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Abstract. A n analysis of exper imental and theoret ical 
invest igations is the basis of this state-of-art review of 
models of fast ionisat ion waves (F IWs) and of charac ter 
istics and proper t ies of these waves. The a t tent ion is 
concent ra ted on waves with the m a x i m u m possible velocities 
of 10 9 — 2 x 1 0 1 0 cm s _ 1 when the ampl i tudes of vol tage 
pulses are 20 — 300 kV. At low and m o d e r a t e pressures the 
reduced intensity of the electric field in the front of a wave is 
so high tha t the front becomes a moving source of a beam of 
high-energy electrons in which the current can reach several 
k i loamperes . At m o d e r a t e pressures the high-energy elec
t rons in the wave front over take the front and cause 
pre l iminary ionisat ion of the gas ahead of the front. At low 
pressures these electrons determine mainly the mechanism of 
the mo t ion of the front. At high pressures (in excess of 200 
Tor r ) the main source of such pre ionisa t ion is the rad ia t ion 
emitted by the front. The high ra te of filling of the discharge 
vo lume with a p lasma, high electric fields and high energies of 
the electrons in the front, and the slight hea t ing of the gas 
m a k e fast ionisat ion waves at t ract ive for appl icat ions . 
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1. Introduction 

Electrical b r e a k d o w n of a gas in a discharge gap m a y give rise 
to ionisat ion waves usually observed as moving luminous 
fronts. The ionisat ion caused by these waves and their 
velocities depend on a number of exper imental condi t ions . 
The velocities m a y have values in a wide range from 10 5 to 
1 0 1 0 cm s " 1 . 

Ionisa t ion waves travell ing at relatively low p ropaga t ion 
velocites of 1 0 5 - 1 0 7 cm s _ 1 frequently appear in gaps where 
the electric field is h o m o g e n e o u s and the velocity of the 
ionisat ion front is governed by the electron drift. Such 
waves appear also when heavy part icles par t ic ipate in ionisa
t ion b r e a k d o w n ; for example, as a result of mot ion of a leader 
which forms in long sparks because of the hea t ing of a gas in a 
channel . The current associated with the mot ion of the front 
of slow ionisat ion waves is relatively low and is of the order of 
few to tens of amperes . 

Ionisa t ion waves travell ing at subluminal velocities of 
10 8 —10 1 0 cm s _ 1 frequently appear in the final stages of 
electrical b r e a k d o w n when usual ly a p lasma already exists 
in a discharge gap . The currents associated with these waves 
are high; for example, in l ightning dur ing mot ion of a r e tu rn -
s t roke wave the current m a y reach tens and hundreds of 
k i loamperes . 

U n d e r certain condi t ions it is possible to generate fast 
ionisat ion waves (F IWs) with large ampl i tudes of the current 
also dur ing the initial stages of electrical b r e a k d o w n . The 
most impor t an t factor is a steep slope of the leading edge 
(or a short rise t ime) of a high vol tage pulse applied to a 
discharge gap and the occurrence of pre l iminary ionisat ion 
(preionisat ion) in the gap . As a rule, the shorter the rise 

mailto:koud@impulse.msk.su


248 L M Vasilyak, S V Kostyuchenko, N N Kudryavtsev, I V Filyugin 

Figure 1. Motion of an ionisation wave: (7) coaxial transmission line; 
(2) high-voltage electrode; (3) discharge tube; (4) low-voltage electrode; 
(5) high-conductivity plasma column behind a wave front; (6) wave front; 
(7) lines of force of the electric field; (8) cylindrical metal shield around 
the discharge tube; iTet is the return current flowing along the shield in the 
opposite direction relative to the wave current; U is the distribution of 
the potential along the discharge tube for the wave position indicated 
below. 

t ime of the applied vol tage pulse and the stronger the p r e 
ionisat ion of the discharge gap, the higher the velocities of 
ionisat ion waves s tar t ing from the high-vol tage electrode. 
F o r example, in the case of pulses with a rise t ime of a few 
nanoseconds and an ampl i tude increasing from 60 to 300 kV 
dur ing this t ime, the velocity of ionisat ion waves increases to 
the range from 3 x 1 0 8 t o 2 x 1 0 1 0 c m s _ 1 . The mot ion of such 
b r e a k d o w n waves is accompanied by a large t r anspor t cur
rent , a con-siderable energy deposi t ion in the gas, and a high 
degree of ionisat ion of the gas, so tha t the discharge gap 
b reaks down dur ing the first passage of a wave. 

The recent intensive invest igations of F I W s have been 
m a d e in order to obta in informat ion on the fast b r e a k d o w n 
stages and on poten t ia l appl icat ions of these waves in con
t e m p o r a r y physics and technology. 

The major i ty of these experiments have been concerned 
with ionisat ion waves caused by pulsed b r e a k d o w n in long 
tubes . This configurat ion has the advan tages of stable spatial 
and t empora l discharge characterist ics, and easily varied 
b o u n d a r y condi t ions , which facilitates compar i sons with 
theoret ical models . Moreover , such configurat ions are used 
most frequently in pract ice. 

A high-vol tage nanosecond pulse (with a vol tage rise t ime 
a m o u n t i n g to several nanoseconds) is usual ly t ransmi t ted to 
an electrode of a tube a long a coaxial t ransmiss ion line 
(Fig. 1). The discharge tube is then a cont inua t ion of the 
central conduc tor of the t ransmiss ion line and it is sur
rounded by a cylindrical meta l shield. Ionisa t ion waves start 
from the high-vol tage electrode and travel a long the tube . A 
high-conduct ivi ty channel forms behind the front of a wave 
and this channel can be regarded as a cont inua t ion of the 
central conduc tor of the t ransmiss ion line a long which a 
poten t ia l is t ransmi t ted to the wave front, subject to some 
a t tenua t ion . The conduct ion currents flow along the p lasma 
(and a long the central conduc tor rod) ; in the wave front 
they are closed at the shield by the displacement currents . 
A 'reverse cur ren t ' flows th rough the shield and its value is 
equal to the current in the central conduc tor bu t its direction 
is opposi te . 

The electric field intensity in the p lasma behind the front 
is zero in the ideal case and therefore all the ionisat ion 
processes occur in the region of the voltage drop in the front 
of the wave. Since the ionisat ion efficiency is an exponent ia l 
function of the reduced electric field E/N (or £ / P ) , where N is 
the gas density in the tube , such a dis t r ibut ion of the electric 
field is much m o r e likely to cause ionisat ion b r e a k d o w n of 

the gas t han the dis t r ibut ions realised in other k n o w n electric 
discharges. It should be poin ted out tha t the p lasma zone in 
the front of an F I W is very far from an equil ibr ium. Electron 
fluxes with energies of tens of kilo electron-volts or higher 
m a y appear in it. Such a zone m a y be created far from the 
electrode. This minimises the influence of the electrode p r o c 
esses and it is desirable also in m a n y appl icat ions . The high 
ra te of filling of the discharge gap by the p lasma, the high 
intensities of the electric field in the front, the efficient 
excitation of high energy levels of part icles accompanied by 
only slight hea t ing of the gas, the absence of pinching, and the 
stability m a k e F I W s promis ing for appl icat ions in the cur
rently rapidly developing high-power pulse techniques, as 
well as in lasers, light sources, etc. 

2. Early investigations of ionisation waves 
Fas t subluminal ionisat ion waves were discovered by 
J J T h o m s o n in 1893 [1] in a s tudy of a pulsed electrical 
b r e a k d o w n in a long (15 m) discharge tube with a diameter of 
5 m m . A n induct ion coil connected to the ends of the tube 
served as the source of the vol tage pulses in these experi
ments . A ro ta t ing mir ror revealed tha t the luminous front 
always moves from the posit ive to the negative electrode at a 
velocity no t less t han half the velocity of light in vacuum. 

Subsequent invest igations of F I W s have been closely 
related to the development of the technique of generat ion of 
high-vol tage pulses and recording of fast processes. In 1937 
Beams, Snoddy, and Dietr ich [2] used an e lectron-beam 
oscilloscope whose plates were subjected to signals from 
two addi t iona l electrodes placed on top of a tube . They 
found tha t dur ing b r e a k d o w n a front of a potent ia l travels 
from the h igh- to the low-voltage electrode (irrespective of 
the polar i ty of the former) and the velocity of this front is 
equal to the velocity of light pulses. The velocity increases 
with the ampl i tude of the vol tage pulses from 1.7 x l O 9 

cm s " 1 at 73 kV to 3.7 x 10 9 cm s " 1 at 175 kV. W h e n the 
poten t ia l wave reaches the g round electrode, a reverse wave is 
generated and its velocity exceeds the velocity of the p r imary 
ionisat ion waves and is approximate ly one- third of the 
velocity of light. The current in the p r imary wave can reach 
9 0 - 2 0 0 A and the current density is 9 0 - 4 0 0 0 A c m - 2 , 
so tha t the ampl i tude of the poten t ia l over a distance of 
12 m can decrease by abou t 10%. 

A decade later, Mitchel l and Snoddy [3] placed for the 
first t ime a discharge tube in an ear thed shield and pos tu la ted 
tha t the current in the wave is governed by charging of the 
discharge- tube capaci tance relative to the shield up to the 
poten t ia l of the applied high-vol tage pulses. They poin ted 
out tha t this type of b r e a k d o w n resembles the re turn s t roke 
in l ightning [4, 5], which appears when a leader moving from 
a cloud reaches the ear th . A similar stage with a fast luminous 
front is found in long sparks under pulsed b r e a k d o w n condi 
t ions [6, 7] dur ing the pulsed corona stage [6] or when a long 
gap is closed dur ing the main s t roke stage [6]. 

Fas t ionisat ion waves can appear no t only as a result 
of pulsed b r e a k d o w n , bu t also in the course of t ransient 
processes which are accompanied by a change in the space 
charge or a redis t r ibut ion of the potent ia l in the discharge 
gap . Westberg [8] observed F I W s which appeared in a glow-
discharge p lasma because of spon taneous b r e a k d o w n of an 
oxide film on the ca thode , causing a s t rong injection of 
electrons in the ca thode region and a redis t r ibut ion of the 
poten t ia l after the passage of a series of forward F I W s and 
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those reflected from the anode . It was repor ted tha t the 
electron density in the p lasma increased and the glow dis
charge became an arc. 

Loeb [9] used these invest igations to establish general 
features of this effect and called it the ' ionisat ion waves of 
the poten t ia l gradient ' . H e also pos tu la ted tha t fast stages of 
the b r e a k d o w n in other discharges, such as the re turn s t roke 
in l ightning or in a long spark, which are associated with a 
fast moving luminous front, involve ionising potent ia l -gradi 
ent waves and tha t those processes are evidently essential for 
the complet ion of the major i ty of the k n o w n discharges. 

Ano the r decade later this p h e n o m e n o n was analysed in 
the review of F lower [10] on the basis of extensive experi
men ta l and theoret ical mater ia l ob ta ined by Fowler and his 
colleages, the da ta repor ted by Winn [11], and the publ ished 
da ta on the development of l ightning and long sparks . 
Fowler called this effect the 'nonl inear electron acoust ic 
waves ' in accordance with the theoret ical mode l p roposed 
by him. 

In a later review Asinovski i et al. [12] presented a detailed 
analysis of the fast stages of the b r e a k d o w n in short discharge 
gaps ( 1 - 1 0 cm), in a long l abora to ry spark ( 0 . 5 - 1 0 m), in 
l ightning, and also the results of studies of fast ionisat ion 
waves in discharge tubes . The main stress in this review was 
on the de terminat ion of the velocity of ionisat ion waves, 
which at the t ime has been the only quan t i ty measured 
sufficiently accurately in experiments . Asinovskii et al. dis
cussed the dependences of the velocity of ionisat ion waves on 
the n a t u r e of the gas and its pressure, on the ampl i tude of the 
vol tage pulses and their rise t imes, and on the density of 
electrons present initially in the gap . The difficulties encoun
tered in a theoret ical explanat ion of the high velocity of these 
waves in the absence of any electrons in the gap were specially 
po in ted out . 

In the decade since the publ ica t ion of the review of 
Asinovski i et al. [12] a quali tat ively new stage has been 
reached in studies of F I W s because of the extensive use of 
m o d e r n nanosecond-pulse techniques b o t h in the generat ion 
of ionisat ion waves and in their diagnostics. N e w fundamen
tal da ta have been obta ined not only on the velocity of these 
waves, bu t also on the t r anspor t of current by the waves, on 
the a t t enua t ion of the wave ampl i tude , and the reduct ion in 
the velocity in the course of the mo t ion a long a discharge 
tube , on the dynamics of the wave front, and on the mecha 
nisms of format ion of the front as well of the appea rance of 
high-energy electrons. These results have been obta ined at 
high-vol tage ampl i tudes and they have altered drastically the 
existing ideas on the mechanism of mot ion of F I W s . This 
per iod has seen also the first pract ical appl icat ions of F I W s 
in fast generat ion of a p lasma needed in p l a s m a - c h e m i c a l 
react ions, in p u m p i n g of lasers, in pulsed rad ia t ion sources, 
and in fast-response switches and peak ing devices. 

These circumstances have provided a st imulus for wri t ing 
this review, which presents the lastest exper imental da ta on 
F I W s and current ideas on the mechan isms of their forma
t ion and p ropaga t ion . In view of the limited space, we shall 
ignore practical ly completely the work done on appl icat ions 
of F I W s . It should be ment ioned tha t t h r o u g h o u t this t ime 
the exper imental invest igat ions of F I W s and qual i tat ive 
models based on them have been well ahead of theoret ical 
analyses. This is t rue even at present , so tha t the main da ta on 
the repor ted proper t ies of F I W s are based on exper imental 
invest igations of these waves in long tubes . Since extensive 
exper imental mater ia l has a l ready been presented in the 

review of Asinovski i et al. [12], we shall confine ourselves 
mainly to the recent results tha t have m a d e a considerable 
cont r ibut ion to the development of current ideas on the 
na tu re of F I W s . 

3. Experimental setups 
Invest igat ions of F I W s in long discharge tubes have been 
m a d e by m a n y au tho r s using different appa ra tus , bu t the 
basic app roach in these experiments has been the same. 
Therefore, we can present a generalised d iagram showing 
the a p p a r a t u s used in such invest igations (Fig. 2). Detai led 
descript ions of the exper imental me thodo logy can be found 
in, for example, Refs [ 1 2 - 1 7 ] . High-vol tage pulses p roduced 
in a genera tor (7 ) are t ransmi t ted a long a coaxial line (2 ) to 
a high-vol tage electrode (3) of a glass or quar tz discharge 
tube (4) which is a cont inua t ion of the central conductor of 
the coaxial line (2) . The discharge tube is su r rounded by a 
cylindrical meta l shield (5 ) which is connected to the screen 
of the coaxial line on the side of the high-vol tage electrode to 
an ear thed electrode (<5) at the opposi te end. A shunt (7 ) 
serves to measure the current which flows th rough the 
discharge tube when it is short-circuited by the discharge. 
The ear thed electrode (<5) is a hol low cylinder and it has a 
w indow (8) at its end, so tha t rad ia t ion can be coupled out of 
the tube . In some experiments this w i n d o w has been m a d e of 
a Myla r film 12.5 um thick (serving as the energy threshold 
for the t ransmiss ion of 40 keV electrons), which ensures tha t 
only high-energy electrons escape from the tube and 
recorded [14] with a F a r a d a y cup (9) . The discharge tubes 
used in such experiments have diameters ranging from 
1 - 2 m m to 5 c m and their lengths are from 10 cm to 
5 m. At sufficiently high ampl i tudes of the vol tage pulses 
( 1 0 0 - 3 0 0 kV) the space between the discharge tube and 
the shield is filled with t ransformer oil (permitt ivi ty 8 ^ 2 ) 
or with distilled water (e w 80) in order to avoid b reak 
down. The coaxial t ransmiss ion line is a cylinder with an 
inner diameter of the order of 5 cm and a high-vol tage central 
conduc tor in the form of a rod whose diameter is varied to 
provide the range of the wave impedances of the line from 10 
to 90 Q . The space inside the t ransmiss ion line is also filled 
with oil or water . At pulse ampl i tudes up to 2 0 - 3 0 k V the 
t ransmiss ion line is usual ly a coaxial cable of the RK50-11-11 
type. Therefore, in these experiments the ampl i tude of the 
vol tage pulses ranges from 10 to 300 kV and their dura t ion is 
2 0 - 1 0 0 ns; the rise t ime of the leading edge of the pulses is 
2 - 1 0 ns. 

