which is different from th® dependence.

The frequency dependence df andl are shown in Fig.
13. Even thouglt increases by a factor of 2 whéis varied
from 0.3 to 1.8 MHz(by a factor of 6, bothL andl show
nearly nof dependence dt=1.8—10 MHz.

Figures 14a) and 14b) showd dependence of the posi-
tion of the dark gapsgnot the position of the luminous rings
[Fig. 14a)] and the reduced. and| [Fig. 14b)], respec-
tively. We see that both and| have nod dependence at
=30 mm. No variations ol on d indicates that the ring
pairs closest to the electrodes are “sticking” to the elec-
trodes. Similar phenomena are observed in dc glow dis-
charges, i.e., when the tube length is increased only the
length of the PC becomes longer, while no variations are
seen in cathode layef&0].

The electrode widthw dependence of the position of the
dark gapx [Fig. 15a)] and the reduced and| [Fig. 15b)]
are shown in Fig. 15. By increasingfrom 0.5 to 16 cm, the
number of ring pairs increases from one to nine. We see that
L strongly depends ow, while | shows now dependence.
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FIG. 14. (a) Electrode separatioftl) dependence of the position

FIG. 12. (a) The rf voltage ¥/,;) dependence of the ring position of the dark gagx). The position of two electrodes are also plotted.

(x) observed by the SDAQb) V,; dependence df andl reduced
from (a). P=2.55 Torr,f=1.5 MHz,d=w=3 cm, =150 us, and

t,=7 ms.

(b) Reducedd dependence of (closed circlg and| (open circle
from (8. P=2.47 Torr, V4=1.0 kV, f=1.5 MHz, w=10 cm,
7=300 us, andt,=7.5 ms.
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~ S e tion region from the FDS to the P[23]. This is because a
E 10_(a) IL e o 0] second field reversal exists at the end of the FDS in order to
% sk o® ’/ o o Oee] compensate for electron diffusion towards the anode, and the
5 oLe %° © o o ® 2_ electron kinetic energy at the field reversal is much less than
§ ® 00 0° * , o 20 o the excitation or the ionization energy. The localization of
‘; ‘5;' had 2 °© 5 o O; ' the ionization source may produce self-maintained spatially
’5-102’ ® o @ o O periodic potential profiles and the electron distribution func-
S P T T TN i tion (EDF) and may cause standing striatiof23]. These
1S e potential profiles and EDF are observed in Hlow dis-
Y oe, e L . L . . . .
- () charges, i.e., a periodic staircase potential with potential
s 10F % o ¢]|] steps of=10 V at the position of striations and a group of
g $ high-energy primary electrons with a mean energi0 eV
:]', st 4 ® 1 larger than that of low-energy bulk electrons are observed
o © é ) go o [24]. Electrons are accelerated at the potential step and excite
(b) ® e striations.Lps> N7 is satisfied in our experiments sinke
O T TG <0.3cm for P>1.5Torr, and this model might be appli-
Electrode Width w (cm) cable. We believe that at the condition when the ring emis-

FIG. 15. (a) Electrode widthw) dependence of the position of sion is excited in our experiment, staircase axial potentlal

the dark gagix). (b) Reducedv dependence df (closed circle and profile is formed in the half-period of the rf, i.e., the potential
I (open circlg from (a). V,;=0.7 KV, P=2.7 Torr,f=1.5 MHz, d increases stepwise from the cathode side of the electrode to

=3 cm, 7=150-600us, andt, =7 ms. that of the anode side, and the positions of the potential
jumps correspond to those of the ring emissions. Electron
IV. DISCUSSION and ion rich potentials are formed at the cathode and anode

