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The breakdown delay time of a closed plasma plume excited by a high-voltage pulse is investigated.

The visible monochromatic light of 404, 532, and 662 nm wavelength and narrow-waveband light at

a central wavelength of 400, 430, 450, 470, 500, 530, 570, 610, and 630 nm are used to pre-ionize the

gas. It is found that the breakdown delay time decreases when the visible light illuminates the dis-

charge tube. The light is most effective when it is applied at the position near the high-voltage elec-

trode. Besides, the tube material and size are important for enhancing the effect. The jet using quartz

tube and larger inner diameter make the effect stronger. The effect of visible light is found to

inversely relate to the wavelength, manifested by the longer breakdown delay times for longer wave-

lengths. With increasing the frequency and the pulse width of the voltage, the visible light shortens

the delay time more effectively. These observations can be explained by the visible light-enhanced

generation of free electrons before the ignition. The proposed mechanisms of free-electron generation

are the optically stimulated exoelectron emission from the inner surface of the discharge tube wall

and the vibrational excitation of nitrogen molecules. The effects of visible light weaken with the

addition of oxygen as a result of electron affinity to oxygen. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4979263]

I. INTRODUCTION

Room-temperature atmospheric-pressure plasma jets

(RT-APPJs) have recently attracted significant interest, moti-

vated by their potential applications, such as materials proc-

essing, plasma medicine, and chemical decontamination.1–9

To understand the physical processes that initiate electrical

breakdown of the neutral gas is important for the applica-

tions of RT-APPJs. Controlled electrical breakdown is very

important in pulsed power applications and represents the

basis of the operation of gas-filled switches in fusion reac-

tors, lasers, directed-energy weapons, and electromagnetic

pulse generators. Studies found that RT-APPJs have several

unique properties including high repeatability.10–13 To

understand and optimize the ignition stabilization of the dis-

charge, several studies have been reported.10,14 Most of these

studies focus on the effect of seed electrons. The seed elec-

trons play an important role in the ignition and propagation

of the plasma plume and can be produced by cosmic rays,

photoionization, and detachment of negative ions. In case of

repetitive discharges, residual electrons from the previous

discharge pulses can also act as seed electrons.

Photoionization is an effective non-local mechanism for

creating free electrons in RT-APPJs. The photons can be gen-

erated by photoionization in front of the plasma bullet which

emits UV light. It is commonly believed that only high-energy

photons with the energy in the UV or vacuum UV ranges

cause the photoionization. Pejović et al. investigated the effect

of illumination of nitrogen-filled discharge lamps on nitrogen-

filled tubes and found a clear reduction of the breakdown

delay time td.15 One of the possible reasons for the observed

decrease of td is the enhanced production of the secondary

electrons from the cathode induced by the photoelectric effect.

Shishpanov et al. studied the breakdown characteristics of a

discharge tube illuminated by gas-discharge light sources and

found that the tube illumination reduces the breakdown volt-

age.16 They believed that the possible electron source is the

optically stimulated exoelectron emission (OSEE) from the

inner surface of the discharge tube wall.

Meanwhile, the chemistry of light interactions with the

gas may play an important role in the discharge ignition, for

example, through vibrational excitation of molecules.17 This

is due to the fact that the energy is largely transferred from

the electrons to the molecular vibration states. Several

excited molecules, such as N2, CO, H2, and CO2, can main-

tain their vibrational energy for a relatively long time and

without relaxation. This feature is believed to cause selectiv-

ity in chemical reactions.

In previous works, the visible light was shown to affect

discharge ignition by reducing the breakdown delay time and

the breakdown voltage. However, these effects have not

been studied systematically for RT-APPJs. Several open

questions remain, for example: (1) What is the most effective
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wavelength range of the visible light? (2) Where is the most

effective position for the light to be focused on? (3) Does the

effect of the visible light depend on the discharge tube size

and material? and (4) How does the effect of the visible light

depend on the gas composition and pressure.

This work focuses on the effects of visible light on the

breakdown delay time of a RT-APPJ. The plasma is generated

in a discharge tube. The gas in the tube is replaced after each

discharge to eliminate the influence of the residual electrons

and reactive species. Visible light of different wave-bands is

used to illuminate the discharge tube. The ignition delay time

is measured to investigate the effect of the visible light on the

discharge. Our results suggest that the breakdown delay time

decreases with the visible light illumination and the most

effective light wavelength range is 400–530 nm. Besides, this

effect is affected by the position of the light source, gas com-

position, and characteristics of the applied voltage.