1 2 11 3 10 4 5 6 7 

Figure 2. Experimental setup: (7) generator of high-voltage pulses; 
(2) coaxial transmission line; (3) high-voltage electrode; (4) discharge 
tube; (5) metal shield; (6) earthed electrode; (7) current shunt; (8) exit 
window; (9) Faraday cap or a vacuum photocell; (10) capacitor voltage 
divider; (77) return-current shunt; (72) photocell; (13) image-converter 
camera. 
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The pa rame te r s of the vol tage pulses in the t ransmiss ion 
line, at the high-voltage electrode, and a long the discharge 
tube are measured with a capaci tor vol tage dividers (10) 
characterised by a subnanosecond t ime resolut ion [18]. The 
current in the t ransmiss ion line and in the discharge tube is 
measured by re turn-current shunts (77) included in a gap in 
the shield. The shunts are m a d e of inductance-free resistors of 
the T V O type or of t i t an ium foil [19]. In some experiments 
the current has been deduced from a change in a magnet ic 
field [16] in a closed single-turn circuit with an integrat ing 
resistor. Rad i a t i on is recorded at optical wavelengths by 
photocel ls (72) of the F E K or F K 1 9 and NSD-1850 (made 
in Bri tain) types with a t ime resolut ion of 0.1 ns, h igh-current 
photomul t ip l ie rs of the E L U - F S type (resolution 0 . 7 - 1 . 5 
ns), image converters based on U M I - 9 3 and employed in 
the framing m o d e with an exposure of 1.5 ns [15], and an 
A G A T - S F 3 image-converter streak camera opera ted con
t inuously with a t ime resolut ion of 0.5 ns [14]. Electrical 
signals are applied to fast-response oscilloscopes with a 
pass -band of at least 1 G H z (Tektronix-519, S7-19, 6 L O R -
04, KOI-3 ) . The ionisat ion wave velocity is deduced from the 
t ime delay between the signals from two capaci tor dividers or 
two photomul t ip l ie rs . The velocity dynamics a long the tube 
length is also determined from the X — t d iagrams of signals 
provided by a capaci tor divider which is moved a long the 
tube [13]. In ano ther me thod the dynamics of the wave 
velocity is deduced from records obta ined with the aid of 
the A G A T - S F 3 image-converter camera and analysed by 
compute r [14]. 

The energy (and power) dissipated in the discharge is 
determined with a divider or a reverse-current shunt in 
the t ransmiss ion line by the following m e t h o d s [20]. It fol
lows from the theory of t ransmiss ion lines tha t the cu r r en t / and 
the vol tage U of a pulse are related in the travell ing regime by 
U = IZ, where Z is the wave impedance of the line. W h e n a 
pulse arrives at a po in t with a different resistance R or with a 
different wave impedance , a pa r t is reflected and the ampl i 
tude of the reflected pulse is Uref[ = U(R -Z)/(R + Z ) ; the 
vol tage ampl i tude at this po in t is UR = 2UR/(R + Z ) . In i 
tially the discharge tube has a high resistance so tha t the 
vol tage ampl i tude is twice the ampl i tude of the pulse in the 
t ransmiss ion line and the ampl i tude of the reflected pulse is 
close to the ampl i tude of the incident one. Therefore, the 
energy absorbed in the discharge is equal to the difference 
between the energies of the incident and reflected pulses, 
which are measured with the aid of a reverse-current shunt 
or a vol tage divider: 

v / 1 0 1 0 cm s - 1 

=12 .0 

W 
= I / 2 z d ' - j 

I^Zdt. (3.1) 

In measurements of this kind it is necessary to ensure tha t 
the electrical length of the t ransmiss ion line from the poin t 
where the divider or reverse-current shunt is located to the 
discharge tube is greater t han the dura t ion of the vol tage 
pulses, so tha t the reflected pulse cannot become super
imposed on the incident pulse. 

X rays generated dur ing the mot ion of F I W s are 
recorded with a scintillator and a fast photomul t ip l ie r of the 
F E U - 8 7 type with an overall t ime resolut ion of 2 ns. The 
fluxes of high-energy electrons generated in the front of an 
F I W are recorded by a F a r a d a y cup on the side of the 
ear thed electrode. 

At vol tage ampl i tudes of 1 0 0 - 3 0 0 kV the experiments 
are carried out under single-shot condi t ions wi thout pre ioni -

P / k P a 

Figure 3 . Dependences of the ionisation wave velocity (7), current (2), 
and attenuation coefficient (3) on the gas pressure: (a) nitrogen; 
(b) air; (c) helium. Voltage amplitude 250 kV. Tube 47 cm long and 
0.4 cm in diameter. Nitrogen insulator [21]. 

sat ion of the gas. At ampl i tudes of 1 0 - 3 0 kV the pulse 
repeti t ion frequency is 1 0 - 1 0 0 Hz . Preionisat ion in the 
tube is created by exciting a con t inuous (or pulsed) glow 
discharge and the initial electron density is varied by altering 
the glow-discharge current . 

4. Velocity of fast ionisation waves 
The velocity of a front is the quant i ty most frequently 
determined in experiments and, therefore, much m o r e da ta 
are available on this velocity t han on other wave charac ter 
istics. However , a compar i son of these da ta is very difficult 
because the wave velocity depends on m a n y exper imental 
condi t ions and the na tu re of the dependences on these 
condi t ions is no t yet k n o w n sufficiently well for reliable 
ext rapola t ions . As a rule, the results quo ted below apply to 
the average velocity of F I W s in a discharge tube . 

W e shall n o w consider the main re la t ionships obeyed by 
the average velocity of p ropaga t i on of F I W s . The depend-
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ence of the wave velocity on the gas density is n o n m o n o t o n i c 
(Fig. 3) [21]. In a certain range of pressures, which depends 
on the type of the gas, the velocity reaches its m a x i m u m 
value. The same pressure dependences of the velocity are 
also observed at much lower vol tage ampl i tudes [11, 12, 22]. 
A n increase in the ampl i tude of the vol tage pulses increases 
the m a x i m u m velocity of the waves and increases the pressure 
at which this m a x i m u m velocity is reached. A compar i son of 
the velocities obta ined in different experiments is very diffi
cult, bu t according to Ref. [22] the m a x i m u m velocity of 
F I W s at vol tage ampl i tudes of 2 5 - 3 0 kV is reached in air 
and in ni t rogen at a gas density of w 6 x 1 0 1 6 c m - 3 , which is 
approximate ly an order of magn i tude less t han the density at 
which the m a x i m u m velocity is reached for 250 kV vol tage 
pulses (Fig. 3). 

The values of the m a x i m u m velocity reached at 250 kV 
in different gases (Fig. 3) are approximate ly the same 
( « 2 x 1 0 1 0 cm s _ 1 ) and at present these are the highest 
velocities recorded for ionisat ion waves under l abora to ry 
condi t ions . In these experiments the m a x i m u m velocity of 
the ionisat ion waves agrees, within the limits of the experi
men ta l error, with the velocity of a freely travell ing electron 
whose energy is ~ 250 keV. At ampl i tudes of the vol tage 
pulses an order of magn i tude less the m a x i m u m velocity 
depends on the na tu re of the gas [12, 22]. W e m a y therefore 
conclude tha t the m a x i m u m velocity at the selected vol tage 
ampl i tude is tha t repor ted in Ref. [21]. 

The m a x i m u m possible velocity of F I W s is influenced 
strongly by the effective permit t ivi ty of the insulator sur
round ing the discharge tube . The effective permit t ivi ty e e f f is 
determined by the combined insulator dis tr ibuted a long the 
radius : this insulator is glass and a filler (water or oil). 
The m a x i m u m wave velocity decreases as the permit t ivi ty 
becomes higher [ 1 4 - 1 6 , 2 3 - 2 6 ] (Figs 4, 6, and 7). Figs 4 
and 5 give the F I W velocities obta ined for the major i ty of 
gases using the same a p p a r a t u s with a water insulator . 
The m a x i m u m velocity of the mo t ion of the wave front is in 
this case governed by the ra te of supply of the e lec t romag
netic energy to the front a long the coaxial t ransmiss ion line 
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Figure 4. Dependences of the F I W velocity on the gas pressure: (7) neon; 
(2) helium; (3) argon; (4) krypton; (5) xenon. Voltage amplitude 
200 kV. Tube 47 cm long and 1.5 cm in diameter. Water insulator [24]. 
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Figure 5. Dependences of the average F I W velocity on the gas pressure 
obtained for different polarities of voltage pulses (200 kV): (7) S F 6 ; 
( 2 ) C C 1 4 ; (3) p r o p a n e - b u t a n e mixture; (4, 7 2 ) C 0 2 ; (5, 77) N 2 ; 
(6, 10) acetone; (7) air; (8) He; (1-8) negative polarity; ( 9 - 7 2 ) posi
tive polarity. Tube 47 cm long and 1.5 cm in diameter. Water insulator 
[25]. 

where the central conduc tor is a high-conduct ivi ty p lasma 
column. A glass or qua r t z tube reduces strongly, even when 
its wall is very thick, the effective permitt ivi ty: for example, if 
water is used as the filler, the permit t ivi ty decreases from 80 
to 2 5 - 3 0 , so tha t the m a x i m u m velocity of F I W s is a factor 
of 5 - 6 less t han the velocity of light ( s ^ 2 ) , which is 
i l lustrated in Fig . 6. 

It therefore follows tha t an increase in the ampl i tude of 
the vol tage pulses increases also the m a x i m u m velocity of 
F I W s unt i l the velocity reaches its limit. At high ampl i tudes 
of the vol tage pulses the range of the gas pressures in which 
F I W s travel a velocity close to the limit can be very wide 
(Fig. 6). The m a x i m u m of the pressure dependence of the 
velocity is clearly manifested at low voltages [11, 12]. 

As poin ted out by Asinovski i et al. [12], F I W s m a y appear 
at different stages of electrical b r e a k d o w n . At low pulsed 
voltages they form dur ing the concluding stages of the b r eak 
down, which is due to the m o r e favourable condi t ions for 
their format ion and mot ion when the discharge zone is 
characterised by a sufficiently high initial electron density. 
In some invest igations the n a m e given to F I W s formed wi th
out pre ionisa t ion is 'electrical b r e a k d o w n waves ' and in the 
presence of a p lasma they are called ' secondary b r e a k d o w n 
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Figure 6. Dependences of the average F I W velocity (7 ), of the velocity of 
laser radiation waves (2) , and of peak nitrogen laser power (3) on the air 
pressure. Uo= 300 kV. Tube 41 cm long and 0.5 cm in diameter. Water 
insulator [23]. 
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waves ' . The lower the vol tage ampl i tude , the stronger the 
effect of the initial ionisat ion, which is manifested pa r t i cu
larly strongly when F I W s are excited by pulses of different 
polar i ty . W h e n the ampl i tude of the pulses is 3 - 2 0 kV these 
waves appear when the polar i ty of the pulses is posit ive and 
there is a p lasma in the gap, whereas in the case of negat ive-
polar i ty pulses the waves m a y no t appear dur ing a 
pulse [11, 12]. This can be explained as follows. W h e n the 
polar i ty of the pulses is positive, electrons begin to escape 
from the p lasma to the electrode and form a space charge 
layer as a result of which the electrode potent ia l is shifted to 
the gap. The electric fields generated in this way cause s t rong 
ionisat ion and this leads to the format ion of F I W s and their 
mo t ion to the other electrode. W h e n the applied voltages are 
of the negative polar i ty , electrons escape from the electrode 
and screen the p lasma from the electrode potent ia l . Waves 
can then form only after the appearance of an intense source 
of electrons at the ca thode , for example, at the ca thode spot 
as found by Winn [11 ]. The t ime of format ion of the ca thode 
spot can exceed the pulse dura t ion (100 ns, 24 kV) [11] and 
therefore the format ion of the spot has been faciliated by 
employing electrodes of special shape [11]. The velocity of 
F I W s excited by negative pulses is nevertheless always higher 
t han for the posit ive polar i ty . 

A n increase in the initial electron density increases the 
F I W velocity [ 1 1 - 1 3 , 27] and if the conduct ivi ty of the 
p lasma column is sufficiently high, a vol tage pulse travels at 
the velocity of an electromagnet ic signal, exactly as in a 
coaxial line with losses. Therefore, if several such waves 
form on b r eakdown , the velocity of secondary waves is 
always higher, because they move a long a channel with a 
higher conductivi ty. A reduct ion in the initial density of 
the gas and the appl icat ion of pulses with relatively low 
ampl i tudes ( 3 - 2 0 kV) reveals a threshold be low which 
F I W s do not form even when the polar i ty of the pulses is 
posit ive (10 7 — 10 8 c m - 3 ) [13]. Accord ing to Fower [10], the 
F I W velocity cannot be less t han a certain critical value 
which is of the order of ( 1 - 3 ) x 10 8 cm s _ 1 and is governed 
by b o t h the ampl i tude of the pulses and the initial ionisat ion 
in the discharge gap . 

5. Current in fast ionisation waves 
W h e n an F I W moves a long the p lasma column, a conduct ion 
current flows behind the front of the wave and this current is 
closed in the front by the meta l shield (or in the su r round ing 
space) via the displacement currents . Therefore, the profile 
and the ampl i tude of the current pulses measured with a 
sensor depend on the posi t ion of this sensor a long the 
discharge tube and, generally speaking, also on the m e t h o d 
used to detect the current . The current begins to flow th rough 
the high-vol tage electrode immediate ly when the wave begins 
to move after the launch of the wave. If the front of the wave 
does no t cross the whole length of the tube dur ing a pulse, the 
current m a y no t flow at all t h rough the ear thed electrode at 
the other end of the tube . The current behind the wave front is 
approximate ly equal to the current needed to charge, up to 
the potent ia l in the front, a cylindrical capaci tor formed 
by the strongly conduct ing p lasma column behind the front 
and the cylindrical shield. If the F I W velocity is cons tant 
a long the tube and the poten t ia l in the front is equal to the 
electrode potent ia l , the current flowing into the tube is also 
constant and equal to / = CivU^, where a is the ins tan taneous 
velocity (per uni t length), v is the velocity of the front, and UQ 

is the vol tage applied to the electrode. The cons tancy of the 
current flowing into the tube was first observed exper imen
tally by Asinovsky et al. [28]. At high velocities an F I W 
reaches the ear thed electrode and is reflected there in 
accordance with the laws of reflection of e lectromagnet ic 
pulses in the presence of an inhomogenei ty in a t ransmiss ion 
line. The vol tage across a short-circuited connector falls to 
zero and the current is twice the current of the wave in the 
t ransmiss ion line. At b r e a k d o w n , a series of F I W s m a y form 
and the current then rises consecutively [29, 30]. 

