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The results of experimental investigations of the spectral distribution of radiation of hydrogen - oxygen plasma
pulsed discharges in water in a minimum difference of radiation from the blackbody radiation (BBR) are given. The
pressure in the plasma channel was changed from 5000 to 80 atm, the brightness temperature of 24-10° to 7-10°K. The
difference in brightness temperatures of the violet and the red area does not exceed + 2000 K of the average temper-
ature. With the relaxation of plasma electron density decreased from 2-10% to 10*” cm™. It is shown that at high con-
centrations of electron spectral distribution of the radiation in the spectral range of the Balmer series differs little
from the blackbody radiation is not observed and none of the hydrogen Balmer line. This indicates "non-realization"
even the top level line H, (656.2 nm, with excitation energy of the upper level of 12.09 eV). As the relaxation of the
plasma to be consistent line H, Hg H, There is a redistribution of the broadening of the hydrogen lines of the Bal-

mer series. At N, < 10" cm™ hydrogen emission spectrum coincides with the traditional.

PACS: 52.80.-s. 52.20. Dq
INTRODUCTION

Optical radiation nonideal plasma is practically the
only source of information on plasma parameters, the
structure of the plasma channel, the mean free path of
photons, radiant thermal conductivity, line broadening
in a plasma, "optical reduction of the ionization poten-
tial", reducing the oscillator strengths, "non-realization"
of individual, high-lying levels, and so on [1]. The study
of the spectral distribution of radiation is necessary for
the calculation of the energy and the particles balance in
the channel of a pulsed discharge in water, revealing the
influence of non-ideal effects on the emission spectra of
hydrogen-oxygen plasma, the development and testing
of the methods for measuring the basic plasma parame-
ters and to identify the range of applicability of these
methods depending on the electrons concentration in the
plasma. The hydrogen-oxygen plasma produced in a
pulsed discharge in water (PDW) on 2/3 is composed of
atoms and ions of hydrogen. It is one of the significant
advantages in the study of such plasma to determine the
effects of nonideality influence on the emission spectra
and their dependence on the electron concentration and
temperature.

The spectrum hydrogen is the simplest for theoreti-
cal description as a hydrogen atom consists of a single
electron and proton. But the published data on the hy-
drogen spectra at high electron densities are insufficient
and they often contradictory (see in particular [2 - 8]).
This is due to the fact that these data have been obtained
at essentially different research facilities parameters,
different methods of nonideal plasma obtaining and
different initial conditions. Theoretical estimates of the
non-ideal properties of the plasma are given in (see in
particular [1, 10, 12]).

This paper presents the results of experimental in-
vestigations of the spectral distribution of radiation of
hydrogen-oxygen plasma, and the evolution of the emis-
sion spectra at the stage of relaxation, depending on the
temperature and on the optical thickness reducing. Also,
presents the results of testing of different methods to
determine the main parameters of the plasma.
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One technique for obtaining spectral scans over time
and the dynamics of the emission spectrum of the hy-
drogen-oxygen plasma in the PDW, in the H, Hjg lines
region, was considered in [6, 13]. A second technique
for obtaining spectra scans in time and space, as well as
calibration of the film in intensity from source EV-45
[14] is given in [15].

Previously, it was noted that in the initial stage of
the discharge emission of the hydrogen-oxygen plasma
essentially differs from the black body (BB) radiation
[3]. The violet region of the spectrum there was a signif-
icant exceeding of brightness temperature T, measured
in the red region of the spectrum. The degree of differ-
ence from the BB radiation increases with the rate of
energy input into the plasma channel.

EXPERIMENTAL RESULTS
AND DISCUSSION

For studies was selected the discharge mode in
which there is the smallest deviation of the radiation
from the BB radiation.

The emission spectrum of the investigated plasma
in the initial stage of discharge is continuous, and the
intensity changes are little over time. With the expan-
sion of the plasma channel, and with the decrease in its
electrons concentration and pressure, a continuous spec-
trum of radiation is transformed into a line spectrum,
and the duration of the last essentially depends on the
energy input into the channel [15].

This reduces the optical thickness of the plasma and
plasma becomes optically transparent [16, 17].

