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The investigation results on the distribution of the plasma channel radiance intensity in the visible spectral region
are reported. The pulsed discharge in water is initiated by the Tungsten wire (& 300 um) explosion under initial
battery voltage of 20 kV. The plasma channel radiance intensity does not correlate with the power contribution into
the plasma. The energy contribution ceases at 20 ps, and the maximum radiation of the continuous spectrum is
observed at 80 pus. The radiation intensity is practically constant between 50 and 120 ps. “Unrealization” of tungsten
linear spectrum levels takes place up to the basic state. It is not succeeded to record the intensity (T, <6 10°K) in
the interval to 20 ps. The dynamics in time of the absorption line spectrum in the region between 490...560 nm,
explaining the radiation intensity increase with time, is investigated. The visible radiation region comprises a wave
length band corresponding to the plasma frequency in the channel. In the course of time, the plasma frequency band
displaces into the red spectral region and the radiation intensity in the violet region increases to the values
corresponding to T = 2 10*K. The radiation reflection from the channel boundary at the plasma frequency takes
place. The time dependence of the pressure obtained from the experimental hydrodynamic calculation results has
been compared with the adiabatic curve. A significant difference between results is evident. The same calculation
for the temperature change shows that at the initial discharge stage T= 3 10* K should be reached. The radiation
spectrum dynamics in the region between 620 and 700 nm is shown. In the H, line region (656.3 nm) neither the
absorption line nor the radiation line are observed in the spectrum up to 83 pm.
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INTRODUCTION continuous radiation spectrum in the visible spectral
region is observed. Analysis of divergence of results in
[1, 2, 4] shows that they have been obtained for very
different discharge conditions. The damping periods,
lengths of discharge gaps, energies contributed into the
channel, diameters and materials of initiating wires,
initial voltages and so on were different. Only in several
papers the radiance temperature was measured in the
narrow spectral region [3, 4, 6] and, solely, for the first
current  half-period. The results of absolute
measurements of spectral PDW distributions in the
literature are not presented. That is the reason of the
interest to the study of spectral distributions of the PDW
plasma channel radiation for the calculation of the
energy balance in the channel too. Papers [11-14] give
the radiation intensity distributions in the visible
spectral regions in fixed instants of time. Paper [15] also
reports the measurement results on the relative
distribution of the radiation spectrum in the visible

The only source of information about the
temperature and concentration of the dense plasma is its
radiation. But these plasma parameters can be
determined from the distributions of intensities and their
absolute values observed in the visible radiation region.
The literature practically has no data in this field, in
particular, at electron concentrations exceeding
Ne > 10" cm?. It is explained by a lack of methods for
determining the intensities in this part of the spectrum
and their distributions in the broad spectral region in the
case of fast processes with the time resolution of <1 ps.
Our aim is to investigate the radiation spectra in the
visible range of the plasma channel of pulsed discharges
(PDW) in water initiated by tungsten wires of 300 pm in
diameter, and to study the correlation of radiation
intensities (radiance temperature) in relation with the
power contribution into the plasma channel.

LITERATURE REVIEW region for the case of copper wire explosion in water in
] fixed instant of time.
Papers [1-15] present the results on the radiance As noted above, the measurement results are very

temperature of the plasma channel of pulsed discharges  gifferent as investigations were carried under diverse
in water. The results reported are very different because  gnditions.

the measurements have been carried out with various EXPERIMENTAL RESULTS
rates of energy input into the channel. Besides the
discharges were initiated using the wires of different
materials and different diameter. Probably, purely spark
discharges were investigated. However, the authors of
the above-mentioned papers practically do not consider
the problems of the time evolution of radiation- and
absorption spectra. Also, the spectral distributions of the
plasma radiation in the visible part of the spectra are not
investigated. In [1] only the initial stage of the discharge
is investigated. An enough strong nonequilibrium of the

The source of the plasma is a pulsed discharge in
water initiated by the tungsten exploding wire of
160...500 um. A low-inductance capacitors battery was
used as a generator for dense plasma production. Its
capacity was 14.6 u®, discharge period 15.5 ps,
capacitor voltage 7.5...37 kKV. The most interesting
were operating conditions with initiation of discharges
by the tungsten wire of 320 um under battery voltage of
20 kV. The oscillogram of the current and voltage drop
in the discharge gap of 40 mm in length is given in
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Fig. 1,a,b shows the power contribution into the
discharge. One can see from the figure that the main
energy contribution into the discharge occurs in the first
half-period, i.e. during the first 10 ps.
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Fig. 1. a — Oscillogram of the current and voltage drop
in the discharge gap, Uy = 20kV, discharge gap length
is 40 mm, Tungsten, 320 wm; b — Time dependence
of the power released in the discharge gap
(the same conditions)