Al ready the early work [3] has established tha t the cur
rents in the initial wave are high and a m o u n t to 1 5 0 - 2 0 0 A. 
A n increase in the vol tage ampl i tude to 250 kV has m a d e it 
possible [21] no t only to increase the t r anspor t current up to 
1.7 kA, bu t also to determine for the first t ime the dependence 
of the ampl i tude of the t ransmi t ted current on the gas 
pressure (Fig. 3). It is evident from the g raphs tha t the 
current reaches its m a x i m u m value at the same pressures as 
the velocity. A further increase in the current in the wave can 
be achieved by increasing the ins tan taneous capaci tance if the 
discharge tube is su r rounded by a light high-e insulator , for 
example, water [14, 16, 23, 26]. The velocity of the front 
then falls by a factor e ^ 2 and the runn ing capaci tance rises 
p ropor t iona te ly to e e f f , so tha t the wave current increases by a 
factor zj^. The current density behind the front of an ionisa
t ion wave exceeds 10 kA c m - 2 , which implies p romis ing 
poten t ia l appl icat ions of F I W s as a powerful pulsed source 
of a p lasma, in p u m p i n g of pulses lasers, etc. 

6. Potential drop across the front of a fast 
ionisation wave and wave attenuation 
The mot ion of the front of an ionisat ion wave a long a tube 
charges the resul tant capaci tor to the potent ia l of the front. 
The excess charge needed in this process is ensured by the 
conduct ion current flowing towards the front a long the 
p lasma column. Since this co lumn has a certain finite 
average conduct ivi ty cr, an electric field E should exist in the 
front so tha t the current I = K^GE flows and the poten t ia l 
d rop in the front of a wave should be always less t han the 
ampl i tude of the vol tage applied to the high-vol tage 
electrode. The ampl i tude of the front of a wave thus 
decreases as the wave travels further from the electrode. 
This process can be described and var ious exper imental 
results can be compared if we k n o w the relat ionship 
governing the a t t enua t ion of the ampl i tude of an F I W . 
One of the successful var ian ts describing this relat ionship is 
the exponent ia l a t t enua t ion law U(x) = Uo exp(—ax), where 
U(x) is the ampl i tude of the front of a wave at a distance x 
from the high-vol tage electrode, Uo is the initial ampl i tude 
of the wave at the electrode edge, and a is the a t t enua t ion 
coefficient. Measu remen t s of the a t t enua t ion coefficient in a 
wide range of pressures were first carried out by Asinovskii 
et al. [21] and the results are presented in Fig. 3 for ni t rogen, 
air, and hel ium subjected to pulses of negative polar i ty and 
of 250 kV ampl i tude . The mos t impor t an t p rope r ty of the 
curves in Fig. 3 is tha t the values of the a t t enua t ion 
coefficient are min imal approximate ly at those pressures 
where the velocity and the current in the wave are maximal . 
These pressures depend on the na tu re of the gas and, for 
example, differ by almost one order of magn i tude between 
ni t rogen and helium. Therefore, for each gas there is a range 
of pressures mos t favourable for the p ropaga t ion of F I W s . 
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A n increase in the vol tage increases also the pressure 
at which the velocity of p ropaga t i on of F I W s reaches its 
m a x i m u m . It is of interest to ext rapola te results obta ined to 
the a tmospher ic pressure, i.e. to est imate the feasibility of 
format ion of longer sparks in the form of F I W s in the 
a tmosphere . The results in Fig. 3 yield the value of the 
vol tage in the front of a wave necessary for this purpose : 
it is abou t 10 M V [21]. Since clouds are usual ly charged 
negatively relative to the earth, this ext rapola t ion applies 
also to l ightning. The current which is then flowing dur ing 
the re turn-s t roke phase is of the order of U/Z0 w 30 kA, 
where Z 0 is the impedance of free space (377 Q ) . In spite 
of the roughness of the ext rapola t ion, these values are 
in satisfactory agreement with the k n o w n currents in light
ning [5]. 

The pressure dependences of the velocity, current , and 
a t t enua t ion of the ampl i tude of F I W s retain their form also 
in those cases when the insulator in the t ransmiss ion line and 
in the discharge zone is oil or water [14, 23, 26] and also when 
the polar i ty of the pulses is posit ive. Figs 7 and 8 give the 
measured velocities of F I W s in air obta ined on appl icat ion of 
negative and posit ive 250 kV pulses [14, 26]. These experi
men t s were carried out in a glass tube 0.8 cm in diameter and 
the coefficient k represent ing the a t t enua t ion of the vol tage 
ampl i tude , determined from the signals U\ and U2 p rovided 
by two dividers separated by 70 cm from one another , was 
k = I — U1fU2.lt should be poin ted out tha t in Figs 7 and 8, 
as well as in Fig. 3, the min imum a t tenua t ion coefficient is 
a t ta ined at lower pressures than the m a x i m u m values of the 
velocity of p ropaga t i on and of the current in F I W s . 

The min imum a t tenua t ion of the waves in the case of 
negative polar i ty pulses is governed a lmost entirely by the 
ca thode drop of the potent ia l (Fig. 8). F o r posit ive vol tage 
pulses the a n o d e drop is much less t han the ca thode d rop . 
It should be poin ted out tha t in all other investigations 
there have been no measurements or a l lowance for the 
absolute poten t ia l at the electrodes. The losses which can 
determine the m i n i m u m a t tenua t ion coefficient, apar t from 

P / T o n -

Figure 7. Dependences of the average F I W velocity on the gas pressure: 
(7, 2 ) air; (3) helium; (7, 3) negative polarity of 250 kV voltage pulses; 
(2) positive polarity. Measurement base: (7, 2 ) 70 cm; (3) 50 cm. Tube 
diameter 0.8 cm. Oil insulator [14]. 
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Figure 8. Dependences of the relative attenuation of the voltage ampli
tude on the air pressure: (7) negative polarity of 250 kV voltage pulses; 
(2) positive polarity. Measurement base 70 cm. Oil insulator [14]. 

the voltage drop which is necessary for the flow of the 
conduct ion current , have been investigated by A b r a m o v 
et al. [23]. The errors in these measurements were reduced 
by employing a tube 200 cm long with an internal diameter 
0.5 cm. Eight capaci tor vol tage dividers were placed a long 
the tube . The space between the tube and a shield 5.4 cm in 
diameter was filled with oil. The average velocity of F I W s 
was determined from the signals provided by the dividers 
separated by 100 cm. The ampl i tude of a vol tage pulse of 
negative polar i ty (—120 kV) was selected to ensure tha t the 
velocity of the electromagnet ic signal in the coaxial system 
with a composi te ( g l a s s -o i l ) insulator (1.7 x 1 0 1 0 cm s _ 1 ) 
ma tched the velocity of free flight of an electron of 120 keV 
energy. Fig. 9 shows the dependence of the a t t enua t ion 
coefficient (curve 1) and of the velocity (curve 2 ) of F I W s 
on the air pressure. The a t t enua t ion curve is complex near the 
min imum and the velocity in this range of pressures has a 
tendency to fall. These features are explained [23] by the 
excitation of electromagnet ic oscillations in the system, as 
confirmed experimentally. These oscillations appear at a 
dis tance of abou t 50 cm from the ca thode and are then 
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Figure 9. Dependencesoftheat tenuat ion coefficient (7 ), front velocity (2), 
and relative amplitude of the oscillations (3) on the air pressure. Tube 
200 cm long and 0.5 cm in diamter. Oil insulator [23]. 
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20 ns 

100 k V 

x = 55 cm 
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Figure 10. Oscillograms of signals from capacitor dividers located at 
different distances from the high-voltage electrode: (a) above cathode; 
(b) 55 cm; (c) 80 cm. Air pressure 12 Torr. Tube 20 cm long and 0.5 cm 
in diameter. Oil insulator [23]. 

observed a long the whole of the rest of the tube (Fig. 10). 
Curve 3 in Fig. 9 gives the dependence of the relative ampl i 
tude of these oscillations across a capaci tor divider located at 
80 cm from the ca thode . The bui ldup of the electromagnet ic 
oscillations increases the a t t enua t ion coefficient and reduces 
the wave velocity. Therefore, in the range of the op t imal 
pressures the a t t enua t ion dur ing p ropaga t i on of F I W s m a y 
be governed no t only by the energy necessary to create a 
highly conduct ing p lasma column, bu t also by the bui ldup 
of e lectromagnet ic oscillations. The oscillations are evidently 
related with the existence of a flux of high-energy electrons in 
the region of the F I W front [ 1 4 - 2 3 ] and by the feasibility of 
an effective exchange of energy between these electrons and 
the electromagnet ic wave when the phase velocity of the wave 
is close to the electron velocity. The observed oscillations 
m a y be the results of excitation of an electromagnet ic wave 
at a frequency close to the frequency of the fundamenta l 
m o d e of the E wave in a circular waveguide because of a 
resonant interact ion of the electromagnet ic wave with the 
high-energy electrons in the coaxial delay s t ructure. The 
per iods 1 and 1.5 ns calculated for a coaxial waveguide filled 
with oil and water are in good agreement with the experi
men ta l values 1.5 and 2.5 ns, respectively [23]. 

The a t t enua t ion of the ampl i tude of an F I W dur ing 
its mo t ion should be related, first, to the dynamics of the 
velocity considered as a function of the distance travelled, 
because the velocity depends on the vol tage ampl i tude , and 
second, to the dissipation of energy in the front of the wave 
and behind it, which is extremely impor t an t in pract ical 
appl icat ions of F I W s . 

7. Dynamics of the velocity of fast ionisation 
waves moving along a discharge gap 
The dynamics of F I W s dur ing their mo t ion was studied with 
the aid of the A G A T - S F 3 image-converter streak camera . 
This camera recorded cont inuously the rad ia t ion emitted by 
a discharge tube 0.8 cm in diameter and 80 cm long supplied 
by a line 5.4 cm in diameter filled with water . The pulses 
causing b r e a k d o w n were of 150 kV ampl i tude , 35 ns d u r a 
t ion, and rise t ime of 3.5 ns. The images obta ined with the 
camera were analysed on a computer . The appl icat ion of a 

negat ive-polar i ty pulse created br ight rad ia t ion in the 
ca thode region and this was observed at all pressures 
( 0 . 1 - 7 6 0 Tor r ) . After the appearance of this rad ia t ion 
following certain characterist ic delay t ime t& a wave started 
from the high-vol tage electrode and travelled a long the tube . 
The delay t ime td decreased when the pressure was increased 
(Fig. 11) and it could be measured only at pressures be low 15 
Torr . The replacement of water with t ransformer oil did not 
alter quali tat ively the launch of the waves. The appl icat ion of 
posi t ive-polari ty pulses to the high-vol tage electrode gener
ated uni form rad ia t ion in the electrode region and the 
intensity of this rad ia t ion was the same as the intensity in 
the p lasma co lumn after the passage of the front of the 
ionisat ion wave. The velocity of a negative ionisat ion wave 
a long the tube could be constant , or could increase or 
decrease (Fig. 12). At high pressures P> 150 Tor r the 
slowing down of the front became so significant tha t even 
its s topping was observed. 

The dynamics of the wave velocity dur ing the initial stage 
of its mo t ion is shown in Fig. 12a. At practical ly all the 
investigated pressures an accelerated mot ion of the wave 
was observed from the ca thode up to distances of 10 cm 
and only at pressures close to a tmospher ic the wave velocity 
began to decrease pract ical ly immediately at the ca thode . 
There was a certain critical pressure above which a s t rong 
a t t enua t ion was observed in the initial section crossed by the 
wave. 

Fig. 12b shows the dependence of the velocity of F I W s 
a long the whole tube on the gas pressure . A s t rong reduct ion 
in the velocity occurs at pressures above 160 Tor r and this 
pressure is evidently the threshold. On the other hand , in a 
wide range of pressures an ionisat ion wave, which has 
reached in its initial stage the m a x i m u m velocity close to the 
velocity of an electromagnet ic signal in the composi te 
g l a s s - w a t e r insulator (5.5 x 10 9 cm s _ 1 ) , then travels 
a lmost uniformly to the anode subject to a slight slowing 
down. 

W h e n the insulator a r o u n d the discharge tube is altered, 
for example if water is changed progressively to oil a long 
the length of the tube , the con t inuous reduct ion in the 
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Figure 11. Dependences of the delay of F IWs (7) and of the calculated 
ionisation time (2) on the air pressure. UQ= 150 kV. Tube diameter 
0.8 cm, shield diameter 5.4 cm. Water insulator [26]. 
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Figure 12. Dependences of the local F IW velocity on the distance 
travelled and on the air pressure in the initial part of its motion (a) and 
over the whole length of the tube (b). UQ= 150 kV. Tube diameter 
0.8 cm, shield diameter 5.4 cm. Water insulator [26]. 

k n o w n as the peak ing of the front. The dura t ion of the front 
decreases to a certain min imum value in the range of p res 
sures op t imal for wave p ropaga t ion . At low pulsed voltages 
( 5 - 3 0 kV), this peak ing of the F I W front is observed only at 
a posit ive polar i ty . The reduct ion in the dura t ion of the F I W 
front to 0.30 ns was recorded by Asinovsky et al. [28] with the 
aid of a re turn-current shunt when the ampl i tude of a posit ive 
pulse was 6.2 kV and its rise t ime was 2 ns. Asinovsky et 
al. [28] called the observed F I W a ' shock ' electrical wave by 
analogy with shock electromagnet ic waves in ferrites. W h e n 
the pulse ampl i tude was 25 - 30 kV, the reduct ion in the front 
dura t ion was from 5 to 2.5 ns [31]. This peak ing of the front 
depended strongly on the degree of pre ionisa t ion of the gap . 
U n d e r negat ive-polar i ty pulses an F I W either did no t appear 
or its front began to spread out , leading to the hypothesis tha t 
the peak ing of the front is possible only when the polar i ty of 
the pulses is positive. 

However , when the vol tage was increased above 
1 0 0 - 1 5 0 kV, the si tuat ion changed radically because at 
these voltages the range of existence of negat ive-polar i ty 
F I W s could be wider than for voltages of posit ive polar i ty 
(Fig. 7 ) .F ig . 13 shows the dependence of the dura t ion of the 
front of a signal from a capaci tor divider, located at a 
dis tance of 70 cm from the high-vol tage electrode, on the 
air pressure in a discharge tube 0.8 cm in diameter when the 
ampl i tude of the vol tage pulses applied to the electrode was 
250 kV and the rise t ime of these pulses was 3.5 ns [14]. There 
was clearly a range of pressures where peak ing of the front 
occurred b o t h for the posit ive pulses (the dura t ion of the 
front was reduced to 0.5 ns) and for negative pulses (the 
reduct ion was to 1 ns). W h e n the polar i ty of the pulses was 
negative, the F I W front spread out b o t h at low and high 
pressures to a value greater t han the initial dura t ion . U n d e r 
posit ive pulses the F I W front did not spread out m o r e t han 
the initial value at low pressures (the F I W simply did no t 
appear ) , bu t at high pressures the dura t ion of the F I W front 
could exceed the initial value. In these investigations the 
insulator in the t ransmiss ion line was either oil or water . 

permit t ivi ty should increase the velocity of the F I W front 
a long the tube , as suppor ted by the relevant experiments [26]. 

