We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



20

Plasma Wave Propagation with Light Emission
in a Long Positive Column Discharge

Guangsup Cho! and John V. Verboncoeur?

IDepartment of Electrophysics, Kwangwoon University 447-1 Nowon Wallgye,
Seoul 139-701

2Department of Nuclear Engineering, University of California, Berkeley CA 94720,
IKorea

2USA

1. Introduction

The fine-tube cold cathode fluorescent lamp (CCFL) [1-2] and external electrode fluorescent
lamp (EEFL) [3-9], have been widely used as a backlight source in liquid crystal display
(LCD) modules. In a notebook PC, the glass tube diameter of the lamp is a small as 1 mm. As
the display area becomes larger in LCD TVs, the tube diameter is 3~4 mm and the lamp
length is up to 1~2 m. However, the mechanism for radiation of light along such a long
positive column is not well understood.

The characteristics of light emission in the EEFLs have been reported, specifically the
propagation of a light-emitting along a tube driven by high voltage AC [8-9]. In the long
positive column lamp, the light emits first from the side of high voltage propagates to the
ground side with the propagation time of ~us and the propagation velocity of 10°~10° m/s.
The previous observations have not been reported elsewhere to our knowledge since the
fluorescent lamps have been introduced commercially in the 1940's.

However, those observations of light propagation would not be recognized even if they
have been found first in the history of fluorescent lamps. Even more, those observations are
misapprehended as the kinds of unstable waves during the lamp operation of lamp, such as
striation, snaking, flickering, and streaming, etc. Generally, a moving light source in the
long positive column plasma has been associated with “striation”. A striation is a quasi-
standing wave which can be observed visually [10- 12]. However, striations as well as the
other unstable waves are not observed in commercial lamps, and would be considered a
major defect for hot cathode fluorescent tubes as well as CCFL. In the manufacture of those
lamps, inadequate vacuum during the evacuation process results in impurity gases such as
H>O, COy, Oy, and Ny, etc. These impurities cause the perturbations of unstable discharge,
and those lamps are discarded in the production line. Striations can sometimes appear in
aging lamps or in the operation with an unstable inverter system. However, we have never
observed striations in the normally manufactured lamps of our test samples. Our
observation of optical signal is quite different from striations, as it is not visible to the naked
eye and moves on the micro-second timescale. Rather than the instability, they are related to
the stable process of distribution of plasma and fields that generate light in these discharges.

Source: Wave Propagation in Materials for Modern Applications, Book edited by: Andrey Petrin,
ISBN 978-953-7619-65-7, pp. 526, January 2010, INTECH, Croatia, downloaded from SCIYO.COM
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In the previous studies, the propagation velocity of light-emitting wave-front along the
positive column has been observed u,~(10*>~10*°) m/s. In Ref. [8], the propagation speed u,
was explained as the electron drift velocity, u,~u,. However, typical electron drift velocities
driven by an electric field are u,<10" m/s in a typical glow discharge plasma. Therefore, the
propagation velocity of light emission cannot be related to the electron drift velocity. In Ref.
[9], the propagation velocity has been explained as the electron plasma wave propagation
having an electron thermal speed u,~u.. However, the electron plasma wave has not been
described completely whether the wave can propagate a long distance of about 100~1,000
mm and a long time of a few yus since the damping time of an electron plasma wave is very
short, about 107 s. In those respects, the propagation of optical emission could be neither the
electron drift nor the electron plasma wave of electron thermal speed.

In this study, the propagation of light emission along a fine tube CCFL will be observed
through the experimental measurement of the optical signals. CCFL can be operated with
DC-voltage as well as AC-voltage while EEFL is driven only with AC-voltage. Through the
operation of CCFL with DC and DC-ripple voltage, the propagation of light emission will be
verified as new phenomena in a positive column discharge. The mechanism of these
phenomena is the other scope in this study. However, the phenomena of light-propagation
will provide a clue for the understanding of positive column plasma and a new motivation
for the study of lamp physics. In this respect it is necessary to observe this phenomena more
precisely again.

In Sec. 2, optical signal measurements are conducted according to the voltage of DC,
rippled-DC, and AC in the operation of CCFLs. In the sub-section of Sec. 2-1, the optical
propagation with DC-voltage operation is represented. In Sec. 2-2 with AC-voltage
operation in the CCFL without coating the phosphor, the optical signal measurements are
conducted according to the voltage variations. In this experiment we have obtained two
different types of light propagation along the positive column. The propagation of light
emission is analyzed with the plasma wave perturbation theory in Sec. 3. Discussions and
conclusions are in Sec. 4 and Sec. 5, respectively.

2. Observation of light emission along the positive column

For the observation of light propagation along the tube, two kinds of operation as DC and
AC voltage are involved. The DC-voltage operation with rippled voltage is the first attempt
to observe the optical signals in the experiment of Sec. 2-1. In the AC-voltage operation of
Sec. 2-2, we try to measure the light signals radiating directly from the discharge plasma
through the naked glass without coating a phosphor inside glass wall. Additionally, the
variation of optical signal according to the lamp current is represented in the AC-operation.