The rest of the paper is organized as follows. The exper-

imental setup is described in Section II. The details of the

experimental results, including the effects of monochromatic

light and the 10 nm waveband visible light of different wave-

lengths on the breakdown delay time are presented in

Section III. Detailed discussions of the observed phenomena

and a brief summary of the results obtained can be found in

Section IV.

II. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1. A custom-

designed vacuum-grade gas handling system is used to

ensure the purity of the gases and to avoid the diffusion of

the surrounding air as shown in Fig. 1(a). The high voltage

(HV) electrode and the ground electrode made of a tinfoil

are placed on the outside of the tube. The distance between

the HV electrode and the ground electrode is 18 mm. It

should be pointed out that the system contains no plastic

parts, except for the O-ring. The discharge tube is evacuated

to 5� 10�2 Pa and then back filled with operating gas to a

desired pressure. The voltage and current are measured by a

HV voltage probe (Tektronix P6015) and a current probe

(Tektronix TCP 202), respectively. A photomultiplier tube

(PMT, 71D101-CR131) is placed as shown in Fig. 1(a) to

evaluate the ignition of the discharge.

Fig. 1(b) shows a schematic of the sequence of the PMT

(photomultiplier tube) signals and the voltage pulses. The

PMT signals (in Fig. 1(b)) are used to identify the breakdown

process. The breakdown delay time td is the time between

the first voltage pulse and the PMT signals shown in Fig.

1(b). Three lasers with different wavelengths and a xenon

lamp are used as the light sources. The three laser sources

(with 20 mW output power) provide monochromatic light of

404, 532, and 662 nm wavelengths. Besides, the light from

the xenon lamp with 30 W output power together with differ-

ent narrow-band filters allow light within the selected energy

bands to pass through a convex lens to illuminate specific

positions along the discharge tube.

III. EXPERIMENT RESULTS

It is noticed that visible light illumination can reduce the

breakdown delay time. In order to better understand this phe-

nomenon, two kinds of visible light sources, namely the

three lasers and narrow-bandwidth visible lights are used to

illuminate the gas while the discharge ignition delay time td
is measured. The optical emission spectra of these light sour-

ces (shown in Fig. 2) have been measured by a Princeton

Instruments Acton Spectra Hub 2500i spectrometer. All the

experiments have been carried out in a dark room to elimi-

nate the interference of any additional light source. Under

the same experiment conditions, the measurements have

been repeated 20 times. The experiment results from the

three lasers are shown in Section III A and the results from

the visible light with 10 nm waveband filters are presented in

Section III B.

FIG. 1. Schematics of (a) the experi-

mental setup, and (b) the voltage

pulses and PMT signals.
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A. The effects of the monochromatic light on the
breakdown delay time

First, the effect of the monochromatic light on the igni-

tion delay time of a helium plasma jet has been studied. In

this part, the tube size, material, and gas flow have been

changed in order to investigate the effect of the monochro-

matic light on the breakdown process. And the blue laser

with 404 nm wavelength has been chosen as the illumination

source. Helium with purity of 99.999% is used as a working

gas. The voltage, frequency, and pulse width are fixed at

8 kV, 8 kHz, and 2 ls, respectively. Fig. 3(a) shows the

breakdown delay time of plasma jets with different tube size

and material when monochromatic light is turned on or off.

The parameters of the discharge tube in Fig. 3(a) are listed in

Table I. Fig. 3(b) shows the corresponding td with different

gas flow rates with No. 5 tube.

In Fig. 3(a), it can be seen that the 404 nm laser decreases

the breakdown delay time effectively with 1–5 orders. It

should be mentioned that the td of No. 2 without additional

light is very difficult to be ignited, which means that its td is

longer than 5 min. The No. 2 jet using Polytetrafluoroethylene

tube is difficult to be ignited comparing with the No. 1 jet. By

comparing No. 1, No. 3, and No. 4 which have the same wall

thickness, the tds are similar without additional light of these

tubes, but the td of No. 3 with 404 nm light illuminated on is

approximately three orders of magnitude less than that of the

No. 1 jet. Therefore, the effect of 404 nm light on the ignition

delay time can be enhanced with larger inner diameter. For

No. 4 and No. 5 jets with different wall thickness, the td is

almost the same with 404 nm monochromatic light on. From

Fig. 3(b), it can be seen that the effect of the monochromatic

light on the ignition delay time is independent of the gas flow

rate. So, the monochromatic light can reduce the breakdown

delay time of RT-APPJs effectively and the effect can be

enhanced with large inner diameter with the proper wall thick-

ness and material. And the gas flow rate almost has no influ-

ence on this effect.

