
pendences of the density and of the velocity of the plas- 
ma. 

')we note that the quantity M, determines the plasma velocity 
a t  the point x,, but not the velocity of the point x, itself. 

Another factor very sensitive to the laser-plasma 
dynamics is the SMBS -induced exhaustion of the pump 
wave. This follows from the fact that small changes 
of the argument of the exponential in (4.3) affect strong- 
ly the character of the penetration of the pump wave 
into the plasma. According to the definition (3.7), this 
exponent is directly proportional to the intensity of the 
wave and to the plasma-inhomogeneity scale is inverse- 
ly proportional to the plasma velocity. With increasing 
inhomogeneity scale we therefore have an increased 
scattering intensity, in qualitative agreement with the 
ideas concerning the influence of the contrast. Con- 
versely, with increasing plasma expansion velocity, 
the scattering intensity decreases and i t  can be stated 
that the plasma motion suppresses the SMBS. This 
conclusion agrees with the results of a numerical solu- 
tion of the gasdynamics equations.c181 The physical 
cause of the suppression of the SMBS is that the acous- 
tic waves drift together with the plasma and pass more 
rapidly through the region of the resonant interaction in 
the inhomogeneous plasma, and consequently have a 
smaller growth. 

It should be noted that our analysis is not quite con- 
sistent, since we did not take into account the fact that 
the plasma hydrodynamic characteristics (the density 
and the expansion velocity) a re  themselves dependent 
on the incident-wave intensity. A consistent allowance 
for this dependence is possible i f  the equations hydro- 
dynamics and the equation for the pump waves are  solv- 
ed simultaneously. 

We are  grateful to V. P. Silin and R. R. Ramazash- 
vili for a number of useful remarks. 
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Experimental investigation of the emission of a mercury 
plasma near the photorecombination thresholds at high 
pressure 
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The spectra of the line and continuous emission of a mercury plasma were investigated in the frequency 
interval (0.4-1.25)~ 10'' sec-I at electron densities 5 x 1015 and 4X 10'' cm-'. At high charged-particle 
densities it was observed that the spectral lines vanish near the photorecombination thresholds, but the 
thresholds themselves are hardly displaced. In a less dense plasma, in the near-threshold regions of the 
spectrum, a coalescence of the spectral lines was observed in accordance with the Inglis-Teller model, 
leading to an apparent shift of the photorecombination thresholds towards lower frequencies. 

PACS numbers: 52.25.P~ 

A well known density effect in a plasma is the co- trum into a continuum it is customary to use the as- 
alescence of the higher terms of the spectral series sumption that the oscillator-strength density df/dE is 
near the photorecombination (photoionization) thres- not perturbed.12p31 It was shownr4] that on going to a non- 

To describe the transition of the line spec- ideal plasma a qualitatively new effect may appear, 
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namely the vanishing of the spectral lines because the 
upper energy levels of the atoms a re  not realized in 
quasistatic microfields. 

In this case, the assumption that the oscillator- 
strength density remains unperturbed is wrong. Owing 
to the short-range character of the real interaction po- 
tential in a dense plasma, the threshold value of the 
distribution df/dE vanishes, i.e., a dip can appear in 
the distribution df /dE near the threshold. Attention was 
calledr5' to the statistical character of the action of the 
microfields on the atoms in a plasma. The final form 
of the distribution df/dE over the microfields determines 
the vanishing of the spectral lines in the near-threshold 
region without prior overlap, and the absence of a 
noticeable shift of the photorecombination thresholds.14' 

Although the effect of deviation from ideality on the 
emission of a plasma has been noted in a number of 
studies and the references therein), these ef- 
fects have not yet been sufficiently well studied. In the 
present paper we report an experimental study of the 
emission of a mercury plasma at  substantially differing 
densities of the charge d particles. We study the char- 
acter of the vanishing of the spectral lines near the 
photorecombination thresholds, and determine the in- 
tensity and the frequency distributions of the continuous 
radiation and the positions of the photorecombination 
thresholds. Preliminary results on the emission of a 
mercury plasma were reported inr7'. 