Let us consider in more detail the dynamics of the
spectrum in the Balmer lines H,, Hg, H, in near and-
threshold region for one discharge regime and estimate
influence on the spectrum of non-ideal effects. Figs. 1-8
shows the spectral radiation distribution of the hydro-
gen-oxygen plasma at different times, as the relaxation
of the plasma. To do this, select the category with a
minimal amount of metal impurities (emission spectrum
which often leads to the inability to obtain lines of hy-
drogen [15]).
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Fig. 1. The intensity of the radiation | = f (1) hydrogen-
oxygen plasma in the Balmer series. W, d = 20 um;
Ug=30«V; lp=100 mm; t = (9 £ 2) us

To eliminate the influence of impurities of metal va-
pors coming from the electrodes [15] we chosen for study
the spectrum of the discharge with electrode gap length
100 mm and investigated the middle of the channel.
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Fig. 2. The dependence of the radiation intensity
I = f (1) hydrogen-oxygen plasma. W, d = 20 um;
Uo=30xV;1,=100 mm; t = (12 £2) s

As follows from Fig. 1 the emission spectrum of the
hydrogen-oxygen plasma at an initial stage of the dis-
charge (9 +2) microseconds) differs little from the
blackbody radiation at a temperature (20 + 1)-10° K. In
near and-threshold region, as well as in the area of the
most intense spectral H, lines of hydrogen Balmer series
no singularities of the spectrum is observed.

The plasma pressure, calculated by the hydrodynam-
ic characteristics of the channel and model of quasi-
incompressible fluid is ~ 2-10° at, and the electron den-
sity is less than N, ~ 5-10" ¢cm™ at a concentration of
atoms N, ~ 5-10%° cm™ [18].

In the wall region of the plasma channel is always a
colder region. The degree of ionization of the plasma in
the colder region not exceeding 10%, and at this tem-
perature there is always excited hydrogen atoms. In this
case, inevitably had be observed in the absorption lines
of hydrogen H, (A = 656.2 nm). However, as shown in
Fig. 1, this does not occur, which indicates the manifes-
tation of the effect of "non-realization" of the upper
level of the most intense line of the Balmer series.
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Over time, as the pressure reduction in the emission
intensity at the spectrum-threshold and begins to rise
somewhat, while in other areas it is somewhat reduced
(Fig. 2), (t = (12 = 2) ps). To detect absorption in the H,
line also fails. At the time (t = (22 £2) ps) is already
clearly seen in the absorption line H, (Fig. 3).
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Fig. 3. The dependence of the radiation intensity
I = f (1) hydrogen-oxygen plasma. W, d = 20 um;
Ug = 30 xV; Ip=100 mm; t =(22 £ 2) us

In the wall region of the plasma channel is always a
colder region. The degree of ionization of the plasma in
the colder region not exceeding 10%, and at this tem-
perature there is always excited hydrogen atoms. In this
case, inevitably had be observed in the absorption lines
of hydrogen H, (A = 656.2 nm). However, as shown in
Fig. 1, this does not occur, which indicates the manifes-
tation of the effect of "non-realization" of the upper
level of the most intense line of the Balmer series.

Over time, as the pressure reduction in the emission
intensity at the spectrum-threshold and begins to rise
somewhat, while in other areas it is somewhat reduced
(see Fig. 2), (t = (12 £ 2) ps). To detect absorption in
the H, line also fails.

At the time (t = (22 £ 2) ps) is already clearly seen in
the absorption line H, (see Fig. 3). The intensity of the
emission spectrum in the supercritical region corresponds
to (22 + 2)-10°K. If at the same time to measure the tem-
perature in the center of the reabsorb line H, it is
~14.5.10° K. The pressure in the plasma channel at the
same time about ~ 300 at and N, ~ 3
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ing of lines which are at a higher power level in com-
parison with the calculated.
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Fig. 4. The dependence of the radiation intensity
I = f (1) hydrogen-oxygen plasma. W, d = 20 pm;
Ug = 30«V; [,=100 mm; t = (48 £ 2) us

These results indicate an inaccuracy of theoretical
calculations of line broadening at high values of the
micro-fields [15], in spite of the Debye screening ac-
counting for the electron and ion components and the
line broadening at high concentrations.
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Fig. 5. The dependence of the radiation intensity

I = f (1) hydrogen-oxygen plasma. tungsten, d = 20 um;
Ug=30«V; I[,=100 mm; t=(57 £ 2) us

As already noted, the pressure drop as the optical
thickness and temperature of the plasma decreases and
continuous emission spectrum is transformed into a line
spectrum. Fig. 5 shows the emission spectrum of the
hydrogen-oxygen plasma, when the lines H, Hg H,
become prominent in a continuous spectrum of radia-
tion. The optical thickness in the distant wing of the line
H,, is reduced to T=1.5...2 [13, 17].

Note that the values of t, obtained by the method of
plasma transillumination under PRW give overestimat-
ed 5...8 times values. This is due to the passage of the
rays through the plasma. Plasma is in the water with a
refractive index n = 1.34, while for n = 1 the plasma
[20]. This cylindrical plasma channel works as a cylin-
drical lens.

Given that the boundary of the channel are not al-
ways strictly cylindricity due to instabilities of the
plasma channel is correctly taken into account in deter-
mining the curvature of the intensity of the transmitted
beam is not possible.
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Fig. 6. The dependence of the radiation intensity
I = f (1) hydrogen-oxygen plasma. W, d = 20 ym;
Uo =30 kV; Ip=100 mm; t = (64 £ 2) us

Because of this value of t, obtained by the method
transillumination essentially overestimated and they can
not be used, although plasma is possible to enlighten in
the later stages the discharge.

