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Spectroscopy of atomic hydrogen in dense plasmas in the presence of dynamic fields:
Intra-Stark spectroscopy
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The Lyman-a profile of hydrogen was studied in a gas-linear pinch, the plasma parameters of which
were determined by Thomson scattering. The profiles displayed pronounced first- and second-order
dips. The theory of dips in profiles of hydrogenlike spectral lines in plasmas containing quasimono-
chromatic electric fields, e.g. , plasma waves or microwaves, is therefore further developed for high-
density plasmas. The central point is the allowance of a spatial nonuniformity of the ion microfield that
becomes more important with increasing density. Three qualitatively new features of the "dip" efFect
arise: (1) a significant shift of the dip positions (mostly to the blue side), (2) an appearance of dips in.
profiles of the central Stark components, and (3) an appearance of higher-order dips due to multiquan-
tum resonances (between plasma waves and quasistatic Stark splitting). The measured blueshifts of the
first- and the second-order dips are in fairly good agreement with the predictions of the present theory.
This shift is much larger than the shift of the spectral line as a whole. The amplitude of the plasma
waves as estimated from the measured half-widths of the dips was of the order of 2 MV/cm.

PACS number(s): 32.70.3z, 52.70.Kz, 52.25.Rv

I. INTRODUCTION

The term "intra-Stark spectroscopy" is used to de-
scribe a set of resonant phenomena in spectral line
profiles that becomes eftective when a radiating atom
(or ion) interacts simultaneously with a static electric
field F and a quasimono chromatic electric field
E(t)=g E cos(cot+cp, ). The static (or, more precisely,
quasistatic) electric field F represents low-frequency plas-
ma turbulence and/or ion microfields. It is characterized
by some field-strength distribution 8'(F) which refiects
the fact that each radiator in a plasma experiences its
"individual" quasistatic field F. So in the absence of a
quasimonochromatic electric field one observes a smooth
quasistatic profile of a line corresponding to a smooth
change in F from one radiator to another. The quasi-
monochromatic electric field E may represent Langmuir
oscillations at a frequency co = co~ = (4vre N, /m, )

'

where N, is the electron density, or some other (e.g. ,
lower-hybrid) waves developed in the plasma in such a
way that their characteristic frequency m is much greater
than a characterstic width 5co of their frequency band.
The quasimonochromatic electric field may represent as
well some laser or microwave radiation at a frequency
co) co, which penetrates into the plasma from the out-
side or is generated within the plasma. In any case, it is
essential that in the presence of such fields some local
peculiarities arise within the quasistatic Stark profile:
dips or depressions at definite separations Ak 'P from the
line center A,o.

The theory of the dip efFect was developed in a set of
papers [1—4], the last one containing the most detailed
and up-to-date description. Therefore, we need not
reproduce here the main theoretical points. It is only

worthwhile mentioning that intra-Stark spectroscopy has
some restricted physical analogy with the well-known
intra-Doppler spectroscopy. In the latter, nonlinear op-
tics phenomena manifest themselves as local peculiarities
within a Doppler profile of a spectral line. A distinctive
feature of intra-Stark spectroscopy is that one is dealing
with a nonlinear dynamic-resonance eA'ect of essentially
multifrequency nature although the applied dynamic
electric field is quasimonochromatic [3,4].

In various plasma experiments [1,2,5 —7] dips or
depressions in hydrogen spectral line profiles were reli-
ably identified with theoretically predicted ones and were
successfully used for the measurement of parameters of
quasimonochromatic electric fields and of plasma s.
Moreover in some other experiments [8—10] in which fine
details of hydrogen or hydrogenlike line profiles were not
analyzed by their authors, observed peculiarities could be
also identified with theoretically predicted dips, as was
pointed out in Refs. [1,11,12].

In some of these experiments [5—7, 10], the electron
density was very high: N, ~ 10' cm . At such densi-
ties, the electric field of thermally excited longitudinal
plasma waves, E'"=[T/(e~rD )]'~, already reaches
~ 10% of the mean ion microfield (,F ) =8.8eN, ~ as was
pointed out in Ref. [5] with a numerical example of
E'"=0.11 MV/cm and (F)= 1.3 MV/cm for N, =10'
cm and T, =T; =10 eV. This means that a relatively
small increase of wave fields over the thermal level (which
would not be a surprise for pulsed discharges) could lead
to quasimonochromatic fields of the order of or greater
than the mean ion microfield.