2-1. DC-Operation

In this experiment, the CCFL discharge tube is borosilicate glass, 0.5 mm thick with 4.0 mm
outer diameter, and 699 mm length for 30" backlight units. The gas composition is typical for
CCFLs, filled with 95 % neon and 5 % argon, at a total pressure of 60 Torr, and also
containing 2 mg of mercury in liquid phase. The inner surface of the glass tube is coated
with RGB tri-phosphor. Cylindrical Ni-electrodes are inserted at the ends sealed with the
connection of the lead line of electrode.
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Plasma Wave Propagation with Light Emission in a Long Positive Column Discharge 391

The circuit system in this study has been designed to measure the optical signal with the
conventional operation method as shown in Figure 1. For the operation of CCFL, two kinds
of power supply systems are used as DC power and modulate-DC power as shown in the
schematic drawing of the experimental circuit system. For DC and modulate-DC operation,
a high voltage is applied to one end electrode connected with a 200 kQ ballast resistor in
series. The other electrode of lamp is grounded. The modulate-DC voltage is rippled +AV on
the DC voltage V, as V(t)=V,+AVsinwt. The lamp voltage is measured at the electrode side
of high voltage. The lamp current is measured at the grounded electrode with ammeter. The
optical signals are measured at three equally spaced points, ®~®, along the tube surface
with a photo-sensor, which is a light-to-voltage conversion amplifier using an optical fiber.
The spacing between the measuring points is AL=305 mm and the length between @ and ®
is L=610 mm along the entire tube of 699 mm length.

Figure 2 for the operation with DC-voltage, shows the oscilloscope signals of voltage,
current, and optical intensity measured at point ® where the luminance is 10,000 cd/m?2. The
bottom line is the base value of zero for the DC-voltage, the DCcurrent, and the optical
intensity. The lamp voltage noted with solid line is DC 1.24 kV after the voltage drops by
8.40 kV at the 200 k€2 ballast resistor from the DC 9.64 kV supplied at the DC-power source.
The lamp current measured at the grounded electrode is 4.2 mA. The lamp power is 5.2 W.
The optical signal as well as the current signal is constant on time due to the DC-voltage
operation mode as it is expected. In the DC-voltage mode, the propagation of the optical
signal cannot be observed since all the signals of light emission along the tube are the same.
Since the light originates from atomic excitation due to the impact of high-energy electrons,
the uniform light emission signals along the tube do not show any difference in the DC-
voltage operation.

In order to observe the propagation of light-emission, a modulate-DC voltage is applied.
The signals of voltage, current, and optical pulse, are represented with solid lines in Fig.
3(a). All the signals of straight line in the DC operation of Fig. 2 are also noted with dashed
lines. The optical signal is measured at point ® where the luminance is 10,000 cd/m?2. Using
the switching diode in the circuit of power supply, the high AC-voltage of 64.5 kHz is
rectified to be a rippled high DC-voltage, V,+AVsinwt with the ripple frequency f=aw/271=129
kHz. The lamp voltage of rippled DC is averaged V,=1.21 kV, while the output voltage from
power source is 9.61 kV, so the voltage drops by 8.40 kV at the 200 k2 ballast resistor. The
ripple voltage is AV=110 V with AV/V,~10 %. Lamp current is also rippling as I,+Alsinwt
with I,~4.2 mA and AI~1.1 mA. The average lamp power is 5.1 W. The optical signal
observed at position @ shows the wave rippled with the optical intensity of
O(t)~O,+AOsinwt with AO/O,~10 % and the same frequency of 129 kHz as the rippling
voltage and current.

In order to obtain the information of light-emission propagation for the operation of rippled
DC voltage, the optical signals are observed at different points along the tube. Figure 3(b)
shows the optical signals at points ®~® with the time delay for each signal. The optical
signal at @ is measured when the luminance is 10,000 cd/m? at ®. When the luminance at ©®
is 10,000 cd/m?, the luminance at @ and @ is slightly low as 9,600 cd/m?at @, and 9,200 cd/m?
at ®@. The optical intensity at each measuring point is proportional to the luminance. When
the optical intensity at @ is averaged to be O,(®)~1, the intensity at @ and ® is to be
decayed to be O,(@)~0.96 and O,(®)~0.92, respectively. The time interval of optical signals
between ©~® is the propagation time ¢, of light emission from ® to ®. The propagation
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time is £,=1.82 yus. If the optical intensity from @ to @ is decayed as O.(f)=O.exp( #/tp), the
characteristic decay time tp of optical intensity from @ to @ is {p~22 us from the calculation
of Oo(®)/ Oo(®)~0.92~exp(-t,/tp) with £,=1.82 us. The decay time tp~22 us is longer than the
optical propagation time £,=1.82 us as well as the period of ripple voltage, tr=1/f =7.75 us
with =129 kHz. The propagation speed of light emission is u,=3.35x10° m/s which is
calculated with u,=L/t, as the ratio of the length between ®~® of L=610 mm to the signal
propagation time of #,=1.82 us. If the operation voltage increases, the luminance as well as
the light emission propagation speed increases.

