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The results of experimental studies of nonequilibrium of radiation in the visible range of a nonideal plasma (NP)
are presented. The plasma was produced in pulsed discharges in water (PDW) with minimum amount of impurities.
The PDW was initiated by explosion of a tungsten wire with diameter of 20 microns. The radiation from the PDW
channel is nonequilibrium. The brightness temperature measured at wavelengths 400 and 700 nm differs up to two
times, especially at high rates of energy input into the PDW channel. The dependences of NP nonequilibrium
radiation on electrical parameters of the plasma channel were investigated. It was found that the oscillations of the
plasma channel radiation intensity do not correlate with the power input to the channel. At the same time, the value
of nonequilibrium of radiation, i.e., AT/AA (K/nm), does correlate with oscillations of power. The highest values of
the nonequilibrium correspond to the first or the third current maximums. The dependences of the maximum
intensity of nonequilibrium radiation on the electric field strength in the first current maximum, on the initial electric
field strength in the discharge, and on the length of the discharge gap are examined at a constant initial battery

voltage. Possible mechanisms of the observed effects are discussed.

PACS: 52.80.-s
INTRODUCTION

Optical radiation of pulsed discharges in water is
one of the most important sources of information about
the structure and parameters of the plasma in the
discharge channel. Investigation of the emission
spectrum is necessary for the calculation of the energy
balance and the balance of the particles in the channel,
as well as for finding the most important parameters of
the non-ideal hydrogen-oxygen plasma by measuring of
the plasma continuous and line emission (absorption)
spectra.

Using the emission and absorption spectra one can
obtain information about the chemical composition of
the plasma, the temperature of the plasma channel, the
concentration of electrons in the plasma, their time
dependences, and the distributions on the radius and
length of the channel. After obtaining the spectral and
spatial-temporal characteristics of the plasma channel, it
is possible to calculate the radiation losses from the
plasma channel during its development, as well as an
entire energy balance in the channel.

The primary intent of the researches presented in
this paper is to provide the measurements of the
brightness temperature of nonideal plasma in PDW and
to study the time variation of the brightness temperature
depending on the conditions of input power in channel.

It was shown in [1, 2] that the radiation from the
PDW channel is nonequilibrium, and the plasma
channel brightness temperatures measured at different
wavelengths can differ significantly. Note, that radiation
of a nonideal plasma obtained in magnetoplasma
erosive type compressor, is also nonequilibrium [3].

The degree of radiation equilibrium deviation from
the radiation of an absolutely black body increases with
increasing electric field strength, as was obtained in this
work. In [4] this effect was explained by appearance of
ultra-fast non-Maxwellian electrons, what results in an

increase of the emission of high energy photons. A more
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detailed study of the PDW channel nonequilibrium
radiation and its dependence on the discharge
parameters are given in the present work.

1. RESULTS AND DISCUSSION

The techniques for obtaining the PDW emission
spectra with good space and time resolution, and
calibration of photographic film on the intensities that
differ by 100 times, are given in [5, 6]. To calibrate the
film the reference source EV-45 [7] was used. The
processing of the spectra was performed by the method
of homochromatic photometry having intensity
determination accuracy better than 10 % [8].

The experiments were provided at the installation
with following parameters: the energy of the capacitor
bank (capacitance 14.6 pF) reached 10 kJ at 37 kV; the
period of discharge can be variable T =15.5...110 ps;
the discharge current — up to 200 kA; the length of
discharge channel 10...100 mm. The discharge was
initiated by explosion of a tungsten wire with diameter
20 um. The initial battery voltage was ranged from
7.5to 37 kV. Below, if the discharge period is not
mentioned it was equal to 15.5 ps.

The results of brightness temperature measurements
at different wavelengths are shown in Fig. 1. We see
that the brightness temperatures measured at different
wavelengths differ up to two times, especially at the
initial stage of the discharge. With time the results of
measurements approach one another, and starting from
60 us they are almost identical. Fig. 1 shows that the
curves of the time evolution of the brightness
temperature have several specific stages. The first stage
is characterized by an active heating of the plasma in the
channel after breakdown of tungsten vapor caused by
intense input of energy stored in the capacitor bank.