Even more important is another distinct feature of
high-density plasmas. In the preceding theoretical calcu-
lations [1—4] the quasistatic electric field was considered
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to be uniform. Let us assume now that the low-frequency
plasma turbulence is absent or has a characteristic field
strength F,„,b «8.8eN, , so that the quasistatic field is
represented mainly by the ion microfield. In high-density
plasmas the spatial nonuniformity of the microfield be-
comes essential. This means that a dipole approximation
is no longer sufhcient for describing the interaction of a
radiator with the perturbing ions, and higher multipoles
(at least a quadrupole term) have to be taken into ac-
count.

In the following, therefore, we develop first the theory
of the dip e6'ect for dense plasmas. Three qualitatively
new features appear at high densities: (1) a significant
shift of the dip positions (mostly to the blue wing), (2)
dips in the profile of the central Stark components, and
(3) multiple-quantum-resonance dips. The experimental
investigations of the Lyman-u profile of hydrogen as em-
itted by a gas-liner pinch are dealt with in Sec. III to be
followed by a discussion of the results and conclusions in
Sec IV.

II. THEORY OF THE DIP EFFECT
FOR HIGH DENSITY PI.ASMAS

In the dipole approximation under the action of the
electric field F, the levels of a radiator with principal
quantum numbers n and n' split into (2n —1) and
(2n' —1) equidistant Stark sublevels separated from each
other (in frequency units) by co+(n) =3nfiF/2Z„m, e and
coF(n '), correspondingly. The ensemble of radiators
yields some distribution W(F) of the absolute values of F.
If the quasistatic Stark splitting of the upper level co~, (n)
satisfies the condition of resonance with the mono-
chromatic field for some groups of radiators at the elec-
tric field F*,we may write

3nir2F /2Z„m, e =kco, (2)

where k=1,2, 3, . . . is the number of quanta of the field
involved in the resonance. Because of this resonance, lo-
cal peculiarities (dips or depressions) appear in the quasi-
static profile I &(b,to) of each lateral Stark component [4]
a=(n q m) ~=(n q m ) q=ni n2 and q'=ni n2
where n i, n 2, m and n &, n 2, m ' are the parabolic quantum
numbers of the upper and lower Stark sublevels, respec-
tively. The positions of these dips b,co 'i'(k) are given by a
simple relation [4]:

(i) We consider a radiative transition between levels of
principal quantum numbers n and n' & n of a hydrogen-
like ion with a nuclear charge Z„ in a quasistatic electric
field F and in a single mode Eocoscot of a quasimono-
chromatic field. The results can be easily extended to the
case of multimode fields E=g E cos(cot+q& ). It is
sufhcient to average the corresponding results for the
single-mode case over a Rayleigh distribution Wii (EO, E )

of the amplitudes Eo, where

Wii(EO, E)=(EO/E )exp[ —Eo/(2E )],
E — '

g E2 /2 1/2
J

bco ' (k)=3(nq —n'q')iitF*/2Z„m, e

=n '(nq n—'q')ken . (3)

6'+ =6ar +6b+r (4)

where

r —=R/Ro, Ro ——(3Z /42rN, )'

5a =(2Z„m, RO) '3nfiZ

5b = —(Z m e R ) '3Z fi n (2q+1),
and where it was taken into account that the sublevel
a+ 1 has an electric quantum number q + 1

In the case of a resonance of the oscillating field with
Stark sublevels u, a+ 1, we have [instead of (2)]

6ar +6b+r =ko) .

Then the position of dips b,co '+i'(k) in the profile I &(b co)
of the same lateral Stark component is [instead of (2)]

b,co '+~(k) =n '(nq n'q')kco—

+2'i (27n Z Z co, )
' (ken) u+ (7)

For some other group of radiators, the quasistatic
Stark splitting of the lower level coF, (n') may also satisfy
a condition analogous to Eq. (2), which leads to the ap-
pearance of a second set of dips in the profile I p(hco) at
the corresponding positions b,coP(k) [4].

