
International Journal of Physics Research and Applications Open Access

  HTTPS://WWW.HEIGHPUBS.ORG

001

Review Article 

High energy HF (DF) lasers
Victor V Apollonov*
Prokhorov GPI RAS, Vavilov str.38, Moscow, Russia

*Address for Correspondence: Victor V 
Apollonov, Prokhorov GPI RAS, Vavilov str.38, 
Moscow, Russia, Email: vapollo@rambler.ru; 
vapollo@kapella.gpi.ru

Submitted: 11 July 2018
Approved: 16 August 2018
Published: 17 August 2018

Copyright:  2018 Apollonov VV. This is an open 
access article distributed under the Creative 
Commons Attribution License, which permits 
unrestricted use, distribution, and reproduction 
in any medium, provided the original work is 
properly cited

How to cite this article: Apollonov VV. High energy HF (DF) lasers. Int J Phys Res Appl. 2018; 1: 001-016. 
https://dx.doi.org/10.29328/journal.jpra.1001001

Introduction

Non-chain HF (DF) lasers are the most suitable and ecologically safe source of 
powerful and energetic coherent radiation in the 2.6-3.1 cm (HF laser) and 3.5-4.1 cm 
(DF laser) spectral regions. Among the different methods of HF (DF) pulse and pulse-
periodic laser creation suggested by our team under the guidance of Academician 
A.M. Prokhorov was self-sustained volume discharge (SSVD). It is well known that a 
SSVD can be established in a gas by creating a primary electron density that exceeds 
a certain minimum value nmin throughout the dis charge gap. Various methods for the 
preionization of the gas in the discharge gap have been developed for this purpose. Using 
these methods, primary electrons can usually be created directly in the discharge gas, 
which sometimes causes difϐicul ties in the establishment of the conditions necessary 
for the formation of SSVD. For example, high voltages are needed for the formation of 
an initial plasma when the preionization source and active medium are combined in 
the same volume, whereas preionization with ultraviolet radiation may be inef fective 
because of the strong absorption of such radiation in a medium. In the case where 
soft x-rays are used, it is necessary to ensure rigid synchronization of the x-ray and 
pump sources. In the mixtures of gases typical of CO2 lasers, electron losses due to 
the trapping process are relatively small at low values of E/p. The trapping coefϐicient 
is considerably smaller than the absorption coefϐicient of ultraviolet radiation for 
the same mixtures. In principle, it should be possible to create primary electrons at 
the density needed for the formation of a SSVD at a considerable distance from an 
ionization source, and then to transport the electrons to the gap by drift in an electric 
ϐield. We have investigated and conϐirmed this physi cal matter experimentally [1]. A 
SSVD formation method that works by ϐilling the discharge gap with a ϐlux of electrons 
drifting in an electric ϐield, without preliminary ionization of the whole discharge 
volume, was proposed and implemented by our team. The electron source was a 
plasma formed in an auxiliary discharge initiated under a grid cathode. This method 
also made it possible to establish a SSVD in a system with a strongly inhomogeneous 
electric ϐield in the discharge gap [1].

The basic advantages of non-chain electric discharge HF (DF) lasers are high 
radiation pulse power, the ability to operate at reasonable pulse repetition frequencies, 
simple design and convenience of use. This method is one of the most attractive for 
applications and it is ecologically safe [2]. However, for an appreciable length of time 
these lasers were limited by their relatively low maximum radiation energy (<10 J). 
Evidently, the problem of improving the energy characteristics of similar lasers, as with 
most other electric discharge lasers operating at intermediate and high gas pressures, 
is readily connected to the challenge of performing SSVD itself. We investigated SSVD 
in the working mixtures of non-chain HF (DF) lasers with the aim of increasing their 
radiation energy to at least the level of a few hundred joules [2-12]. As a result of 
this study, a number of special features were found for non-chain HF (DF) lasers [3-
12], which not only follow the traditional principles for forming a volume discharge 
at intermediate and high gas pressures [13,14], but also largely contradict them. 
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Speciϐically, it was found that SSVD can be ignited without any preliminary ionization 
in SF6 and mixtures of SF6 with hydrocarbons (deuteron–carbons) [2,3]. We called this 
form of SSVD self-initiated volume discharge (SIVD) [5]. The realization of SIVD in large 
volumes allowed us to increase the radiation energy of non-chain HF (DF) lasers up to 
~400 J at an electrical efϐiciency of ~4% [7-11]. An attempt has been made to obtain a 
deeper insight into the physics of SIVD, starting from the results of the investigations 
of non-chain HF (DF) lasers that we performed with A.M. Prokhorov at the GPI RAS, 
and analyze the potential of the method for further increasing the energy parameters 
of non-chain lasers.

A new form of SSVD

Certain conditions should be met on the way to SIVD realiza tion in dense gases, the 
following of which are the basic ones.

(1) Primary electrons with number densities of no less than 106-109 cm3 must be 
created within a gas volume through its preliminary ionization.