After the emission maximum, a relatively rapid
decrease of the intensity up to a certain value is
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occurred, then there is very slow decay of plasma to the
state close to a plateau-like state. The length of this
latter state depends on the energy introduced into the
plasma channel. As plasma is decaying, the brightness
temperatures measured at different wavelengths are
becoming closer each other in magnitude. At a certain
stage of plasma decay there is a sharp decrease in the
emission intensity of the plasma channel what correlates
with appearance of hydrogen emission lines — first H,
line, then Hg line, and later on — H,. The moments of
appearance of these lines and the time intervals between
their appearances depends on the energy deposited into
the discharge channel. These effects, as shown in [9,
10], are associated with changes of the recombination
coefficients in the dense PWD plasma, which, in turn,
are connected with appearance of line levels at which
the recombination of electrons is possible.
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Fig. 1. Dependence of PDW brightness temperature
versus time measured at different wavelengths: 37 kV;
=40 mm.2 -1 =400nm; 3 —1 =550 nm;

4 -7 =700nm; 1 —is a linear extrapolation to 200 nm

The moment of occurrence of maximum brightness
temperature depends essentially on: the power input
speed, the length of the discharge gap, initial voltage of
the battery, the wavelength at which the measurement is
made, and the discharge period. At T=15.5 ps, the
maximum of the radiation does not always coincide
with the maximum of the power dissipated in the
channel (Fig. 2).

It should be noted one peculiarity of PDW channel
radiation with this discharge period. It consists in the
fact that the radiation intensity oscillations do not
correlate with oscillations of power input. On the
contrary, in the second and fourth current maxima,
despite the energy input into the channel, the radiation
intensity is slightly reducing.

For long discharge periods (T= 45...110 ps) the
correlation is observed between power contribution, the
oscillations of the continuous radiation spectrum
intensity and the intensity of the hydrogen line H,
(656.3 nm).

Fig. 3 shows the time dependences of the values of
nonequilibrium, AT/AA (K/nm), for four modes of
discharge. In Fig. 3,a the dependences are shown for
two ranges of wavelengths, 450...550 nm and
400...700 nm at initial voltage 37 kV and the discharge
gap length 40 mm. In the wavelength range of
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450...550 nm, there is a strong correlation between
changes in the degree of nonequilibrium and current
fluctuations (especially for the first and third current
maxima). When the wavelength range is 400...700 nm,
this dependence becomes less apparent.

Fig. 3,b presents time variation of AT/A\ (K/nm) for
10 kV and gap length 40 mm for the spectral range
400...700 nm. It is seen that positions of AT/AA (K/nm)
maxima do coincide with positions of first and third
maxima of the discharge current.

In the case of Fig. 3,c the discharge voltage was
30 kV and the length of a discharge gap 20 mm for
same wavelength interval (400...700 nm).

Fig. 3,d shows similar dependence (voltage 30 kV
and A=400...700 nm) but when the discharge length
was 60 mm. Again positions of maxima do coincide,
however, the third half period is much more pronounced
than the first.

Fig. 2. The oscillograms of voltage drop (1) on the
discharge with length 40 mm, and PWD radiation
intensity( 11) at different initial battery voltage
30 kV (a), 10 kV (b)

At discharge period 15.5 ps for all above mentioned
discharge modes a nonequilibrium PDW radiation is
taking place, and the characteristic feature of radiation
is that immediately after the channel breakdown, the
radiation also can be nonequilibrium, but with a
negative value of nonequilibrium. The value of
nonequilibrium, AT/AX (K/nm, is greatest in the first or
third current maxima. In the second and fourth current
maxima the reduction of emission intensity is observed.
This is especially noticeable in the shorter wavelengths
of the visible light range. Further increase of energy
contributions into the channel are minor and do not
cause significant changes in the radiation intensity of
the channel. A certain increase in the intensity of
radiation near the H, line is associated with an increase
of the recombination rate [9, 10] when plasma
concentration is decreasing.

Fig. 4 shows a typical time dependence of the
electric field strength E. The maximal electric field
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strength correlates with the moment of the breakdown
of vapors of the initiating conductor. After breakdown,
when plasma becomes hotter and plasma channel
expands, a rapid decrease of E does occur. The
maximum of E does not always coincide with the
maximum current in the discharge, but with longer
discharge lengths (after the rapid decline of E) an
increase of field strength with increasing current in the
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Fig. 3. The dependence of the nonequilibrium radiation
PDW on the time. Arrows indicate the positions of
current maxima
first half-period of the discharge is observed. It was
therefore decided to take as the maximum strength of
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the electric field in the plasma its value in the first
maximum of the PDW current.

It was found in [3, 4] that there exists the
dependence of radiation nonequilibrium of a nonideal
plasma in a plasma focus on the external electric field
strength. Fig.5 shows the dependence of the
nonequilibrium plasma emission values in PDW on the
maxima of the electric current in the first half-period of
discharge.

In Fig. 6 is shown the dependence of the maximum
value of nonequilibrium of the PDW radiation on the
maximum electric field strength in the PDW channel. In
both figures, a significant dependence of the degree of
nonequilibrium on the electric field strength in the PDW
channel is seen.