8. The front of a fast ionisation wave 
As ment ioned in the preceding section, the use of an image-
converter streak camera has demons t ra ted tha t the forma-
t ionofanFIWtermina tesa t somedis t ance f romtheca thode[26] . 
The wave becomes detached from the ca thode and travels 
a long the discharge gap subject to a t t enua t ion of its 
ampl i tude and a reduct ion in its velocity. Since the main 
ionisat ion processes occur in the front of the wave, the front 
also changes in the course of its mot ion . 

The F I W front can be detected and its pa rame te r s can 
be determined using capaci tor vol tage sensors [14, 16], 
re turn-current shunts [28], or the intensity of the rad ia t ion 
emitted by the p lasma [31]. A complete agreement between 
the results obta ined in measurements of the front pa rame te r s 
by these three m e t h o d s cannot be expected because of the 
complexity and the differences between the processes occur
r ing in the front. However , all these m e t h o d s yield ma tch ing 
dependences . 

One of the un ique proper t ies of F I W s is a reduct ion in the 
dura t ion of the front as it moves a long the discharge gap, 
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Figure 13. Dependences of the duration of the F I W front at a distance of 
75 cm from the high-voltage electrode on the air pressure: (7) negative 
polarity; (2) positive polarity. UQ= 250 kV. Tube diameter 1 cm. Oil 
insulator [14]. 
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The range of pressures in which the front did spread out 
coincided with the range where the a t t enua t ion of the F I W 
ampl i tude rose steeply (Fig. 8) and also the velocity fell 
s trongly (Fig. 12). Therefore, in this range of pressures the 
intensity of the electric field in the F I W front decreased not 
only because of a s t rong reduct ion in the front ampl i tude , bu t 
also because of the spreading of the front. The ionisat ion 
frequency in the front depended exponential ly on the electric 
field and, therefore, the ionisat ion processes slowed down 
considerably, which increased the resistance of the p lasma 
column and caused a further nonl inear a t t enua t ion of the 
wave which was of near- threshold na tu re . The reduct ion in 
the dura t ion of the F I W front to 1 -1 .5 ns for b o t h the 
polari t ies of the pulses was retained also when the rise t ime 
of the initial pulse was shor tened to 8 - 9 ns and the ampl i 
tude of the pulses was increased to 700 kV [14, 32]. This 
should m a k e it possible to use F I W s for the pu rpose of 
peak ing in pulse genera tors . 

The min imum dura t ion of the front k, est imated from the 
velocity and the dura t ion of the F I W front k ~ V f ^ f , has been 
found to be equal to the diameter of the shield a round the 
tube and is possibly determined by the wavelength of the 
resul tant e lectromagnet ic oscillations represent ing the funda
menta l E m o d e [16]. 

The profile of the F I W front has no t been investigated 
sufficiently because of the major exper imental difficulties, 
and the main of which are the need for framing p h o t o g r a p h y 
with an exposure less than 1 ns and insufficient intensity of 
the p lasma rad ia t ion . Since F I W s are highly reproducible , at 
voltages, 2 5 - 3 0 kV of these difficulties have been overcome 
by the superposi t ion in one frame of a few tens or even 
h u n d r e d s of discharges with an exposure of 1.5 ns in each 
discharge [15, 33]. Such average p h o t o g r a p h s of the rad ia 
t ion emitted by a discharge tube 5 cm in diameter , subjected 
to posit ive pulses at different pressures, are reproduced in 
Fig. 14 [33]. The profile of the front depends on the initial 
ionisat ion of the discharge gap and on the gas pressure in it. 
At low pressures the front has a peak profile. At higher 
pressures the F I W velocity rises to its m a x i m u m value and 
the front becomes flat (Fig. 14). A further increase in the 
pressure reduces the F I W velocity and the discharge is 
pressed against the side walls of the tube (Fig. 14). In these 
experiments the F I W velocity was ( 2 - 3 ) x 10 9 cm s _ 1 . A 
mode l account ing for the profile of the F I W front has no t 
yet been developed. There are insufficient g rounds to assume 
tha t an increase in the pressure causes the discharge to 
develop a long the walls (sliding discharge). F o r example, an 
investigation of the radia l dis t r ibut ion of the intensity of the 
rad ia t ion from a ni t rogen laser excited by F I W s , recorded at 
the edge of an ear thed electrode with an aper ture , showed [34] 
tha t at low pressures the laser beam had a r ing s t ructure and 
at high pressures it had a convex profile (Fig. 15). Since the 
degree of excitation of laser levels should cor respond to the 
profile of the F I W front at high ampl i tudes of negative pulses 
(300 kV) the F I W front was pressed against the walls at low 
pressures and became nearly flat at high pressures. 

In the limit the F I W front can be regarded as a moving 
surface on which the electrical characterist ics of the med ium 
change discont inuously. The F I W front acts as a moving 
mir ror for the electromagnet ic wave moving a long the 
p lasma column. This is a classical p rob lem in relativistic 
e lectrodynamics and the solution of this p rob lem d e m o n 
strates tha t a pulse reflected from such a mir ror should be 
longer t han the initial pulse by a factor (1 + / ? ) / ( ! — fi) and 
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Figure 14. Photographs of the initial stage of formation of a positive-
polarity F IW near the high-voltage electrode. Exposure time 1.5 ns. The 
numbers on the right give the pressure. UQ — 30 kV. Tube diameter 2 cm. 
Air insulator [33]. 

its ampl i tude should be less by the same factor (ft is the rat io 
of the velocity of the front of the wave to the velocity of light). 
This b roaden ing of the reflected current pulse has indeed 
been recorded for F I W s at vol tage ampl i tudes of 
3 0 - 4 0 kV [35]. 

A n increase in the front velocity increases the dura t ion of 
the reflected pulse and reduces its ampl i tude . If the velocity 
of the front is close to tha t of light, the bulk of the energy of a 
vol tage pulse is dissipated in the p lasma and only a small 
p ropo r t i on of this energy is reflected back to the vol tage 
genera tor . It is interest ing to no te tha t in this case the length 
of the p lasma co lumn is greater t han the p roduc t of the 
dura t ion of the initial vol tage pulse and the front 
velocity [14]. In fact, if the dura t ion of the pulse is deter
mined at the high-vol tage electrode, we can see tha t the 
leading edge of the vol tage pulse reaches the electrode and 
after a t ime tp the trai l ing edge also reaches the electrode. 
However , by this t ime the F I W front has moved a long the 
discharge gap a distance Vftp. Even if the trai l ing edge of 
the pulse then catches up the F I W front at the velocity of 
p ropaga t i on of an electromagnet ic signal, this happens only 
after a t ime tpl(\ — /?). Therefore, the dura t ion of act ion of 
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P (rel. units) 

Figure 15. Radial distribution of the peak radiation power from a 
nitrogen laser: (7) air pressure 9 Torr; (2) 48 Torr; (3) 150 Torr. 
UQ — 250 kV. Tube 45 cm long and 1 cm in diameter. Water insula
tor [34]. 

the electric field on the gas m a y exceed considerably the 
dura t ion of the initial pulse. This has indeed been observed 
[14]: the dura t ion of act ion of a pulse of 150 kV ampl i tude 
was 1.5 t imes greater t han the dura t ion of the initial pulse 
(35 ns). In other words , a relatively short bu t powerful pulse 
can create a channel of considerable length unt i l the trai l ing 
edge of the vol tage pulse catches up with the wave. 

Proper t ies of the F I W s such as peak ing of the front, the 
discontinuit ies of the electrical pa rame te r s of the med ium, 
and the front velocity demons t ra t e tha t F I W s have much in 
c o m m o n with shock electromagnet ic waves, for example with 
such waves in ferrites. 

In addi t ion to peak ing of the front and its high velocity, 
there is a direct ana logy between the reduct ion of the ins tan
t aneous value of the shunt resistance of the p lasma channel in 
the front [36], which decreases on increase in the wave 
current , and the change in the ins tan taneous resistance dur 
ing mot ion of a shock electromagnet ic wave in a coaxial line 
conta in ing a ferrite with a rec tangular hysteresis loop [37]. 

9. High-energy electrons in the front of a fast 
ionisation wave 
At high intensities of the electric field in an ionised gaseous 
med ium an electron m a y acquire m o r e energy from the field 
t han the energy it loses in collisions. The energy and velocity 
of such electrons in a p lasma subjected to a cons tant electric 
field increase with t ime and, therefore, they are k n o w n as the 
' r unaway ' electrons. The publ ished est imates [38] indicate 
tha t the critical field intensity (E/P)CT for a n i t rogen p lasma is 
360 V c m - 1 T o r r - 1 and 80 V c m - 1 for a hel ium plasma. 

The presence of the ' r unaway ' electrons has a significant 
influence on the development of b r e a k d o w n [38, 39], includ
ing b r e a k d o w n in nanosecond discharges [39], and this is t rue 
right up to the a tmospher ic pressure. In nanosecond dis
charges at high electric-field intensities the electron dis t r ibu
t ion function m a y be t ransient and, therefore, the con t inuous 
acceleration regime requires tha t the reduced field intensities 
should exceed the critical values for a cons tant field and it is 
m o r e correct to refer to them as the high-energy electrons. A 
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beam of high-energy electrons has been observed in a sliding-
discharge p lasma after b r e a k d o w n of gaps of 1 - 1 8 cm length 
by pulses of 170 kV ampl i tude and 10 ns dura t ion [40]. 

It is na tu ra l to expect the appearance of high-energy 
electrons in the case of F I W s with ampl i tudes a m o u n t i n g 
to tens and h u n d r e d s of ki lovolts in the front. The field 
intensity in the front can be est imated from E^U/k, 
where U is the po ten t ia l of the front and k is the spatial 
length of the front given by the expression If w Vftf. In the 
low a t t enua t ion case the vol tage d rop in the front is close to 
the ampl i tude of the high-vol tage pulse applied to the elec
t rode . W h e n this ampl i tude is w 30 kV the velocity of the 
front at pressures of 1 - 1 0 Tor r is (1 - 5 ) x 10 9 cm s - 1 . F o r a 
typical 2 - 7 ns dura t ion of the wave front [31] an est imate of 
the reduced electric field in the front gives 
E/P = 1 - 1 0 kV c m - 1 . At voltages of 2 0 0 - 3 0 0 kV it fol
lows from the results p lot ted in Figs 12 and 13 tha t if the 
front velocity is ( 5 - 1 0 ) x l 0 9 cm s - 1 and the dura t ion of 
the front is typically w 1 ns, when the pressure is P = 10 
Torr , the reduced field is E/P w 2 kV c m - 1 T o r r - 1 . There 
fore, in a wide range of pressures the reduced electric field in 
the F I W front is much higher t han the critical value needed 
for the format ion of high-energy electrons. 

The presence of high-energy electrons generated by F I W s 
has been detected at fairly high pulsed voltages of 2 0 - 4 0 kV 
by recording X-ray b remss t rah lung [41, 42], and it has been 
also detected in the case of high-vol tage pulses of 
1 5 0 - 3 0 0 kV with the aid of a F a r a d a y cup placed behind 
an ear thed electrode [14, 16, 43]. Fig. 16 shows the ampl i 
tudes of the current due to the high-energy electrons in a 
F a r a d a y cup (screened from the discharge by a Myla r film 
t ransmi t t ing electrons of energy of at least 40 keV and in the 
absence of such a film), ob ta ined when the pulse ampl i tude 
was 250 kV [14, 43]. These measurements were carried out in 
two gases, air and helium, and the critical values of the field 
intensity were quite different for these gases: 360 and 
80 V c m - 1 T o r r - 1 . The current due to the high-energy elec
t rons was clearly generated in a wide range of pressures (up to 
450 Tor r in hel ium): it could be comparab le with the conduc 
t ion current in the front and could even exceed the latter at 
low pressures. The curve represent ing the current of the h igh-
energy electrons in hel ium was shifted t owards higher p res 
sures with the cor responding dependence obta ined for air. 
There was approximate ly the same shift a long the scale for 
these gases in the case of the dependences of other proper t ies 
such as the wave velocity, the wave a t tenua t ion , and the 
current t r anspor ted by the wave (Figs 7 and 8). 

The dura t ion of the electron-current signal from an 
unscreened F a r a d a y cup decreased when the pressure was 
increased from 30 to 3 ns [14], and at high pressures the 
dura t ion was close to the rise t ime of the applied h igh-
voltage pulse. This pressure dependence of the electron-
current signal dura t ion differs from the exper imental results 
repor ted by A b r a m o v et al. [16] in which the dura t ion of the 
current of the high-energy electrons was found to be abou t 
3 ns and was practically independent of the pressure. The 
signal from an evacuated cylinder cup, screened by a Myla r 
film, consisted of short pulses and the to ta l dura t ion of the 
t ra in of these pulses did no t exceed 10 ns. It is evident from 
Fig. 16 tha t the signal from the screened cylinder cup had a 
lower ampl i tude and disappeared at a lower pressure t han the 
signal from the unscreened cup. The beginning of the elec
t ron-cur ren t signal coincided with the t ime of arr ival of the 
F I W front at the electrode behind which the cylinder cup was 
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Figure 16. Dependences of the current of high-energy electrons in a 
nonevacuated Faraday cup (7) and in a shielded Faraday cup (2), and of 
the total current in the F I W front (3) on the pressure of air (a) and 
helium (b). U0 = - 2 5 0 kV. Oil insulator [14]. 

located. This m a d e it possible to conclude tha t the 
high-energy electrons were generated in the region of the 
F I W front. This confirmed in par t icular tha t electric fields 
of extremely high intensity exist in the region of the F I W 
front. 

The energy dis t r ibut ion of these electrons was no t deter
mined directly in the repor ted experiments and could be 
judged only quali tat ively on the basis of indirect experi
ments . The different dura t ions and ampl i tudes of the elec
t ron current from the screened and unscreened F a r a d a y cups 
indicated the presence of a large n u m b e r of electrons with 
energies less t han 40 keV. At low pressures the electrons with 
higher energies were the first to reach the F a r a d a y cup and 
then the electrons with lower energies were recorded for a 
fairly long t ime. The appearance of the electron-current 
signal s imultaneously with the F I W front indicated tha t this 
front and the region ahead of it conta ined electrons with high 
energies which were well in excessof 40 keV. 

Since the electrons travel in the same direction as the F I W 
front, they m a y experience the electric field in the front for a 
longer t ime and m a y therefore acquire energies higher t han 
the poten t ia l of the front. This was the hypothes is pu t for
ward by A m i r o v et al. [42] and il lustrated as follows. They 
assumed tha t the field in the F I W front is homogeneous and 
tha t the velocity of the front is less t han 2eU/m, where U is 
the po ten t ia l of the front, and e and m are the charge and 
mass of an electron. F o r simplicity, it is assumed tha t these 
velocities are equal . In a coord ina te system linked to the wave 
an electron created at the leading edge of the front (Fig. 17) 
travels at a velocity V f in a re ta rd ing electric field. At the 
trai l ing edge of the front the electron s tops and begins 
to accelerate in the opposi te direction. After crossing the 

whole front it acquires a velocity V f = (2eUf/m)1^2 in the 
coord ina te system of the front and then leaves the front. 
In the l abora to ry coord ina te system we n o w find tha t the 
electron energy exceeds eUf and, depending on the place 
where the electron is created, it m a y reach (2-A)eUo. De te r 
mina t ion of the X- ray b remss t rah lung spectrum has enabled 
A m i r o v et al. [42] to conclude tha t for a front ampl i tude of 
25 kV the energy of electrons could reach 40 keV. 