2.2 AC-operation of CCFL without phosphor coating

In order to directly observe a light emission from the plasma discharge with CCFLs, the
inner wall of the glass tube is not coated with phosphor. The CCFL discharge tube is
borosilicate glass, 0.5 mm thick with 3.4 mm outer diameter, and 900 mm length. The gas
composition is typical for CCFLs, filled with 95 % neon and 5 % argon, at a total pressure of
60 Torr, and also containing 2 mg of mercury in liquid phase.

The circuit system in this study has been designed to measure the optical signal with the
conventional operation method as shown in Figure 4. The high voltage of V(t)=V,sin(w,t)
with w,=21f, is applied to one electrode through the ballast capacitor C=22 pF, and the other
electrode is grounded. AC power is supplied through a DC-AC inverter with driving
frequency f,=65 kHz with the period 15 us. The optical signals are measured at equally
spaced points, ®~®, along the tube surface with a photosensor, which is a light-to-voltage
conversion amplifier using an optical fiber. The spacing between the measuring points is
AL=220 mm and the length between ® and ® is L=880 mm along the entire tube of 900 mm
length. The lamp current is measured at the ground, and the circuit voltage V,is measured
at the point a and the lamp voltage V}is at the point b.

Figure 5 shows the I-V curves represented with the applied voltage V,and the lamp voltage
Vi. It shows the typical glow discharge process, the primary discharge before Townsend
breakdown, and the normal glow discharge after Townsend breakdown. As the circuit
voltage V; is increased, the current of the primary discharge increases to a few mA. It
increases to 2.6 mA just before the breakdown voltage V,=2 kV, and it increases abruptly to
be several tens of mA after breakdown. However, the lamp voltage V; is increased to be 1.8
kV at Townsend breakdown and the voltage falls to below 0.98 kV after Townsend
breakdown. The curve of lamp current versus lamp voltage V, shows the property of
negative resistance after Townsend breakdown. In this experiment, the optical signals are
measured at the low current range noted with Figs. 6(a) and 6(b) before Townsend
breakdown and at the high current of Figs. 6(c) and 6(d) after Townsend breakdown.

Figure 6 shows the oscilloscope signals measured at points ®~® when the CCFL driving
voltage is varied. The applied voltage and current corresponding to Figs. 6(a)~6(d) are noted
in the I-V curve of Fig. 5. Fig. 6(a) is the applied voltage V,=1.8 kV, the lamp voltage V;,=1.6
kV, and the lamp current 2.5 mA. Fig. 6(b) is just before Townsend breakdown with V,=2.0
kV, Vy=1.8 kV, and the lamp current 2.6 mA. Fig. 6(c) is just after Townsend breakdown with
V=23 kV, V;=0.98 kV, and 1=31.0 mA. Fig. 6(d) is V,=2.45 kV, V;,=0.97 kV, and [=32.6 mA. All
the voltage and current data are in root mean square values. Since the peaks of the optical
signals correspond to the voltage peaks of £V, in two polarities, the frequency of the optical
signal on the oscilloscope is 2f,=130 kHz, twice that of the driving voltage.

www.intechopen.com



Plasma Wave Propagation with Light Emission in a Long Positive Column Discharge 393

Figs. 6 show the optical signals of the discharges before and after Townsend breakdown. In
Figs. 6(a) and 6(b) before Townsend breakdown, the optical signals have a time shift and a
decay of intensity as the measuring point goes from @ to ®. The optical intensity
corresponding to the negative polarity of voltage is a little higher than that of the positive
polarity at the same measuring point. In Figs. 6(c) and 6(d) after Townsend breakdown, the
time shifts of each optical signal measured at the points ®~® are smaller and the deviations
of optical intensity at each point and for both polarities are also smaller than those of Figs.
6(a) and 6(b). However, we have two types of optical signals. For the first type, the
propagation of the optical signal is slow and the optical intensity decays as the measuring
point from @ to ® as shown in Figs. 6(a) and 6(b). For the second type, the propagation time
is short and the intensity is nearly the same value between measuring points as shown in
Figs. 6(c) and 6(d).

In the optical signals of Fig. 6(a), the total propagation time from @ to ® of L=880 mm length
is £,~5.31 pus with the mean propagation velocity u,~L/#,~1.7%x10*°> m/s. The propagation
speed slows slightly from ® to ® but is nearly constant. In the optical signals of Fig. 6(b),
the propagation time from ® to ® is t,~4.00 us with the mean propagation velocity
u,~2.2x10* m/s. As the current and voltage increase before breakdown, the propagation
speed u, increases. After the breakdown discharge of Figs. 6(c) and 6(d), the propagation
speed is u,~2.6x10" m/s with the propagation time £,~0.34 us in Fig. 6(c) and the
propagation speed is u,~4.6x10%¢ m/s with £,~0.19 us in Fig. 6(d). The propagation speed
after breakdown is faster by a factor of 10.

For the explanation of the optical propagation according to the two types of discharge,
before and after the Townsend breakdown, the plasma diffusion and the electron plasma
wave theory is adopted in the positive column plasma. In plasma diffusion, we calculate the
diffusion speed along the discharge tube from the diffusion equation. For the electron
plasma wave, the driving frequency f,~65 kHz is treated as a source of the perturbation into
the positive column plasma of the normal glow discharge after the Townsend breakdown.
The key issues of this study will be whether a plasma wave of this driving frequency can be
propagated, and the physical effects that cause this wave to be propagated through the
positive column filled with high density plasma.