In the following, the effect of the monochromatic light

on the ignition delay time of a helium plasma plume is stud-

ied. In this section, the effects of monochromatic light at dif-

ferent laser illumination positions and gas pressures are

investigated. And the tube has been connected with the

pump in order to avoid the influence of the air and change

the parameter of gas. The inner and outer diameters of the

discharge tube are 1.5 and 3 mm, respectively.

FIG. 2. Emission spectra of (a) the visible light lasers, and (b) the narrow-bandwidth visible light. The grating is 1200 g/mm, and the entrance and exit slits of

the spectroscope are fixed at 50 lm.

FIG. 3. (a) The delay time of helium with light on or off with different tube size and material according to Table I (flow rate¼ 2l/min for all cases) and (b) the

delay time of helium with light on or off versus gas flow rate.
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Helium with purity of 99.999% is used as a working gas

and the gas is still. The voltage, frequency, and pulse width

are fixed at 8 kV, 8 kHz, and 2 ls, respectively. The wave-

lengths of the monochromatic light in the experiment are

404, 532, and 662 nm. Fig. 4(a)shows the corresponding td
when the laser illuminates at different positions xa, xb, and xc

(as shown in Fig. 1) at a gas pressure of 9� 104 Pa. Fig. 4(b)

shows the breakdown delay time td with (or without) light at

the pressure of 2� 103, 3� 104, and 9� 104 Pa.

As can be seen from Fig. 4(a), the ignition delay time

depends on both the wavelength and the position where the

light illuminates. The ignition delay time td reduces signifi-

cantly for all the three lasers when the light illuminates at the

position xa, which is close to the HV electrode. When the

blue laser is used, td reduces to about 40 ms which is about

four orders less than in the case with no light. When the laser

illuminates at the position xb which is close to the ground

electrode, td reduces by about two orders of magnitude for

the blue laser, and one order of magnitude for the green

laser. For the red laser, the ignition delay time td is almost

the same as in the case of no light. When the illumination

position moves further right to the point xc which is about

3.5 cm away from the ground electrode, illumination by both

green and red lasers have no effect on td. Only when the blue

laser is used, td reduces by about one order of magnitude.

On the other hand, as can been seen from Fig. 4(b), td
increases when the gas pressure is increased. The blue light

laser of 404 nm significantly reduces the discharge delay

time by about four orders of magnitude for all the three gas

pressure conditions. The green and the red lasers are less

effective.

As shown above, illumination by all the three visible

lasers, especially by the blue laser, reduces the ignition delay

time effectively. The photon energy E can be calculated

from the equation

E ¼ hc=k;

where h is the Planck’s constant (4.14� 10�15 eV), c is the

speed of light in vacuum, and k is the photon’s wavelength.

For the lasers with the wavelength of404, 532, and 662 nm,

their photon energy is 3.0688, 2.3305, and 1.8728 eV,

respectively. These energies are much lower than the first

ionization energy threshold of He, N2, and O2, which are

24.6, 15.58, and 12.2 eV, respectively. In other words, the

photon energy of the laser light used in the experiment is

much lower than the direct ionization energy threshold of the

gases. The possible reason for the effect of the lasers on the

ignition delay time will be discussed in Section IV.

Meanwhile, as the development of the electron ava-

lanche starts from the HV electrode, the seed electrons

around the HV electrode can contribute to the development

of the electron avalanche. That might be the reason why the

effect of the laser on the delay time depends on the position

where the laser illuminates.

B. The effects of visible light with 10 nm bandwidth on
the breakdown delay time

As shown above, even visible laser light has a signifi-

cant effect on the breakdown delay time. To further under-

stand the observed effect, light filtered from the xenon lamp

has been chosen as the light source as shown in Fig. 2(b).

The central wavelengths of the optical filter are 400, 430,

450, 470, 500, 530, 570, 610, and 630 nm. In addition, differ-

ent voltage parameters and gas compositions have been cho-

sen to investigate the effect of the visible light on the

breakdown delay time. The inner and outer diameters of the

discharge tube are 1.5 and 3 mm, respectively.