EXPERIMENTAL TECHNIQUE 

The mercury plasma is a suitable investigation ob- 
ject, since the visible and near infrared regions of i ts  
emission spectrum, which can be conveniently recorded, 
contain several photorecombination thresholds due to 
transitions to the levels 7s 'So, 7s 3S1, 6 p 1 e ,  6p3Pg, 
6 j3P i ,  and 6p3Pt. The plasma sources were mercury- 
quartz lamps: a tubular high-pressure lamp of the 
PRK-4 type and a spherical ultrahigh pressure lamp 
of the DRSh-250 type. The lamps were connected to a 
dc source in series with a ballast resistor. The operat- 
ing conditions of the lamps were chosen in accord with 
the current-voltage characteristics (see the table). The 
working pressures were calculated according to the 
known formulasrd that relate the electric and geometric 
characteristics of the lamps. 

The line and continuous radiation were recorded with 
a DFS-13 spectrograph (4 ~ / m m )  with photographic 
registration. In the absolute measurements of the in- 
tensity of the continuum and of the lines, the standard 
was the radiation of the anode crater of a weak-current 
carbon a rc  in air.[" The lamps were mounted vertically 
and the image of the a r c  was rotated 90" to register on 
the photographic plates the distribution of the radiation 
across the a rc  column. The radial distributions of the 
line and continuous radiation were obtained by recalcu- 
lation with the aid of the Abel integral equation. All the 
data presented here on the diagnostics and on the optical 
properties of the plasma pertain to the axis of the a r c  
column. 

PLASMA DIAGNOSTICS 

Estimates showr101 that the plasma of the axial zone 
of the a rc  in a DRSh-250 lamp is in a state of local 
thermodynamic equilibrium, while the plasma in the 
PRK-4 lamp i s  close to this state. Calculation of the 
composition of the mercury lamp was carried out under 
the assumption of single ionization with allowance for 
the corrections for non-ideality.[''' The statistical 
weights and energies of the levels were taken fromrlZ1. 

The parameters of the plasma in the PRK-4 lamp 
were measured by several methods. The temperature 
of the population was determined from the absolute in- 
tensity of the atomic lines of the mercury. Owing to 
self-reversal of the well known intense lines, such a s  
Hgl- 5460.73A(transition 7s 3Sl-6p3P$, we chose for the 
diagnostics the three lines HgI-2925.41 A (9s 3Sb-6p3Pa, 
Hgl-2893.59i(8s 3 ~ 1 - 6 $ 3 q ) ,  and HgI-2752.78A(8s 3S,- 
6p3P3, corresponding to transitions from higher levels. 
The oscillator strengths for these lines a r e  respec- 
tively 0.014 and 0 . 0 1 3 . ~ ~ ~ ~  The wavelengths were taken 
from,[14] and the needed constants fromr151. We deter- 
mined also the electron temperature from the relative 
intensity of the recombination continuum on the levels 
7s 'So and 7s 'S,, which decreases exponentially in the 
frequency interval (0.51 - 0.83) x 1015 sec-l and is free 
of other recombination thresholds. The results of the 
measurements of the temperature in the PRK-4 agree 
with one another (see the table). 

At the obtained values of the temperature, the plasma 
composition has a strong temperature dependence, so  
that it i s  desirable to estimate directly the electron 
density. This can be done from the intensity of the con- 
tinuum. We assume in first-order approximation that 
the end-point frequency is close to the photoionization 
frequency of the 6 p 3 q  state. The mercury factor [(v, T), 
which depends on the frequency u and the temperature 
T, i s  given inr2'. The absolute intensity of the continuum 
was taken a t  the frequency 0.7 x 1015 sec-'. The obtained 
concentrations and the equilibrium temperatures cor- 
responding to them a re  listed in the table. 

The diagnostics of the parameters of the dense plasma 
in the DRSh-250 lamp encounters substantial difficulties. 
The temperature determined by measuring the absolute 
intensities of the lines used above i s  apparently some- 
what undervalued: 5600-6100 K. The electron tem- 
perature determined from the relative intensity of the 
exponentially decreasing recombination continuum in the 
frequency intervals (0.39-0.60) x 1015 sec-l and (0.6- 
0.86) x 1015 sec-I is noticeably higher (see the table). 