3. Analysis of plasma propagation along the positive column

For the purpose of understanding the propagation of light emission, the experimental

observations in the previous sections are summarized as:

i. Light always propagates from the high voltage side to the ground. The direction of
propagation is independent of the electron drift velocity u; whose directions are varied
according to the electric field with the polarity of applied voltage.

ii. The speed of light propagation is u,~(10°-10°) m/s according to the lamp current. At the
low current ~1 mA, the velocity is u,~10° m/s. As the current increases at the normal
glow, the propagation velocity also increases over 100 m/s.

iii. The optical signals represent the type of ripple wave as O(t)=0,+dOsinwt. The ripple
frequency is the frequency of voltage pulses. In DC-operation, the ripple frequency is
the frequency of DC-voltage pulse. When the operation frequency is @, in AC-voltage,
the frequency of optical ripple wave is ®=2w,, 2-times of AC-operation frequency. With
respect to the ripple ratio dO/O,, we have two types of optical signals according to the
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current. At the low current before breakdown, the ripple ratio can be very large over 50
% and the signals decay along the z-direction of positive column as O(t, z)=0,+dOexp(-
z/zp)sinwt. The scale of decay is about the lamp length L as zp~L. At the normal glow of
high current, the optical signals would not represent the decay with the large scale of
decay as zp>L and the ripple ratio is about 40/ O0,~20-30 %.

For the interpretation of experimental results summarized above, our models for the

analysis are listed below as:

i. Plasma is generated at high voltage side of z=0 and diffused toward the ground
electrode of z=L. At the steady state, the gradient of plasma density is formulated by the
continuous generation of plasma at the high voltage side. The density is high at z=0 and
is decreased toward z=L.

ii. Perturbation is generated at the high voltage side by the high voltage V(t)=V,sinoot
with the frequency f,=w,/2m. The wave is generated initially at the high voltage side
with the frequency w=27(2f,)~10° s for the operation frequency f,=65 kHz. In this
analysis we will show the wave always propagates to the z-direction with the
propagation velocity and the decay. We will find what kinds of effect are for the
propagation.

iii. The wave cannot be observed with the naked eye. It means the wave length is sub-
millimeter. Then the phase velocity is determined with the wave frequency w~10° s7.
The group velocity of propagation should be ~(10°-10°) m/s according to the
experimental data. For the presentation of wave decay along the tube, we have the
characteristic decay length, which should be above the scale of lamp length, about 1 m
or 10 m according to the lamp current.

In the previous reports [8-9], the fatal results of their analysis are that the waves are

dependent of the electron drift velocity u; whose direction is changed with the voltage

polarity. Therefore, they do not explain the direction of propagation observed in the
experiments where the waves always propagate from high voltage side to the ground
without decay or with a small decay.

3.1 Electron plasma fluid equations and plasma parameters

The electron plasma waves have been described in Ref. [13-22] where all the waves cannot be
propagated due to the high damping due to the elastic collision of electron. For the difference
from Ref. [8-19], this report includes plasma density gradient along the positive column, which
will be an important factor for the propagation of electron plasma waves without damping.
The electron equation of motion and continuity equation are with | ~ -neu,:

o _ - =
—+|t'V)u |==v |J/e+ D Vn+ni 1
n[a! (If )u] 1( e+D Vn mf) (1)
on -
V(ni)l=v
&Jr (nii)=v.n )

In the above electron fluid equation, the ambi-polar diffusion is considered [14-19]. Before
manipulating the equations, the plasma parameters in this study are estimated follows.

In the general fluorescent lamps for LCD-TVs, the typical gas composition is filled with Ne
(95 %)+Ar (5 %), at a total pressure 60 Torr, and also containing 2 mg of mercury in liquid
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phase. The neutral atom density is 1,~10*** m3 from the calculation of 1,~3.25x10*?2P(Torr)
m3 [13-14]. The plasma is mostly Hg-ions with the plasma density 7,~(10"1~10*17) 13 and
the electron plasma temperature T,~1 eV in a typical positive column of Hg discharge. The
mean electron energy is &=3T,/2~1.5 eV and the electron thermal velocity is
u~(2¢/m)"/2~7x10*> m/s. An electron collision frequency is ve~n,0u,~2.3x10"0 1 with
0(Ne)~2x10% m? at e=1.5 eV [23]. The electron mean free path is A:~(1/1,0)~43 um. The
ionization collision frequency is vi~n,0u,~10" s where the ionization collision cross
section is very sensitive to the value of electron thermal energy T..

Generally, the diffusion coefficient of electron, ambi-polar, and ion, are estimated to be
D~10"">D,~(102~10%)>D;~10" (m?%5). In the calculation of D., we obtain D.~35 m?/s with
T.=1 eV and v,~10*1° s'1. When the mercury ion mass (Hg)~200 m, (proton mass) and the ion
thermal velocity u~2x10*? m/s for T~0.03 eV and ion-neutral atom cross section ¢in~1018 m?
[15], we have the ion-neutral atom collision frequency vi=1,0mu~4x10%8 s1. Then, we obtain
D.=T,/Mv;~2.6x103 m%:s.