(2) In the special case where SSVD is employed for laser excitation, which imposes 
tight constraints on the uni formity of the active medium characteristics over the 
working volume, the primary electron multiplication should occur in a uniform 
electric ϐield, which is usually provided by special shaping of the electrode 
surfaces. 

Clearly, the ϐirst condition cannot be observed in such a strongly electronegative 
gas as SF6 [5,7] because of the great primary electron losses from electron attachment, 
except for in the special ‘photo triggered discharge’ mode [15], which, however, is 
ineffective for energy input into molecular gases because of the low over-voltages 
at the gap and, in the case of large discharge gaps and active medium volumes, it is 
not realized at all. With increasing laser aperture and discharge volume, the problem 
of how to meet the second condition also arises–there are tech nical difϐiculties 
regarding the fabrication of large-sized intricate-shaped electrodes and the rise of 
the discharge circuit inductance caused by a useless growth in the trans verse size of 
the electrodes [3,4]. It clearly follows from the simpliϐied analysis presented above 
that the possibilities for the creation of powerful elec tric discharge non-chain HF 
(DF) lasers while following the known physical principles for forming SSVD in dense 
gases are very limited. Moreover, when starting from these princi ples, all attempts to 
create non-chain HF (DF) lasers with a radiation energy of ~1 kJ and above seem to 
hold no prom ise. This appeared to restrain researchers’ efforts to increase the energy 
parameters of non-chain HF (DF) lasers. Although there have been numerous works 
concerned with non-chain HF (DF) lasers, the radiation energy attained for them by 
1996 was at the level of 10 J [16-18]. 

The incompleteness of the traditional understanding of the physics of forming SSVD 
in dense gases came to be understood after we found that it was possible to obtain 
discharge in SF6 and mixtures of SF6 with hydrocarbons (deuteron-carbons) in the 
systems of plane elec trodes with high electric ϐield enhancement at the edge without 
any preionization in a gas [2,3]. The sufϐicient condition for the realization of SSVD 
in this case was the presence of small-scale (~50 m) roughness on the cathode. We 
called this form of discharge SIVD [5]. SIVD is not dissimilar to an ordinary SSVD with 
preionization. It comprises a set of diffuse channels that diverge in the direction of the 
anode and attach to bright cathode spots. When overlapped, these diffuse channels 
show a common diffuse glow [3,5]. The SIVD current and voltage oscillograms are 
also typical of SSVD in electronegative gases [5]. In non-chain HF (DF) lasers with a 
rough cathode surface, preionization inϐluences not only the discharge characteristics, 
but also the output laser energy [3,5]. It should also be men tioned that analysis of the 
literature data indicates a negligible role for preionization in the formation of SSVD 
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in non-chain lasers. For example, in [36], where a set of metal rods con nected to a 
common busbar through a resistance (resistance uncoupling) served as the discharge 
gap cathode, preionization was absent, while in [18] it was performed through a high 
cur rent dielectric surface discharge whose spectrum displayed not only UV radiation, 
but also soft x-ray radiation. We have deϐined SIVD as a form of SSVD that is obtained 
without preionization in SF6 and SF6 based mixtures under SF6 pressures of 30-150 
Torr, which are typical for HF (DF) lasers. Based on analysis of the experimental 
results, the fol lowing questions are considered below.

(1) What are the key features of the development of SIVD?

(2) What are the physical mechanisms that determine the possibility of SIVD 
existing?

(3) Is SF6 a unique gas or can SIVD can be observed in other gases?

(4) What are the active medium and output characteristics of non-chain HF (DF) 
lasers based on SIVD?

(5) What are the prospects for further increases to the radia tion energy of non-
chain lasers?

The setup used to investigate the dynamics of SIVD forma tion is represented 
schematically in Figure 1a. A SIVD of ~500 ns duration was initiated in a SF6:С2Н6 
= 10:1 mix ture at a pressure of 33 Torr and an inter-electrode distance of 4 cm. The 
electrodes were a 0.5 mm thick and 16 cm long copper stripe (cathode) stood edgewise 
and a disk anode with a diameter of 6 cm rounded off along its perimeter to a radius 
of 1 cm. The breakdown was force initiated at the gap edge by a low-current spark 
restricted by resistance R = 900 . This spark could not in principle provide a sufϐicient 
number of primary electrons in the gas volume, but it allowed the site of the primary 
gap breakdown to be spatially stabilized. The luminosity of the SIVD was recorded by 
a single frame cam era with an exposure time of 20 ns that was run with varying time 
delays relative to the instant of the gap breakdown. The SIVD dynamics was also studied 
in the plane-plane gap geometry in experiments with the sectioned cathode depicted in 
Figure 1b. In this case, the inter-electrode dis tance, the working medium pressure and 
the setup’s electri cal scheme were the same as in the former experiment, but the cathode 
was a ϐlat disk rounded off along its perimeter to a radius of 1 cm. Isolated conductors 
with a diameter of 1 mm were inserted into holes with a diameter of 2 mm that had been 
drilled within the ϐlat part of the cathode and spaced at a distance of ~4 cm. The basic 
cathode and these conductors were connected to a common bus. The current through 
each conductor was recorded by Rogowskii coils. One of the con ductors (1) extended ~1 
mm above the cathode surface, which ensured a primary gap breakdown at that point, 
whilst com paring the oscillograms for the currents through the initial (1) and control (2) 
conductors allowed the SIVD extension over the gap to be followed.