A s tudy of the dis t r ibut ion of X- ray rad ia t ion a long the 
discharge tube showed [42] tha t it appeared only as a result of 
the passage of the F I W front. At low pressures the electrons 
with lower energies were near the walls of the discharge tube , 
bu t at high pressures they were found near the tube axis. This 
dis t r ibut ion of high-energy electrons over the tube cross 
section was opposi te to the dis t r ibut ion of the rad ia t ion 
emitted by the front and shown in Fig. 14. 
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Figure 17. Deceleration and reflection of an electron in a moving 
coordinate system [42]. 

10. Influence of high-energy electrons on the 
formation and motion of fast ionisation waves 
The discovery of a flux of high-energy electrons in the region 
of the F I W front has m a d e it possible to resolve two 
impor t an t p rob lems: the origin of the 'seed' electrons and 
the reason for the wave a t t enua t ion at low gas pressures. 
Moreover , it has become possible to identify the reason for 
the delay of the format ion of F I W s and the difference 
between these waves in the case of vol tage pulses with 
negative and posit ive polari t ies . 

The delay of the appearance of F I W s relative to the 
arr ival of a high-vol tage pulse at the electrode m a y be due 
to a variety of reasons , depending on the exper imental con
dit ions. In the case of negat ive-polar i ty pulses of relatively 
low ampl i tude ( ~ 3 0 keV) wi thout pre ionisa t ion of the gap 
the flow of the current requires the emission of electrons from 
the ca thode . U n d e r these condi t ions the delay of the appea r 
ance of F I W s is governed by the t ime of format ion of the 
ca thode spot. Sometimes the format ion of this spot requires a 
t ime exceeding the 100 ns dura t ion of a high-vol tage 
pulse [11] and then the init iat ion of F I W s requires the use 
of specially shaped electrodes [11]. The long format ion t ime 
of F I W s is then explained by the need to ensure high emission 
currents of 4 0 - 1 0 0 A from the cold electrode, which are 
required to charge the p l a s m a - s h i e l d capaci tor which 
forms dur ing the mot ion of F I W s . 

If pre l iminary ionisat ion occurs in the gap , the delay in 
the appearance of the waves a m o u n t i n g to 5 - 7 ns [13, 41] 
under voltages of 3 0 - 4 0 kV is associated with the polar i sa
t ion of the p lasma which is present . The process of format ion 
of a negative F I W occurs in the following sequence [41]: after 
the delay associated with the p lasma polar isa t ion, the first 
wave appears and it t r anspor t s the poten t ia l into the gap at a 
velocity v\= 2 x 10 9 cm s _ 1 . I ts mo t ion is accompanied by 
the ionisat ion and excitation of the gas. Some t ime later the 
ca thode spot is formed and a ca thode jet appears , which 
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enhances greatly the emission of electrons and increases 
strongly the current flowing th rough the electrode and this 
gives rise to a second F I W at the ca thode . Since the con
ductivity of the p lasma in the gap has increased as a result 
of the passage of the first wave, the velocity of the second 
wave V 2 is much higher than tha t of the first, vi > vi, and is of 
the order of V 2 = 1 0 1 0 cm s _ 1 . The second wave also excites 
and ionises the gas. Moreover , it increases the poten t ia l of the 
p lasma column. Approx imate ly at a distance of 2 2 - 2 4 cm it 
catches up with the front of the first wave and increases the 
electric field intensity in this wave. X rays are emitted by the 
front at this m o m e n t and this is evidence of the generat ion of 
high-energy electrons in the front. The front of the newly 
formed wave travels at a velocity 4 x 10 9 cm s _ 1 and gener
ates high-energy electrons. 

The influence of the electrodes on the condi t ion of for
ma t ion of F I W s has been checked by measur ing the 
F I W velocity for electrodes with different emission and 
electrophysical proper t ies . In the experiment in quest ion 
the electrodes were m a d e of distilled water , an aqueous 
solution of N a O H , and of a meta l [44]. In all three cases the 
dependences of the F I W velocity on pressure of air con ta in 
ing water vapour were the same within the limits of the 
exper imental error for pulses of ampl i tudes 1 0 - 2 0 kV and 
this was t rue of either polar i ty of the pulses. 

A n increase in the vol tage ampl i tude increases the F I W 
current and the role of emission of electrons from the elec
t rode . A study with an image-converter camera carried out by 
Batenin et al. [26] demons t ra ted tha t at voltages in excess of 
150 kV a ca thode jet appeared s imultaneously with the 
arr ival of a high-vol tage pulse. However , F I W s appeared 
only after the delay relative to the jet . The delay t ime 
decreased with increase in the air pressure from 8 ns at 
0.5 Tor r to 0.5 ns at 1 0 - 1 5 Tor r [26] (see Fig . 11). The 
appearance of the ca thode rad ia t ion was evidently associ
ated with the explosive mechanism of emission from the 
ca thode , which was due to the high values of the electric 
field intensity. A large electron current from the ca thode 
flowing into the nonionised gas created an uncompensa t ed 
space charge, which in tu rn s topped the current and , conse
quently, s topped F I W s . This process was similar to the 
s topping of the electron beam injected by a d iode into a gas. 
In the course of mo t ion of F I W s it was necessary to neutral ise 
this space charge, which originated because of the ionisat ion 
of the gas by electrons and escape of the newly formed 
electrons from the region occupied by the space charge to 
the walls, because the space charge created s t rong radia l 
fields. The remain ing ions created a neutral is ing b a c k 
ground . The characteris t ic neutra l isa t ion t ime T n calculated 
al lowing for the field dis t r ibut ion [26] agreed well with the 
exper imental results (F ig. 11). 

After neutra l isa t ion of the excess space charge an F I W 
started from the ca thode . D u r i n g the initial stage of its 
mo t ion the velocity of the F I W front increased and the 
dura t ion of the front decreased. The F I W was fully formed 
after travell ing a distance of 5 - 1 0 cm, which was a p p r o x 
imately equal to two front widths . Obviously the width of the 
front could no t be less t han the diameter of the shield because 
of the resonant excitation of e lectromagnet ic oscillations in 
the high-energy electrons in the waveguide. 

It is quite na tu ra l to expect tha t high-enegy electrons can 
influence significantly the processes in the front of a moving 
F I W as well as ahead of the front and behind it [14, 43]. These 
electrons have the greatest influence on the proper t ies of 

F I W s at the pressures such tha t the current is comparab le 
with the conduct ion current behind the front, which is typical 
of low gas pressures. At low pressures and high voltages 
(150 keV) an F I W appears only when the polar i ty of the 
vol tage pulses is negative and there is an electron emission 
source. 

It therefore follows tha t at low gas pressures (to the left 
of the velocity m a x i m u m ) the characterist ics of a wave are 
governed pr imar i ly by the current of high-energy electrons. 
The processes in the F I W front are similar to those occurr ing 
at the ' head ' of an electron beam travell ing across the gas. 
It is k n o w n tha t when an electron beam is injected into the 
gas, an ionisat ion front appears at the beam 'head ' and 
the velocity of this front m a y be considerably less t han the 
initial velocity of the electrons [45, 46]. The pressure depend
ence of the velocity of this ionisat ion front is quali tat ively 
similar to the ana logous dependence of the F I W front 
velocity, bu t the m a x i m u m velocity at electron energies of 
3 0 0 - 1 0 0 0 keV is reached at lower pressures ( 0 . 1 - 5 Tor r ) 
[45] t han in the case of the wave b r e a k d o w n at voltages of 
2 5 0 - 3 0 0 kV. The pressure dependence of the current (or 
charge) or energy t r anspor ted by the beam also has a m a x 
imum. The governing process dur ing the mot ion of the front 
is neutra l isa t ion of the excess charge at the b e a m 'head ' 
because of impact ionisat ion by the beam electrons colliding 
with the gas molecules and, therefore, a reduct ion in the 
pressure increases the charge neutra l isa t ion t ime and 
reduces the front velocity. The reduct ion in the t r anspor t 
velocity of the b e a m at high pressures has been a t t r ibuted 
[46] to a reduct ion in the conduct ivi ty of the p lasma gener
ated in the fields induced in the front, which increases the 
diffusion t ime of the poten t ia l moving from the anode to the 
front. 

The F I W front is a moving vir tual ca thode emit t ing a flux 
of high-energy electrons. The mot ion of this vir tual ca thode 
requires charge neutra l isa t ion of the excess electrons ahead of 
the front. A reduct ion in the gas density increases the current 
of high-energy electrons in the F I W front (Fig. 16) and this 
makes the F I W mot ion increasingly similar to the mo t ion of 
the electron beam. On the other hand , a reduct ion in the gas 
density reduces the ra te of increase of the electron density and 
enhances the a t t enua t ion of the F I W ampl i tude , which in 
tu rn reduces the velocity of p ropaga t ion of the front 

The difference between the b r e a k d o w n of a gas by an 
electron beam and by an ionisat ion wave is this: in the case 
of a beam the initial electric field appears because of the 
pene t ra t ion of the discharge gap by the beam electrons and 
format ion of a space charge, whereas in the case of a vol tage 
pulse an electric field is first generated in the gap and h igh-
energy electrons are created by the field. In b o t h cases a space 
charge is set in mo t ion and ionisat ion occurs in the field of 
this charge. The poten t ia l of the p lasma behind the front is 
equal to the poten t ia l of the electrode from which the ionisa
t ion front starts . However , the supply of energy to the front 
proceeds in fundamental ly different ways: in the case of an 
electron beam it is t ransferred in the form of the kinetic 
energy of electrons, which have to overcome the whole gap 
from the a n o d e to the front, whereas a vol tage pulse supplies 
energy to the front in the form of an electromagnet ic wave 
from a coaxial t ransmiss ion line with the p lasma co lumn 
acting as internal conduc tor of the line. 

At near -op t imal and higher pressures the main role of 
high-energy electrons is the creat ion of an initial ionisat ion 
ahead of the front. W e have shown al ready tha t the F I W 
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velocity increases with the initial density of electrons ahead 
of the front. It should be po in ted out tha t the initial elec
t ron density m a y be created b o t h by direct ionisat ion of 
the gas with high-energy electrons and by ionisat ion 
with X- ray b remss t rah lung , which is generated by colli
sions of high-energy electrons with the walls of the dis
charge gap . 

The reduct ion in the F I W velocity with increase in the 
pressure m a y be explained by, first, a reduct ion in the density 
of electrons present initially ahead of the wave front and 
created in the course of ionisat ion of the gas by high-energy 
electrons, the p ropo r t i on of which becomes small because of 
a reduct ion in the reduced field intensity E/P and, second, a 
reduct ion in the frequency of ionisat ion by the p lasma elec
t rons in the region of the front, again due to a reduct ion in the 
value of E/P. At high gas pressures the reduced intensity E/P 
in the front decreases also because of a reduct ion in the F I W 
ampl i tude and an increase in the width of the front, so tha t 
the ionisat ion frequency m a y lie in the region of its exponen
tial fall in its dependence on E/P. All these processes increase 
the resistance of the co lumn and, consequently, increase the 
diffusion t ime of the po ten t ia l from the electrode a long the 
p lasma column to the front, which in tu rn reduces the 
ampl i tude and increases the width of the front, causing a 
further fall of E/P in the front. The result is the onset of an 
exponent ia l reduct ion in the ionisat ion frequency and a 
cor responding s t rong reduct ion in the F I W velocity, which 
in the range of characterist ic t imes of Fig . 12 is observed as 
the s toppage of the wave. 

Since high-energy electrons in F I W s of negative and 
posit ive polari t ies move in opposi te direct ions relative to the 
direction of the F I W front, their role is different for waves of 
different polar i ty . This is the reason why the proper t ies of 
F I W s of posit ive and negative polari t ies differ so strongly 
at low gas pressures (Figs 7 and 8). At high pressures the 
current of high-energy electrons becomes so small tha t the 
main processes responsible for the format ion of electrons 
ahead of the front are pho to ion i sa t ion by the rad ia t ion 
from the p lasma column and also associative ionisat ion of 
photoexci ted a t o m s and molecules, the ionisat ion frequency 
of which increases on increase in the pressure. All these 
processes are independent of the polari t ies so tha t at high 
gas pressures the velocity and a t t enua t ion are practical ly 
the same for F I W s of b o t h polari t ies (Figs 7 and 8) [14]. 
This is suppor ted by the agreement between the exper imen
tally determined velocities of ionisat ion waves in hel ium at 
a tmospher ic pressure under a vol tage of 250 kV [21] 
and calculat ions [47] carried out on the assumpt ion tha t 
electrons appear ahead of the front because of associate 
ionisat ion when collisions t ake place between excited (He*) 
and unexcited hel ium: 

H e * + H e ^ H e + + e. 

At low pressures the efficiency of gas pre ionisa t ion ahead 
of the front, involving rad ia t ion (including X-ray rad ia t ion) 
is insufficient for the p ropaga t i on of posi t ive-polari ty waves. 
At these pressures a negat ive-polar i ty wave appears because 
of the emission of electrons from the ca thode where a ca thode 
vol tage drop of 3 0 - 4 0 kV occurs [14]. 

At low pressures a posi t ive-polari ty F I W m a y be gener
ated as a result of the pu re form of the mechanism discussed 
by R u d e n k o and Smetanin [48] as one of the possible ways of 
the development of s t reamers in s t rong fields. Since under 
posi t ive-polar i ty pulses the r u n a w a y electrons p r o p a g a t e 

from the front into the p lasma, their interact ion with the 
p lasma m a y excite longi tudinal p lasma oscillations. A 
p lasma field m a y then appear at the ca thode end of the 
p lasma dur ing certain half-periods of the oscillations. This 
field m a y exceed the external field and be directed opposi te to 
it. Some of the p lasma electrons can acquire from the p lasma 
field an energy sufficient to escape outs ide the p lasma where 
they ionise the gas and cause the streamer to move towards 
the ca thode . This mechanism of the mot ion of a posit ive F I W 
is very p robab le , bu t addi t iona l investigations are needed to 
confirm it experimentally. 

It therefore follows tha t the main proper t ies of F I W s 
observed at low pressures, and par t icular ly in the range of 
pressures op t imal for the wave p ropaga t ion , are governed by 
the generat ion of a large n u m b e r of high-energy electrons 
in the region of the front. This c i rcumstance is responsible 
for the fundamenta l difference between F I W s and 's low' 
ionisat ion waves tha t are formed as a result of b r e a k d o w n 
of long tubes [48, 49] by relatively low ( 1 - 3 kV) vol tage 
pulses with a sufficiently long rise t ime. 

11. Energy deposition in a gas during motion of 
fast ionisation waves 
As poin ted out above, the energy dissipation in the discharge 
has been determined by a me thod based on the proper t ies of 
long t ransmiss ion lines: measurements have been m a d e of the 
energy of a pulse travell ing from a pulse genera tor to a 
discharge zone and then the measured energy of a pulse 
reflected by the discharge gap has been subtracted. This 
me thod makes it possible to al low for the energy used in 
charging the coaxial capaci tor formed by the p lasma co lumn 
and the meta l shield. 