In the second and subsequent half-periods the
energy contribution into the channel is insignificant and
does not exceed 10% of the energy accumulated in the
battery. Consequently, there occurs a classic damping of
the plasma channel expanding in water. The time
characteristics of the radiance intensity of the discharge
plasma, as well as, of the radiation and absorption
spectra resolved in the visible region were investigated.
The experimental techniques are described in [3, 7].

The intensity of spectra was calibrated using a
standard source EV-45 [16] and special nine- or ten-step
attenuators with measured transmission coefficients. For
measurements of low intensities additionally a gray
filter was used and double film calibration by means of
nine-step attenuators was performed.

Fig. 2 presents the time dependence of the radiance
temperature measured by the radiation intensity of the
plasma channel. The discharge was initiated by the
explosion of Tungsten wires. Measurements were
carried out on the wave length of 475.0 nm in the
spectral region free of Tungsten radiation (absorption)
line. The spectral region was chosen with the aid of a
narrow-band interferential light filter. Pictures were
taken using a camera VFU-1 with the time resolution of
0.5 ps and the treatment was performed in 2 ps. In the
time characteristic curve of the radiation intensity of the
plasma channel initiated by the W wire (@ 150 pm and
more) a rather paradoxical radiation effect is observed
(Fig. 3). At the instant of maximum energy supply into
the channel the plasma practically does not radiate and
it is impossible to determine the radiance temperature.
At the initial discharge stage (2...3 us) the tungsten wire
vapor heating to (8...9)- K is observed. After the
breakdown and intense energy supply into the plasma
channel, it ceases to irradiate.

Across the plasma channel surface the bright and
dark spots, so-called, striations, were observed.
However, at once the glow was not observed even in the
bright plasma regions. After a time the bright channel
region intensity was measured. The duration of the
radiation “pause” is changing but equals to 20 pum in the
case of the discharge initiating wire (DIW) diameter of
150...500 um. The duration of the glow “pause”
increases with wire diameter increasing while the initial
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battery voltage is constant. The radiation intensity
changes in the dark and light regions of the plasma
channel are shown in Fig. 2. It is seen that for the DIW
diameter of 300 um (Uy=20 kV) the difference in the
radiance temperature values is not more than +1 10°K.
At the similar wire diameter and the voltage Uy = 30 kV
the temperature spread AT from the average T is
i220103 K and decreases with time.
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Fig. 2. Time dependence of the plasma channel
radiance temperature for three discharge modes;
a — Tungsten, 300 xm, 20 kV, 40 mm; b — Tungsten,
300 zm, 30 kV 40 mm;
¢ — Tungsten, 150 gm, 7.5 kV 40 mm

It should be noted a one more radiation feature when
the thick wires are used, i.e. the larger diameter of the
discharge initiating wire, the longer the radiation
existence in the later discharge stages. Let us consider
the dynamics of radiation intensity distribution in the
visible spectral range for the radiation of the plasma
being formed as a result of the wire explosion in liquid.
Fig. 4 shows the radiation distribution immediately in
3 us after the breakdown. In the radiation distribution a
continuous spectrum with the faint hydrogen lines H,
and Hg of Balmer series are seen.
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In the radiation the hydrogen lines are observed, and
their width is not very broad. This indicates on the
comparatively low electron concentration N, — not
higher than 5 10 cm™. The radiation distribution in the
continuous spectrum is similar to the radiation of the
absolute black body (BB) and corresponds
approximately to the BB temperature 7 10°K. As N,
increases the hydrogen lines become still broader and
disappear from the spectrum.

Despite the intensive energy contribution into the
channel in 10 ps, the plasma almost ceases to radiate in
the visible range and radiates only in the region of the
line H, (see Fig. 3,a). At 23 ps the radiation intensity
increases in the red region and its radiance corresponds
to the radiance temperature of 11 10°K, while in the
violet spectral region the radiance temperature does not
exceed 6 10°K. At the same time, in the absorption
spectra the broadened absorption lines appear. They
belong to the lines of the transition to the lowest level of
tungsten (transition from the primary level to the first
level), see Fig. 3,b. However, at this time the absorption
line in the region of the line H, (656.3 nm) is not
observed throughout the region of the plasma channel
glow (see Figs. 3,a-h).