It should be emphasized that for relatively weak oscil-
lating fields Eo «F* (say, Eo/F* & 10 ') only the
"first-order dips" arising from one-quantum resonances
(k =1) can be observed [4]. As a consequence, only two
dips [at b,co

' (1) and bm&' (1)] will appear in the profile
of each lateral Stark component. Naturally, for Lyman
lines there is only one dip in the profile of each lateral
Stark component [at b,co 'i'(1) ] since the lower level
(n'=1) has no quasistatic Stark splitting.

(ii) We now consider this eff'ect in a high-density plas-
ma and assume that low-frequency plasma turbulence is
absent or its characteristic field strength F,„,b is
suSciently low, i.e., F,„,b «F*. In this case the quasi-
static fields involved in the resonances are caused mainly
by the ion microfield. For dense plasmas one has to allow
for a spatial nonuniformity of the ion microfield.

We include, therefore, into our considerations the
quadrupole interaction of the radiator with the perturb-
ing ions and treat the situation in the binary approxima-
tion in which only the nearest-neighbor perturber is tak-
en into account. We point out that for lines from highly
excited levels (n ))1) the influence of the ion microfield
nonuniformity on dips might become essential already at
lower densities. For this case, one can easily generalize
the following results using a multiparticle description of
the radiator-perturber quadrupole interaction in a way
similar to Ref. [13],where such an approach was used for
an investigation of the asymmetry of spectral lines.

Under the action of a perturbing ion (having a charge
Z ) at a distance R, the separation 5'+ between the
neighboring Stark sublevels a and a+1 (see Fig. 1) may
be expressed by (in frequency units) [14]



8340 E. A. OKS, ST. BODDEKER, AND H.-J. KUNZE

u+ =n—2(n~ —6q —1)+6n(2q+1)(nq n—'q')

—4. $4X lO $

(ni, is the so-called "atomic frequency").
A separation Ace, between Stark sublevels a and a —l

(see Fig. 1) differs from Aco (in distinction from the pure
dipole approximation):

Ace =5ar +6b r

—:—(Z„m, e Ro) '3Z R n (2q —1) .

Therefore the oscillating field resonates with sublevels
Q. , a —1 at some other value of a reduced perturber-
radiator distance r. This leads to the appearance of an
additional set of dips in the profile I &(b,cu) at the posi-
tions

Ani 'i'(k) =n '(nq n'q')k—co

Thus for a fixed number k of field quanta involved in a
resonance, a "doublet dip" arises in the vicinity of the
point bco ' (k)=n '(nq n—'q')ken in the profile I &(Aco)
of a l'ateral Stark component instead of a single dip. Both
dips are significantly shifted (for most of the Stark com-
ponents, the shift is to the blue wing).

Analogous qualitative changes occur in the vicinity of
the points b,co&' (k)=n' '(nq —n'q') kco in the profile
I &(Aco) of the same lateral Stark component where dips
due to a resonance of the oscillating field with a quasistat-
ic Stark splitting of the lower multiplet would be located.
Instead of this, now for each fixed number k two dips
arise at the positions b,coP(k) and b,coIi"' (k):

b.coping(k) =(n') '(nq n'q')—ken

+2' [27(n')'Z Z co ]
' (ken)' u p*, (12)

where

u& =n (n 6q——I)+6n'(2q'+1)(nq n'q')—
+2' '-(27n Z Z co )

' (ken) u (10) (13)

where

= n 2(n 2 —6q —1 )+6n (2q —1)(nq —n 'q')

—(n') [(n') —6(q') —1] .

(iii) We now consider consequences of the same reso-
nances between a quasimonochromatic field and sublevels
n, ++1 of the upper multiplet for the case in which the
radiative transiton a~P corresponds to a central Stark
component of a spectral line. If a quadrupole perturber-
radiator interaction were not taken into account, then the
central component would be emitted at the position
Aco=O for all values r of a reduced perturber-radiator
separation including the resonance value
r*=(kni) ' 5a. In this dipole approximation, perturb-
ing ions do not produce so-called "inhomogeneous" Stark
broadening in the vicinity of 5co=O—nor if they are qua-
sistatic or impact —and without inhomogeneous Stark
broadening dips are not observable.