The dynamics of a single diffuse channel was investi gated using the setup 
represented schematically in Figure 1c. The diffuse channel was initiated via discharge 
in the rod (cathode) –plane geometry in the SF6:C2H6 =10:1 mixture at pressures 
p=16.5+49.5 Torr and an inter-electrode dis tance of d=4 cm. The end of a 1.5 mm 
diameter rod dressed with polyethylene insulation was used as a cathode and the 
anode was a disk with a diameter 10 cm. Limitation of the cathode surface ensured 
the development of no more than one cathode spot. The SIVD dynamics was followed 
by a single frame camera, as in the experiments performed according to the scheme 
in Figure 1a. The SIVD was also ϐilmed with a video camera, which allowed exact 
calculation of the volume occupied by the discharge as a function of the energy put into 
the plasma, with the latter being calculated via the current and voltage oscillograms. 
With the aim of increasing the spe ciϐic power input into the discharge plasma SIVD 
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in the given gap, the geometry was bounded, in a number of experiments, by a glass 
tube with a diameter of 6–8 mm (bounded SIVD [6,11]), as shown in Figure 1c using a 
dashed line. This made it possible to bring up speciϐic energy depositions to ~1 J cm–3. 
The frames of the SIVD obtained via a single frame cam era at different instants of time 
relative to the instant of the gap breakdown are shown in Figure 2,3 gives the dis charge 
voltage and current oscillograms that correspond to the process we have described. 
As can be seen from Figure 2, the gap is broken down at the edge in the vicinity of an 
auxiliary electrode. At this instant in time, the SIVD constitutes a single diffuse channel 
with an already developed cathode spot. Then, near the ϐirst channel, much less bright 
new channels appear, which grow temporally in number while their brightness grad-
ually becomes comparable to that of the ϐirst channel, with the brightest channel being 
the one located closest to the pri mary channel. In time, all the channels become equally 
bright, while the glow intensity of the ϐirst channel decreases notice ably. On further 
development of the SIVD, an increase in glow intensity is observed for the diffuse 
channels at the gap edge removed from the region of the ϐirst breakdown. However, at 
T>250 ns the glow again becomes homogeneous throughout the length of the cathode, 
with the glow within the region of the ϐirst channel being recovered. Further, discharge 
instabil ity begins to develop against the background of the total glow.

Figure 1: Scheme of the experimental setup for investigation of the SIVD dynamics.

Figure 2: SIVD frames for different T-values.
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A very interesting picture of SSVD development is observed. Despite a local gap 
breakdown and the drop of the voltage across the gap to its quasi-stationary value 
(Figure 3), close to that of the static breakdown voltage in SF6 [19], the initially formed 
channel is no longer capable of pass ing all the energy restored in the capacitor through 
itself, as takes place, for example, in air or nitrogen [7], where a local gap breakdown, 
even in the form of a diffuse channel, must be followed by discharge instability and, 
at a sufϐiciently high restored energy, transition of the discharge from its diffuse to 
a constricted state. Instead, we see the formation of new dif fuse channels after the 
appearance of the ϐirst one, and the extension of SIVD to the whole gap at the voltage 
close to the static breakdown value (Figure 3); in so doing, judg ing from the decrease 
of the brightness of the ϐirst channel in time, the current through it not only rises, but, 
conversely, falls with the appearance of new channels, i.e. an initially formed channel 
progressively quenches. It should be noted that the effect of current recovery, which 
is demonstrated in Figure 2 and manifests itself by equalizing the brightness of all 
the channels after their initial drop, is only observed under sufϐiciently high deposited 
energies. With decreasing energy or cathode size growth (accompanied, naturally, by 
increased anode size), this effect is absent. However, when high energies are deposited 
in the discharge plasma (150–200 J l-1), as is typical of HF (DF) lasers, SIVD extends to 
the whole gap so quickly that the single frame camera we use does not allow the process 
to be resolved. A similar picture of SIVD development is observed in the discharge gaps 
with plane-plane geometry. Figure 4 shows the oscillograms for the currents through the 
initiating and control conductors Figure 1b obtained in the experi ment with a sectioned 
cathode. It is seen from this ϐigure that the current through a control conductor begins 
to ϐlow with a noticeable delay relative to the current through the initiating conductor. 
It is also seen that the amplitude of the current through the initiating conductor has 
reduced by half by the time that the current through the control conductor appears, 
i.e. in the given experiment we observe the effect of the quenching of the ϐirst channel 
through the next channels suc cessively ϐilling the discharge gap as they appear. The 
number of diffuse channels formed during the discharge current pulse duration, as 
shown in [5,7], is proportional to the speciϐic energy input into the discharge plasma. 
It is seen in the oscil lograms in Figure 4 that the effect of current recovery in the ϐirst 

