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An explanation is offered for the anomalously high intensity, observed in a laser plasma, of the x—ray
lines corresponding to the 2p* *P-152p °P transition in multiply charged He-like ions. It is shown that in a
plasma with N,> 10%° cm~? the population of the 2p? °P levels is due to excitation by electron impact from
the autoionization level 252p *P. The dependence of the intensity of these lines on N, can be profitably
used to determine plasma density, since there is no radiation capture in the case of dielectric satellites.

PACS numbers: 52.50.Jm, 52.25.Lp, 52.20.Fs

1. INTRODUCTION

Dielectron satellites in x-ray spectra of multiply
charged ions are the results of transitions from doubly
excited states of ions having the preceding ionization
multiplicity. The satellites in the spectra of H-like and
He-like ions with charges Z2 10 are almost as easy to
register as the resonance lines themselves. Recently,
systematic investigations and identification of the satel-
lite lines of H-like and He-like ions have been carried
out in the spectra of laser plasma and of the solar
corona.''=41 The interpretation of the intensities of the
satellites”®" was carried out within the framework of
the corona model for the populations® ®?®! on the basis
of relativistic calculations® 1% of the probabilities of
the radiative (A) and nonradiative (I') decays of the
levels located beyond the boundary of the continuous
spectrum. The satellite intensity / is in this case larger
the large probability of the autoionization decay T,
or, in other words, the faster the rate of dielectron
recombination, which is proportional to I':

g g3 Ry \™ ~E/RT AT
I=E4n"a., N Ny (1s) (-k—;—) e E/ m (1)
Here Ny(1s) is the density of the H-like ions in the
ground state, g;=2 is the statistical weight of the ground
state, ¢;=0.53" 10"% cm is the Bohr radius, g is the
statistical weight of the autoionization level, E is its
energy reckoned from the ionization limit of the He-like
ion, and N, is the electron density. The probabilities
of the radiative (A) and autoionization (I') decays of the
2121’ 3P levels of the ion Mg XI for the group of satel-
lites 2s2p3P-1s2s3S and 2p?P-1s2p°P are listed in
Table I.

The values of I for different satellites can differ by
a factor ~ 102,117 It follows then from the corona model
(1) that the analogous factor should be preserved also
in the intensities of the satellites (primarily those for
which AR T). The last statement, however, contradicts
the experimental data. Spectroscopic investigations of
a plasma produced by neodymium and iodine lasers,
carried out under different irradiation conditions and
with different parameters of the heating radiation, ‘=141
have shown that satellites with low values of I' turn out
to be much more intense than expected from the corona
model. "
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It is shown in the present paper that the cause of this
discrepancy is the deviation from the corona model in
a dense plasma. Namely, in the case of the Mg Xi ion
at N, >10% cm™ the population of the doubly excited
states is caused not only by dielectron recombination,
but also by collision-dominated transitions from the
close-lying autoionization levels. As a result, at N,
>10% cm™® the ratio of the intensities of a number of
satellites begins to depend on the electron density N,.
This suggests a new spectroscopic method for determin-
ing plasma density. An advantage of this method is that
the radiation capture effects, which in general distort
the intensity and waveform of the resonance lines them-
selves, do not play any role in the case of their dielec-
tron satellites.

In the second section we consider the main excitation
processes and obtain the populations of the autoioniza-
tion levels of He-like ions in a tenuous and a dense plas-
ma. The results are applied in the third section to the
problem of laser-plasma diagnostics with the aid of the
spectra of magnesium ions.

2. RELATIVE POPULATIONS OF DOUBLY EXCITED
TRIPLET STATES OF He-LIKE IONS

The populations of doubly excited levels of He-like
ions are determined by the balance equations (see the
level scheme in Fig. 1)

N«(F‘+A‘+2W.-h)=0.-1vu(1s)+21v,.w.,., ik=1,...,10,  (2)

ki R

where N; is the population of the i-th level, T';, A;, and
@, are respectively the probabilities of its autoioniza-
tion and radiative decay and the probability of dielectron
capture on this level, W;,=N,C;,, and C;, is the rate of
the i — k transition in a collision with an electron. In
the corona model (1) no account is taken of the terms

TABLE I.
Transition A-10712,sec? r-10-'3 sec!

152538, — 2s2p3Pgs 1.22 1.36
1s2p58, — 2p23P, 0,598 022
1523 P, — 2p2 3P, 182 0.22
152p3Py — 2p2 3P, 05813 0

1s2p3P, — 2p23P, 0.609 0
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FIG. 1. Scheme of doubly excited levels z£2’ of the Mg XI

ion. The level energies are reckoned from the energy of the
1s level of the Mg XIII ion.
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which describe transitions between doubly excited states
as a result of electron-ion collisions.

