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The profiles of ths Balmer lines emitted in a laser-produced plasma by the ions B** to F®* have been
observed. For tk Balmer-a line the fine-structure components are broadened and partially merged by the
Stark effect, fie thermal Doppler broadening, and the motional Doppler shift. To these lines a simplified
model for in expanding plasma, used previously for the analysis of the Lyman lines of the same ions, has
been apgied. The results are in very good agreement with the observations, showing the overall validity of
the intepretation. The various broadening mechanisms have been unfolded and in particular for the range of
electon densities considered here a transition between the weak- and strong-field approximations for the

Stirk broadening is evident.

I. INTRODUCTION

In laser-produced plasmas lines emitted by high-
ly ionized atoms due to the high density, high tem-
perature, expansion, or imploding velocities are
often very broadened and sometime self-absorbed.!
The analysis of such effects and the correlation
with the plasma parameters can be used for diag-
nosis even of such highly energetic plasmas as
thermonuclear imploding pellets.

We have up to now extensively studied'™ the
broadening and self-absorption of the Lyman lines
emitted by H-like ions in the elements beryllium
to oxygen in plasmas produced at moderate irra-
diation =10'2 W ¢m™2 on plane targets. The role of
the Stark and thermal Doppler broadening, and
Doppler shift was evaluated assuming a simplified
model for the expanding plasma.

The observed asymmetrical self-reversed pro-
files especially of the Lo lines were well explained.
We report here observations and relevant interpre-
tations on the Balmer lines for the same ions. The
Balmer lines (Ha, HB, Hy) arise from the same lev-
els as the Lyman lines and are affected, but in a
different way, by the same broadening mechan-
isms. In particular for the range of density, tem-
perature, and ionization stages (B** to F®*) exam-
ined in the present experiment the Ha line shows
a transition between a broadened single line to a
doublet exhibiting fine-structure separation. This
is connected with a progressive weakening of the
broadening causes and in particular we have ob-
served in Ha the transition in the Stark effect be-
tween strong- and weak-field conditions.® The lat-
ter case has up to now been poorly studied for
highly ionized ions due mainly to the difficulty of
producing conditions typical of weak field for such
ions and to the theoretical difficulty of calculations
in intermediate size fields. We have tried to show
the importance of the various components to the
broadening of the Balmer lines and have analyzed
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the possibility of diagnostic application in laser-
produced plasmas.

II. EXPERIMENT AND OBSERVATIONS

The experimental setup used in the present ex-
periment has been fully described previously, 2
Briefly, and with reference to Fig. 1, the plasma
produced by focusing a 10-J, 10-nsec ruby laser
pulse with an f/1 aspherical lens on a plane solid
target has been observed side-on (along the z axis)
with respect to the target normal (v axis) with a
grazing incidence spectrograph equipped with a 2-
m radius, 600 lines/mm grating. Spatial resolu-
tion in the y direction was provided by inserting in
the grazing incidence spectrograph a crossed slit
halfway between the entrance slit and the grating.
Such additional slit acting like a pinhole! provides
that any given point of the detector receives radia-
tion by an element of plasma of about 100 X 100
pm2  The angle of incidence on the grating was
chosen at 86° in order to minimize higher-order
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FIG. 1. Geometrical model of the plasma. The plas-
ma is formed at the surface of the target and is ex-

panding towards the vacuum; v, is the component of the
expanding velocity towards the observer.
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INTENSITY
(10" erg sec'cm? si' A')

FIG. 2. Profiles of the
line Ha for Bv vs distance
y from the target in ab-
solute units of intensity.

Solid curves: experi-
mental profiles; dashed
curves: profiles calcul-
ated with a simplified mo-
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contributions from the Lyman lines and recombin-
ation continua of the same ions. The spectra were
recorded on photographic plates (Kodak 101-05)
and the latter analyzed with a computer controlled
microdensitometer. Relative and absolute calibra-
tion was achieved by comparison with the same
spectrograph working at 88° and previously cali-
brated.! The materials used as target were boron
nitride (to observe the elements B, N), polyethy-
lene (C), boron trioxide (0), and lithium fluoride
(F).