Figure 3: Typical oscillograms for the voltage (upper trace) and current (bottom trace). Timescale: 100 ns div–1

Figure 4: Oscillograms for the current through the initiating (upper trace) and control (bottom trace) wires. The 
timescale is 50 ns div–1
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channel also takes place in the plane–plane discharge gap geometry after its almost 
complete quenching. In the experi ments described above, we observed an increase of 
the vol ume occupied by SIVD in the course of the energy input into plasma in the rod–
plane geometry, i.e. the discharge volume depended directly on the energy deposited 
in this volume. Figure 5 gives the dependence of the volume V occupied by SIVD on 
the parameter W/p, where W is the energy put into the discharge and p is the gas 
mixture pressure. It is seen in Figure 5 that the discharge volume grows linearly with 
the parameter W/p.

After the size of the SIVD in the rod–plane geometry was restricted by a glass tube, 
the discharge voltage and current oscillograms at energy depositions of up to Win=200 
J l-1 showed no changes, but at energy depositions in excess of 400 J 1–1, the oscillograms 
of a bounded SIVD displayed appreciable changes. Figure 6 shows the voltage and 
current oscillograms for bounded (Ub, h) and unbounded (U, I) SIVD in a SF6:C2H6=10:2 
mixture at pressure p=33 Torr and d=4 cm. As may be inferred from this ϐigure, on 
restric tion of the SIVD volume (equivalent to increasing a speciϐic energy deposition), 
the voltage, just after its initial drop under breakdown, rises simultaneously with the 
current, even during a certain period of time after the current passes its maximum. 
As a whole, Ub > U whilst Ib<I, i.e. an unusual situation is observed here–the gap 
conductivity decreases with increas ing speciϐic energy deposition. It should be pointed 
out that SF6 and SF6 based mixtures are not unique in this respect. Electric discharges 
in other strongly electronegative gases and their mixtures exhibit similar features. 
Figures 7(a),7(b) show the current and voltage oscillograms for a bounded SIVD in 
C3F8 and C2HCl3:C2H6 mixture, respectively. It is seen in Figure 7(a) that the oscillogram 
Ub shows a more pro nounced bend in C3F8 than in SF6.

Figure 5: Dependence of volume V occupied by SIVD on W/p. Mixture: SF6:C2H6=10:1. I–p=5 Torr; A–p=30 Torr; 
and О–p=45 Torr

Figure 6: Experimental voltage and current oscillograms for bounded (Ub, Ib) and free (U, I) discharges. Timescale: 
50ns div–1
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The above-listed features of the development of SIVD allow one to assume that 
there are current restriction mech anisms in SF6 and SF6 based mixtures that make the 
passage of all the stored energy through a single channel difϐicult. It is clear that these 
mechanisms cause the existence of such an unusual form of discharge as SIVD, as well as 
the possibility of its generation in gaps with a high edge non-uniformity of the electric 
ϐield. The results presented above are indicative of the presence of certain restriction 
mechanisms of the current density in diffuse channels in SF6 and SF6 based mixtures. It 
is natural to link the presence of these mechanisms to such a distinguishing feature of 
SF6 as its high electro-negativity. Relative to other gases capable of attaching electrons 
to their molecules to form stable negative ions, strongly electronega tive gases such as 
SF6 are distinguished by (i) the high val ues of their operating reduced electric ϐields 
E/N and (ii) high magnitudes of electro-negativity a , deϐined as the negative ion to 
electron concentration ratio. This gives rise to some special features for the discharge 
displays, which we summa rize brieϐly below.

I. SF6 molecule dissociation by electron impact becomes important. At E/N-values 
such that the electron impact ionization coefϐicient α is no less than the electron 
attach ment rate , high mean electron energies that approach the SF6 dissociation 
thresholds are attained. As a result, more than 80% of the energy deposited goes 
into dissociation [20]. Note that the dissociative ionization and electron attachment 
processes characteristic of SFg can contribute signiϐicantly to gas decomposition, and 
speciϐically to F-atom production [21]. On the sub-microsecond time-scale, the by-
products formed have no time to leave the discharge channel, which leads to a local 
increase in the total gas number density N and, consequently, dimin ishing electric 
conductivity.

II. Because a  is normally well over unity, large negative ion concentrations are 
achieved in SIVD, which means that electron generation processes via electron 
detachment from negative ions may come into play. Traditionally, detachment processes 
via negative ion-neutral molecule collisions or/and associative ionization are invoked. 
However, at intermediate gas pressures (10-100 Torr) on a microsecond timescale, the 
mechanisms mentioned do not contribute at all to electron multiplication, as follows 
from experiments and theoretical considerations [22]. On the other hand, there are 
strong grounds to believe that electron detachment by electron impact may be very 
efϐicient at producing secondary electrons in SFg. As applied to the development of 
electron avalanches in SF6, this ionization mechanism was ϐirst proposed and quanti-
tatively assessed in [23,24]. It was also later considered for plasmas formed in other 
ϐluorine-containing gases.