The first exper iments [20] carried out under pulse vol 
tages of 6 kV have however shown tha t the power deposi ted 
in the discharge dur ing the mot ion of an ionisat ion wave 
exceeds greatly the power dissipated in the discharge after 
the establ ishment of a uni form dis t r ibut ion of the electric 
field. The measurements in long tubes ( ~ 4 0 cm, diameter 
4.5 cm) carried out us ing pulses of 40 kV at the electrode 
[13] have confirmed this conclusion. It was found tha t under 
certain condi t ions the p lasma conduct ivi ty behind the F I W 
front was so high tha t the remain ing pa r t of the pulse crossed 
the discharge zone wi thout a significant reduct ion in its 
ampl i tude . It was also found tha t 30% - 4 0 % of the initial 
power was dissipated dur ing the mot ion of an F I W in the 
discharge, bu t 40% - 5 0 % was stored in the form of an 
electrostatic energy of the charged p l a s m a - s h i e l d capaci 
tor . W h e n the polar i ty of the pulses was positive, the power 
dissipated in the discharge was higher t han in the case of 
negat ive-polar i ty pulses and it reached 6 M W . The energy 
deposi ted in the p lasma was 40 mJ . 

If the dissipated energy is used mainly in the ionisat ion 
of hel ium, it is possible to est imate the electron density 
behind the F I W front, which gives ne ~5 x 1 0 1 2 c m - 3 [50], 
in agreement with a similar est imate [11] for an F I W in 
ni t rogen, which is ne ~ 1 0 1 2 c m - 3 when the pulse ampl i tude 
is 30 kV. These values agree also with ne found from the 
current measured behind the F I W front and from the F I W 
a t tenua t ion on the assumpt ion tha t this a t t enua t ion deter
mines the intensity of the electric field behind the front 
needed for the flow of a current / = eSnQV dr-, where S is the 
cross-sectional area of the discharge and Vdr is the drift 
velocity of electrons behind the front. The value of the 
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electron density ne ~ 1 0 1 2 c m - 3 is sufficient for the p r o p a g a 
t ion of an electromagnet ic pulse a long the p lasma co lumn at 
the velocity of light [11]. 

A n increase in the electron density behind the F I W front 
requires an increase of the current density, which can be 
achieved by an increase in the vol tage and a reduct ion in the 
cross-sectional area of the tube . High current densities are 
needed in par t icular in the p u m p i n g of lasers. In tackl ing this 
task it has been repor ted tha t under a vol tage of 30 kV the 
electron density behind the F I W front can be ne= 1 0 1 5 c m - 3 

in a tube 1.7 m m in diameter [29, 30]. 
A n increase in the vol tage to 1 5 0 - 2 0 0 kV increases the 

current behind the F I W front to 1 - 1 0 kA and the electron 
density, est imated from the current and the a t tenua t ion , is 
ne ~ 1 0 1 5 - 1 0 1 6 c m - 3 . The energy deposi ted in the discharge 
depends on the gas pressure and is max imal approximate ly at 
those pressures when the wave a t t enua t ion is min imal [51]. 
This is no t a self-evident observat ion and it confirms the 
hypothesis tha t the bulk of the energy is dissipated in the 
F I W front where the field intensity is highest. The specific 
energy deposi ted in the gas is then qui te considerable and 
reaches 0 . 1 - 1 J e m - 3 . These circumstances account , for 
example, for the observat ion tha t the ou tpu t power of the 
rad ia t ion generated in a n i t rogen laser p u m p e d by F I W is 
highest at the pressures at which the F I W velocity is max imal 
and its a t t enua t ion is min imal [14, 51, 52]. The high specific 
energy deposi ted in the gas, together with the high ra te of 
filling of the discharge gap with the p lasma, m a k e F I W s very 
promis ing for appl icat ions in var ious technical devices. 

12. Fast ionisation waves in free space 
A n impor t an t quest ion in the p ropaga t i on of F I W s is the 
influence of the discharge- tube walls. Var ious suggestions 
have been made : they range from the hypothes is tha t the 
walls are needed only to confine the discharge zone and to fill 
it with the work ing gas, to the pos tu la te tha t the wave 
depends entirely on the presence of the walls and represents 
a sliding discharge [53] a long the wall insulator . In our 
opinion, the walls do no t determine the mechanism of 
mo t ion of the discharge. This is suppor ted by the da ta on 
the appearance of fast waves in long sparks and in l ightning, 
which have been reviewed earlier [9, 10, 12]. 

The development of the techniques for the generat ion of 
high-power laser pulses has m a d e it possible to create and 
s tudy a special type of electric discharges, which are dis
charges guided in free space by laser rad ia t ion [54, 55]. The 
most popu la r and effective system for the init iat ion of a long 
electric discharge in space is shown in Fig. 18. Laser rad ia t ion 
of high ( « 10 9 W power) , k n o w n as a giant pulse, is focused 
by a lens with a focal length of the order of 1 m. Reg ions of 
optical b r e a k d o w n of the a tmosphere appear in tha t pa r t of a 
laser beam where the rad ia t ion power density exceeds a 
threshold which a m o u n t s to 10 9 W c m - 2 for air conta in ing 
aerosol part icles and exposed to neodymium laser rad ia t ion . 
Since this b r e a k d o w n is initiated by aerosol particles, the 
b r e a k d o w n regions are distr ibuted at r a n d o m . A long chain 
of p lasma opt ica l -breakdown regions formed a long a laser 
beam is k n o w n as the long laser spark (LLS). F o r a typical 
dura t ion of giant laser pulses ( 5 0 - 1 0 0 ns) the characteris t ic 
size of each of the op t ica l -breakdown regions is 0 . 1 - 1 m m 
and they do no t merge. At the end of a laser pulse the p lasma 
regions cont inue to expand at a velocity w 10 5 cm s _ 1 and 
after 5 - 1 0 (is their diameter is typically abou t 1 cm. If the 

261 

Figure 18. Experimental setup for the formation of laser-guided electrical 
discharges: (7) laser beam; (2) long-focus lens; (3) generator of high-
voltage pulses; (4) high-voltage electrode; (5) earthed electrode; 
(6) current shunt; (7) optical-breakdown region; (8) electric discharge 
channel [54]. 

density of the op t ica l -breakdown regions is initially suffi
ciently high, then on the microsecond scale there is a 
m o m e n t at which the boundar i e s of these regions coalesce. 
A con t inuous quasicylindrical channel with a low gas density 
m a y then form in air: its average t empera tu re is 
2 5 0 0 - 3 0 0 0 K and it is characterised by a high concent ra t ion 
of charged part icles which are sufficient to initiate an elec
trical discharge. 

A high-vol tage electrode is placed in such a way tha t the 
L L S channel passes near its surface. A low-voltage electrode 
is located at some distance from the high-vol tage electrode, 
bu t in such a way tha t it is also in contact with the L L S . 
The appl icat ion of a high-voltage pulse causes the electric 
discharge channel to grow along the L L S from the h igh- to 
the low-voltage electrode. The length of such a laser-guided 
electric discharge can range from several centimetres to 
several metres [56]. The discharge p ropaga t i on velocity 
depends on m a n y exper imental condi t ions , pr imari ly on the 
distance between the op t ica l -breakdown regions in the L L S 
and on the delay t ime between the format ion of the L L S and 
the appl icat ion of a high-voltage pulse. This velocity 
increases from 10 7 cm s _ 1 [56] when the distance between 
the op t ica l -breakdown regions is 5 - 1 0 cm to 
1 0 9 - 1 0 1 0 c m s _ 1 [54, 55] if the op t ica l -breakdown regions 
in the L L S merge to form one channel . 

A n image-converter s tudy of the development of an 
electric discharge of length 2 0 - 5 0 cm along an L L S , carried 
out using vol tage pulses of 2 0 0 - 3 0 0 kV ampl i tude , 35 ns 
dura t ion , and 4 ns rise t ime [55] has demons t ra ted tha t the 
discharge began in the form of an F I W star t ing from the 
high-vol tage electrode at a velocity ( 2 - 3 ) x 10 9 cm s _ 1 . 
At some distance from the high-vol tage electrode the 
F I W velocity was found to increase abrupt ly . If an elec
trical pulse was applied to the L L S 1 0 - 1 0 0 (is after the 
laser pulse, the guided electrical discharge developed op t i 
mally and then the F I W velocity was found to be constant 
across the whole gap and it a m o u n t e d to 
4 x l 0 9 - 2 x l 0 1 0 cm s " 1 . 

If the F I W velocity did no t exceed 6 x 10 9 cm s _ 1 , it was 
found tha t after the passage of the wave across the whole 
gap to the ear thed electrode a re turn-s t roke wave was also 
formed and it moved from the ear thed electrode to the h igh-
voltage one at a velocity 3 - 5 t imes higher t han the initial 
F I W . After a long delay ( 1 3 0 0 - 1 5 0 0 (is), when the L L S 
b r o k e u p , the growth of the guided electric discharge 
occurred in a step-like manne r . The F I W star t ing from the 
high-vol tage electrode slowed down and s topped. Some t ime 
after the s toppage of the F I W the mot ion res tar ted and its 
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velocity increased severalfold compared with the initial 
value. The s toppage of a posi t ive-polari ty wave occurred 
much m o r e abrupt ly than in the case of a negative wave. A 
theoret ical investigation [57] a t t r ibuted this influence of the 
polar i ty to the absence of drift spreading of the shape of the 
head of the discharge under the influence of an external 
electric field. The s toppage of the wave due to the spreading 
of its front in a guided discharge has been observed with the 
aid of electrical p robes [58] and it has been a t t r ibuted to an 
ab rup t d rop of the ionisat ion frequency because of the fall of 
the electric field intensity in the front. 

U n d e r certain condi t ions it is possible to observe several 
F I W s in the gap and they m a y either follow one ano ther (for 
example, as in the re turn-s t roke stage ment ioned above) or 
m a y appear s imultaneously. If neither electrode is ear thed 
and a pulse is applied to the electrodes in such a way tha t 
one is posit ive relative to the ear th and the other is negative, it 
is found tha t F I W s start from b o t h electrodes a long an L L S 
and these waves are directed t owards one ano ther meet ing 
inside the gap , which is followed by a steep increase in the 
br ightness of the emitted rad ia t ion [55]. It is possible to create 
s imultaneously two guided-discharge channels and to excite 
two or m o r e F I W s by other me thods . F o r example, if one 
high-vol tage electrode is placed a long an L L S between two 
ear thed electrodes, it is found tha t two F I W s start from the 
high-vol tage electrode in b o t h directions when a high-vol tage 
pulse is applied and these two waves create two guided 
electrical-discharge channels . One ear thed electrode m a y be 
placed between two high-vol tage electrodes. Then , F I W s 
start from each high-voltage electrode to the low-voltage 
one and again two channels are formed. 

W e can thus see tha t one or several F I W s can form in 
free space and they move at different velocities. As in the 
case of mot ion of F I W s in long discharge tubes , in this 
case the F I W velocity increases with increase in the con
ductivity of the L L S channel , decreases with increase in the 
gas density in the L L S channel , decreases (right down to 
the s toppage) on increase in the width of the front. The 
proper t ies of F I W s in guided discharges have an obvious 
analogy with the step-like p ropaga t ion of a leader in l ight
ning and occurrence of a re turn s t roke when this leader 
reaches an ear thed electrode. 

13. Theoretical models of fast ionisation waves 
In theoret ical discussions of F I W s the greatest pract ical 
difficulties arise from two prob lems: the format ion of a 
sufficient number of init iat ing electrons ahead of the F I W 
front and explanat ion of the extremely high p ropaga t ion 
velocity, and the existence of a m i n i m u m of the coefficient 
represent ing the a t t enua t ion of the wave ampl i tude . The 
early invest igations have al ready established [9, 59] tha t 
direct photo ion isa t ion , which can explain the mot ion of 
s t reamers , cannot account for the observed front velocities 
of 1 0 9 - 1 0 1 0 cm s _ 1 and, moreover , this pho to ion i sa t ion is 
ineffective at low gas densities. The mos t likely mechanism of 
the format ion of free electrons at high gas pressures is 
the t r anspor t of resonant rad ia t ion followed by associative 
ionisat ion of excited molecules or a toms [47, 59]. In air 
at a tmospher ic pressure one further mechanism of the 
format ion of free electrons m a y be the de tachment of 
electrons from negative ions in s t rong electric fields [60]. 
The frequency of electron de tachment becomes equal to 
the a t t achment frequency when the electric field is of the 

order of 3 M V m - 1 . Cosmic rays generate 10 c m - 3 s _ 1 

e l e c t r o n - i o n pairs , which give rise to a negative ion 
concent ra t ion of abou t 10 3 c m - 3 . D e t a c h m e n t of electrons 
from these ions can create the same concent ra t ion of 
electrons ahead of the F I W front. 

In the major i ty of theoret ical invest igations it is assumed 
tha t the initial electron density ahead of the front is k n o w n 
and can be specified [ 6 1 - 6 5 ] . This formulat ion of the 
p rob lem cor responds to the condi t ions of appearance and 
mot ion of F I W s in a previously formed p lasma; for exam
ple, it cor responds to the re turn s t roke stage in l ightning or in 
a long spark [5, 6], to the conversion of a glow discharge into 
an arc [8], and to the experiments on init iat ion of F I W s in the 
p lasma of a glow discharge or in a decaying p lasma [7, 
1 1 - 1 3 , 27]. The p rob lem is usually considered in the one -
dimensional approx imat ion , either by averaging of the dis
charge characterist ics over the cross section of the tube 
[60, 63, 64] or by in t roducing addi t iona l condi t ions . F o r 
example, a relat ionship between the longi tudinal and t r a n s 
verse vectors represent ing the intensity of the electric field can 
be assumed [61, 62] on the basis of a theory of surface waves 
in p lasma waveguides. At wave velocities of the order of 
10 9 cm s _ 1 the p rob lem is solved either in the h y d r o -
dynamic approx ima t ion assuming a poten t ia l electric field 
and a local dependence of the electron t empera tu re on the 
reduced field intensity E/P, or in the long-wavelength 
approx imat ion , i.e. when the thickness of the front is 
assumed to be greater t han the diameter of the tube and 
shield [ 6 1 - 6 4 ] . A n analysis is m a d e of the self-similar solu
t ion, i.e. it is assumed tha t the wave velocity is cons tant in 
t ime. This app roach has m a d e it possible to account for the 
profile of the current pulses [61, 62] reaching an ear thed 
electrode [20] and for the different behaviour of the dis
charge for different polari t ies of pulses of 6.4 kV ampl i tude . 
The results obta ined from this solut ion are in satisfactory 
agreement with the measured F I W velocities observed when 
the ampl i tude of the vol tage pulses is 2 5 - 3 0 kV [13]. 

However , the self-similarity condi t ion pos tu la tes con
stancy of the pa rame te r s of the front, which is achieved in 
the case of zero resistance of the p lasma co lumn behind the 
F I W front, so tha t it is no t possible to predict the a t t enua 
t ion of the wave ampl i tude and the reduct ion in the wave 
velocity. This app roach also fails to t ake account of the 
impor t an t p rob lem of the supply of energy to the front of 
a wave and the existence of a l imiting value of the front 
velocity. 