TABLE I. 

nd af3 absolute continuum intensity 

T. K. from plasma composition 
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Under conditions of high density of the charged parti- 
cles, the Stark broadening of the indicated lines greatly 
exceeds the broadening due to the interaction with the 
neutral particles. An estimate of the electron density 
from the line half-width according to  the data ofr15] 
yields a value (0.8-1.0) 10'' ~ m - ~ ,  which i s  apparently 
somewhat overestimated because of the noticeable line 
shift, since use was made of registered line contours 
due to emission from inhomogeneous layers of the a r c  
column. In this case the reduction of the line contour 
with the aid of the Abel integral equation is not justified 
because of the low accuracy of this operation. 

The high-pressure parameters were also estimated 
from the absolute intensity of the continuum under the 
assumption that the theory of the continuous 
i s  valid in this region of the state parameters (see the 
table). We note that the obtained values of the tem- 
perature and concentration of the electrons a r e  needed 
only to estimate the parameter region to which the spec- 
trum singularities discussed below pertain. 

PROCEDURE FOR REDUCTION OF LINE SPECTRUM 

In the analysis of the spectral interval in which the 
line spectrum gradually changes into a continuum, we 
traced individual spectral line for the purpose of ascer- 
taining the character of the convergence of the lines and 
revealing the last line that can still be distinguished 
against the continuum. We calculated, with allowance 
for the refraction of the a i r ,  the wavelengths of the 
transitions from highly excited levels with principal 
quantum numbers n '- 10, which a r e  not listed in the 
tables 11" The interpretation of the spectrum and the 
identification of the lines were carried out in accordance 
with the following attributes: comparison of the wave- 
length of the line with the calculated one, the monotonic 
decrease of the intensity of the lines of one ser ies  and 
of the interval between, and the shape and broadening 
of the lines, the character of which was the same for 
lines of the same ser ies  and differed strongly for lines 
of different series.  Using these criteria, we succeeded 
to trace, at low electron density, the lines in the ser ies  
up to a principal quantum number n = 12 to 13 and veri- 
fied the absence of higher t e rms  of the series. 

We reduced and analyzed the se r i e s  of lines corres- 
ponding to transitions from the levels ns 'So, rzdlD,, 
ns3Sl, nd3Dl, nd3D,, nd3D3 to the levels 6p1P: and 
6p3P;-five ser ies  in accordance for the selection rules 
for each level. The lines of the sharp ser ies  a r e  dis- 
tinctly separated against the background of the con- 
tinuum and can be traced to large values of the principal 
quantum number. The intense and broad lines of the 
diffuse series, in view of the proximity of the level 
energies, coalesce into one broad lines, which i s  traced 
on the microphotographs to lower values of the principal 
quantum number. (The ser ies  of the lines from the d 
levels of the ser ies  will be hereafter designated in the 
form tzii D-6p '3 and ndD-6p 3P:.) 

The line spectra were obtained with a normal width 
of the spectrograph slit, photometrized, reduced, and 

plotted against the background of the continuous emis- 
sion of the plasma. Narrow spectral lines a r e  marked 
on the figure by vertical segments, and broad ones a r e  
approximated by triangles that reflect qualitatively the 
real line width. The height of a line on the figure cor- 
responds to the intensity of the line at the maximum, 
and the e r r o r  in the determination of the intensity ranges 
from 100 o r  150% for the f i rs t  t e rm of the spectral 
ser ies  to 30-40% for  the higher terms. To avoid dif- 
ficulties with the analysis of the transition of the lines 
into the continuum near the considered photorecombina- 
tion thresholds, the figure does not show line ser ies  
corresponding to transitions to levels 6pSP: and 
6P3Pt. In the wavelength region 3400-4000 we ob- 
served several low-intensity impurity lines that pertain 
apparently to metallic impurities, such a s  iron o r  
chromium, that a r e  present in the mercury. 

DISCUSSION OF RESULTS 

The figure shows the measured values of the coef- 
ficient of continuous radiation in the frequency interval 
(0.39-1.26) x 1015 sec-I and the atomic lines of several 
spectral ser ies  that converge to the two photorecombina- 
tion thresholds of the states 6p 'P: and 6p 3P,0. 