III. The high positive ion concentrations attained in SIVD, together with the fact that 
the relation    holds under the working conditions, mean that dissociative electron–
ion recombination can strongly inϐluence the SF6 discharge plasma parameters, both 
qualitatively and quantitatively. At the SF6 plasma decay stage (the trailing edge of 

Figure 7: Current (Ib) and voltage (Ub) oscillograms for a bounded SIVD. Timescale: 50ns div-1 (a) –30 Torr C3F8 and 
(b) mixture: 15Torr C2HCl3+3 Torr C2H6.
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the voltage impulse), ion-ion recombination also affects the discharge characteristics 
considerably. It should, however, be stressed that both of the recom bination processes 
in SF6 are poorly known, so that no ϐirm data on the corresponding rate constants at 
elevated reduced electric ϐields close to (E/N)cr can be found in the literature at this 
time. To describe SF6 dissociation, the energy spent for F-atom production is taken 
to be equal to 4.5eV. Further, it is suggested that the negative ion 6SF-  dominates 
under the conditions of interest, because charge transfer reactions have no time to be 
accomplished [22] and the cross-sections for the direct pro duction of other negative 
ions by electron impact are too small [21]. The rate constant for electron impact 
detachment from negative ions is assessed as kd=10–7cm–3s–1, on the assump tion that 
this quantity is no less than that of the elastic electron scattering in SF6 [23]. The rate 
constant bei for dissociative electron-ion recombination is derived with regard to the 
fact that the positive ion 5SF+  predominates in SF6 electric discharge plasma [21]. In 
addition, it is assumed that 2/1~ 

eej Tb , where Te is the electron temperature. As a result, 
bei = 10–7cm–3s–1 is taken. To determine the ion–ion recombination rate con stant bii, 
special experiments are carried out [25,26]. Without going into detail, here we give 
=10–8cm–3s–1 as an adequate value for the conditions of interest. It is clear that all the 
processes considered above, when taken into account with their actual rate constants, 
may inϐluence the SIVD voltage oscillograms considerably. It can be inferred that 
dissociative electron-ion recombination and electron detachment by electron impact 
seem to equilibrate each other, at least within the accuracy to which the corresponding 
rate constants are presently known. This seems to lend additional support to the 
estimates for the rate constants kd and bei pre sented in this chapter.

Advanced studies on a submicrosecond intermediate pres sure SIVD in SF6 and 
SF6–C2H6 mixtures are presented. It is found that the decomposition of SF6 molecules–
either immediately through electron impact or through dissociative ionization and 
electron attachment–inϐluences the discharge characteristics (speciϐically the voltage 
and current oscillo grams) greatly. The breakup of С2Н6 molecules may also be thought 
of as a notable dissociation mechanism. Electron-ion dissociative recombination and 
electron impact detachment from negative ions are felt to balance each other in pure 
SF6 and in SF6 with small С2Н6 additives. The considered pro cesses enable one to explain 
such a unique phenomenon as SIVD qualitatively. It should also be noted that electron 
detachment from negative ions because of electron impact is one of the most probable 
mechanisms for the development of SSVD instability in SF6 and SF6 based mixtures. 
Taking into account the inϐluence of the listed processes enables one to describe the 
dynamics of SIVD formation qualitatively. In our calculations the channel structure of 
SIVD is modeled by a set of paralleled pure resistances whose conductivity is deter-
mined in accord with [10,19]. The differences in the initial conditions when developing 
the channels lengthwise of the cathode are speciϐied by different initial electron number 
den sities n0 for each of the channels. A total of nine channels are taken into account, 
which corresponds to using a knife cathode in the experiment. Figure 8 gives the 
calculated oscillograms for voltage U, total current I and the current through the ϐirst 

Figure 8: Oscillograms for voltage U and general current I, and the current through the fi rst channel Ib scales: 
current–25A div-1, voltage–5kV div-1 and time–200ns div-1.
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channel. It is seen that a current through an individual channel displays two maxima, 
which correlates qualitatively with the results of the experiments that investigated the 
SIVD dynam ics, wherein the effect of current recovery was observed. By this means, it 
is the presence of the mechanisms that restrict current through a conducting channel 
that makes it possible to form SSVD without preionization–SIVD. 

However, a sufϐiciently high uniformity and stability should also be ensured for 
SIVD to be used in non-chain HF (DF) lasers. SIVD can only conventionally be assigned 
to ordinary volume discharges. A volume nature is attained for SIVD by overlapping 
individual diffuse channels attached to cath ode spots, i.e. in principle SIVD has a jet 
structure. What is important for the uniformity and stability of such discharges is, 
therefore, not the initial electron number density as such, but the surface density of the 
cathode spots, which is to a large extent determined by the surface state, in addition 
to a number of other factors. The results of experiments performed with the aim of 
revealing these factors are discussed below.