Intensity 1-10* W/icm*sr Intensity I-10° W/emsr
Intensity 1'10® W/icm*sr  Intensity I10°Wicm*sr

Intensity 1-110° Wicm*sr

o Intensity 110°Wiemisr

A
s | \

Intensity 110° Wicm*sr
Intensity 110 W/em*sr

>
5
3

! S —

30 40 450 500 50 E0D 350 40 450 500

Fig. 3. Radiation distribution in different
instants of time

At 43 us the most considerable discrepancy of the
radiance temperatures is observed in the different
spectral regions - from 20 10°K in the violet spectral
region (where 10 ps before it was not succeeded to
record the radiation) to 7 10°K in 400 nm wavelength
region, and the increase up to 16 10°K — in the red
spectral region.

In this distribution the visible part of the spectral
region covers the wavelength band corresponding to the
plasma frequency for such plasma densities. Therefore,
in this wavelength band a complete radiation reflection
takes place from the NP plasma-water interface (a cutoff
effect at the plasma frequency). It should be noted that
the difference between the intensity values in the
spectral region of 50 nm makes 30 times (from 2 to
0.07) that can not be an experimental error.

550 600 650 700
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In these experiments the error of the intensity
measurements by the repetition and in the meeting-
points of measurements upon the transition into another
spectral region does not exceed 10%.

The whole spectral region from 360 to 700 nm was
photographed with the camera VFU-1 for 7 digits.
Therefore, when the spectrum intensity is measured to
determine the temperature one should use the spectral
region of a more shortwave band than that of the
wavelengths corresponding to the plasma frequency.

In the course of time (103 us) the gradual
temperature equalization occurs. At 153 ps the radiance
temperature, measured in the wavelength band of 360 to
700 nm, is changing from 9 10°K in the violet spectral
region to (12...15) 10°K in the red spectral region (see
Fig. 4) and the spectral radiation approaches to the ABB
radiation. The number of tungsten absorption lines
increases with time, and the lines of a higher upper level
appear. In this case more and more levels appear onto
which the recombination and de-excitation in a free-
bound radiation spectrum is possible.
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Fig. 4. Record of the spectrum for Tungsten wire
explosion in two spectral regions Tungsten. - Tungsten
300 um, 20 kV (d: 1 —4982 A, 2,48 eV; 2 — 5006 A,
3.24 eV; 3-5015 A, 3.06 eV; 4 — 5053 A, 2.66 eV;
5-5069 A, 2.85¢eV; 6 —5206 A, 3.32eV; 75224 A,
2.97eV; 8-5242 A; 4.39eV; 9—-5254 A, 4,27 eV;
10 -5354 A, 3.49eV; 11 - 5368 A, 4.57 eV;

12 - 5391 A, 3.07 eV;

13-5413 A, 3.94 eV; 14-5435 A, 2.48 eV; 15 - 5463 A,
4.1eV; 165477 A, 3.43eV; 17 - 5488 A, 2.85 eV;
18 —-5514 A, 2.66 eV; 19 — 5528 A, 3.9eV)

This happens upon significant decrease of both the
pressure and the electron concentration in the plasma
channel. Similar results are obtained by explosion of
wires (@ 160...500 um) made from other metals (iron,
copper, nickel, molybdenum). It is important that the
larger diameter of the metallic wire, the longer duration
of the plasma recombination. To compare the
experimental  results of radiance  temperature
measurements and the theoretical values the calculations
on the adiabatic cooling of the expanding plasma
channel have been performed. The adiabatic equation
has the form of P V*=const [18]. In the case of the
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waster plasma it is k=1.26 [5]. Having the time
dependence of the channel radius and shock wave front
we calculate, by the formula for quasi-
incompressibleliquid, the pressure in the plasma channel
and its variation in time.
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Fig. 5. The experimental 1 and calculated 2 depending
sfor adiabatic expansion on pressure (a) and
temperature (b) versus time

Fig. 5,a, curve 1 presents the calculation results.
Using the maximum pressure and the time dependence
of the channel radius the time dependence of the
pressure for the adiabatic expansion is calculated (see
Fig. 5,a, curve 2). The pressure values at the late plasma
damping stages, calculated by the adiabat, are lower
more than 20 times in comparison with the experimental
values calculated by the formula for quasi-in-
compressible liquid. The re-calculation of the
temperature by the adiabat from the maximum value at
the late plasma damping stage to the discharge initiation
gives the values up to T=3 10°K, and the radiance
temperature, observed at this instant of time in the red
region, does not exceed 7 10*K. These data indicate on
the significant store in the plasma channel of the
internal energy, the relaxation of which is hindered
because of “unrealization” of many levels in the plasma
microfields the value of which is comparable with
intraatomic electric fields.