The plasma density n, is verified and the electron drift velocity u, is calculated with the
experiment data. When the operation frequency is f,=60 kHz, the lamp current is about 1 mA
or less before breakdown and the current is about 10 mA for the normal glow after
breakdown. From the current i=dQ/dt~Qf,, we have the total charge Q=i/fo~{(1-
10)/(60x10%}x107 C corresponding to the current i=(1-10) mA. Then, the total plasma
particles are N=Q/e. The plasma density is 1,=N/ (n7,’L) ~(1.4x10'°~1.4x10") m> with the
tube inner radius 7,~1.5%10% m and the tube length L~1 m. The typical glow discharge
plasma density is verified to be 1,~10' m3 before breakdown for the low current i~1 mA and
to be 1,~10" m™ after breakdown for the current ~10 mA for the normal glow plasma. With
the plasma density n,, the electron drift velocity is calculated from J=ngeu;=i/A and the tube
cross section A=nr>~7x10° m? Before breakdown for the low current i~1 mA and
1o~1.4x106 m3, we have us~5%10* m/s. Even the plasma after breakdown for i~10 mA and
1o~1.4x10'7 m3, we also have the electron drift velocity u4~5x10* m/s. The typical value of
drift velocity is known to be 1;,~10* m/s.

3.2 Plasma diffusion along the tube

For the analysis of the experimental results, plasma diffusion is considered in a fine tube
positive column. When a high voltage is applied to the electrode, the plasma of high density
is generated at the high voltage electrode, and the electrons and ions diffuse along the
positive column. Even if electron and ion fluxes are made up of identical ambi-polar
diffusion fluxes and drift fluxes due to the electric current driven by the external field E, we
have the diffusion equation for each plasma species of electrons and ions including the
plasma generation in the continuity equation with the ionization collision v;; [13-14]:

on s
DN _DVn=v, 3
[a{) [} ﬁ Vl',” ( )

The motion of a charged particle is considered with radial and longitudinal components.
Considering diffusion with time dependence in the z-direction only for a bounded plasma
within the tube of inner radius r,, the solution can be written n(t, z, r)=n,(r)n.(t, z). The radial
component of Bessel’s equation of order zero becomes V,?1,+(co/ D,)1n,=0 with a constant co
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coupling to the z-component. The solution to the radial component is the Bessel function of
order zero, 1,(r)~Jo(r/ [Da/co]'/?). To satisfy the boundary condition 7,(r,)=0 at the tube radius
to, we have a = r,/[D4/co]"/? which is the zero of the Bessel function Jo(a )=0. The coupling
constant c,=Da(& /ro)> depends on the value of a. According to the diffusion mode in a
cylindrical cross section [13-19], the first zero of |,is at o =2.4.

Considering the diffusion only in the z-direction, we obtain the continuity equation

2

ot o -

o

One of the solutions for Eq. (2) is the time dependant Einstein’s diffusion equation [16-18]:

.’?: (r, :) = cr -1 -"Ee-{;'f 14Dt 'ie_t-a".’:. ): D.J're'l',:f (5)

where c is a normalization constant.

If the radial diffusion effect and ionization collisions are not included as r, becomes infinite
and v;,=0, the solution becomes the well known solution of Einstein’s diffusion equation [16-
18], which is one dimensional diffusion away from a point source in an infinite medium.
The solution represents the spread of the Gaussian formulation with the z-function. As time
increases, the density of n.(t, z) will decrease and the distribution tends to become
increasingly uniform.

The diffusion velocity is calculated as u,=-D.(V.n)/n=z/2t. Using the approximation of
(a/r0)2Ds>>vj; and z>>r, since the tube radius is 7,=1.2 mm and the positive column length is

0<z<1 m in this experiment, the time t at the peak value of density is obtained directly from
Eq. (6) with dn/dt=0:

"o

20D,

{.-.,,

z (6)

The above relation of Eq. (5) can be simply checked again from the derivative of exponential
terms as (z2/4D.t)+(a /r5)2D,t in Eq. (4) with (& /ro)2Ds>>vi; and z>>r,. Then we have u,=-
Du(V.n)/n=z/2t~( /ro)Da~40 m/s with a =2.4, 1,=1.2x10° m, and D,~10"2 m%s. In this section
we verify the diffusion velocity u, due to the plasma density gradient along the long positive
column. When a high voltage applied to the electrode with the frequency o=411f,~10° s}, the
plasma is generated at the high voltage side and it diffuses very slowly and travels only
about 0.1 mm in the period about 10 us of voltage pulse. Therefore, the plasma density
gradient is formulated along the positive column in the steady state, a high density at the
high voltage side and a low density at the ground side.

3.3 Electron plasma waves

The electron plasma wave [13-22] is represented with the perturbations of the wave varying
as f1 =fiexpli(kz-wt)] where k is the propagation vector in the z-direction. The electron density
1, the electron plasma fluid velocity i , and the electric field E, are separated into two parts:
an equilibrium part indicated by the subscript o, and a perturbation part indicated by a
subscript 1: n=ng +m, i =1, +i, , E =E, +E, .
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The equilibrium values of plasma are obtained at the steady state of electron fluid. When
d i, /dt~0 in the force balance of Eq. (1), the electron plasma fluid velocity i, is represented

l_':ﬂ == =1 o + EFI (7)

The electron drift velocity is i, = =, E, = —J/(no)e in the electric field E,. The electron fluid
diffusion velocity of density gradient is i, =-D,Vny/n,.