In violet part of the continuous spectrum of the value
of t should be even smaller. The parameters of the plas-
ma channel, defined by several independent methods are:
P =120 bar, N, = 10® cm®, T = 17-10° K. At the same
time temperature as determined by the intensity at the
maximum reabsorbs line H, [13] and in the threshold of
the Balmer series of the spectrum are the same. The
temperature obtained by I for the line Hg somewhat
higher.

A characteristic feature of the emission spectrum is
the fact that the half-width of the line H, more than Hy
and H,, although according to the theory of line broad-
ening [15] should be the opposite. The same effect is
observed upon further reduction of P and T (Fig. 6).
Here the half-width of the line H,, Hg is 150, 140 A, H,
65 A. The optical thickness in the red region of the con-
tinuous spectrum t < 1 [15].

Therefore, the effect of the near-wall cold regions of
the plasma can be neglected. They partially affect reab-
sorption in the central region of the line Ha, where t
more (t > 10), but their influence on the radiation in the
violet part of the spectrum should be negligible.

The parameters of the plasma channel are follows:
P = 100 atm, Ty = 15.5-10°K, N, = 6:10" cm”, the
bore diameter d = 23.4 mm.

In Figs. 7, 8 show the dynamics of the emission spec-
trum at lower plasma concentrations and low temperatures.
These figures show that the half-width of the lines H, and
H; are compared, and then, when at N.<2-10"" cm™ lines
Hg are wider than H,, as predicted by the theory [19], and
the values of N., obtained by the half-widths of these
lines are virtually identical. Decreases while the intensity
Hg line and T defined poney becomes smaller than de-
fined by certain intensity in H,, which could be evidence
of small optical thickness in line Hg.

In the adjacent and threshold areas of the series
spectrum regions intensity is slightly higher than in oth-
er areas.

In the near-threshold areas and threshold areas a se-
ries of intensity of the spectrum is somewhat higher than
in other areas. Line H, observed only a few microsec-
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onds, and its half width is less than Hg. microseconds, and
its half width is less than the line Hg [5, 6]. Line H; from
the continuous spectrum was unable to locate.
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Fig. 7. The dependence of the radiation intensity
I = f (1) hydrogen-oxygen plasma. W, d = 20 pm;
Ug = 30«V; l[p=100 mm; t =(71 £ 2) us
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Fig. 8. The dependence of the radiation intensity | = f
(1) hydrogen-oxygen plasma. W, d = 20 um;
Uo=30xV; l[pb=100 mm; t= (86 + 2) s
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Note that if the appearance of lines Hg, and H, re-
sponsible colder outer region of the plasma, the effect of
reducing the line broadening is even stronger. To detect
the influence of this effect it is necessary to obtain the
radial distribution of the temperature and make intensity
correction taking into account the refraction at the plas-
ma-water interface.

In [20] the radial temperature distribution for this
mode of discharge by 77 ms. It shows almost plateau-
like temperature distribution along the radius (cross
section) of the channel, which should not significantly
affect the electrons distribution and concentration in the
channel cross section and the absorption in the near-wall
plasma regions.
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According to [10, 11] H, line should "not be real-
ized" when the electron density N, > 2-10"° cm?, H,
when N> (1.5...3)-10" cm™®, H, when N, > 0.9-10"® cm
3, These N, values are somewhat lower than those ob-
tained experimentally by several methods [20].

Perhaps this is due to colder regions near the walls,
and realization of the lines with higher levels just in them.

The above results indicate a decrease or redistribu-
tion of oscillator strength, predicted in [21], and the
"non-realization" of lines level in the micro-fields, com-
parable in magnitude to the strength of intra-atomic
fields, and in this range includes most intense level of
H, lines.

CONCLUSIONS

The plasma parameters can be measured outside the
boundaries of the series or on lines that are not affected
by non-realization, as predicted theoretically in [5, 6].
Especially strongly last effect is manifested with in-
creasing rate of energy input into the channel [3].

From the above results and results in [13] it can also
be concluded that it is permissible to determine the elec-
tron density from the Stark broadening of the lines H,
when N, < 10" cm™® and Hg when N, < 10" cm™.