Experiments were carried out in a dielectric discharge camera ϐilled with a mixture 
of SF6 and hydrocarbons (С2Н6 or С3Н8) at a total pressure of p=5+15 Torr. A volume 
dis charge was burnt between an A1 Ø6 cm cathode rounded off to a radius 1 cm along 
its perimeter and an A1 Ø12 cm anode at values pd=0.02-0.7 cm atm. In the experiments 
we used both cathodes that had been polished and cathodes that had been subjected 
to sandblasting. A capacitor was discharged through the gap. Changing the capacitance 
and the capacitor’s discharge voltage varied the energy inserted into the SIVD plasma.

Figure 9 shows the number Ns of spots on the cathode that had been subjected to 
sandblasting as a function of the para meter Wsp, Eqs, Wsp is the deposited energy per 
unit gas volume and Eqs is the electric ϐield strength in the quasi-stationary phase of 
SIVD. As can be seen in Figure 9, this relationship is satisfactorily approximated by a 
linear function:

.s sp qsN a bW E= + -
                                                                                                             

(1)

The rise of the quantity Ns and, consequently, of the cath ode spots surface density–
which is observed not only when a speciϐic energy deposition is increased, but also when 
the electric ϐield strength is–reϐlects the fact that the electric ϐield strength magnitude 
determines the probability of the formation of a cathode spot to a considerable extent 
[14]. The constant b in expression (1) is in turn a function of the cathode surface state 
and the hydrocarbon content in the mixture.

Figure 10 shows the dependences of Ns on a partial pres sure of С2Н6 in the mixture 
at an SF6 pressure of 30 Torr while d=4 cm, obtained using a polished cathode (curve 
1; a mechan ical polish of the surface is followed by aging via approximately 100 
discharges) and a cathode subjected to sandblasting (curve 2). 

Figure 9: Dependence of the number of cathode spots Ns on WspEqs for the SF6: C2H6=10:1 mixture with d=6 cm and 
p=33.6 Torr (□), d=6 cm and p=16.8 Torr (■), d=4 cm and p=23.3 Torr (*), d=3 cm and p=23.3 Torr (), d=3 cm and 
p=33.6 Torr (o), d=3 cm and p=50.4 Torr (∆), d=3 cm and p=67.2 Torr (•), and d=2 cm and p=33.6 Torr (x).
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These dependences were obtained at constant energy depo sitions in the SIVD 
plasma. As is seen in Figure 10, the quantity Ns increases appreciably with increasing 
hydrocarbon partial pressure. From this ϐigure it is also evident that the roughness of 
the cathode surface comes to play a role in increasing the density of the cathode spots 
and, correspondingly, the effective volume occupied by the SIVD. In accordance with 
expression (1), the density of the cathode spots in the SF6–C2H6 mixture can also be 
increased by stepping up the discharge burning volt age through adding small quantities 
of gases that are more elec tronegative than SF6, for example, CCl4 or C2HCl3. Note that 2 
Torr C2HCl3 addition to the SF6–C2H6 mixture does not lead to a noticeable decrease in 
the SIVD stability. The problem of increasing the stability of SIVD in SF6 based mixtures 
is adequately covered in [5-10], and so it is not covered in detail in this paper. We 
only report on the basic results in this area. In [5], it was shown that the addition 
of hydrocarbons and deuteron–carbons to SF6 allows speciϐic energy depositions to 
be increased by a factor of 5–6 at a given discharge duration, for which reason it is 
preferable to employ these hydrogen (deuterium) donors in a non-chain HF (DF) laser, 
rather than H2 and D2. In addition, it was shown in [8,10] that the stability of SSVD in a 
mixture of SF6 with hydrocarbons or deuteron–carbons does not in prac tice depend on 
whether there are sites of local electric ϐield enhancement at the discharge gap, which 
enables us to use identical ϐlat electrodes rounded off to small radii r<<d along the 
perimeters as the anodes and cathodes–i.e. to employ essentially compact electrodes–
in non-chain HF (DF) lasers. This makes it possible to substantially decrease the size 
of the discharge camera and, correspondingly, the discharge circuit inductance, which 
is of great importance in scaling the char acteristics of non-chain HF (DF) lasers. We 
should point out that the detachment of electrons from negative ions, which is taken into 
account by us when consid ering the mechanisms of electric current density restriction, 
may be one of the possible mechanisms leading to the devel opment of instability in SF6 
and SF6 based mixtures. However, such an analysis is very challenging because of the 
severe difϐiculty of exactly accounting for the plasma composition within the channel 
growing from a cathode spot, wherein the initial components of the working mixture 
are strongly dis sociated owing to great current densities (up to 104 A cm-2).