If we include a quadrupole perturber-radiator interac-
tion, then at least in the wings of a central component
perturbing ions can produce quasistatic (and, consequent-
ly, inhomogeneous) Stark broadening for dense plasmas,
and resonances of the type (6) now lead to the appearance
of dips in the profile I &(5co) of the central Stark com-
ponent at the positions

b, co' 'i'(k) =(b b)r-
=2' (27n Z Z co )

' (ken) u

where

u, —= n2(n~ —6q —1)—(n') [(n') —6(q') —1] .

3 —1

FIG. l. Scheme of quasistatic Stark splitting of upper and
lower levels in the ion Inicrofield without (dashed lines) and
with (solid lines) allowance for its nonuniformity. The radiative
transition a~P is indicated by an arrow.

Analogously due to resonances between the quasi-
monochromatic electric field and sublevels P,P+1 of the
lower multiplet, another set of dips are in the profile
I &(b,ni) of the same central Stark component at the posi-
tions

bco' 'i'(k)=[27(n') Z Z co ] ' 2' (kco)' u (16)

Thus, for each fixed number k of quanta, involved in a
resonance, a "doublet dip" arises in the central Stark
component profile I &(b,co) as well as in the lateral Stark
components. For central components this pair of dips is
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FIG. 2. Calculated positions of first-order dips in hydrogen
lines profiles with allowance for a nonuniformity of the ion
microfield (solid lines above abscissa axis). Dip positions
without allowance for a nonuniformity of the ion microfield are
shown by dashed lines below the abscissa with numbers indicat-
ing the separation of a dip from the unperturbed wavelength A,o
in units A,„=cack,o/2m. c, where co is the frequency of a mono-
chromatic electric field. The same numbers above the abscissa
are used simply as labels which allow us to follow the
correspondence between dip positions including the ion quadru-
pole shift and dip positions (below abscissa) without this shift.
Positions of dips in the profile of the central Stark component
are labeled c. (a) H line with co=5.6X10' s ' (or %, =10'
cm, if ad=co ), dips in the far wings ~hA,

'
/A,

~

& —are not
shown: (b) L~ line with co=8.9X10' s ' {or %, =2.5X10'"
cm ', if co=co ).

always located in the blue wing.
(iv) Figure 2(a) shows H as an example: a theoretical

pattern of shifted and doublet dips for the case of a rela-
tively weak field (Eo/E'(10 ') is displayed in which
only first-order dips (k =1) are present. Dips in the far
wings ~b, A.

' /A,
~

~ —', are not shown since they should be
less pronounced (here and below Ii=,co—ko/2, nc, w. here A,o
is the unperturbed wavelength of the spectral line).

It is interesting to compare these theoretical predic-
tions with depressions in the experimental profile of the
H line obtained from a z-pinch discharge [5] (see Fig. 3).
However, prior to any comparison with an experiment
the question has to be addressed, from which "zero"
point in a line profile the positions of the dips have to be
taken since in dense plasmas a line profile as a whole ex-
periences a shift Ai, ,h. For neutral radiators, this total
shift consists of a shift hA, ,'h' produced by electrons
[15,16] and of a quadrupole shift b,kIh' produced by ions
[13], the efFect of changing matrix elements and hence
changing intensities of the individual Stark components
being included. The latter effect has the same origin as
the shift of the dip positions and was therefore included
into the resulting formulas (9), (10), (12), and (14). The
electron shift AA, ,'h', on the other hand, has to be taken
into account in addition. In other words, dip positions
must be read not from an unperturbed wavelength of a
spectral line but from the point AA, ,'h'. For the case of the
H profile of Ref. [5], this position corresponds to the ex-

1.0—
max. compression

C3
0.5-

60 00
( I

6500 6600

Wa velength (A)

l

6700

FICr. 3. Experimental profile of the II line from Ref [5].
The profile was recorded at the time of maximum compression
of a z pinch i.e., for N, =2X10' cm and T, =4 eV. Vertical
lines indicate the theoretically expected positions of dips calcu-
lated with allowance for a nonuniformity of the ion microfield
according to the present paper. c denotes the expected positions
of dips in the profile of the central Stark component.