The satellites of the lines of H-like ions are intense
only if their concentration is high enough, i.e., at kT
2 122 Ry. At these temperatures, the rates of the colli-
sion transitions within the singlet system and the triplet
system is much higher than the rate Cg of transitions
between triplets and singlets.!!®! Therefore at N, <N,
= (I'+A)/C 14 the balance equations for the triplet and
singlet systems of levels can be written down indepen-
dently. The satellites of interest to us start from the
triplet levels 2s2p °P; and 2p%°P s- The balance equa-
tions for these levels are (the level designation is the
same as in Fig. 1):

w w 5W
(Kot W) =g, tn—+n,—+ny —~

n(K,+W)=q,+nW,
1Ay )=gq,Fn, 3 i T

w 3w
ns(Ky+W) =q,+n,7+ ne n (K AW)=q.+mW, 3

At

w w SW
ns(K,+W)=q,+n,?+n,4—+n, R nG(K6+W)=9a+n,—4vK+n, 3ZV

where K, =T, +A;, m,=N;/g;, q;=@Q; Nu(ls)/g;, W=Wys,
and g; is the statistical weight of the level ;. In the sys-
tem (3) we have neglected the quadrupole transitions be-
tween the sublevels of the fine structure, since the prob-
ability of such transitions is much less than the proba-
bility of the allowed dipole transitions, and in addition,
we took into account a number of relations [see (4)] be-
tween the probabilities W,,, relations that hold at 27T

> |AEy,|, where AE;, = E; - E, is the energy difference
between the levels i and k:

g W =g Ws=g. W, =g W, 8:Wos=gsWe,="/ W,

@

gaWs.':=g5W53=g2W25=gsWaz=5/JVu, g3W35=g6Wea=l5/gW‘5.
Determining the values of n;, n;, and n; from the last
three equations of the system (3) and substituting them
in the first three, and also recognizing that for ions with
charge Z~10-15 the following relations are valid'!™:

K =K,=K,, q=g:=¢s, s=0, 2:<q,, (5)

KASKszKu, 9:<¢q,,
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we get

g
KA+KW/(KAW) (6)

ny=n,=ng=n=

After this we obtain immediately

o z*(1—a,) tz (1—a,+ps) oz
s (t2)* " w1tz -
’_7'0;_ o _‘|_?72(1—ae) +I(1—a0+50)
n ¢ (1+2)? !
where
_ T, T — W NG
“=Tx M TTRTER

Formulas (7) describe both coronal and Boltzmann
distributions of the populations within the triplet levels.
In the corona limit x <1 dielectron capture causes pre-
dominant population of the levels 2s2p 3P, (levels 1, 2, 3)
while the populations of the levels 2p°°P; (levels 4, 5, 6)
are small. With increasing density at x 21 the levels
21)2 ip s are now populated mainly be excitation from the
levels 2s2p 3P,. At x> 1 the collisions establish the
populations of all triplet levels in proportion to the sta-
tistical weights. The condition x~ 1 means N,~ (4 +T)/
C, where C~10°Crg is the rate of the 2s — 2p transitions
without change of spin. Thus, a Boltzmann distribution
within the triplet levels is established already at N, <N,
=(A+T)/Crg. The distribution among the triplet and
singlet level still remains close to coronal in this case.

3. DETERMINATION OF PLASMA DENSITY FROMTHE
RELATIVE INTENSITIES OF SPECTRAL LINES OF
DOUBLY EXCITED He-LIKE IONS

Radiative decay of the levels 2s2p °P, and 2p*3P,
leads to emission of seven most intense spectral lines
with close wavelength. A convenient (and sometimes
the only possible) procedure in experiment is to com-
pare the total intensities of two groups of such lines:

1) 2s2p*P,—1s2s°S,, 2s2p°P,—1s2s *S,,
p,—4s2p *P,, 2p**P,—1s2p°P,,

2s2p*P,—152s°S,, 2) 2p*
2p**P,—1s2p°P,, 2p*°P,—1s2p°P,.

Denoting the intensities of these groups by I; and I,
and using formulas (7), we obtain for the ratio w=1I,/I,
the following formula:

_ z*[a(1—a,) +b]+zla(1—astps) +b]
®=aags t+ (EE , (8)
where

5 A(2p*°P,—1s2p°P,)+A(2p**P,—1s2p*P,)
9 A(2s2p°P,—1s25°S,)
1
3

A (292 °P—152p °P,) +A (2p* *P,~152p °P,)
A (2s2p°P,—1525°S,)

Figure 2 shows plots of »(N,) calculated from formula
(8) for the Mg XI ion. The probabilities of the radiative
and autoionization transitions used in (8) were taken
from!!!), The rates of collision transitions between the
au;cloionization levels were calculated from the formu-
12017
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FIG. 2. Plots of #(N,) for the ion Mg XI at various tempera-

tures: 1) kT=160, 2) kT =250, 3) kT =330 eV. The symbols
o, @, 8,4 mark the values of x obtained in the experiments
of 11127141 pregpectively.

z RT
C,s=3.04-10"°l/7(4.6+1n m

Z’_Ry) [cm? -sec'] . (9)

When the electron density changed from 10% to 10*2 ¢m™3

the intensity ratio » increased by almost one order of
magnitude. This makes it possible to determine the
plasma density by measuring the ratio » of the satellite
intensities. The temperature dependence of the ratio
%(N,) turns out to be quite weak (see Fig. 2). We note
that for ions with a larger nuclear charge the %(N,)
curves shift towards larger values of the electron den-
sity, making diagnostics of a denser plasma possible.