A m o r e general app roach involves an analysis of the 
system of the Maxwel l equa t ions for the solution of an 
e lect rodynamic p rob lem, supplemented by the equa t ions of 
ba lance of charged part icles and by b o u n d a r y condi t ions 
[60, 65]. In the case of the one-dimensional approx imat ion 
the integral form of the Maxwel l equa t ions (for the currents 
and potent ia l ) reduces to a system of wha t are k n o w n as the 
te legraph equa t ions for long lossy lines: 

dcp dLi 
dx dt 

Ri. 
(13.1) 

dx 
dCcp 

-Gcp, 

where cp is the potent ia l ; / is the current ; L and C are, 
respectively, the inductance and capaci tance per uni t length of 
the line; R is the ins tan taneous resistance; G is the line 
conduc tance because of insulat ion imperfections; 
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the p roduc t Ri represents the electric field intensity. The 
quant i ty G represents the losses via corona currents . In the 
case of discharge tubes its value is G= 0. 

The concepts of the inductance and capaci tance can be 
in t roduced if the t ransverse d imensions of the system are 
much less t han the characterist ic longi tudinal dimension. 
This is k n o w n also as the long-wavelength approx imat ion 
and is in fact used in all the models of F I W s . It imposes 
certain restr ict ions on the F I W pa rame te r s and, in pa r t i cu
lar, the wave velocity v should satisfy the relat ionship 
v > rs/tf, where r s is the shield radius . The system of the 
te legraph equa t ions has been used earlier [6, 66] to consider 
the re tu rn-s t roke stage of long sparks and l ightning. 

In this analysis the delivery of energy to the front is 
regarded as the p ropaga t i on of an electromagnet ic pulse in 
the p lasma channel behind the front. The nonl inear coeffi
cients in the te legraph equat ions , as well as the initial and 
b o u n d a r y condi t ions , are given physical mean ing when spe
cific exper imental condi t ions are considered. Mode l s follow 
from this system and they al low for the influence of the 
p l a s m a - s h i e l d geometry via the ins tan taneous capaci tance 
of the discharge zone. It has been shown [49] tha t charging of 
the p l a s m a - s c r e e n capaci tance is the dominan t process in 
the mot ion of slow ionisat ions waves at velocities of the order 
of 10 5 cm s _ 1 , which appear because of the b r e a k d o w n of 
long gas-discharge tubes by low-ampl i tude pulses with a low 
ra te of rise of the voltage. 

F r o m the poin t of view of formal e lectrodynamics the 
approx ima t ions represented by different models reduce to 
the neglect of some te rms in the system of the Maxwel l 
equat ions . At wave velocities much less t han tha t of light it 
is usua l to ignore the inductance term [59, 60]. The system 
of equa t ions then t ransforms to a single equat ion for 
nonl inear diffusion of the poten t ia l in the p lasma co lumn 
when the role of the diffusion coefficient is played by the 
electron density: 

dcp dLi 
t) = 0, 

dcp 1 
R0C dx 

dcp 
1 dx 

0 , (13.2) 

where R = Ro/ne. Such a diffusion equat ion for the poten t ia l 
has been derived [63, 64] in the one-dimensional h y d r o -
dynamic approx imat ion al lowing for the influence of the 
p l a s m a - s h i e l d geometry when the ins tan taneous capac
i tance is cons tant . This mode l is valid at high initial electron 
densities neo= 10 8 c m - 3 and it describes well the dynamics 
of mot ion of ionisat ion waves on t rans i t ion from a glow 
discharge to an arc discharge [27]. 

Modif ica t ion of these models [62 - 64] by the in t roduct ion 
of inductance te rms or by al lowance for the electron inertia in 
the equa t ions for energy and mot ion has m a d e it possible 
to describe also higher velocities of p ropaga t i on of F I W s , 
for example, the l ightning re turn s t roke. In some cases the 
te legraph equa t ions can be used at velocities much less t han 
tha t of light by in t roducing a vir tual inductance [29, 30] in 
order to be able to s tudy the dynamics of waves with an 
increase in the velocity, as found experimentally. 

In the case of subluminal F I W velocities and also for 
characterist ic scales of changes in the quant i t ies in the front, 
which are comparab le with the t ransverse d imensions of 
the electrical discharge system, it is necessary to allow for 
the inductance and for the displacement currents [60, 65, 67] 
i.e. the equa t ions of ba lance and charged part icles have to be 
solved s imultaneously with the system of the te legraph and 
to ta l current equa t ions 

9/ _ dcp 
l_ c — •• 

dx dt 

0 , 

2 I 
• so — + GE 

(13.3) 

where E(x, t) is the longi tudinal electric field, r is the tube 
radius , and o is the p lasma conductivi ty. The solution of this 
system together with the equa t ions describing creat ion and 
annihi la t ion of charged part icles in air at a tmospher ic 
pressure under vol tage pulses of 1 M V ampl i tude 
shows [60] tha t an F I W front forms where the initial electric 
field is abou t 40 M V m _ 1 and the initial velocity is w 1 0 1 0 

cm s _ 1 . The ampl i tude and velocity of F I W s decrease dur ing 
their mot ion . After 1 m the velocity decreases by an order of 
magn i tude and after a further 2 0 - 3 0 cm it falls a further two 
orders of magni tude . This is equivalent to the s toppage of the 
wave, since by this m o m e n t the electric field in the front falls 
to the b r e a k d o w n value of 3 M V m ~ 1 . 

In an analysis of F I W s for small d imensions of the front it 
is necessary to allow for the dependences of the capaci tance 
and inductance on the F I W paramete r s , which is done in the 
mode l of Ref. [60], and also to t ake account of the existence 
of high electric fields in the front. The calculat ions and the 
mode l approx ima t ions [ 6 0 - 6 4 ] are based on the assumpt ion 
of a local dependence on the electron t empera tu re on the 
reduced electric field E/P. It follows from the exper imental 
results tha t in reality the electric fields at the F I W front are 
usually so high tha t the electrons go over to the r u n a w a y 
regime and the influence of such high-energy electrons m a y 
be decisive from the poin t of view of e lectrodynamics and 
b r e a k d o w n processes in the front, as well as in relat ion to the 
format ion of free electrons ahead of the front. Therefore, the 
system of e lec t rodynamic equa t ions should be solved 
together with Bo l t zmann equat ion for the electron density 
dis t r ibut ion function, subject to a l lowance for the ejection of 
some of the high-energy electrons to the nonionised gas 
ahead of the front, as has been done in Ref. [67]. In wri t ing 
down the expression for the to ta l current the above equat ion 
is modified by the in t roduct ion of a te rm which allows for the 
current in a beam of high-energy electrons jh: 

if ^ d E \ • i = T t r 2 ! aE + 8 o ^ J + j h - (13.4) 

The energy dis t r ibut ion function of high-energy electrons 
is formed under the act ion of a pulsed electric field, and 
of elastic and inelastic collisions with gas molecules; it is 
b o t h far from steady and spatially inhomogeneous . The 
b o u n d a r y separat ing electrons into ' p l a sma ' ( low-energy 
with chaot ic mo t ion ) and ' r unaway ' (high-energy electrons 
with a preferential direction of mo t ion ) m a y be set at the 
energy at which the elastic-scattering cross section becomes 
comparab le with the cross section represent ing the inelastic 
energy losses. F o r air and its componen t s this energy is 
= 100 eV. Calcula t ions have been carried out for the experi
men ta l condi t ions in Ref. [21] (Fig. 3), i.e. for a vol tage 
U= —250 kV, a pulse rise t imes of 2.5 ns, a tube rad ius of 
0.2 cm, and a shield rad ius of 2.7 cm. Calcula t ions indicate 
tha t the mechanisms of format ion and p ropaga t i on of F I W 
as a result of b r e a k d o w n are neu t ra l [67] and weakly ionised 
[65] gases have much in c o m m o n . A n addi t iona l feature is the 
generat ion of 'seed' electrons ahead of the wave by a flux of 
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Figure 19. Distributions of the electric field, electrical conductivity, and 
runaway-electron current at various moments t (ns): (7) 2; (2) 3; (3)4 [67]. 

r u n a w a y electrons. Fig . 19 shows the results of calculat ions 
of the spatial dis t r ibut ion of the field, conductivi ty, and 
runaway-e lec t ron current a long the length of a tube at differ
ent m o m e n t s (the gas pressure is assumed to be 10 Tor r ) . W e 
can readily see the format ion and mot ion of a region with a 
high electric field intensity (front), as well as a near-uni form 
mot ion of the conduct ivi ty gradient which enters the region 
of an initially neu t ra l gas. 

Fig. 20 shows the electron energy dis t r ibut ion function at 
the same m o m e n t s in t ime. At t= 2 ns the energy of the 
electrons accelerated by the field near the ca thode is low 
and they do no t yet m a k e a significant cont r ibu t ion to the 
ionisat ion of the gas ahead of the wave front, and the electric 
field intensity increases as a result of a drop in the conduct iv
ity in the ca thode region. A n increase in the electric field 
increases the energy of the accelerated electrons and their 
cont r ibut ion to the ionisat ion of the gas ahead of the 
F I W front, and the region with a high electric field-intensity 
as well as the r u n a w a y electrons are displaced a long the 
channel . At t = 3 and 4 ns a beam of fast electrons is 
formed and a cascade of secondary electrons appears ahead 
of the wave front. The dis tr ibut ion function at t= 4 ns is of 
the same form as at t = 3 ns, bu t the former is displaced 
a long the tube ( in te rms of spatial coordinates) because of 
the mo t ion of the F I W front. 

The energy spectrum of the r u n a w a y electrons is fairly 
wide and its upper limit exceeds the value eUo, as found in 
earlier exper iments [42]. Elect rons with energies in excess of 
eUo appear because they are accelerated by the electric field 
moving at a high velocity. The m a x i m u m energy £ m a x which 
an electron can acquire can be est imated from the Bo l t zmann 
equat ion in the absence of collisions. This can be done using 
the self-similar approx ima t ion [67] and assuming tha t 
eElf/mc 2 < 1, the result is 

P 
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Figure 20. Energy distribution function of the runaway electrons at 
t\= 2 ns, t2= 3 ns, and £3 = 4 ns [67]. 

If is the size (thickness) of the front, B = vie, 
0.5 

where 

7 = ( 1 - / 0 
If the wave velocity is much less than the velocity of light, 

so tha t v/c <̂  1, and eElf = eUo, the m a x i m u m energy is 
£max = 4eUo and the wave moves at the m a x i m u m possible 
velocity v : x , where 

eElf 
wis* 2 

2 -| 0.5 

(13.6) 

(13.5) 

The escape of electrons from the wave front begins from 
the energy s = mc2(y — 1), i.e. the flux of electrons which 
over take the front is governed no t only by the electric 
field, bu t also by the F I W velocity. At high velocities, as 
demons t ra ted in Fig. 3 [21], the bulk of electrons cannot 
over take the front. The presence of the r u n a w a y electrons 
tends to establish a s teady-state velocity of the front because 
a reduct ion in the F I W velocity increases the escape of the 
r u n w a y electrons from the front, which in tu rn increases the 
F I W velocity. As a result of these processes a s teady-state 
flux of electrons from the front and a steady-state F I W front 
velocity are established. 

It follows from the calculat ions tha t the runaway-e lec t ron 
current ahead of the wave front exceeds the p lasma and 
displacement currents , and the field excited by the r u n a w a y 
electrons are similar to the fields excited by injection of an 
electron beam into a p lasma. Fig. 21 shows the dis t r ibut ion 
of the electric field, and of the p lasma and to ta l currents , 
and of the runaway-e lec t ron current in the region of an 
F I W front when UQ = 250 kV and the results are calculated 
for t= 4 ns. In the region with the opposi te direction of the 
electric field the fast electrons are decelerated and they 



Fast ionisation waves under electrical breakdown conditions 265 

x / c m 

Figure 21. Distributions of electric field and of plasma (7p) and total (I) 
currents, and of the runaway-electron current (Ir) at r = 24 ns [67]. 

transfer the energy to the field. The to ta l current rises m o n o -
tonically over the whole length of an F I W . 

A numer ica l calculat ion demons t ra tes a good agreement 
with the exper imental values of the velocity, current , and 
a t t enua t ion considered as functions of the air pressure . The 
high-energy electron current decreases with increase in the 
pressure, bu t it is present t h r o u g h o u t the investigated range 
of exper imental pa ramete r s , and calculat ions show tha t it is 
w 50 A when the pressure is w 400 Tor r . Since an increase in 
the pressure increases the ra te of ionisat ion of the gas by the 
high-energy electrons, the influence of these electrons on the 
initial conduct ivi ty of the channel is par t icular ly impor t an t 
t h r o u g h o u t the range of pressures under considerat ion. 
It should be poin ted out tha t calculation of the F I W mot ion 
pa rame te r s on the basis of a previously created p lasma 
channel [65] also predicts n o n m o n o t o n i c dependences of 
the current , velocity, and a t t enua t ion on the gas pressure. 
It follows, according to Slavin and Sopin [67], tha t the main 
processes tha t govern the proper t ies of F I W s are the ionisa
t ion in the front and the diffusion of the poten t ia l a long the 
conduct ing channel . 

The mode l of F I W s in free space when the waves travel 
a long a laser-ionised channel with a uni form and pulse-
per iodic density of electrons a long the channel [57] predicts 
s toppage and restar t of an F I W , and is in agreement with the 
experiments on guided discharges. 

At low gas densities, when the runaway-e lec t ron current 
is comparab le with the p lasma current , we can expect the 
appearance of s t ream p lasma instabilities. This m a y be 
par t icular ly t rue when the space between the discharge tube 
and the shield is filled with a liquid insulator with a high 
permit t ivi ty (for example, water) , because the F I W front 
velocity is then considerably less, so tha t the runaway-e lec
t ron current is comparab le with the p lasma current . It is also 
par t icular ly interesting to consider a posi t ive-polari ty wave 
in which the flux of the r u n a w a y electrons is directed to the 
p lasma column behind the front where the electron density is 
high. The p rob lems of the resul tant oscillations of var ious 
types and of the influence of the r u n a w a y electrons on the 
proper t ies of F I W s in the posi t ive-polari ty case and of the 
influence on the velocity of the insulator used as the filler can 
be solved by further development of the theoret ical models 

ment ioned above. Unfor tuna te ly , for the major i ty of the 
current ly available models a compar i son with the exper imen
tal results is possible only after numer ica l calculat ions, so 
tha t it is no t possible to determine or predict the depend
ences of the F I W proper t ies on the pa rame te r s of 
the discharge system and of the pulses, or on the proper t ies 
of the work ing gas. 

The available exper imental and theoret ical results al low 
us to summarise briefly the main proper t ies of F I W s as 
follows. 

W h e n a high-vol tage pulse is applied to an electrode, the 
polar isa t ion of the p lasma begins near the electrode and 
screening of the electric field takes place. The leading edge 
of the pulse should be sufficiently short , so tha t the excess 
charge region is no t neutral ised dur ing the mot ion of ions or 
because of the diffusion of the field in the p lasma present in 
the gap and characterised by a low electron density. Intensive 
ionisat ion occurs in the s t rong field of the excess charge and 
the result is tha t the poten t ia l of the electrode is displaced 
deeper into the gap and the mo t ion of the waves begins. The 
s toppage t ime of F I W s in the case of a preionised gap is 
governed pr imar i ly by the p lasma polar isa t ion t ime. 