CONCLUSIONS

The distributions and the value of the radiation
intensity being observed in the dense plasma (electron
density N, > 10" cm™), as a rule, does not corresponds
to the temperature and concentration of the dense
plasma.. This is related with “unrealization” of upper
levels of radiation (absorption) of metal and gas atoms
formed in the channel in high electric microfields
arising in the dense plasma with high electron
concentrations. This leads to the decrease in the number
of levels, onto which the recombination should be
possible, and a part of the processes of the radiation
from the free-bound states is lost.
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As a result, the continuous spectrum intensity
sharply  decreases. At electron  concentration
of 7 10%* cm™ in the visible spectral region the radiation
from the channel strongly depends on the plasma
frequency. Disappearance of the radiation from the
plasma channel at the instant of time with a maximum
energy contribution into the plasma is caused by two
effects. The first effect — “unrealization” of atomic
levels in the intense microfields, related with high
electron concentrationin the dense plasma, leads to the
miss of the electron recombination onto these levels and
to the radiation intensity decrease. The second effect is
the “cutoff” of the radiation on the wavelengths
corresponding to the plasma frequency and to the
spectral region with longer wavelengths.
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OB OCOBEHHOCTSX U3JIYUYEHUS UMITYJBbCHBIX PA3PAOB B BOJE,
NHUIUUPYEMBIX TOJICTBIMHA MTPOBOJHUKAMMU

0.A. @eooposuu, JI.M. Boiimenko

[IpuBoaSITCS PE3yNbTATHI UCCICIOBAHUN pacnpenesneHus nHTeHCHBHOCTH (1) M3MydeHus! IIa3MEeHHOr0 KaHaja B
BUAMMOM Juana3oHe. KaHan uMmynbcHOro paspsja B BoJie HHHLIMUPYETCs B3phIBOM IpoBoaHuka u3 W nuametpom
300 MKM mpu HavaJbHOM HampsbkeHuH Ha Oarapee 20 kB. | cBeueHMs MOBEpXHOCTH KaHaja HE KOPPEIHPYET C
BKJIQJIOM MOIIHOCTH B Iua3My. Bxmaj sHeprum 3akaHunBaeTcss Ha 20 MKC, a MaKCUMYM H3JIy4eHHUs CIUIOIIHOTO
cniekTpa Habmogaercs Ha 80 MKC. | U3nydeHHus mpakTUYECKH HEe MEHSETCsl B MHTepBase BpeMenu ot 50 o 120 mkc.
[IpoucxoauT «Hepeanuzalusy» ypoBHeW JuHeiddartoro crnekrpa W BIUIOTH 0 OCHOBHOTO cocTosiHusA. Jo 20 Mkc
u3ydenre He ymaercs sapermctpupoath (T, < 6 10° K). W3sydeHa QuHAMHKA CIEKTpa JHHHHA TOMIOMECHHS BO
BpeMeHHU Ha ydacTke crektpa 490...560 HM, 0OBsICHSIOMAS YBEIHUCHIHEC WHTCHCHBHOCTU M3JIyYCHHS C TCUCHHEM
BpeMeHH. B BuAMMBIA AuMana3oH HU3NMydYeHHUs IomajaeT oO0JIacTh JJIMH BOJIH, COOTBETCTBYIOIIAS IJIa3MEHHOM
gacrore. C TedeHHEM BpeMEHH HaOII0MaeTCs CMEIIeHIe 00IacTH IIa3MEHHOM YaCcTOTHI B KPACHYIO 9acTh CIIEKTPa U
yBEJIMUEHHE MHTEHCHBHOCTH M3IyYeHHs B (DHONETOBOH 0oGNacTh 10 3HadeHwii, coorserctyfommx T = 2 10°K.
[IpoucxomuT oTpakeHWE W3IIydeHHWs OT TPaHUIBl KaHaJda Ha IUTa3MeHHO#H dactore. [IpoBemeHO cpaBHEHHE
BPEMEHHON 3aBHCHMOCTH [IaBJICHUS, MONyYEHHOTO M3 PACUYCTOB IO SKCHEPUMEHTANBHBIM THIAPOIMHAMUICCKAM
JAaHHBIM U To0 aauabare. BUIHO CHIIBHOE pPacXOXXICHHE pe3yabTaToB. TakoW ke pacdeT Uil H3MEHeHus T
MOKA3bIBAET, YTO HA HAYaIbHOW cTaguu paspsiaa T HoKHA JOCTUTAaTh 3HAYCHUN 3 10* K. IlpuBenena auHamuka
criekTpa m3nydeHusi B obmactu 620...700 um. B obmactn gumamun H, (656,3 HM) 10 83 MKM B cmektpe He
HaOJFIOMAI0TCS TMHUN HU MOTTIOIIEHUS, HU U3ITyYCHHUS.