To measure the maximum temperature along the line
monitoring the intensity of the radiation maximum H,
line can be reabsorbed immediately after discharge from
the continuous spectrum.
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JAHAMMKA CITEKTPA U3JIYUYEHUSA BOJIOPOJJHO-KUCJIOPOIHOM IIJIA3MbI HUPB
B IMAITA3BOHE CEPUH BAJIBMEPA C MUHUMAJIBHBIM KOJIJMYECTBOM INPUMECEN
O.A. @edoposuu, JI.M. Boiimenko

[IpuBeneHs! pe3yabTaThl AKCIEPUMEHTAIBHBIX UCCIICIOBAHUN CIIEKTPATBHBIX PACIpEIeICHUN H3ITydYeHHUs BOIO-
POTHO-KUCIOPOJHOHN IJIa3MBl MMITYJIECHBIX pa3psanoB B Boae (IPB) B yclnoBHAX MHHHMAIBHOTO OTIMYHS 3TOTO
W3ITY49EHHUS OT U3NMydeHus abcomoTHo yepHoro Tena (AUT). [lasneHne B mIa3sMeHHOM KaHalleé MEHSIOCH OT 5 THIC.
atmMocdep 10 80 atmocdep, APKOCTHAS TemIieparypa ot 24 10° 1o 7-10° K. Pasnuune SIPKOCTHBIX TeMIeparyp B (-
0JIETOBOM M KpacHO# obnactsx He npessimano = 2000 K ot cpennelt temneparypsl. [Ipy penakcanuu mia3Mbl KOH-
[EHTPaNys AJIEKTPOHOB YMEHBIaIach OT 2:10% 510 10" cm™. TTokasaHo, 9TO IPH BHICOKHX KOHICHTPALHMAX DIICK-
TPOHOB CIIEKTPAIBFHOE paclpesieieHne N3IydeHNs B JUara3oHe CIeKTpa cepur bampmepa mMaio OTJIMYaeTcst OT U3-
aydenus AUT u He HaOnroaeTcst HU OJJHA JIMHUA Boopozaa cepur baixbMepa. DTo CBUIETENLCTBYET O «HEpeaan3a-
UMWY JIaXKe CaMOoro BepxHero ypoBHs nunuu H, (656,2 M, ¢ 3Heprueil Bo30yxaeHus Bepxuero yposHs 12,09 3B).
ITo mepe penakcanuu miIa3Mbl NposBIAIOTCA nocnefaosatensHo nuauu H, Hg H, HaGmonaercs nepepacnpenene-
HHe YIIHPEHUs JMHMIA Bogopona cepun bamsmepa. Ipu N, < 107 em™ cnextp msinydenus Boxopoaa coBnagaer ¢
TPATUIIMOHHBIM CIICKTPOM.

JTAHAMIKA CIIEKTPA BUITPOMIHIOBAHHS BOJHEBO-KUCHEBOI IIJTIA3MU IPB Y JIIAITA3OHI
CEPIi BAJIbMEPA 3 MIHIMAJIbBHOIO KIJIBKICTIO TOMIIIOK
0.A. @edoposuu, JI.M. Boiimenko

HaBeneno pe3ynbpTaTi eKCHEpUMEHTAIBHUX JOCIIDKEHb CIEKTPAIBHUX PO3MOALUIIB BUIPOMIHIOBAaHHS BOJIHEBO-
KHCHEBOI IJIa3MH IMITyJIbCHUX po3psiniB y Boai (IPB) B ymoBax MiHIMaibHOT BiJMIHHOCTI BUIIPOMIHIOBaHHS Bijl BH-
MpOoMiHIOBaHHs abcoroTHO yopHoro Tina (AUT). Tuck y mnazmoBoMy KaHaii 3MIHIOBaBCs BiJl 5 THC. aTMocdep 10
80 aTmocdep, sckpasicTha Temmeparypa — Bix 24-10° 1o 7-10° K. Pisuums sickpaBicHuX TemIepaTyp y hionetosiii i
4epBOHiN oOnacTsx He nepesuiysaia + 2000 K Bix cepeanroi Temneparypu. [Ipu penakcauii mia3Mu KoHIEHTpa-
wist enexrpowis 3menmysamacs Big 2:10%° no 10 cm®. IMokasamo, mo mpH BHCOKHX KOHIEHTPALIAX €IEKTPOHIB
CIEKTPaJIbHUH PO3IIO/LT BUIIPOMIHIOBAHHS B Jlianla3oHi crekrpa cepii banbmepa Mano BiIpi3HAETHCS BiJ BUIPOMi-
HioBaHHs AUT 1 He criocTepiraeTbes Hi ojHa JiiHisg BogHIo cepii banmemepa H,. Lle cBiqunTh npo «Hepeaiizariro»
HAaBITh CaMOro BepxHboro piHs ninii H, (656,2 HM, 3 eHeprieto 30ymkeHHs BepxHboro pius 12,09 eB). Ilo wmipi
penakcauii niasMu nposBIA0TECA nocaigosro niHii H, Hg H, Cnocrepiraetbces nepepos3nonin po3mMpeHHs JiHil
BojHIO cepii Banmemepa. IIpu N, < 10Y em™ criektp BHIpOMiHIOBaHHS BOXHIO 36iracThes 3 TPaIHIIHHAM.
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