5A.(k) =(3' )
' 2(kco) A. /2vrc . (17)

For the case of co=a~~, Eq. (17) may be written as,

5A, (A)-5 97X10 ' k N,

N, is in cm . The theoretical pattern of first-order dips
(k = 1) in the profile is shown in Fig. 2(b).

Dips of higher order (k ) 1) were not observed experi-
mentally Up to now. Even if the necessary condition
Eo/I' ) 10 is fulfilled, it is very diKcult to identify reli-
ably higher-order dips since for most hydrogenlike spec-

perimentally observed shift, since theoretical calculations
[17] show that the ion quadrupole shift is smaller than
the electron shift by an order of magnitude and hence
may be neglected. AA, =9 A was observed for
N, =2X 10' cm

The resulting theoretical positions of dips in the H
profile are shown in Fig. 3 for co-=co, where co is the
plasma frequency. There is a rather good agreement be-
tween the positions of experimentally observed depres-
sions and theoretically calculated dips. It is worthwhile
emphasizing that the discussed experimental H profile
[5] seems to be the first in which the central component
dips can be identified.

The simplest hydrogenlike line is Lyman-o. . Naturally,
the profile of L has also the simplest theoretical pattern
of dips. For a fixed number k of quanta involved in a res-
onance one might observe three dips in the L profile:
one dip in the profile of each Stark component (including
the central component). All these dips of kth order are
shifted to the blue side (compared to the points
b, A. = —k A. , O, + kA.„)by the same value of M.(k),
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tral lines the theoretical dip pattern is rather complicat-
ed, and dips of difI'erent orders may be partially superim-
posed. From a theoretical point of view the best choice
for an observation of higher-order dips is indeed the
Lyman-o. line.

III. EXPERIMENT

The investigation of the Lymann-cz line of hydrogen
was carried out employing the gas-liner pinch that has
been described previously in the literature [18—20]. The
gas-liner pinch acts as a modified z-pinch with a special
gas inlet system. Two fast electromagnetic valves inject
the so-called driver gas concentrically along the pinch
wall and the test gas, whose spectral lines should be in-
vestigated, along the z axis into the vacuum vessel. After
preionization and initiation of the main discharge the
driver gas is accelerated into the center of the discharge
chamber to form the plasma. The plasma parameters are
nearly independent on the kind of test gas species because
its amount is less than l%%uo of the driver gas. To prevent
cooler outer layers of the test gas, the test gas is injected
as late as possible. The plasma diameter is about 1.5 cm.
The diameter of the discharge electrodes is 18 cm; their
distance is 5 cm. The experimental settings are shown in
Fig. 4.

For our investigations of L from hydrogen, both
valves were filled with hydrogen. The main capacitor
bank stored an energy of 3.5 kJ and the energy for
preionization was about 10 J. The implosion time was
3.0 ps and the decay-time duration was 4.0 ps. The max-
imum electron density was 2.9X 10' cm and the max-
imum electron temperature kT, was 12.5 eV.

We redetermined the plasma parameters by coherent
Thomson scattering as used in earlier studies [21]. The
detector system consisted of a 1-m monochromator

(SPEX No. 1704 with a 1200 lines/mm grating blazed at
5000 A) and of an optical-multichannel-analyzer system
(Spectrosccopy Instruments model IRY-700G) at the exit
slit with 700 sensitive channels. The reciprocal disper-
sion of this system was 0.2 A/ channel; the FWHM of
the apparatus profile was 0.7 A.

The observation system in the vacuum-uv region con-
sisted of a 1-rn normal-incidence spectrometer (McPher-
son model 225) with a concave grating of 1200 lines/mm,
blazed at 1200 A. The entrance slit was 25 pm. The exit
slit was replaced by a CsI-coated microchannel plate of
chevron type (Galileo model CEMA 3025). The visible
light of the attached P20 phosphor screen was recorded
with a second OMA system (EG&G model 1420). The
total reciprocal dispersion for this system was 0.209
A/channel. In first order the FWHM of the apparatus
profile was 1.7 A.

The exposure time was 30 ns and was determined by an
approximately rectangular pulse to the MCP; this pulse
was coupled with the triggering of the laser, and in this
way the density measurement was at the same time as the
spectroscopic observation. To suppress impurity lines in
higher spectral order, especially lines from oxygen, a
MgF2 filter was mounted between pinch and vacuum-uv
system, cutting oF radiation below 1100 A [21].