The considered diagnostic method was used to deter-
mine the density of a plasma obtained by focusing laser
radiation on a magnesium target under different irradia-
tion conditions'™1¢-14! (see Fig. 2). The measured den-
sities agree with those determined by measuring the
Stark broadening of the lines of H-like ions.!!% 1%

4. CONCLUSION

We have elucidated in this paper the features of the
excitation of the satellites of resonance lines of H-like
ions and proposed a new method for the diagnostics of a
plasma with N,~10%°-10* cm™%. Up to now, three meth-
ods of x-ray diagnostics of a plasma having so high a
density have been used: a) determination of the ratio of
the intensities of the resonance and intercombination
line of He-like ions,''* ¥ b) from the Stark broadening
of the lines of H-like ions,"’ '®1 and c) from the intensity
ratio of the fine-structure components of the resonance
line of H-like ions.?!? A common shortcoming of these
methods is that at least one of the lines used for the
diagnostics is a resonant one, i.e., it is emitted in an
optically allowed transition whose final state becomes
the ground state of the ion. As a result, under real ex-
perimental conditions, the optical thickness of the plas-
ma in this line is practically always larger than unity
and effects of radiation capture in the resonance lines
become important and can lead to noticeable changes in
both the relative intensities of the spectral lines and in
their waveforms.?%?%31 At the same time, a theoretical
calculation of the intensities and waveforms of the lines,
with allowance for the capture of the radiation, is a very
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complicated problem, which can be solved at present
only in a number of very simple cases.™! It is there-
fore necessary to decrease in the experiments the con-
centration of the given ion, so as to ensure optical
transparency of the plasma in the resonance line. This
leads usually to a decrease of the intensities of the ob-
served spectral lines and affects strongly the measure-
ment accuracy.

The method proposed in this paper is free of this
shortcoming. Indeed, the spectral lines used in this
method are emitted in transitions whose final states
are excited states of an He-like ion. Since the concen-
tration of the ions in the excited state is quite small,
the condition of optical transparency of the plasma in
these lines is certainly satisfied, and no capture of the
radiation takes place.

We note in conclusion that the obtained intensity ratios
contain the local values of the plasma parameters. Par-
ticular interest attaches therefore to a measurement of
the spatial distribution of the spectral-line intensity
ratio, from which it is possible to reconstruct, with
the aid of the procedure proposed in this paper, the dis-
tribution of the electron density. In particular, in the
case of a laser plasma, a crystal joined with slit-type
camera obscura can be used for this purpose in the 3-
15 A range, as well as various methods of obtaining
monochromatic images with the aid of flat and bent
crystals and gratings,'?*-%%
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Instability of coherent propagation of light pulses in
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We show that the standard form of 27 pulses (short and relatively powerful light pulses propagating in
resonantly absorbing media without loss) is unstable with respect to transverse perturbations. A transverse
structure develops when the pulse traverses a distance of the order of its length L in the medium. The
characteristic scale length of the transverse structure arising is ~(AL)'/%, where A is the wavelength of the

light.

PACS numbers: 42.10.Mg

1. McCall and Hahn!!? showed experimentally and
theoretically that a short light pulse with a sufficiently
large energy can propagate in a resonantly absorbing
medium without loss and retaining its shape (27 pulse).
Subsequently this effect has been widely studied both
theoretically and experimentally (see, for instance, the
surveys by Poluéktov et al.(?!), Theoretically one
usually considers the propagation of one-dimensional
pulses which extend to infinity in the transverse direc-
tion. The evolution of the transverse structure of a 27
pulse connected with its transverse dimension being
finite has been studied numerically (see, e.g.,!*"4), In
particular it was noted in'®*4 that a 27 pulse has a ten-
dency for self-focusing. The problem of the evolution
of a three-dimensional coherent light pulse is compli-
cated for a complete analytical study. However, one
can obtain a number of important conclusions by study-
ing the stability of a one-dimensional 27 pulse with re-
spect to transverse perturbations. The present paper
is devoted to the solution of that problem.

2. To simplify the exposition we restrict ourselves
to the two-level model of a medium without degeneracy,
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neglecting inhomogeneous broadening. In that case the
reduced equations for the field E, the polarization P of
the particles in the medium, and the difference = in the
populations of the lower and upper levels have the form

0E,  n OE, 1_, 2nNo
L e X S —— P,
9z ¢ Ot +2k i n
0E, m O0E, 1 _,  2aNo (1a)
—— ;.E|= Pz,
dz c 0t 2k
apr, p? P, w an 1
—=—En, —=—=-—FEn —=——(EP-EP).
P ST B o 7 Eb ) (1v)
Here

E=E, cos (ot—kx)+E,sin (ot—kz),
P=P, sin (ot—kz)+P, cos (at—kx),

7 is the non-resonance refractive index, N the number
of resonant particles, and u the transition dipole mo-
ment., We assume that the light frequency is the same
as the resonance frequency of the medium. Equations
(1) have a well known stationary solutiont!! in the form
of a one-dimensional soliton (27 pulse):
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