1. Continuous emission. The frequency distribution 
of the continuum of the mercury plasma a t  a pressure 
close to atmospheric (PRK-4) has in the investigated 
region two clearly pronounced recombination thresholds 
(see spectra a in the figure). Besides those indicated 
above, a common recombination threshold is observed 
on the levels 7s  'So and 7s 3S1. The positions of the 
thresholds a r e  shifted noticeably towards the red. That 
the continuum i s  of recombination origin is indicated 
also by the exponential section of the decrease of the 
intensity in the frequency interval (0.51 - 0.83) x 1015 
sec-'. The horizontal dashed line in Fig. (a) shows the 
value of the continuum-radiation coefficient obtained 
from the Biberman-Norman integral formularz1 with 
[(v, T) = 1 on the basis of temperature measurements, 
under the assumption that the end-point frequency v, 
l ies  in the ultraviolet region of the spectrum. Such an 
approximate estimate agrees on the whole with experi- 
ment and shows that for a more accurate description of 
the continuum, with an accuracy that approaches that 
of the experimental data (20 - 30%), it i s  necessary to 
take into account the photoionization c ross  sections of 
individual states, a s  well a s  the bremsstrahlung of the 
electrons in the fields of the neutral particles. 

The intensity of the continuum at  high pressure 
(DRSh-250) is higher by almost four order  of magnitude 
(see spectra b in the figure). The lack of accurate in- 
dependent measurements of the plasma parameters does 
not permit a comparison of the absolute intensity of the 
continuum with the calculations. We note that the steeper 
decrease of the continuum intensity at frequencies u 
> 0.95 . 1015 sec-I and the practical absence of radiation 
in the region of the threshold at the level 6p3P; a r e  due 
to reabsorption of the radiation i n  the far red wing of 
the resonance line HgI-2536.52 A .  
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FIG. 1. Spectra of the line 
and continuous (points) 
emission af a mercury 
plasma: a -n, = 5.10 ~ r n - ~ ,  
T=6400 K; 6-n, =4-10" 
cm", T=8400 K. Under 
each spectral line is 
marked the simplified des- 
ignation of the upper state 
of the given transition. 
The unperturbed positions 
of the photorecombination 
spectra are indicated. 
A v , ,  is the shift of the 
thresholds according to 
the inglis-Teller formula, 
A E  is the estimated size 
of the unrealized discrete 
states.' Dashed line- 
calculated intensity of the 
continuum according to'21. 

2. Near-threshold region of the spectrunz. We con- 
sider the singularities of the transition of the line radia- 
tion into the continuum near the photorecombination 
thresholds in the cases of low and high charged-particle 
densities. 

a) n, -5 (n, i s  the electron density). The 
figure shows the intensities of the spectral lines (a) 
that form the series ndD-6p1Py, nsS-6p1P:, a s  well 
as ndr3-6p3P: and ns 3Sl-6p3Pi. It i s  seen that the 
spectral lines of the different series merge together 
as the unperturbed position of the thresholds of photo- 
recombination to the levels 63'Py and 6p3Pi  a r e  ap- 
proached, and this leads to an apparent red shift of 
the threshold. The positions of the last observable 
lines a re  separated from the unperturbed positions of 
the thresholds by an amount close to the value given by 
the Inglis-Teller formula (Au,, ~ 0 . 1 6  eV). These lines 
a re  due to transitions from the levels 13s 'So and 11dD 
to the level 6 p 1 q  and respectively from the levels 
13s3S1 and l ldD to the level 6p3Pi. The overlap of the 
wings of the spectral lines, whose half-widths a r e  less  
than the distance between them, leads to a smooth 
course of the continuum in this region. On the whole, 
the picture of the transition from the line spectrum to 
the continuous one agrees with that assumed in the 
theory of the optical spectra of a tenuous plasma and 
confirms the assumption that the density of the oscillator 
strengths df/dE i s  unperturbed in the near-threshold 
region. r2-41 

b) n, =4.101' ~ m - ~ .  In this case one observes near 
the photorecombination thresholds qualitatively new 
singularities. As seen from the figure, near the thres- 
hold the photorecombination into the state 63 'P:, the 
higher terms of the spectral series ndD-6p1Pt and 
nsS-6p1Py vanish without overlapping. The last lines 
that a re  observable in the series yield transitions to 
the state 6 p 1 e  from the levels 8dD and 9s 'So. The Stark 

half-widths of these lines a re  smaller by more than one 
order than the distance to the neighboring lines of the 
same series. The smooth maximum of the intensity of 
the continuum, which corresponds to recombination to 
the 6p1P: level, occupies a position close to the unper- 
turbed threshold frequency. The near-threshold region 
of the spectrum i s  thus "rid" of the higher terms of the 
spectral series, and the shift of the photorecombination 
threshold i s  in fact nonexistent. As a result, a dip i s  
produced in the radiation intensity at the photorecom- 
bination boundary. 