A comparison of spectra taken with and without this
filter showed that indeed all oxygen lines in second order
were removed from the L profile.

The radiation of the plasma column was monitored at
5200 A by an —,'-m monochromator equipped with a RCA
1P28 photomultiplier; this monitor showed the reprodu-
cibility of the discharge and the time between maximum
compression and observation.

For high-density and low-temperature plasmas
(N, ~ 2.9 X 10' cm, kT, ~ 12.5 eV), we measured
simultaneously the line shape of the Stark broadened L

1-a Nonochr oaator
with CN% II
Detector Rrraq

1/%~ Nonochroaator
~ I th Photoaul t I pl I er

1ll Iaaglne Optics
vi th Polar I zer andl Red Filter~gL

L

Laser Noni tor Rube Laser

vuv Nonochr oaator
1-a noraal incl den

NF& Fi lter
~ 1.0 aw

tCP and Q% II
Detector Rrraq

Nl rr or
f ~ '%50 am

FIG. 4. Experimental setup. The diagnostic equipment consists of a ruby laser and three monochromators, two equipped with an
OMA system. The positions of a photomultiplier and the laser monitor are also shown.
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FIG. 5. Comparison of the experimental and the theoretical positions of dips in the L line profiles caused by a joint action of the
dynamic electric field {Langmuir waves) and the quasistatic ion microfield. The spectra were taken 110 ns {top) and 200 ns (bottom)
after maximum compression. Electron densities obtained by coherent Thomson scattering are also pointed out. Positions of first-
and second-order dips, respectively, calculated according to the present theory, are denoted by the pairs of vertical solid lines con-
nected by a dashed line.

line of hydrogen and the scattered light from coherent
Thomson scattering to determine the density and the
temperature of our plasma. Figure 5 shows two line
profiles that were taken (a) 110 ns and (b) 200 ns after
maximum compression. As predicted by theory, all

profiles show dips; they are marked. For the analysis of

the dip positions, the spectra were evaluated with higher
precision than in the picture by simply extending the
wavelength scale and viewing the respective part of the
line pro6le. Figure 6 shows such a part of a line profile.
The identification of dips posed no problem in most cases
when looking for a pair or even two consistent pairs of

M

2 202
A

FIG. 6. Part of the line profile showing the dip and two adjacent bumps.
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FIG. 7. Electron densities calculated from the separation of
pairs of the first-order dips vs the electron density obtained by
coherent Thomson scattering.

dips. Furthermore, dip positions have to change con-
sistently during the discharge; impurity lines are at fixed
wavelength positions in the quiescent phase of the plasca

ma.
Figures 7 and 8 display the density derived from the

separation of pairs of dips (assuming co—=co ) against the
density taken from Thomson scattering. This evaluation
eliminates uncertainties of the line center caused by un-

certainties of the shifts. Higher than secord-order dips
are not evaluated, because of impurity lines at their pre-
dicted positions and because of lower intensities at the
line wings, both causing large uncertainties in finding the
dips. Both figures show good agreement between the in-
dependently obtained densities over the whole range of
measured density. In Fig. 9 one can see that the second-
order dips are as reliable as the first-order dips for a
determination of the electron density. The scatter of the
data points around the solid line reAects the uncertainty
of each dip position, which corresponds to +2 pixels, and
a 10% uncertainty in the density from coherent Thomson
scattering, respectively.

The structures on the L, line are on both sides of the
profile; they consist of dips of first and second order,
every dip being accompanied by two bumps on each side
of the dip. For lower electron densities and hence small
Stark width the lower bumps from first-order dips are su-
perposed with the upper bumps from second-order dips,
so that there is only one bump instead of two.

Using again pairs of dips, we determined the shift of
the dips once taking the position of the self-absorption
dip as a reference position, and a second time from an ab-
solute wavelength scale, which was derived from the posi-
tion of impurity lines; we used the N v lines at 1238.82
and 1242.86 A, and the C III multiplet at about 1175 A
( P P). Bot—h give shifts which are consistent with the
predictions. Figures 10 and 11 illustrate the results of the
shift relative to the self-absorption dip.