Considering the plasma density in the continuity equation with steady state of dn,/0t~0, we
have V2n,+(vi/Ds)no=0. The plasma is generated at z=0 by the high voltage applied to the
electrode and diffused into the positive column to z=L of lamp length. One of the solution 7,
(2)=nocos{(vi/Da)"/?z}. The corresponding diffusion velocity is u,=(vi.D,)!/*tan{(vi/Da)"/?z}.
The averaged magnitude of diffusion velocity is estimated to be u,~(vi:D,)!/?>~10? m/s with
D,~102 m?%/s and v;,~10° s. The diffusion velocity ~10? m/s is too slow to diffuse into long
positive column within micro-second of voltage pulse duration time so that the plasma
diffusion signal is not fitted to the velocity of optical signal propagation having 10°~10° m/s
in this experiments. It takes about 102 s diffusing along the long positive column of 1 m
length with this diffusion velocity. The distance of diffusion is about 0.6 mm during the
period ~7 us of a high voltage pulse.

The time var iation of equilibrium quantities are d 1, /dt~0, ony/0t=0. The spatial variation of
equilibrium plasma density is considered as Vn,= - (ny/D,) i, which provides the diffusion
velocity #, in this analyses. If we assume the velocity u, as a constant value along the
positive column for the simplicity, we have Vu,=0. When we consider Vu,=0, this effect are
not affected on our results which will be discussed later.

Using the equilibrium values as dii,/dt~0, dny/0t=0, Vu,=0, and Vn,=-(ny/D,)i,, the

perturbed equations of u; and n; are

ou J V i
n, [ 5; + ”[]V”I] =—v, [;‘ + DVn, +n, +HUI-',:| 8)
on, . = ST TR Y
6—; iy Vi +ng V-t 410 Vi = v, ®)

Using Ji/ (no)e = (— iy 1 ~ pe E; = —pe V V1= —ikp.Vi=ipen/ ( eok) and V2V; ~ eny/eo, we have
—k2V1= en1/ e by the assumption of stationary ions. Using g/0t= - io and V=ik, the perturbed
equations are

L . ne .
nout, (—iew+iku, +v,) =—nyv, [: U, Lk +ikD + a”:| (10)
&£
S LU
n(=iw+iku, —=v_) = —=nu, [rk - D J (11)
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Combining above two equations, the dispersion equation of the electron plasma waves is
obtained by the factoring out the first-order quantities:

2

, R . ) . LUV, u v,

@ -, —Kku k” =2wku, +iov, —ikuy, —i—=———""—-=0 (12)
KA, Ku,”

()

In the above equation, we use a),,e2 > v.0i, and v.D, > u? since v.D,= xu2 with x=mv,/Mv; and
the relation Apwp.=u, with the Debye shielding length Ap.

If the electron flow u,=ug+u, and the electron collision frequencies v, and v;; are ignored, we
have the typical electron plasma wave as the oscillation electrons at w. are streaming into
adjacent layers of plasma with thermal velocities u,.[14-19].

With an explicit expression for o=w,+iw;, the imaginary part of o is expressed as

v, ®,—ku,(1+1/ k2, 'k*)

@, =- : (13)
2 @, —ku,
For the propagation wave without damping as w;=0, we have the wave,
@, =ku (1+1/ kA, k?) (14)

For the general electron plasma waves without density gradient as Vrn,=0 and u,=0 in the
above equation, we can verify all the waves are fast damping with the damping frequency
@i~-v/2~-10"10 s1. The wave frequency . is independent of the drift velocity u; whose
direction is changed by the polarities of applied voltage.

For the description of wave propagation along the longitudinal direction z of positive
column, corresponding to the optical signals observed in this experiment, we would rather
take the explicit expression with k=k,+ik; than w=w,+iw;. The imaginary »;<0 shows the time
decay as exp(w;t) while the imaginary of k;>0 represents the scale of decay in the z-direction
as exp(ikz)=exp(ik,z)exp(-kiz). When the scale of decay in the z-direction is zp, we have
ki=1/zp for exp(-z/zp). In this experiment the decay scale of zp is about 1~10 m. In a low
current of ~1 mA we have zp~1 m which is ki~1. In the normal glow plasma of current ~10
mA we have a large decay scale as zp~10 m which is the case of ki~10".