The profiles of the Ha lines of the ions from B**
(BV in spectroscopic notation) to F®* (FIX) are
shown as solid lines in Figs. 2-6 for various dis-

LA INTENSITY
(108 erg sec'cm?sr! A)

A=262.4A

del of the plasma and
solving the radiative trans-
fer equation. The calcul-
ated curves are normal-

BV ized to the experimental

ones with the normaliz-
ing factors K shown.

tances from the target position (y axis of Fig. 1).
It is evident that the profiles of the Ha lines show
a splitting of nearly the value of the fine structure,
i.e., 0.14 A, constant for all ions, progressively
more pronounced with increasing distance from the
target and with increasing the charge Z of the
emitting ion. For BV the fine-structure splitting
is never distinguishable, whereas for O VHI and
FIXeven near the target the splitting is dominant.
In Fig. 7 the profile of the line HB of O VIII is
shown. The equivalent lines for the other ele-
ments investigated were partially obscured by the
near coincidence with the fourth order of the Ly-
man @ line of the same element. For the Hy lines
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FIG. 3. The same as Fig. 2 but for the line Ha of Cvi.
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insufficient intensity has prevented precise obser-
vation but for the ions Cviand N vii. An example
of the Hy line profile observed (N VII) is given in
Fig. 8. It is clear that the HB and even less so the
Hy line do not exhibit marked fine-structure split-
ting.

The profiles are plotted in absolute intensities
except for the Ha FIX line, where a lack of know-
ledge of the physical parameters for the plasma
did not justify a meaningful comparison with the
theory. The uncertainty in the absolute calibra-
tion is quite large (typically a factor of 2 or 3).
However, for the present analysis of the profiles
this is not crucial. The profiles reported include
also the instrumental contribution to the broaden-
ing (typically 0.05 A wide).

III. INTERPRETATION OF THE RESULTS

Previous space resolved but time integrated ob-
servations of these plasmas at comparable laser
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FIG. 4. The same as
Fig. 2 but for the line Ho
of Nvi. For the position
y=0.21 mm, the dotted
line shows the profile, ob-
served with the laser pulse
of 2.5-nsec duration, nor-
malized in intensity.
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powers have shown that the electron density,
measured via the Stark broadening of Lyman v and
6 lines and averaged along the line of sight,'™ de-
creases from a value of ~10%° ¢m™ near the target
to ~#10'® ¢cm™ at a distance 1 mm away. Corres-
pondingly the electron temperature, measured by
the slope of the H-like recombination continua,
drops from 100 eV to 10-20 eV. The line profiles
shown in Figs. 2—8 for various values ofy correspond
to regions of decreasingdensity and temperature and
consequently the various local broadening mech-
anisms, Stark and Doppler, decrease with respect
to the fine-structure separation.

In addition, earlier experimental observations of
the profiles of the Lyman lines* for the ions BeIV
to O VIII and their related interpretations have led
to the development of a simple model of the plas-
‘ma produced by the interaction of a focused laser

" beam on a plane target. The plasma is assumed to

expand freely from the focal spot at the target
towards the vacuum with rotational symmetry

FIG. 5. The same as
Fig. 2, but for the line
Ha of Ovui.
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around the target normal (y axis) in a cone of
about 2 rad aperture and with a distribution of ve-
locities as shown in Fig. 1. Typical expansion
velocities, assumed constant with y, for the ions
investigated were derived as 1.5 x 10" cm sec™.
The model was derived in order to explain the ob-
served asymmetrically self-reversed profiles of
the lines La and LB, taking into account the vari-
ous local broadening and shifting components,

viz. Stark broadening, thermal Doppler broad-
ening, and motional Doppler shift. Since the Ly-
man lines were optically thick along the line of
sight, a radiative transfer equation modified to
include Doppler shift was numerically solved® with
the appropriate plasma parameters like population
densities and their spatial distribution incorpora-
ted. The calculated profiles integrated over the’
plasma depth and time averaged approximated very
well the observed ones both as to shape and inten-
sity. The optical thickness at line center for the
La lines ranged from 7,=170 for BelVto 7,=11
for NVII near the target; consequently the profiles
were critically dependent on optical depth.

FIG. 6. The same as
Fig. 2, but for the line
Ha of Fix. The lines are
shown here in arbitrary
units of intensity.