At low densities the deviation is caused by the limited
resolution of the vaccum-uv instrument; the shift is only
about one and a half times the resolution per channel. At
high densities the deviation is caused by the uncertainty
of the absolute wavelength scale due to uncertainties in
the determination of the peaks of the impurity lines; be-

3.0pp), I I I I I I I I I I I I I I I I I I I I I I I
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C)
I

Cl

3.0

1.5
CO

1.5

1.0
Ctl 1.0

0.5
I-
Lai

LLI

O, O 0.5 1.0 1.5 2.5

coao ocoono oaa ~ caoara oco roo &&o'o

3.0 CJ
Lal

LaJ 0.0 0.5 1.0 1.5 2.0 2.5 3.0

FIG. 8. Electron densities calculated from the separation of
pairs of second-order dips vs the electron density obtained by
coherent Thomson scattering.
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FIGa 9. Comparison of electron densities obtained from the
first- and second-order dips.
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curve shows the shift calculated according to the present theory.

cause of their low intensity the real line center was not al-
ways easy to fix. To prevent any inAuence of the impuri-
ties on the plasma parameters and on the line shape, we
kept their concentration low.

When analyzing the shift against the dip of self-
absorption caused by hydrogen atoms in a cold boundary,
corrections are necessary because of the possible
inhuence of a central dip. It might also be accompanied
by two bumps and would be shifted, so that the deepest
point in the line profile may not mark the unperturbed
line center. The central part of the line profile has been

formed by a cold outer layer of the plasma column with a
different electron density and electron temperature.
However, the central part does not inhuence the present
results which were obtained from the line wings
sufficiently away from the line center.

It can be seen that the theory describes the experimen-
tal findings qualitatively and within the experimental er-
rors also quantitatively. With higher resolution in the
vacuum-uv region the shifts could be determined more
exactly.
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FIG. 11. The same as Fig. 10 but for the second-order dips.
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IV. DISCUSSION AND CONCLUSIONS

Eo ( V/cm) = 1.3 X 10 b, A, , g~ (21)

with hA, , ')~ in units of A.
For a characteristic experimental value b, A, , 'fan=1. 5 A,

this equation yields E0 =2 MV/cm. Thus we obtain a ra-
tio E0/E*=—0.5 which is sufFiciently high to explain the
appearance of second-order dips in the profiles of the
present experiment.

It is instructive to compare characteristic values of the
shift of the dips with characteristic values of the shift of
the spectral line as a whole. For neutral radiators the
latter consists of the shift AA, ,'h' produced by electrons
[15,16] and of a quadrupole shift hA. 'J,' produced by ions
[13,17] (as was already mentioned). For higher tempera-
tures, we estimate from Ref. [15]

(h) =7.5 X10-20

For N, =2.5X10' cm, formula (22) gives a redshift
hA, ,'i", =0.2 A. It should be emphasized that for high-

The analysis of the entire set of data from the present
experiment confirms the theoretical predictions for dips
in spectral line profiles both qualitatively and quantita-
tively for high-density plasmas. The fact that dips in the
central component profile were not observed (in distinc-
tion from our analysis of the experimental H profile
displayed in Ref. [5]) has the following explanation: for
most perturbing ions, the condition of local quasistaticity
of the L central component profile at the dip position is
not satisfied in the present experiment.

A rather good agreement of the "shifted-dips" theory
with the experiments means, in particular, that the condi-
tion F,„,b «F* is indeed fulfilled. For our case of
co =—co, a practical formual for F* has the form

F*(V/cm) =2.34X 10 (19)

For &, =2.5X10' cm, we obtain F =3.7 MV/cm.
(Note that at this density, a "resonance" value F* of the
ion microfield is more than five times larger than the
Holtsmark normal field strength, F~ =2.60elV, =0.7
MV/cm. ) Thus, low-frequency turbulent fields were ei-
ther not developed in the present experiment or had
strengths E0 « 4 MV/cm.