The near-threshold region of the spectrum, which 
corresponds to photorecombination into the 6 p 2 P i  state 
and which has been investigated in less  detail because 
of the reabsorption of the resonance line, agrees with 
the above-described picture of line vanishing without 
overlap. The spectral-line series that converge to the 
thresholds of photorecombination into the states 7s 'So 
and 7s 'S1 at v: 0.5 X 1015 set-I have not been considered 
in the present study, but the frequency region (0.52- 
0.61) X 1015 sec-' i s  free of lines that pertain to these 
thresholds, and the burst of intensity of the continuum 
at the frequency u=0.62 x 1015 sec-' corresponds to the 
unperturbed position of these thresholds. 

c) The obtained experimental results agree with the 
developed theoretical conceptsr4' concerning the effect 
of non-ideality on the emission of a plasma near photo- 
recombination thresholds. Let u s  estimate the size AE, 
of the near-threshold energy region in which the dis- 
tribution df/dE can differ from the unperturbed one. 
We use for this purpose the classical expression for the 
lowering of the potential barr ier  AE(F) = 2 e ( e ~ ) ' / '  ( e  
is the electron charge and F i s  the microfield intensity). 
We change over to the relative value of the microfield 
e=F/F,,, where ~ , = 2 . 6 0 3 1 e n ~ ~ ' ~  (n, i s  the ion density, 
ni = n,) and average AE(c) over the distribution P(c) of 
the ionic microfields in the plasma. As a result we get 

298 Sov. Phys. JETP 47i2). Feb. 1978 Yu. K. Kurilenkov and P. V. Minaev 298 



0 

where C is a numerical coefficient of the order of unity. 
The average value of the region of nonrealized discrete 
energy levels, referred to the temperature T, A E / ~ T  
= Cy, turns out to be proportional to the non-ideality 
parameter y = e2(2ni)1'3/k~ (k is Botzmann's constant). 
The value of the coefficient is C =3-4 and is deter- 
mined by the distribution of the microfield in the 
plasma.C16.171 The value of C depends little on the non- 
ideality parameter and at y e  1 it decreases somewhat 
in the indicated limits with increasing y. We note that 
(1) was obtained by extrapolating the expression for 
AE(F) to the region of high densities of the charged 
particles and is approximate. 

The averaged size of the region of the non-realized 
levels is in the case of a dense plasma, a s  follows from 
(I), approximately 0.6 eV. In fact, the deviation of the 
distribution df/dE from the unperturbed one and con- 
sequently the weakening of the spectral lines can take 
place also in a somewhat larger frequency region be- 
cause of the statistical character of the action of the 
microfields on the plasma atoms. This is in fact the 
cause of the relatively smooth character of the spec- 
trum near the threshold of photorecombination to the 
6b1P: level. The attenuation of the intensity of the 
spectral lines was observed in experiments on the diag- 
nostics of a dense plasma. The temperature corres- 
ponding to the intensity of these lines turned out to be 
much lower than the values obtained by other methods. 

In the case of a less  dense plasma the size AE of the 
region is small (it does not exceed 0.1 eV) and can be 
neglected in first-order approximation. The value of 
AE i s  marked on the figure (b). It is seen that an esti- 
mate with the aid of (1) agrees well enough with the 
value of the near-threshold region in which there a r e  
practically no longer any higher terms of the spectral 
series. 

The foregoing singularities in the near-threshold 
regions of the spectrum should apparently manifest 
themselves also in a plasma of other chemical elements 
a t  n, 2 (0.5 - 1) x 1018 cme3. The spectra of a dense 
argon plasmar181 were interpreted in analogous fashion 
in C411). 
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 he experimental investigations of the influence of the non- 
ideality of a plasma on its optical properties were initiated in 
['I. The measurement results ['l' ''I contain important informa- 
tion on both the integrated spectra and the positions of the 
photorecombination thresholds. The effect of non-ideality on 
the integrated spectrare a re  not discussed in the present 
paper. 
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