Non-chain HF (DF) lasers pumped by SIVD

SIVD has great potential for the creation of extremely sim ple and compact non-chain 
HF (DF) lasers. However, in the absence of preionization, setups with working medium 
vol umes of less than 21 at a relatively small cathode surface exhibit an appreciable 
scatter in the pulse breakdown voltage ampl itudes that is especially undesirable under 
the pulse-periodic working mode. Therefore, in the given case, it is expedient to initiate 
SIVD by, for example, a low-current spark located either outside the discharge gap or 
in a hole on the cathode [5]. In principle, this regime is similar to a ‘photo triggered 
discharge’ mode [15,17,27]. However, in classical photo trig gered discharge schemes 
being applied to excimer lasers, a powerful illumination of the gap is necessary, since 
this illu mination serves the dual function of initiating the breakdown and producing 

Figure 10: Dependences of the cathode spots number Ns on a partial pressure of С2Н6 in SF6:C2H6 mixture. SF6 
pressure p=30 Torr. 1–polished cathode and 2–cathode subjected to sandblasting.
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the necessary primary electron number density in a gas medium. In mixtures of SF6 
with hydrocarbons, pow erful illumination is not needed, because the distinguishing 
feature of SIVD is that a discharge after a local gap break down spreads, as shown 
above, over the whole surface of the cathode, wherever it ϐirst occurs [5]. This means 
that a local illumination of the cathode by a low-current spark is quite sufϐicient to 
stabilize the electric and output characteristics of HF (DF) lasers. With reference to an 
unusual operating mode, some special features of an HF (DF) laser with an aperture of 
5 cm are considered in this section in detail.

In the laser Figure 11, ϐlat A1 electrodes with dimensions of 20x80 cm (anode) and 
7x60 cm (cathode), rounded off to a radius of 1 cm in their perimeters and separated 
by a distance of d=5 cm, were used. The cathode surface was subjected to sandblasting. 
To obtain SIVD, the Fitch scheme was used with capacitors C1 and C2 of 0.1 μF and a 
maximum discharge voltage of 50kV. The discharge gap was laterally illuminated with 
a spark limited by two resistances of r=5k  connected directly to the electrodes. The 
spark was located symmetri cally relative to the electrodes at a distance of ~5 cm from 
the cathode edge. Ten blowers ensured the operation of the laser in a pulse-periodic 
regime with a frequency of up to 10 Hz. The laser worked with mixtures SF6-C2H6 
and C6D12 at pressures of 45-70 Torr. In the majority of the experiments, a resonator 
formed by an A1 mirror with a radius of curvature of 20 m and a plane-parallel plate 
of BaF2 was used. The laser radiation divergence was measured using an unstable 
telescopic resona tor with the ampliϐication M=3. To rule out the inϐluence of the near-
electrode regions on the results, the laser aperture in these measurements was limited 
to a diameter of 4 cm. The radiation divergence measurements were carried out via the 
focal spot method using a mirror wedge [28]. Note that in contrast to a typical photo 
triggered discharge system, breakdown initiation in our case occurred spontane ously 
as soon as the voltage across the gap exceeded a certain critical magnitude. With the 
separation of the illumination scheme from the laser-pumping scheme, it was possible 
to initiate breakdown at an arbitrary instant of time.

Typical oscillograms for the pulses of the laser generation, current and voltage 
across the gap are presented in Figure 12 (curves 1, 2 and 3, respectively). As is seen 
in this ϐigure, dis charge gap breakdown occurs due to photo initiation at the leading 

Figure 11: Electrical scheme of the non-chain HF (DF) laser.

Figure 12: Typical oscillograms of laser pulse (1), current pulse (2) and voltage across the discharge gap (3) for the 
mixture 66 Torr SF6+6 Torr C2H6. Scales: current–3Ka div–1, voltage–10kV div–1 and time–100ns div–1.
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edge of the voltage pulse, a laser pulse maximum delaying slightly relative to the 
current maximum. Without the initiating spark, the scatter in the gap breakdown 
voltage amplitudes is as high as 20%, which, correspondingly, causes a spread of 15% 
in the magnitudes of the output laser energies. Figure 13 shows the dependence of 
the output laser energy (Wout) (generation on HF) on the energy W deposited in the 
discharge plasma for mixtures with different proportions of C2H6. It can be seen that in 
the mixtures with the component ratios С2Н6:SF6 = 1.5:22 and 2:22 the output energy 
rises with the increase of the deposited energy practically linearly. In the experimental 
conditions, the mixture С2Н6: SF6 = 1.5:22 turned out to be optimal, with a maximum 
value of the genera tion energy of Wout = 8J obtained at an electrical efϐiciency of 3.2%. 