For some of the experimental L profiles, the entire
structure in the vicinity of the first-order dips is
sufficiently resolved (see Fig. 6) that it is possible to deter-
mine experimentally a half-width M, &'gz of a dip (or an
equal value of a distance between the dip minimum and
the nearest bump): this allows us to estimate an ampli-
tude E0 of the quasimonochromatic field according to the
following general formula for a half-width of a first-order
dip [4]:

hA, , gz=( —', )'~ A,on AEo/8vrm, ec,
where the field is assumed to have an isotropic distribu-
tion (over an ensemble of radiators). For the Lyman-a
line (n =2), the corresponding practical formula has the
form

density plasmas (N, ~ 10' cm ) the electron-produced
shift AX,'h' should be calculated with allowance for huge
microfields F~1 MV/cm produced by the ions. This
field mixes the degenerated states of a radiator (in terms
of spherical quantization states used by Griem [15,17]),
and this reduces the value of hX,'h' as was shown in Ref.
[23]. Furthermore, the main contribution to the shift is
caused by hnAO collisions and can be produced only by
those electrons whose inhuence on the radiating atom
may be described in the impact approximation. Since for
an essential part of broad line wings (corresponding to
large ion microfields) the impact approximation for the
electron fails —partially for near wings and completely
for far wings —the true electron-produced shift
should be further reduced compared to the calculations
of Griem (Refs. [15] and [17]). Thus, the electron-
produced shift is several times smaller than the shift of
the first-order dip positions M, (1)=0.38 A and one order
of magnitude smaller than the shift of the second-order
dip positions M, (2)=1.06 A in the L profile at our den-
sity [see Eq. (17)].

The ion quadrupole shift AA, ,'h' of the L line as a whole
is of the same order as the ion quadrupole shift of
its central component Ak,'h', . The latter may be well
estimated by the binary approximation formula

2[e /(Pic)]A, oa—oN, (ao is the Bohr radius), or
from Ref. [17]we deduce

bA, "(A)=—(1—2)X10 N, . (23)

For %, =2.5 X 10' cm, we obtain AA, ,'h', = —4 X 10
A. This value is about 10 and 25 times smaller than the
(ion quadrupole) shifts of the first- and the second-order
dip positions in the L profile, at this density, respective-
ly.

Thus we arrive at the following conclusions. The dip
effect in hydrogenlike line profiles acquires qualitatively
new features in high-density plasmas due to the rising
role of a spatial nonuniformity of the ion microfield.
First, we have recorded a significant blueshift of dip posi-
tions compared to their positions calculated previously
[1—4] in the dipole approximation. This shift is in good
agreement with the predictions of the theory developed in
the present paper, which takes into account a quadrupole
contribution to a perturber-radiator interaction. It
should be especially emphasized that the shift of the dip
positions is much greater than the shifts of the spectral
line as a whole [13—18] so that the former is a much more
easily and reliably observable effect.

Second, an essential part of the profile of central Stark
components is dominated by ion quasistatic broadening
(through a quadrupole interaction). In this quasistatic
part of the central component, profile dips may also be
formed. The higher the principal quantum number of an
upper level n is, the more favorable are conditions for ob-
serving such "central" dips although central components
become relatively weaker for higher n. Our analysis of
the experimental H profile from Ref. [5) clearly reveals
the presence of the central dips. (In the L profiles from
the present experiment, central dips are not so pro-
nounced since only corresponding bumps" surrounding
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central dips are located in the quasistatic part of the cen-
tral component pro61e; in addition, central dips them-
selves are suppressed by self-absorption).

Third, the higher the density, the greater the ratio
Eo/F' can be of a quasimonochromatic field and a reso-
nance value of a quasistatic electric Geld. Therefore,
rnultiquantum-resonance dips may become observable
just as was the case for the two quantum resonance dips
in our experiment.

Finally, the experimental determination of the dis-
tances between the dips or between the dips and the line
center represents an easy and precise method for measur-
ing the frequency of a quasimonochromatic field in a
dense plasma. In particular, if the Beld corresponds to
Langmuir waves, one has an additional method for the
measurement of high electron densities N, . The purity of

the plasma must be high to prevent false interpretations
of peculiarities in the profiles which are caused by impur-
ity lines. The experimental determination of a dip half-
width allows an estimate of the amplitude of the quasi-
monochromatic field as well.

Note added in proof T.he idea of a resonant-type res-
tructuring of spectral lines of a hydrogen atom subjected
simultaneously to a static and a high-frequency field has
been approached first by a numerical calculation [23].
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