The values of electrical microfield strength of dense
plasma can be much greater, but their impact on
behavior of free electrons will last for shorter time
interval. Apparently, in the dense plasma under the
influence of a electric field, that is a quasi-static field in
comparison with electrical eigen-micro-fields, free
electrons are accelerated, as was observed in [3, 4].
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Fig. 5. The dependence of the nonequilibrium radiation
PDW on the electric field in the first current maximum

Fig. 7 shows the dependence of nonequilibrium of
epy PDW emission on the current in the first current
maximum (T=15.5pus). An increase of the noneq
uilibrium of PDW emission on the current amplitude is
evident. However, considering that the second and
fourth discharges half periods do not show an increase
but show a reduction of the radiation nonequilibrium,
this dependence should be considered as dependence on
the electric field strength, but not on the current.

271



ATIAA, Kinm

2 4 6 8
E ax: KV/cm
Fig. 6. The dependence of the nonequilibrium radiation
values of the maximum field strength in the PDW
channell

AT/AA, K/inm

0 20 4‘0 5‘0 SID 160 1;0 1;0 1;30 150
"mam kA
Fig. 7. The dependence of the nonequilibrium of the
PDW radiation on the current value in the first current
maximum

In the even half periods, on the contrary, the
deceleration of electrons occur because of changing the
voltage polarity along the PDW channel, what results in
reduce of the intensity of radiation in the paired half
periods of current.

In [2, 11] the nonequilibrium of radiation of NP in
the PDW was explained by the influence of the
temperature gradient of the outer layers of the plasma
channel on the output of short-wave radiation from the
inner plasma. The temperature of deep plasma volume
can be higher than in the outer layers of the plasma
channel. However at the initial stage of discharge the
most intense H, (656.3 nm) line of hydrogen Balmer
series is not observed (even in the absorption spectrum).
The parameter of hydrogen plasma inhomogeneity for
the H, line is M=0.95 according to [12], (and M=0.91 at
A=600 nm for the continuous spectrum). Therefore, the
influence of non-uniformity of the plasma channel on
the plasma emission intensity of hydrogen, according to
[12], should be negligible (not more than 15 %).

One more explanation of nonequilibrium of
radiation of NP is given in [13]. In that paper considered
is the effect of non-ideality on the bremsstrahlung
continuum, with electrons concentrations in the plasma
up to 10%®cm™. However, according to theoretical
calculations, the absorption (radiation) coefficient has to
be reduced in the red region of the spectrum.

In the presented experimental results, the opposite
effect was observed. Therefore, the most probable
explanation for the observed effect is the acceleration of
electrons under the influence of the quasi-stationary
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external electric field generated by capacitor bank,
compared with rapidly varying effect of intraplasma
microfields.

CONCLUSIONS

It was found that the difference in brightness
temperatures of PDW, measured at wavelengths
between 400 nm and 700 nm, can be up to two times,
especially at high speeds of the power input to the
discharge channel. Plasma channel radiation intensity
oscillations do not correlate with the power input to the
channel. The value of the degree of nonequilibrium,
AT/A)L (K/nm), is in correlation with oscillations of
input power during the odd half periods of discharges.
The highest degree of nonequilibrium does practically
always coincide with the first or third current maximum.
The most probable explanation for the observed effect is
the acceleration of electrons under the influence of the
external electric field, which are quasi-stationary in
comparison with rapidly varying intraplasma electric
microfields.
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3ABUCUMOCTBb HEPABHOBECHOCTH MN3JYYEHUWS UMITYJbCHOI'O PA3PSJA B BOJE
B BUJITUMOM JIMATIA3OHE OT HANPSIDKEHHOCTHU DJEKTPUYECKOI'O MOJIA