The experimental findings can be summarized as followsSides of the potential jump, respectively.
(a) The strong emission from the paired luminous rings is NOW we pay attention to G&<170us in Fig. 3, espe-
excited by slow electrongb) The paired rings appear from cially to the time period betweet=80us (T;) and 90us
the pairs closest to the electrodés). The dark gap appears (T1+T2), at which only outermost ring pairs at=—1 and
first, then ring pairs are excited at both sides of the dark gapt1 cm are excited as shown in Figoy. Note that even at
(d) The left-and right-side rings turn on and off with the this period, the left- and right-side rings bothxat —1 and
applied rf frequency; the left-sideight-side ring is on when ~ +1 cm are turning on and off with the period of the applied
V:(t) applied to the left-side electrode is positifreegative. rf (T+=1/f=0.83us). This alternate emission occurs such
(e) L and| haveLxV,/P?® and|x1/P}° dependence, re- that when the left-sidéright-sidg electrode is biased posi-
spectively, but nof (f=1.8—10MHz) andd (d=30mm) tively, only the left-sidgright-side rings both ak=—1 and
dependence. Furthermoredoes not depend ow, while L +1 cm are turning on. From these results, we believeThat
does. is the time required to create potential steps only at the dark
In dc glow discharges, the pressure dependenceisf gaps of the outermost ring pairs, and that luminous rings are
expressed by Goldstein’s law P~ ™, wherem=0.53 forH,  excited by those electrons which are accelerated by the po-
[21]. The pressure dependencel drf rf discharges has been tential steps. Furthermore, it seems that the position of the
measured, to the best of our knowledge, only for Ar, whichpotential steps does not move but just changes the direction
showsm=0.16[5]. Our measured results afi=1.5 for H, of the rf electric field withT ;. Because of the axial symme-
is different from those of dc glow discharges. The measuredry of the discharge with respect to the midplane of the two
luminous ring pairs look, at a first glance, similar to doubleelectrodes, the potential step at the dark gap=at-1 cm
striations observed in dc dischard@g]. However, as shown (x=+1 cm) might be created when the left-side electrode is
in Figs. 9b)—9(d), by time resolving the emission with the biased negativelypositively). This axial motion of the elec-
time scale of the rf, only one ring of a ring pair is on, i.e., trons might be caused by the rf electric field which changes
both rings of a set of paired rings never turn on simulta-its direction every half-cycle of the rf.
neously. Therefore, the measured luminous ring pairs are dif- The model to explain the generation of luminous rings is
ferent from double striations. When the emission is time rebased on the energy relaxation of slower electrons resulting
solved with the period of the applied rf, it shows the axial from inelastic collision as described in RE23]: Some elec-
profile similar to that in dc glow discharges, i.e., the NG, thetrons are accelerated from the second field reversal, which is
PC with or without standing striations, and the anode glowlJocated at the boundary between the FDS and the PC, and
From these results, we believe that the theory to explain thtose their kinetic energy by inelastic collision when they
generation mechanism of standing striations in dc glow dismove a length of acquisition of the lowest excitation energy
charges is basically applicable to paired luminous rings in r{\.). The position of the first potential step or the standing
discharges if the phenomena are time resolved with the pestriation from the cathode is determined by the lenyth
riod of the applied rf. from the second field reversal. In our experiments, therefore,
In dc glow discharges it is proposed that if the Faradaythe distance from the electrode to the outermost ring pairs
dark spacéFDS) lengthLps exceeds the energy relaxation might be expressed bftength of the NG+ (length of the
length A+ of untrapped intermediate energy electrons, i.e.FDS)+ \..
Leps> N7, the ionization process is localized in the transi- Now we consider the generation mechanism of the inner
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rings. It seems that potential differences that are not large V. CONCLUSIONS

nough localized ionization are formedx . . . .
enough to cause localized ionization are formedxat In conclusion, optical measurements of paired luminous