Fig. 5 shows the ignition delay times of the discharges

illuminated with different center wavelength light measured

at the position xa. Helium of 99.999% purity is used as a

working gas at a pressure of 104 Pa. The amplitude of the

FIG. 4. (a) The values of td when laser illuminates at different positions xa, xb, and xc; gas pressure: 9� 104 Pa; (b) the delay time of helium with light on or

off at pressures 2� 103, 3� 104, and 9� 104 Pa.

TABLE I. The tube size and material of RT-APPJs.

No. Inner diameters (mm) Outer diameters (mm) Material

1 2 4 Quartz

2 2 4 Polytetrafluoroethylene

3 4 6 Quartz

4 1 3 Quartz

5 1.5 3 Quartz

043502-4 Nie et al. Phys. Plasmas 24, 043502 (2017)



applied voltage is fixed at 8 kV. As can be seen from Fig.

5(a), light with the central wavelength from 400 nm to

530 nm can significantly reduce the delay time. However, it

was found that the light with the central wavelengths exceed-

ing 530 nm has no obvious effect. When the frequency is

increased to 8 kHz, the ignition delay time decreases several

folds in all the cases, as shown in Fig. 5(b), even without

illumination. However, the observed trend remains the same:

the ignition delay time is much shorter when it is illuminated

by light with the center wavelengths shorter than 530 nm. A

similar trend is observed when the pulse width of the applied

voltage is increased to 10 ls.

We reiterate that pulsed voltage is used in this work. For

each voltage pulse, the actual voltage on time tv-on is very

short compared with the pulse period. For the case of fre-

quency of 2 kHz and pulse width of 2 ls, the pulse period is

500 ls. Thus, the actual voltage on time is only 0.4%. With

the increase of the pulse frequency or the pulse width, for the

same delay time, the actual duration tv-on of the high voltage

applied to the electrode increases. For example, when the

frequency is increased from 2 to 8 kHz, the tv-on experiences

a four time increase if the delay time remains the same.

Similarly, when the pulse width is increased from 2 to 10 ls,

the tv-on is increased five times at the same delay time.

Therefore, according to Figs. 5(a)–5(c), the ignition

delay time is about 20.05, 3.05, and 6.42 s, respectively,

when there is no light illumination at all. According to the

discussion above, the actual voltage on time tv-on is about

80.2, 48.8, and 128.4 ms, respectively, for the three cases

when there is no light illumination. In other words, when

the frequency is 8 kHz, the ignition delay tv-on is the

shortest. When the 400 nm light is used, the ignition delay

times decrease to about 0.89267, 0.11249, and 0.0947 s

according to Figs. 5(a)–5(c) for the three cases, respec-

tively. The corresponding delay times tv-on are 3.57, 1.8,

and 1.89 ms, respectively. In other words, high frequencies

or long pulses could reduce the observed ignition delays.

Furthermore, the ignition delay time for different gases

and gas mixtures has been investigated. The ignition delay

time for He mixed with one percent of N2 and O2 is shown

in Fig. 6. Similar results for pure N2 and O2 gases are shown

in Fig. 7.

One can see from Fig. 6(a) that the delay time for the

pure helium without light illumination is about 16 times lon-

ger compared with that in Fig. 5(b). Moreover, the light with

the central wavelengths ranging from 400 to 630 nm contrib-

utes to the decrease of the delay time. The most effective

wavelength range is 400–530 nm and the effect becomes less

obvious when the central wavelength is larger than 530 nm.

This phenomenon is almost the same as for the pure helium

cases shown in Fig. 5(b).

For the case of 1% oxygen admixture in Fig. 6(b), the

delay time is larger than for the case of 5 min without light.

Moreover, the delay decreases to10–150 s when the central

wavelength increases from 400 to 470 nm. However, the

effect of light with the central wavelength larger than

470 nm appears to be insignificant.

Therefore, the effective range of narrow-wavelength vis-

ible light is much larger for the 1% nitrogen ad mixture case

compared with the 1% oxygen case. Due to the addition of

oxygen, the ignition delay time increases dramatically for all

cases. This can be attributed to the electronegativity of

FIG. 5. The ignition delay times of the helium discharge under illumination with narrow-bandwidth light with different center wavelengths:(a) 8 kV, 2 kHz,

2 ls; (b) 8 kV, 8 kHz, 2 ls; and (c) 8 kV, 2 kHz, 10 ls.