The discharge volume assessed by the laser radia tion print on thermal paper was 
–1.51, which corresponds to a speciϐic energy deposition in the plasma of ~220 J l-1. A 
decrease of Wout with increasing W in mixtures with a lower content of С2Н6 (mixture 
C2H6:SF6=1:22) arose from dis charge instability at high energy depositions. Indeed, 
in this mixture, when operating at energy depositions of ~200 J 1–1, we observed 
bright plasma stems growing from the cathode edge, which sometimes bridged the 
gap. For mixtures with a higher C2H6, content, there was no decrease in laser efϐiciency 
with increasing W until the discharge remained stable, and the lengths of the plasma 
channels were not in excess of d/2. This causes us to anticipate that the increase of the 
electrical efϐiciency with increasing inter-electrode distance takes place because the 
SIVD becomes more uniform due to a greater overlapping of diffuse channels [5, 7]. 
In the investigated electrode system, a great enhancement of the electric ϐield takes 
place at the gap edge. In such gases as CO2, air and N2, this results in the discharge 
concentrat ing at the gap edge [4]. In mixtures of SF6 with hydrocarbons this is not 
the case, because of the distinguishing feature of SIVD–even though SIVD originates 
at the edge, it then dis places into the interior of the gap because of the existence of 
the mechanisms that limit the current density in a diffuse channel. The SIVD plasma 
intensity distribution over the optic axis-contained plane parallel to the electrode 
surfaces is shown in Figure 14. The maximum of the SIVD luminosity intensity is 
attained at the axis. The radiation energy is also distributed over the laser aperture in 
a similar manner, i.e. the edge’s electric ϐield enhancement does not appreciably inϐlu-
ence the distribution of the output laser radiation. By this means, a local illumination 
of the cathode is quite sufϐicient to obtain a uniform SSVD in mixtures of SF6 with 
hydrocarbons, and the presence of regions displaying high edge non-uniformity does 
not worsen the SIVD stability and only inϐluences the distribution of the laser radiation 
energy over the aperture slightly. Therefore it is possible to use plane electrodes 
rounded off to small radii along their perimeters. We have not found any appreciable 
features for the P–P oper ating mode that have not been mentioned previously else-
where [27-29]. The radiation divergence was measured in the special case where the 
laser operated on DF molecules Figure 15. As can be seen from Figure 15, the radiation 

Figure 13: Dependences of the output laser energy (Wout) (generation on HF) on energy W deposited in the discharge 
plasma obtained for mixtures of C2H6:SF6 with different component ratios: □–1:22, ●–1.5:22 and ∆–2:22.
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divergence at a level of 0.5 is 4
0.5 2.9 10q -= ⋅  rad, which corresponds to four dif fraction 

limits. Further improvement of the given parameter can be expected from increasing 
the laser aperture, because lengthening the inter-electrode distance should improve 
the discharge uniformity through greater overlapping of diffuse channels.

Wide aperture non-chain HF (DF) lasers 

On increasing the cathode surface and active medium volume, the necessity of 
initiating the gap breakdown disappears. In this case, the breakdown delay becomes so 
negligible that it cannot be inferred from the oscillogram, and the breakdown occurs at 
the voltage leading edge. Therefore, when dealing with setups with great active medium 
volumes, there is no necessity for additional units to initiate the gap breakdown, since 
a sufϐiciently uniform discharge forms spontaneously. We considered the scaling 
problems for non-chain HF (DF) in previous papers [6,8,10] in greater detail.

Conclusion

So, in this chapter we touch on the necessary conditions for obtaining SIVD in large 
volumes.

(1) The cathode surface should possess a small-scale (~50m) roughness;

(2) It is important to match the circuit wave impedance to the discharge plasma 
resistance at a given inter-electrode distance, and a mixture pressure should be chosen 
in such a way that the discharge burning voltage determined by the conditions of the 
gap breakdown in SF6 [19] is two times smaller than the voltage fed to the gap

(3) The increase of electrical energy produced via the increase in the generator’s 
capacitance at a given maximum gen erator voltage should be followed by the growth 

Figure 14: Plasma intensity distribution over the optic axis-contained plane placed in parallel to the electrode 
surfaces.

Figure 15: Angular distribution of the radiation energy in the far zone.
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of the discharge volume V as V~C3/2, where C is the generator’s capacitance [8,10]. On 
fulϐillment of all these conditions, one should also try to maximally decrease the time 
period of the energy deposition in the discharge plasma. The maximum generation 
energies obtained for non-chain HF (DF) lasers in our experiments were 407 J (HF) 
and 325 J (DF), with electrical efϐiciencies of 4.3% and 3.4%, respectively. The active 
medium volume was ~60 l at an aper ture of 27 cm Figure 16a,b. Such a laser with some 
additional hardware can be pulse-periodic with a repetition rate about 100 Hz, which 
is important for realization of new set of technologies [30-32]. Of natural interest is 
the problem of further increasing the laser radiation energy. Figure 17 shows the 
dependence of the output HF laser energy Wout on the energy Wp stored in the capacitors 
of a high-voltage generator. This ϐigure reϐlects the data we obtained using setups with 
different volumes of active medium. This allows us to predict the possibility of further 
increases to the output energy of non-chain HF (DF) lasers through the creation of 
setups that operate at energy deposi tions above a few tens of kJ using the methods we 
developed during that very productive period of time [33,34].

Figure 16: (a) Discharge gap and (b) power source for a non-chain HF laser with P=407 J.

Figure 17: Dependence of the output HF laser energy Wout on the energy stored in the generator’s capacitors.
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