Since the Balmer lines have the same upper lev-
els as those of the Lyman lines we expect, it is
necessary for internal consistency that the same
approach be valid. In particular the model for the
expanding plasma with the same values for the
plasma parameters as appropriate for the Lyman
lines will lead to computed profiles for the Balmer
lines in agreement with the experimental ones pro-
vided only that the proper values for the atomic
parameters and the broadening mechanisms are -
adopted. For the latter the Doppler components of
broadening and shift are fixed by the temperature
and ‘expansion velocity, respectively. For the
Stark broadening we have adopted as starting point
the calculations reported by Griem® for the Ha,
HB, and Hy of He Il assuming also that the ionic
quasistatic approximation be dominant. We scaled
Griem’s computed profiles S(a) reported as func-
tion of the parameter o defined below according to
Z™, where Z is the nuclear charge of the emitting
H-like ion, and took into account the multiple
charge of the perturbation ions Z, affecting the
field according to
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where F is the Holtsmark field strength: F
<e N§/3 VA ; /3,

However, it is at once evident that the range of
density and nuclear charge in the present case
does not fulfill the so called strong-field condition
for the Stark effect on which the previous calcula-
tions were based, i.e., that the perturbation in-
duced by the field be considerably larger that the
fine -structure splitting of the level n=2. This
condition is given approximately by’

N,>1.7x10% (a/a)?Z*32 (2)

where a is the fine-structure constant and a, the
Bohr radius.

In Fig. 9 the Stark and Doppler broadening so
calculated for various distances from the target,
the Doppler shift due to the expansion, and the
fine-structure separation between the components
of the level n=2 are plotted for the Ha line vs Z
and in Fig. 10 the same quantities are plotted for
HB. 1t is evident that for Ho only near the target
(y=0-0.3 mm) for BV and marginally for CVI the
Stark broadening is larger than the fine-structure
splitting; there the line is markedly broadened and
its main components completely merged. In all
other cases the prevailing condition is that of weak
field. For this case there does not exist a conven-
ient and complete theory of line broadening® to be
compared with the experimental observations.
However, for all the ions considered far from the
target the main broadening mechanism in Ha as
evident from Fig. 9 is the motional Doppler shift
and the latter is always smaller than the fine
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(R ) FIG. 8. The same as
Fig. 2, but for the line Hy
of Nvi.

Hy NvII
A =88.51A

structure. In addition, the thermal Doppler con-
tribution is always quite small. The error made
by applying Stark strong-field calculations to weak-
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FIG. 9. The various broadening components for the
Ha line vs the ionic charge Z. The thermal Doppler and
Stark broadening half width at half maximum is shown
for three distances from the target (y=0, 0.3, 0.6 mm);
the Doppler shift is shown at the boundary of the plasma
‘expansion cone, Also shown is the fine-structure split-
ting of the » =2 level. Dotted line shows the Stark con-
tribution optimized for best fitting the experimental data.
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FIG. 10. Same as Fig. 9, but for the HB line.
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field conditions is smaller (at least far from the
target) than the Doppler effect due to streaming.
The line will appear progressively with increas-
ing y and Z as a fine-structure doublet with a ve-
locity distribution pattern superimposed®® on each
component. The situation for the line HB (see Fig.
10) and even more so for the line Hy is different.
Here the Stark effect, that is a strongly increas-
ing function of the principal quantum number #» of
the upper level of the line, dominates over the
fine -structure split (typically 8.3x 1072 A for HB
and 6.7x 10 A for Hy) and the motional Doppler
shift especially near the target. The prevailing
conditions here are those of a strong field and the
extrapolation of Griem’s results are expected to
be valid.

Indeed, this is exactly what is observed. In fact,
the profiles calculated by the model with the ap-
propriate atomic parameters as previously ex-
plained are shown as dotted lines in Figs. 2-8.
They have been convoluted with the instrumental
profile before comparison with the experimental
ones and normalized in intensity to the latters.
The normalization factor K is indicated in the fig-
ures. The agreement between the two sets of
curves for the same values of plasma parameters
as those used in the Lyman lines treatment''? is a
further indication of the overall validity of the