FIG. 6. The ignition delay times for (a)

Heþ 1% N2 and (b) Heþ 1% O2 gas

mixtures when light with different cen-

tral wavelengths is used at a total gas

pressure of 104 Pa. The voltage, fre-

quency, and pulse duration are 8 kV,

8 kHz, and 2 ls, respectively.
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oxygen so that oxygen molecules attach free electrons gener-

ated by the extra light illumination.

As can be seen in Fig. 6, the ignition delay times for the

case with 1% oxygen addition reveal some difference. In

order to investigate the effect of the visible light on nitrogen

and oxygen, 99.99% nitrogen is chosen for Fig. 7(a) and

99.99% oxygen is chosen for Fig. 7(b).

It is hard to breakdown pure nitrogen without light as

can be seen from Fig. 7(a). Light irradiation with the central

wavelengths from 400to 530 nm help decrease the break-

down delay time significantly. However, light with the cen-

tral wavelengths higher than 530 nm play a less important

role in the ignition stage. In Fig. 7(b), it is interesting that the

delay time is much shorter than for pure He in Fig. 5(b) and

for pure N2 gases in Fig. 7(a). Importantly, light has almost

no effect on the delay time for pure oxygen.

Comparing with Figs. 6(b) and 7(b), it has been found

that the effect of addition of O2 (without illumination) is

unexpected. While the additive of 1% O2 to helium leads to

the increase of td. But in pure O2, td is several orders less

than in He. In order to better understand the effect of O2 on

td, the ignition delay time versus oxygen percentage are mea-

sured as shown in Fig. 8.

As can be seen from Fig. 8, the mixture gas is difficult

to be ignited with 1%–20% O2 at pressure of 104 Pa as the

ignition delay time is longer than 5 min, but it is much easier

to be ignited with either less than 1% or more than 20% of

O2. Thus, the reaction process in the plasma system with dif-

ferent O2 percent must have changed. With low oxygen con-

centration (<1%), Penning processes (He� þ O2 ! Heþ
Oþ2 þe;He�þO2ð1DÞ!HeþOþ2 þe;He�þO!HeþOþþe)

play a significant role, and the gas can be easily ignited.

With 1%–20% oxygen, the electron attachment of oxygen

molecule plays the dominate role, which makes the gas diffi-

cult to breakdown and this is consistent with that of atmo-

spheric pressure.18 When the O2 percentage is further

increased to more than 20%, the difference of td with and

without the light illumination become smaller, which might

be explained as following: the increasing role of the process

(eþO2! O2ð1DÞ þ e) make the density of O2ð1DÞ
increase. Then the process (O� þO2ð1DÞ ! O3þ e ) is

enhanced which supply enough seed electrons for ignition.

IV. DISCUSSION

The most common method for producing the electrical

breakdown, generating and sustaining of low temperature

plasma, is applying high electric field to a neutral gas. Any

volume of neutral gas always contains low density of elec-

trons and ions that are, for example, the result of the interac-

tion of cosmic rays or environment radiation with the neutral

gas. These free charge carriers are accelerated by the electric

field, colliding with atoms/molecules in the gas and with the

electrode surfaces, and new charged particles may be cre-

ated. This leads to an avalanche of charged particles and to

the initiation of electrical breakdown in the gas. When the

electric field in the inter electrode space E is sufficiently

high to create the multiplication of the electrons and ions,

the avalanche appears. If this multiplication creates a suffi-

cient number of electrons and ions, it will lead to the electri-

cal breakdown. However, if the process of free charge

species losses is dominated, the avalanche multiplication

will cease. The necessary conditions for gas breakdown are

the sufficient high electrical field and enough number of

effective electrons, but how the seed electrons develop into

the effective electrons is probabilistic event.19 As the break-

down delay time is the main focus of this work, we relate the

process of gas breakdown to the applied voltage. The break-

down delay time td includes the statistical time delay (ts) and

the formation time (tf), i.e., td¼ tsþ tf. The period of time

between the application of voltage and the electron genera-

tion is defined as the statistical time delay ts. Moreover, the

FIG. 7. The ignition delay times for (a)

99.99% N2 and (b) 99.99% O2 when

light with different central wavelengths

is used at a total gas pressure of 104 Pa.

Other parameters are the same as in

Fig. 6.