In the absence of initial ionisat ion the delay t ime of the 
start of F I W s is governed by the processes near the electro
des. W h e n the ampl i tude of negative pulses is fairly low 
( 3 - 3 0 kV), the necessary emission can begin only after the 
format ion of the ca thode spot which m a y require tens and 
hundreds of nanoseconds . W h e n the ampl i tude is increased 
to 100 kV or more , the ca thode spot appears practically 
immediately which m a y be due to , for exmaple, the explosive 
emission of electrons. The delay of the start of F I W s is in this 
case associated with the format ion of an uncompensa t ed 
space charge because of the high emission current and insuffi
cient ra te of ionisat ion of the gas by the high-energy elec
t rons , which after a t ime results in b locking of the electron 
current . The p lasma format ion and the displacement of the 
poten t ia l require neutra l isa t ion of this space charge by ion
isation and escape of secondary electrons. The t ime needed 
for neutra l isa t ion of this space charge determines the delay 
t ime of the start , which is close to zero for the op t imal and 
high gas pressures and which increases on reduct ion in the 
pressure. 

In the course of p ropaga t i on of an F I W across the 
discharge gap the wave velocity is governed by the format ion 
t ime of the p lasma in the front of the wave unt i l it reaches a 
value sufficient for the polar isa t ion and mot ion of the p o t e n 
tial. It is also governed by the diffusion t ime of the poten t ia l 
to the region of the front. The p lasma format ion t ime in tu rn 
is a function of the initial electron density ahead of the front 
and of the reduced electric field E/P. The range of pressures 
most favourable for the p ropaga t i on of F I W s cor responds to 
the threshold (E/P ) c r of generat ion of the r u n a w a y electrons 
for given values of the ampl i tudes of the electrical pulses. In 
this case the newly formed high-energy electrons provide 
sufficient pre ionisa t ion of the gas ahead of the F I W front 
and the ra te of accumula t ion of the p lasma in the front is 
maximal . The t ime needed for the acquisi t ion by the newly 
formed electrons of the energy sufficient for ionisat ion is 
minimal , because the regime of acquisi t ion of the velocity 
and energy is close to the regime of free acceleration of an 
electron in the field. This allows all the electrons to par t ic i 
pa te actively in the ionisat ion process dur ing the action of the 
electric field. The limiting F I W velocity is governed by the 
ra te of supply of the electromagnet ic energy to the front 
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a long a t ransmiss ion line with a composi te insulator and in 
the case when s ~ 1, it is governed by the runaway-elec t ron 
energy. 

A reduct ion in the pressure increases the value of E/P and 
the number of high-energy electrons in the front. On the other 
hand , a reduct ion in the gas density lowers the ionisat ion 
frequency, because the electron velocity changes slightly 
which in tu rn reduces the F I W velocity. A further lowering 
of the gas density first reduces the pre ionisa t ion ahead of the 
front and then creates a space charge ahead of the front and 
blocks the current of the high-energy electrons unt i l charge 
neutra l isa t ion takes place. This reduces the F I W velocity and 
increases the wave a t tenua t ion . 

At high pressures there are no high-energy electrons in the 
front and the initial electron density is created solely by 
photoprocesses , which (in combina t ion with the reduct ion 
in the ionisat ion ra te in weak fields) lowers the F I W velocity. 

In the case of vol tage pulses of posit ive polar i ty the h igh-
energy electrons which appear in the F I W front p r o p a g a t e 
opposi te to the direction of mo t ion of this front, i.e. they 
p r o p a g a t e t h rough the p lasma column and, therefore, they 
cannot establish the initial ionisat ion ahead of the front. The 
initial electrons are created by photoprocesses , so tha t at high 
pressures the F I W characterist ics are the same for pulses of 
b o t h polari t ies. The efficiency of photoprocesses falls steeply 
when pressure is reduced so tha t the m a x i m u m F I W velocity 
for posi t ive-polari ty pulses is reached at higher pressures 
t han for negat ive-polar i ty pulses. This m a x i m u m velocity is 
less because of the lower value of E/P in the region of the 
front and because of the consequent lower ionisat ion fre
quency. 

In the range of the op t imal pressure the F I W front leaves 
behind a high-conduct ivi ty p lasma column, so tha t the vol 
tage drop behind the front is slight and this enables the F I W s 
to p r o p a g a t e wi thout a reduct ion in the velocity. Energy 
dissipation behind the front is weak compared with tha t in 
the front. The F I W front represents a moving mir ror for an 
electromagnet ic pulse which catches up with it, so tha t F I W s 
m a y create a p lasma column the length of which is greater 
t han the p roduc t of the velocity of light and the dura t ion of 
the pulses. 

It follows from the above tha t F I W s represent a new and 
powerful pulsed source of nonequi l ibr ium p lasmas whose 
pa rame te r s should m a k e it possible to realise a series of very 
promis ing scientific and technical appl icat ions . 

14. Physical and technical applications 
of fast ionisation waves 
The promis ing appl icat ions of F I W s are pr imari ly due to 
their un ique proper t ies , such as the subluminal ra te of 
filling the discharge gap by a highly ionised p lasma and the 
presence in the wave front of s t rong electric fields and of 
high-energy electrons, which makes it possible to achieve 
ionisat ion and excitation of a gas wi thou t hea t ing it 
significantly, i.e. the bulk of the energy of a vol tage pulse 
can be directed to the channel of inelastic losses. These 
proper t ies m a k e it possible to consider F I W s as a new 
powerful source of nonequi l ibr ium p lasmas and h igh-
power pulsed rad ia t ion . It should be stressed par t icular ly 
tha t the presence of a beam of high-energy electrons in the 
front makes it possible to use this beam in systems where a 
beam and electrical discharge act s imultaneously and also 
to create a p lasma far from equil ibrium. 

A very promis ing field of appl icat ions of F I W s m a y be 
in fabricat ion of electrophysical devices, such as switches, 
shapers , and pulse peak ing devices. Since at op t imal p res 
sures the dura t ion of the F I W front m a y be considerably 
less t han the rise t ime of a high-voltage pulse applied to an 
electrode, the passage of a pulse t h rough a discharge tube can 
reduce the rise t ime, i.e. it can cause peak ing of the leading 
edge of the pulse. F o r example, F I W s have been used to 
reduce the rise t ime of vol tage pulses (of either polar i ty) at 
ampl i tudes 1 5 0 - 7 0 0 kV from 8 - 9 to 1 -1 .5 ns and to t r a n s 
mit them to ano ther coaxial line [14, 32]. The rise t ime of a 
pulse in the charging line has been longer t han the dura t ion of 
the F I W front, which is evidently due to the reflection of the 
F I W from the second electrode and due to t ransient processes 
result ing from the mismatch of the wave impedance of the 
charging line and the effective in ternal resistance of the F I W 
front. Selection of the gas pressure, of the dimensions of the 
discharge system, and of the pulse ampl i tude makes it poss i 
ble to form a short dome-shaped pulse in the charging line (or 
in an active resistor), which represents in fact a pulse of the 
displacement current in the F I W front if the p lasma resis
tance behind the front is sufficiently high and, therefore, the 
p lasma current is low. This principle has been used in the 
const ruct ion of a shaper of short (1.5 ns) pulses with an 
ampl i tude of 1.5 kV [33, 68] needed for the shutter plates in 
an image-converter camera . 

After the passage of an F I W th rough a discharge tube the 
conduct ivi ty of the p lasma co lumn m a y be so high tha t a 
high-vol tage pulse crosses the tube pract ical ly wi thout 
a t t enua t ion , which is impor t an t in switches [13, 14, 41]. The 
high conduct ivi ty of the p lasma provides an oppor tun i ty for 
using F I W s in fast creat ion of p lasma an tennas , as has been 
done with the aid of laser-guided discharges [69], or this 
conduct ivi ty can be used in pulse-periodic modif icat ion or 
modu la t i on of e lec t rodynamic characterist ics of space, and 
of t ransmi t t ing or receiving rf systems. 

At high F I W ampl i tudes ( 1 0 0 - 2 0 0 kV) and high densi
ties of the current in a tube the concent ra t ion of charged 
part icles created behind the F I W front m a y be so high tha t 
a slight hea t ing of the gas after the passage of an F I W can 
create a nonidea l p lasma [70], i.e. a p lasma in which the 
C o u l o m b interact ion energy of charged part icles is c o m p a r 
able with their the rmal energy. 

The use of F I W s for the excitation of a gas is mos t 
p romis ing in systems with lifetimes in the nanosecond 
range . The most na tu r a l appl icat ion of this kind is p u m p i n g 
with F I W s of lasers with self-terminating t rans i t ions in 
excimer mixtures . At present these lasers are p u m p e d by a 
t ransverse electrical discharge because the p u m p i n g effi
ciency by a longi tudinal discharge is considerably lower. 
This is due to the fact tha t even when the vol tage ampl i tude 
is increased to 3 0 - 1 0 0 kV, the average intensity of the 
electric field in the discharge zone is much lower t han in the 
t ransverse discharge case, and since the frequencies of ionisa
t ion and excitation of a gas depend exponential ly on E/P, the 
p u m p i n g is less efffective. On the other hand , in m a n y 
technical and scientific appl icat ions the qual i ty of a laser 
beam in the case of t ransverse p u m p i n g is unsat isfactory 
and it is necessary to use longitudinal ly p u m p e d lasers, in 
spite of their low ou tpu t power and lasing efficiency. 

P u m p i n g of a ni t rogen laser with F I W s when the vol tage 
pulses are of 1 2 0 - 3 0 0 kV ampl i tude [17, 23, 34] has m a d e 
it possible to achieve a peak ou tpu t power of 450 k W for 
the same specific ou tpu t power as in t ransverse discharges: 
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3 0 - 4 0 k W c m - 3 . These pa rame te r s have been obta ined for 
laser rad ia t ion generated in the superradiance regime (with
out mirrors) and lasing has been found to start after an F I W 
has travelled 5 - 1 0 cm along a tube . The F I W p u m p i n g has 
been found to be so intense tha t an F I W has been followed by 
a laser rad ia t ion wave [23] travell ing at a phase velocity a long 
the tube equal to the F I W velocity w 5 x 10 9 cm s _ 1 . The 
direction of the laser wave has been found to be the same as 
tha t of the p r imary F I W , travell ing from the high-vol tage to 
the ear thed electrode, and of the reflected F I W moving in the 
opposi te direction. Laser p h o t o n s p r o p a g a t e in one direction, 
namely t owards the ear thed electrode. Since F I W s excite 
cont inuously new por t i ons of the gas, this p u m p i n g m e t h o d 
makes it possible to generate laser pulses of greater dura t ion 
than the radiat ive lifetime of the upper active level of the 
ni t rogen molecule, which is abou t 40 ns. A laser rad ia t ion 
pulse generated by the excitation of a gas with several F I W s 
consists of several peaks and the separa t ion between them is 
governed by the length of the discharge tube and by the F I W 
velocity. This m e t h o d can be used to generate several highly 
stable laser rad ia t ion pulses separated by specified t ime inter
vals. Such pulses are suitable for diagnost ic purposes and for 
cal ibrat ion of rad ia t ion receivers. 

In view of the high stability of the F I W paramete r s , which 
has been poin ted out in the major i ty of pape r s on systems 
with pre ionisa t ion [12, 13], such waves can be used as highly 
stable sources of nanosecond rad ia t ion pulses or series of 
pulses with specific delay t imes between them. 

If a flux of r u n a w a y high-energy electrons forms in the 
F I W front, the provis ion of windows in the electrical-
discharge system, suitable for coupl ing out of X- ray rad ia 
t ion, makes it possible to construct a source of nanosecond 
X-ray pulses with specified t ime intervals between them [71]. 
Genera t ion of a series of such rad ia t ion pulses is based on the 
mot ion of the F I W front, which acts as the rad ia t ion source, 
and selection of the rad ia t ion from different po in t s a long the 
p a t h t raversed by the front. 

Since the electrical fields in the front are high, it is possible 
to use F I W s in high-power rad ia t ion sources, including those 
emit t ing in the ultraviolet , since this requires the excitation of 
high a tomic or molecular levels. A n increase in the repeti t ion 
frequency of high-vol tage pulses can increase also the aver
age power of the rad ia t ion source. F o r example, the excita
t ion of an F I W lamp, filled with a mixture of mercury vapour 
and a ra re gas [72], has m a d e it possible to generate bac te r 
icidal ul traviolet (A = 253.7 n m ) rad ia t ion needed in disin
fection of water with an average power of the same order as 
tha t of high-pressure arc lamps . F u r t h e r progress will obvi 
ously be m a d e in the direction of an increase in the vol tage 
and power of F IWs . Physical appl icat ions of F I W s in the very 
promis ing field of high-power bacter icidal ul traviolet sources 
and in generat ion of ozone are at present hindered by the 
absence of genera tors of high-vol tage nanosecond pulses 
with ampl i - tudes of 2 0 - 5 0 kV, repeti t ion frequency 
1 - 2 kHz , average power 1 - 3 k W , and a long service life 
under con t inuous opera t ing condi t ions . 

The presence of a s t rong electric field and of high-energy 
electrons in the F I W front makes it possible to use it as 
a too l for dissociation of, for example, hydrogen [73], fluor
ine [70], or ni t rogen, in generat ion of ozone, or in p l a s m a -
chemical react ions involving highly excited states, e.g. the 
react ions p roduc ing p h o s p h o r u s nitr ides. These possibilities 
have been utilised only in the s tudy of fast processes or 
react ions [70, 7 3 - 7 5 ] . As is known , the dissociation of 

fluorine molecules is essential for fast init iat ion of chemical 
lasers. Moreover , F I W s provide an ideal means for dissocia
t ion, because this can be done in large volumes and the cost of 
format ion of fluorine a toms is low [70]. 

U s e of F I W s in invest igations of fast processes and 
react ions in a p lasma can be an al ternat ive me thod for the 
excitation of a gas or init iat ion of chemical react ions by an 
electron beam, because at higher pressures the beam loses its 
advantages of monoenergi t ic i ty and h o m o g e n e o u s excitation 
of the gas t h r o u g h o u t its volume. In such cases it is possible 
to use F I W s for the investigation of the processes under 
condi t ions app roach ing the condi t ions in var ious devices 
such as, for example, lasers. This app roach has been used to 
s tudy the effective lifetimes of laser-active levels of the 
ni t rogen molecule and of the quenching of these levels 
by ni t rogen and oxygen molecules [74], and the transfer of 
excitation and quenching of the 3lD and 3lP levels in hel
ium [75]. The appl icat ions of F I W s in studies of fast e lemen
ta ry processes in gases and p lasma look very promis ing, 
par t icular ly bear ing in mind the progress m a d e in nanosec 
ond measurements and in generat ion of high-vol tage n a n o 
second pulses. 

Ano the r use of F I W s in research is diagnotics. One of 
the examples is visualisation of fast-flowing gases or shock 
waves, or — as suggested in Ref. [76] — the use of F I W s in 
generat ing p lasma bunches a long the p a t h followed by a 
shock wave. 

Even this brief account of possible appl icat ions of F I W s 
provides an idea of the extensive oppor tuni t ies for the use of 
these waves in m a n y b ranches of pulse techniques as a new 
powerful too l for research, in const ruct ion of p romis ing 
sources of ul traviolet and other rad ia t ion , in generat ion of 
radicals and ozone, in const ruct ion of p l a s m a - c h e m i c a l 
reactors , and in tackl ing topical ecological tasks . 
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