model and of the experimental measurements. In
particular all the Balmer lines observed turn out
to be completely optically thin; the typical value
of the optical depth 7, at line center is 1072 or
smaller in contrast to what was found for the cor-
responding Lyman lines. Consequently there is no
distortion of the profile due to opacity and all pa-
rameters influencing the latter such as the popula-
tion of the lower n=2 level have no effect on the
present calculations. :
In order to obtain the best fit between the calcu-
lated and observed profiles near the target it was
necessary to vary the extrapolation law (1) for the
Stark contribution. The values adopted for the
Stark broadening component are shown for y=0
as the dashed line in Fig. 9. The progressive de-
parture from the values calculated from Eq. (1) is
evident. The latter formula appears to overesti-
mate the Stark broadening; this is not inconsistent
because of the arbitrariness inherent in applying
Eq. (1) to weak-field conditions like the ones valid
in the present case for the Ha line. For the HB and
Hy lines practically no modifications to Griem’s
Stark profiles were necessary. For the relative
intensity of the two components of the line Ha the
ratio 0.45/0.55 corresponding to the sum of the
fine-structure subcomponents merged together
have been adopted in the calculated profiles.®
The experimental profiles are in good agreement
except for the case of Ha of O VIII and FIXvery
near the target, where the discrepancy slightly
exceeds the experimental error.

IV. COMPARISON WITH OTHER RESULTS AND
CONCLUSIONS

In order to get a better insight into the role of
the various broadening mechanisms, it is inter-
esting to compare these with other observations
obtained with similar systems but with laser
pulses of different duration. Pulses of 18 and 2.5
nsec were used with energy of about 8 and 3 J, re-
spectively. Since extensive experimental measure-
ments of plasma parameters similar to the ones
made for the standard case of 10-nsec, 10-J pulse
have not been performed, we have relied for the
interpretation of those plasmas on a single one-
dimensional computer code “Medusa.” The code
was employed for simulating plasma conditions
and was used in spherical symmetry!! because it
was found that the latter configuration reproduced
better the experimental results.!? For the pulse
of 10-nsec duration, the description of the plasma
produced by the Medusa code approximates quite
well the experimental observations; in particular
the time-averaged values for the electron density
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FIG. 11. Profiles of the line Ha of Cvi vs distance y from the target for a laser pulse of 18 nsec. Solid lines: ex-

perimental profiles; dashed lines: calculated profiles.

and temperature are in very good agreement with
the observed values.® For the pulses of 18-nsec
duration the code predicts values of electron den-
sity slightly higher than the ones for 10 nsec,
whereas the electron temperature is slightly
less.!? The expanding velocity of the plasma is
about a factor of 1.5 less than in the 10-nsec case.
In Fig. 11 the Ha line observed in a carbon plas-
ma produced with a polyethylene target and with a
18-nsec-long pulse is shown. Upon comparison of
the experimental profiles of Fig. 11 with those of
Fig. 3, it appears that the fine-structure separa-
tion is more pronounced in the case of 18-nsec
pulses than in the standard case of 10-nsec pulses.
In Fig. 11, also, the profiles calculated with the
same method as previously explained and for the
same plasma conditions as for the case shown in
Fig. 3 but with an expansion velocity smaller by a
factor of 1.5 (as predicted by Medusa) are repor-
ted. The agreement between observed and predic-
ted profiles is very good and a comparison be-
tween Figs. 11 and 3 shows indeed that except very
near the target the profiles are velocity profiles
and the other causes of broadening are less im-
portant. Similar results have been obtained in the
Ha lineof N VII. On the other hand, with the short
laser pulse the Medusa code predicts a slight in-
crease in electron density and temperature and an
increase of expansion velocity. In Fig. 4 for y
=0.21 mm a profile of Ha NVII from a boron ni-
tride target observed with a 2.5-nsec duration
pulse is shown. The two fine-structure compon-

ents are completely merged. Note that in this
case the Stark component of the broadening for the
standard case is nearly an order of magnitude
smaller than the velocity component.

In conclusion it can be said that the role of the
various broadening mechanisms of the Ha lines of
light ions has been investigated in a laser-pro-
duced plasma. It appears that the lines Ho, HB,
and Hy are all optically thin for the conditions of
the present experiment; the broadening of the H,
line is almost entirely due to Stark effect. Con-
sequently this line emitted by ions from B* to F&*
can be used for density determination in laser-
produced plasmas scaling appropriately with Z
the existing broadening calculations. On the con-
trary, the broadening of the line Ha especially for
highly charged ions (N°* upwards) is entirely dom-
inated by the motional Doppler shift and therefore
can provide a useful diagnostic indicator of
streaming (or imploding) velocity values in laser-
produced plasma.

The role of the various broadening mechanisms
can be useful also for proposed x-ray lasing
schemes using H-like Balmer lines (e.g., in charge
exchange) for achieving population inversion.!3
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