FIG. 8. The ignition delay times versus oxygen percentage with the central

wavelength of 400 nm light illuminated on or off (gas pressure of 104 Pa;

voltage parameters are the same as in Fig. 6).
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breakdown process can only be initiated when the electrons

appear in the intense electric field region. That is the reason

why the visible light illumination is most effective when it is

focused on the HV electrode. When the electrons appear, the

avalanche may form in the intense electric field region. This

process creates a sufficient number of electrons and ions and

it takes certain time described as the formation time tf.
Under conditions of this work, the statistical time delay ts is

much larger than the formation time tf.
19 Thus, the variation

of the td is mainly affected by the statistical time delay ts. In

this way, the reason for the visible light reducing td is to sup-

ply free electrons during the ignition stage. The next problem

is to identify the possible mechanisms of how visible light

supplies free electrons for ignition. There are two distinctive

possibilities for the free electrons generation by visible light.

One plausible mechanism is the optically stimulated

exoelectron emission (OSEE), which arises upon radiation

with the wavelength exceeding the photoelectric threshold.

OSEE is a particular case of exoelectron emission (EEE),

which is low-temperature emission of electrons from a solid

surface subjected to various external effects.20 These effects

are considered as preliminary excitation of the electron emit-

ter. In Ref. 21, this excitation was performed by mechanical

grinding of the electrode, which leads to the formation of

microscopic charged cracks in the oxide layer. Under the

gas-discharge conditions, the emitter (wall) could be excited

as charging of the wall upon its contact with the plasma dur-

ing the tube heating or during the previous breakdown. It is

very challenging to measure the EEE current as it is very

low, typically ranging from 10�18 to 10�11 A.20

The other possibility is the presence of nitrogen species,

which can be vibrationally excited by photons. Though pure

helium with 99.999% purity was used, typically at least 5 ppm

nitrogen impurity is present inside the chamber, while the

impurity level can be even higher when gas leakage is taken

into consideration. The optical emission spectra of the dis-

charges in pure helium, helium with 1% N2, and helium with

1% O2 of Section III B are presented in Fig. 9. From Fig. 9,

one can always note N2 and N2
þ peaks in pure helium, helium

with 1% N2, and helium with 1% O2, which confirms the pres-

ence of N2 impurity in pure helium. Because the energy for

the nitrogen vibration excitation is about 1.7–3.5 eV,17 the

light with the central wavelengths of 400–630 nm facilitates

the vibration excitation as the corresponding energies range

from 3.105 to 1.97 eV. Nitrogen molecules are vibrationally

excited by the narrow visible light, which makes the electron

impact ionization easier afterwards.

V. CONCLUSION

The breakdown delay time td is the sum of the statistical

delay time ts (initiating-electron expectation time) and the

formation time tf (time during which the ionization processes

develop). In this work, the variation of td is mainly related to

the change of ts. Several interesting conclusions can be made

as follows.

First, the visible light reduces the breakdown delay time

effectively. The effect is inversely related to the wavelength

of the additional light. The visible light provides free elec-

trons for the discharge. The production mechanism is still

unclear and there are two possible mechanisms. One of the

mechanisms is the OSEE from the inner surface of the dis-

charge tube wall and the other is the vibration excitation of

the impurity nitrogen molecules. However, in order to obtain

a deeper insight in the free electron generation mechanisms,

further studies are needed.

Second, the position of the focused light spot is very

important, and the best effect is achieved when it is near the

HV electrode. This phenomenon is due to the fact that the ion-

ization processes in a strongly non-uniform electric field ini-

tially develop near the electrode rather than throughout the

entire tube. As a result, the ionization wave front forms at the

high-voltage electrode and then propagates through the tube.

Third, the tube material and size are important for

enhancing the effect. The jet using quartz tube is much easier

to be ignited with the visible light illuminated on. And with

the same wall thickness, the larger inner diameter makes the

effect stronger.

Finally, the visible light becomes much more effective

with increasing the frequency and the pulse width of the volt-

age. However, due to the electronegativity of oxygen, the

ignition delay is significantly affected by the oxygen

FIG. 9. Optical emission spectra of pure He and Heþ 1% N2 and Heþ 1% O2 gas mixtures.
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concentration. The visible light can reduce the breakdown

delay time effectively when the gas is mixed with 1%–20%

O2. Unlike discharge at the atmospheric pressure, the gas

with larger than 20% oxygen can be breakdown. But the

effect of visible light on the delay time td is not obvious.
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