PO OCOBJIMBOCTI BUITPOMIHIOBAHHSA IMITYJIBCHUX PO3PAAIB Y BO],
IHINIIOEMUX TOBCTUMHU MPOBIIHUKAMMU

0.A. ®eooposuu, J1.M. Boiimenxo

HaBomsaThcs pes3ynbTaTH IOCTKEHb po3nOAiny iHTeHCHMBHOCTI (I) BHIpOMiHIOBaHHS IUTa3MOBOTO KaHANY Y
BUANMOMY niama3oHi. KaHan iMIyJIpCHOTO pO3psOy Y BOJI IHIIIIOEThCS BHOYXOM TMpoBimHUKA 3 W miameTpom
300 MM mpu movatkoBiit Hanpy3i Ha OaTapei 20 kB. | BumpoMiHIOBaHHS MTOBEPXHI KaHATy HE KOPEIIOE 3 BKIAIOM
MOTYKHOCTI B Ia3My. Bxiaz eHeprii 3akiHuyeTbest Ha 20 MKC, @ MAKCUMYM BHIIPOMIHIOBaHHS CYIIUJIBHOTO CHEKTpa
cnoctepiraeTbes Ha 80 MKC. | BUIIpOMiHIOBaHHS MPAaKTUYHO HE 3MIHIOETHCS B iHTepBaimi yacy Bing 50 mo 120 mkc.
BinOyBaeTbesi  «Hepeamizawisiy piBHIB JiHid4aTtoro crnektpa W ax g0 ocHoBHoro craHy. Jlo 20 Mkc
BHIIPOMIHIOBAHHS He BaeThes 3apeectpysati (T, < 6:10° K). Buuena quHaMika crieKTpa JTiHii MOTTMHAHHS B Yaci
Ha AinsHI criektpa 490...560 HM, 110 MOSICHIOE 301IBIIIEHHS iHTEHCUBHOCTI BUIIPOMIHIOBAHHS 3 4acOM. Y BHIUMUI
Jliarma3oH BUIPOMIHIOBAHHS MOTPAIUILE 001aCTh JOBXKHUH XBHIIb, KA BiJOBIAA€ IIa3MOBi 9acTOTI. 3 IUIMHOM Hacy
CIIOCTEpIraeThes 3MIMICHHS 00JIACTi IUIa3MOBOi YaCTOTH B YEPBOHY YaCTHHY CHEKTPa i 30UIbIIEHHS IHTEHCHUBHOCTI
BUIIPOMIiHIOBaHHS B (iojeToBii oOmacTi 10 3HAYeHb, BIAMOBIAHUX T = 2-10* K. BinOyBaetbest BigOUTTS
BUIIPOMIHIOBAaHHS BiJl KOPJIOHY KaHally Ha Iu1a3MoBil 4acToTi. [IpoBeieHO MOPIBHSHHS Y4acOBOi 3aJIeKHOCTI THCKY,
OTPHUMAHOTO 3 PO3PAaXyHKIB 332 €KCHEPUMEHTAIbHUMH TiAPOAMHAMIYHUMM JaHUMHU 1 1o amiabati. BuaHo cuibhy
po30iKHICTh pe3ynbTaTiB. Takuii e po3paxyHOK s 3MiHM T mokasye, mo Ha modaTkoBiil craxii pospany T
MMOBMHHA JIOCATAaTH 3HAYCHb 3-10* K. HaBeneHo guHamiky chekTpa BHIPOMiHIOBaHHsS B obOnacti 620...700 am. B
obnacTi criektpa niHii H, (656,3 HM) 10 83 MKM He criocTepiraroThes JiHii Hi TIOTTHHAHHS, Hi BUTPOMIHIOBAHHS.
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