~05,0, an_d+0.5 cm att=T, [Fig. 5(b)]._After the stair- rings separated by a narrow dark gap have been conducted in
case potentials with large enough potential steps are formeg,;seq capacitive rf hydrogen discharges. The evolution of

at the outermost dark gaps, it takes abdytio create other  he juminous rings is divided into four states, i.e, GS, QSS,
potential steps at the inner dark gapsxat+0.5cm([Fig.  ps, and SS. The positions of ring pairs are nearly unchanged
5(c)]. The axial motion of the electrons from the outermostat GS and QSS. Therefore, time and spectrally resolved
ring to the inner ring might also be caused by the rf electricemission profiles have been measured at GS and QSS. The
field, i.e., the electrons which lose almost all the kinetic en-experimental findings can be summarized as folloiasThe
ergies at the end of the potential steps of the outermost darming shaped structure of the emission is formed because a
gaps move inward to the anode side due to the rf electripair of electrodes are surrounding the Pyrex discharge tube.
field. The longer generation time of the outermost ring pairdb) The strong emission from the paired luminous rings is
(T;=80us) compared with that of the inner rings{  excited by slow electrons. As a result, the lines of molecular
=10us) might be caused by the time required to build upH; are strongly excited at the ring emission compared with a
the plasma after the rf is turned ontat0. The distance from Weaker emission of filine. (c) The outermost ring pairs

the outermost ring pairs to the inner ringmight be decided Nnear the electrodes start to appear earlier than the inner ones.
by \.. In order to explain the measured dependende afd T_he dark gap appears first, then ring pairs are exqted at both
| onP andV,, the detailed measurement of the axial electricSides of the dark gapid) The left- and right-side rings turn
field is necessary. on and off with the applied rf frequency, i.e., the left-side

As described in the model, the ring emission is excited b%right—side} ring is on whenVy(t) applied to the left-side

the slow electrons which are accelerated by the poten'fia(;l"leCtrOde is positivénegativg. (€) The axial light intensity

. ) profile, which is time resolved with the applied rf frequency,
zﬁgss:ig\lf]hgh;]l'i?‘; k:se gtfrctzzlsrgf(;itg:j1(?0¥.p;:1eedreva(i)trhe ’cheindicates that the emission profiles are similar to those of dc

7 ) . ; o glow discharges, and the luminous rings correspond to the
emission at the rindFig. 3). When the ring emissions are standing striations at the PQ) At QSS, L and| havel
excited atP=P,, the electrons coming from the left-side <V /P%8 and | 1/P1® dependence, res:pectively, but ho
(right-side electrode create the potential stepsxatO (x (f=1.8-10 MHz) andd (d=30 mm dependence. There-
>0) because of the axial symmetry as mentioned above. Bjyre, the number of ring pairs increases wittand decreases
decreasing?, L increases withLoP~2® (Fig. 1), i.e., the  with v,

distance between the electrode and the outermost potential Finally, even though the physical mechanism creating the
step becomes longer. A&, (see Fig. 8, the potential step is paired luminous rings in rf discharges seems to be similar to
created ax=*0.5cm, where the dark gap appears. Oncehat of the standing striations in dc glow discharges, we have
the potential step is formed the electrons excite the ring pairebserved differences between the two. For example, the mea-
at both sides of the dark gap. Rt (see Fig. 7, the electrons  sured|«P~'® dependence is different from tHe<P 52

from both electrodes create the potential step=a0, i.e., at dependence in dc glow discharges, and the existence of the
L=d/2. By decreasing further,L is now longer thaml/2 at ~ GS, QSS, and DS in addition to SS is not predictable from
P, (see Fig. 6 and a potential step formed in the first half- the simple theory described here. Phenomena of spatially
cycle of the rf by the electrons from one side of the elec-nonuniform structures in rf discharges are important in vari-
trodes may be smeared out in the other half-cycle by theus fields of applied physics such as plasma assisted material
electrons from the other side of the electrodes. As a resulprocessing. We believe that the observed phenomena are rich
the potential step is not formed, and no ring pairs appear d@h the underlying physics and important for the understand-

Po. ing of the basic physics of striations.
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