With an explicit expression for k=k,+ik;, the imaginary part of k is expressed as

u,(1+1/ K2,k

e

- v, w—k
i~ 2
2 wu, + Kk, u,

(15)

For the propagation wave without damping longitudinally with k=0 in the above equation,
we have the same result obtained from ;=0 in Eq. (13) as

w=ku (1+1/k4, k") (16)
The wave is approximated to be w~u,\/21kAp>~10° st with k,=21/A, u,~10% x~102 Then, we

have the wave length A~10(27Ap?)~0.1 mm.
The real part of k is given by
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u,v, H”Hﬂ'v' _
r“nve t_ '-_'L =0 (17)
k. KA, Ku,

r

®’ w —ﬁm(fc“

From the derivative of dow and dk, in the above equation of dispersion relation, the
propagation velocity of wave is calculated in the group velocity u,=dw/dk, with & in Eq. (16)
and k;=0;

-

do u, *vuu, [ k(Ak,) —uv, lk, _u’

oo n

dk, u, lk(Ak, ) —u, u

k(A,k.) ~(10°=10°) (m/s)  (18)

u, =

H

In the approximation of above equation, we have u>u,/k(Apk,)*>us~10* with u,~102, xk~1072,
k=2m/A, which is (ue/un)>(N27Ap)?/ x> (Ua/tin)~10% Using (A/2Ap)>10x'/2~1 with A>271)p, we
have the wavelength of A~0.1 mm. Finally, the group velocity of wave propagation is
ug~ue *x(2mAp/ X)?/ 1,~10° m/s or less with 1,<10%m/s.

The wave corresponds to the optical signals as O(t, z)=0,+dOsinwt. The perturbed wave f{t,
z) describes dO. We have the wave as O(t, z)=0,+dOsin{2r(zust)/ Ag}sin{2r(z-upt)/Afexp(-kiz).
The frequency is &=41f~130 kHz~10° s!. The wave length is A~2mAp~0.1 mm. The
propagation velocity is the group velocity u,=dw/dk~10° m/s of modulated wave whose
wavelength is Ag~27 m, the scale of lamp length. Since the value of k; can be zero or small
enough for the wave to propagate along the whole length of lamp, the scale of decay along
the longitudinal direction is zp=k;* which can be larger than the lamp length.

4. Discussions

The experimental observations summarized in the beginning of previous section, are

explained with the analysis of wave propagation as follows:

i. The wave always propagates along the tube from the high voltage side to the ground.
The direction of propagation is independent of the electron drift velocity. The
propagation of wave is in the direction of diffusion velocity u, since the group velocity
daw/dk~u.*/u, as well as the phase velocity a/k~u, is related to the diffusion velocity u,. In
the previous reports [8-9], the direction of wave has been represented in the direction of
electron drift velocity ugas a/k~uqand de/dk~u/ug.

ii. In the observation, the light propagation speed is u,~10°-10° m/s according to the lamp
current. At the low current of ~1 mA, the velocity is u,,~105 my/s. As the current increases
at the normal glow, the propagation velocity also increases over 10° my/s. The
propagation velocity in the analysis is the group velocity of dw/dk~u.%/u, which is
proportional to the square of electron thermal velocity u.. Generally in Townsend
breakdown, the most important parameter in Townsend discharge is the electron
energy T.~=muc/3. For instance, in Hg-discharge with rare gases, the electron
temperature is T,<1 eV before the breakdown and it can be T,>1 eV at the normal glow
and it can be increased with the discharge current.

iii. In the analysis, the wave describes the optical signals as O(t, z)=0O,+dOexp(- z/zp)sinwt.
Since the propagation velocity corresponds to the group velocity, and it becomes fast to
be ~10° m/s as the current is increased, the wave would not decay for the short time of
~us. If the propagation velocity is ~10° m/s, the propagation time of ~5 ys is long enough
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for the wave to be in decay. However, the scale of decay is the length of lamp even for
the velocity ~10° my/s.

The mechanism of light propagation is explained with the results of analysis in the previous

Sec. 3 as follows:

i. Plasma is generated at high voltage side of z=0 and diffused toward the ground
electrode of z=L. At the steady state, the gradient of plasma density is formulated by the
continuous generation of plasma at the high voltage side. The plasma density is high at
z=0 and is decreased toward z=L. There are two kinds of electron flow in the fluid
velocity u,. One is the electron drift u4~10*m/s driven by the electric field. Another is the
electron diffusion velocity u, driven by the gradient of plasma density Vn,. The electron
flow of diffusion with the velocity u,~10?my/s, due to the plasma density gradient in the
steady state, is the origin of plasma wave propagation along the positive column.

ii. The wave is generated by the pulse of high voltage which is the role of the perturbation
on the positive column plasma having a density gradient. Initially, the wave is
generated at the high voltage side with the frequency of voltage pulse. The perturbed
wave propagates along the slope of plasma density to the z-direction.

iii. The wavelength of wave is about ten times of Debye length as A~10Ap ~0.1 mm so that it
cannot be observed with the naked eye. The scale of modulated group wave is the scale
of lamp length so that the group wave has no nodal point along the positive column.
The wave of decay along the tube has the decay length above the scale of lamp length,
about 1 m or 10 m according to the lamp current. Therefore, the wave seems to be a
flowing tide, rising from ocean tiding toward beach.

5. Conclusion

The observation of light propagation along a long positive column is the first report in 70-
years history of long discharge lamps such as neon-sign lamps, fluorescent lamps for
general lighting, and CCFLs and EEFLs for LCD-TVs. The mechanism of light propagation
has not been understood even in the previous reports [8-9].

While the wave is not generated in the DC-operation of constant voltage, the wave is
observed only in the operation with DC-rippled voltage. Through the operation of DC-
rippled voltage, the optical signals observed in this experiment are verified not to be a kind
of unstable standing waves like a striation but it is clearly a new kind of wave propagating
along the positive column.