0.A. ®edoposuu

[IpuBeneHbI pe3yabTaThl SKCIEPUMEHTAIBHBIX UCCIEI0OBAaHNN HEPABHOBECHOCTH U3IYYCHHS CIUIOIIHOTO CIEKTpa
B BHIMMOM aMama3oHe HeupeanbHod mmiasmbsl (HII) mmmynbcHbIX paspsgoB B Boae (MPB) ¢ mMuHHManbHbBIM
KOJIMYECTBOM NpuMeceil. Pa3psa MHULMHPOBAICS B3PHIBOM BOJBL(PAMOBOTO IMPOBOJHUKA JUAMETPOM 20 MKM.
W3nyuenue n3 xaHana MPB saBnserca HepaBHOBECHBIM. SIPKOCTHBIE TEMIEPATypbl, U3MEPEHHBIE HA JJIMHAX BOJH
400 u 700 HM, MOTYT OTIMYAThCS BJABOE, OCOOCHHO NpU OOJBLIMX CKOPOCTSX BBOJA dHepruu B kaHan VIPB.
[TpuBomsATcst pe3ynbTaThl MCCICNOBAHMN BIWSHUS JICKTPUUCCKMX MAapaMeTpoB IUIa3MEHHOTO KaHajda Ha
HepaBHOBecHOCTh m3nmyueHus: HII. KoneGanus MHTEHCMBHOCTH M3Ty4eHH IUIA3MEHHOTO KaHala He KOPPEIUPYIOT ¢
BKJIQJIOM MOIIHOCTH B KaHan. Ho BemuumHa HepaBHOBecHOCTH AT/AM (K/HM) koppenupyeT ¢ KojieGaHUSIMU
MomHocTH. Hanbonpinass BenMYMHA HEPaBHOBECHOCTH COBIAJIAET C IEPBBIM HIIM TPETHUM MAKCHMyMaMH TOKa.
PaccmaTpuBaroTCsl 3aBHCMMOCTH MaKCHMAaJIbHOTO 3HAUYEHHUsI HEPAaBHOBECHOCTH OT. HAYAIBHON HANpPsHKEHHOCTH
3JIEKTPUYECKOTO TI0JIS1 B pas3psiie, MAKCUMAJIBHOTO TOKA B paspsiyie, HANpPsDKEHHOCTH 3JIEKTPUYECKOTO TOJIs B
MEepBOM MaKCHUMYyMeE TOKa, JUTMHBI Pa3psiIHOTO MPOMEXKYTKA ITPY HEM3MEHHOM HavyajJbHOM HaIlpsHKEHUH Ha Oarapee.
OO0cyxIar0TCsl BO3MOXKHBIE MEXaHM3MbI Ha0 Mo 1aeMoro 3¢ dexra.

3AJIEZKHICTD HEPIBHOBAKHOCTI BUITPOMIHIOBAHHSA IMITYJIBCHOI'O PO3PALY Y BOAI
Y BUIUMOMY MIAITA30HI CIIEKTPY BII HAIIPY>KEHOCTI EJIEKTPUYHOT'O I1OJIA

0.A. Dedoposuu

HaBemeHO pe3ynbTaTd eKCHEPUMEHTAIBHHX JOCIIDKEHb HEPiBHOB)XHOCTI BHUIIPOMIHIOBAHHS CYLIIEHOTO
CHEKTPY y BHOUMOMY Aiama3oHi HeimeanpHOI miua3mu (HII) immymbcHuX pospsni y Boxi (IPB) 3 minimampHOIO
KUTBKICTIO  JOMIIIOK. Po3psn iHimifoBaBcst BHOYyXOM BOJB(PpPaMOBOTO TpOBiAHWKA JiameTpoM 20 MKM.
BumnpomintoBanas 3 kanany IPB € HepiBHOBaxkHUM. SICKpaBicTHI TeMIlepaTypH, BUMIpsTHI Ha JOBXKUHAX XBWIb 400 i
700 HM, MOXYTh BIAPI3HATUCS BJBIYi, OCOOJMBO TPH BEIMKUX HIBUAKOCTAX BBEINCHHS eHeprii B kaHan I[PB.
HaBogsrbcst pe3ysibTaTi JOCHIIIPKEHb BIUTUBY €JIEKTPUYHUX MapaMeTpiB IIa3MOBOTO KaHaly Ha HEPIBHOBaXHOCTh
BunpomintoBants HI1. KonvBaHHs iHTEHCMBHOCTI BUIIPOMIHIOBAHHS TIJIa3MOBOI'0 KaHAIly He KOPENIOITh 3 BKIIAIOM
MOTY)KHOCTI B KaHain. Aune BenuuuHa HepiBHOBakHOCTi AT/AA (K/HM) Kopenroe 3 KOJMBAHHSIMHM MOTYXKHOCTI.
Haiibinbina BeTMYMHA HEPIBHOBAKHOCTI 301ra€THCS 3 MEPIIUM a00 TPETIM MaKCHMyMaMH CTPpyMy. Po3risiiarThes
3QJISKHOCTI MAaKCHMAaJbHOTO 3HAYCHHS HEPaBHOBAXKHOCTI BiJl: MOYATKOBOI HAIPYKEHOCTI EJIEKTPHYHOrO TOJS B
PO3psii, MAKCUMAJIBHOTO CTPYMY B PO3psAi, HANPYXKEHOCTI €IEKTPHYHOrO IOJISl B MEPIIOMY MaKCHMyMi CTpyMy,
JIOBXKHHH PO3PSIHOTO TPOMDKKY TPH HE3MIHHIA ITOYaTKOBIM Hampy3i Ha Oartapei. OOroBOPIOIOTHCS MOXIIUBI
MEXaHi3MH.
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