In the AC-operation, the propagation velocity of light emission depends on the lamp
current. At the low current before breakdown, the propagation velocity is about 10° m/s and
the wave decays with the scale of lamp length. As the current increases after Townsend
breakdown of normal glow, the propagation velocity is increased with the order of 10° m/s.
The wave of high current will not show the decay during propagation.

The origin of propagating wave in this observation is the electron diffusion wave. When the
plasma is generated by the high field at the side of electrode applied a high voltage, the
plasma diffuses very slowly toward the ground electrode. In the steady state, the gradient of
plasma density is formulated along the positive column, a high density at the high voltage
electrode and a low density at the ground electrode. When the perturbed wave is generated
due to the high voltage pulses which roles a perturbation at the side of high voltage
electrode, the wave slides on the slope of plasma density along the positive column and
propagates toward the ground electrode.
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The substance of wave is the electron diffusion flow enforced by the plasma density
gradient formulated along the whole positive column. The phase velocity as well as the
group velocity of wave is proportional to the electron diffusion velocity. The wavelength of
phase is a sub-millimeter so that the wave cannot be seen with naked eyes. Since the
wavelength of modulated group wave is the scale of lamp length, the wave is propagating
like a flowing tide rising from the high voltage electrode toward the grounded electrode.
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Fig. 1. Experimental circuit for measuring the optical signals in CCFL operated with DC or

AC electric power supply. The high voltage is supplied to the left side of electrode and the
other side is grounded. Measuring points of the optical signal are labeled with ®~®.
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Fig. 2. Oscilloscope signals of lamp voltage, lamp current, and optical probe intensity for the
operation with the DC voltage. The solid bottom line is the zero base line. All the signals are
constant on time.
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Fig. 3(a). Oscilloscope signals of lamp voltage 1.2 kV, lamp current 4.2 mA, and optical probe
intensity for the operation with the rippled-DC voltage as V(t)=V,+AVsinot with AV/V,~10
%. The solid bottom line is the zero base line of voltage, current, and optical intensity. The
straight dashed-lines are obtained from the DC operation in Fig. 2. All the signals show the
rippled sinusoidal wave with the operation DC frequency 129 kHz and the period of 7.7 ys.
The optical intensity is O(t)~O,+AOsinwt with AO/O,~10 %.
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Fig. 3(b). The optical signals measured at points ®~® when the luminance at @ is 10,000
cd/m? for the operation with the rippled-DC voltage as shown in Fig. 3(a). The propagation
time of optical emission from @ to @ is #,=1.82 ys. The propagation velocity is 1,=3.35%10°
my/s traveling the distance 610 mm from @ to ®. During the propagation, the optical
intensity decays slightly with the characteristic decay time tp~22 ps.
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Fig. 4. Experimental circuit for measuring the optical signals at points ®~® along the CCFL.
Lamp length is 900 mm, with 220 mm between each point, and 880 mm between points of ©®
and ®.
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Fig. 5. Current and voltage curves with the applied voltage V,and the lamp voltage V},
measured at the point a and b in the circuit of Fig. 1, respectively. The optical signals of Figs.
3 are measured at the following I-V: Fig. 3(a) is with [=2.5 mA, V,=1.8 kV, V,=1.6 kV, Fig. 3(b)
is with [=2.6 mA, V,=2.0kV, V;,=1.8 kV, Fig. 3(c) is with [=31.0 mA, V,=2.32 kV, V;,=0.98 kV,
and Fig. 3(d) is with [=32.6 mA, V,=2.45 kV, V;,=0.97 kV, respectively.
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) 31.0 mA, £=0.34 us u,=2.60x10° m/s
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d) 32.6 mA, £,=0.19 us u~=4.60x10° my/s
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Fig. 6. Oscilloscope signals of the lamp voltage Vj,and the optical probe pulses measured at
each point ©~®. The signals at (a) and (b) are before Townsend breakdown and those at (c)
and (d) are after Townsend breakdown as they are noted in Fig. 2. If the voltage signal is
V(t)=Vosinwot with w,=27f, for the applied frequency f,=65 kHz, then the corresponding
optical signal is represented by O(t)=0,+O1sin{w,(t-At)} with the frequency of w,,=20, for
the two polarities of voltage peaks +V,,. In the optical signals at (a) and (b), the optical
intensity O, decays remarkably with the measuring points from ® to ®. The decay rate of
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optical signal from @ to ® is quite slow at (c) and (d). In the figures from (a) to (d), the
propagation time At of the optical signal from the peak of ® to ® becomes short so that the
propagation velocity u, becomes fast. Before Townsend breakdown of low current [=2.5 mA
and [=2.6 mA in figures (a) and (b), the propagation time from ® to ® is 5.31 us and 4.00 ps,
and the mean propagation velocity is u,=880 mm/5.31 ps=1.66x10°m/s at (a) and 1,=2.20x10°
m/s at (b). After Townsend breakdown of high current [=31.0 mA and [=32.6 mA in figures
(c) and (d), the propagation time from © to ® is 0.34 us and 0.19 s, and the mean
propagation velocity is 1,=2.60x10° m/s at (c) and u,=4.60x10°m/s at (d).
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