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Observation of Plasma Satellite Lines in Laser Produced Plasmas
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The observation of satellite features to He-like emission lines from an aluminum plasma, generated
with a short-pulse KrF laser system, is reported. There are interpreted as plasmon-induced satellites
of the type described by Lee [J. Phys. B 12, 1165 (1979)]. The plasma density inferred from line
broadening is shown to be consistent with the electron density inferred from the frequency separation
from line center.

PACS numbers: 52.50.Jm, 32.70.Jz, 52.70.La

Since their existence was first predicted by Mozer
and Baranger [1], satellites to emission lines induced

by collective plasma oscillations have been reported in
low density plasmas and discussed by several authors
[2—4]. In the original model, they are present when
the plasma frequency (co~) is close to the separation
between a dipole forbidden and an allowed transition and
appear, spaced by co~, on either side of the forbidden line.
Plasmon-induced satellites to hydrogenic lines (which
cannot be modeled by the Mozer-Baranger theory) have
also been reported [5]. The identification of similar
spectral features in dense laser-produced plasmas is more
problematic. Observations of short wavelength satellites
to both H-like and He-like resonance lines of moderate
Z elements have been reported [6,7], but the densities
inferred from the position of these satellites were typically
10 cm 3, while density estimates from Stark broadening
and dielectronic satellite ratios were around 2 orders of
magnitude lower. Furthermore, Irons [8] has shown that
these features can be interpreted as effects of the high
opacity for resonance lines.

The purpose of this Letter is to report observations
of satellite features to He like Al lines in a short-
pulse laser produced plasma. It will be seen that their
appearance is consistent with modeling [9], in which the
inclusion of nonthermal plasma oscillations in the impact
approximation determination of Stark line profiles leads
to a resonance at au~, on either side of the line center.
The observations differ from previous ones in several
ways. First, the satellites appear on either side of an

optically thin line, thus precluding opacity effects. In
addition, the spectra are temporally resolved and show
that the satellites are present only during the laser pulse;
this will be seen to be consistent with the modeling
of their generation. It will also be shown that the
electron density inferred from their spectral position
is fairly consistent with simultaneous density estimates
from Stark broadening of other lines in the same spectra.
Finally, a possible explanation as to why these features
appear in the present experiment and not in other data is
considered.
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FIG. 1. Streaked spectrum for shot at irradiance I = 4 &&

10' Wcm on solid aluminum showing H-like and He-like
K-shell emission. The arrows point to the observed satellite
features.

The experimental conditions used in the generation and
recording of the spectra were similar to those described
in a previous publication [10],where good agreement be-
tween simulated and experimental emission characteristics
was found. To summarize, 12 ps Raman amplified KrF
laser pulses [11]at 268 nm were focused to a 50 ILm spot
onto solid targets, usually aluminum slabs, at irradiances
of a few times 10'5 Wcm . The H- and He-like K-shell
emission was recorded with a crystal spectrometer cou-
pled to an x-ray streak camera. The temporal and spectral
(A/6A) resolutions were 10 ps and 350, respectively.

Figure 1 shows a digitized photograph of such a
streaked spectrum, for average irradiance at pulse peak of
4 X 10'~ Wcm . A satellite feature is clearly visible on
the long wavelength side of the He-y (Al xtt ls -ls4p)
line. On the short wavelength side, the satellite is less
visible due to the broadened He-y and He-6 (Al xlt
ls2-ls5p) lines. Because of the instrument slit width,
the entire duration of the feature appears to be around
30 ps. However, the measured temporal full width at
half maximum (FWHM) is only 14 ps. Taking into
account the instrument resolution, this implies a true
FWHM duration of some 10 ps, which is similar to the
laser pulse length. Figure 2 shows three density lineouts
from the spectrum. Scan (i) is taken about 5 ps from

0031-9007/95/75(22)/4039(4)$06. 00 1995 The American Physical Society 4039



VPLUME 7&. NUMBER 22 PH&SI CAI REVIEW LETTERS NovEMBER 199'

the He--y line is at the wron
as a dielectronic

ong wavelength to b

I
o satellite of the I„oe considere

n Ref. [9] L .
e y-p line.

e
. ee describes h

induced in th
how plasma sa

st electrons t; . oge»c emissjo

to plasmons. I
opping in a plasma

1 nes

o that they can b
r Stark broade

'

as hydro~enic 1

e considered in th
ing

o C 1ne
e same wa

in the far w
. predicted that f

ay

appear
.

e line, "bumwings of th
or a resoonance

, w ile for th
~ ps in the ro

jnd
near w jn s

- „.1 will

uced. This mod
g ips" in the

most eviden
o cling shows th

p ofile

t on lines w}
'

s t at the effectc 1S

ff"t'db th e ion microfi

li I odfi

previo sly [10] dan in the r
p 1nes ITlad

present work are not
e possible source of fa

th fe ocusin
cea so tio ro

tions the densit scaty scale length at the

inci 38
simu ation.

P ITl)

e . , it is estimat d h
id 1 lih i b

r o say, as this d
e into fast electro

depends on the bala
rons

a and nonlinear colli
e alance between

t th"1
ping. At criti-

tstonal rate [13]is a

p

is approx-
ing of the1

onal dampin
s s

lectrons, rou hl
y sorbed ener o

6%%u of i id
T

r ast electrons strea eming into th

time-dependent cent collisional rad
d 1 d d p

s xnI 1s-2 a
on the stron

po 1 g tdb
wt sute of 1

ed to
d 1 dn ensities fo — m

n
better than 20%%u h amich h
fi h conclusions

Simulations with fast elec-

wavelength

FIG. 2.~ . Film densit liny ()
r of emission. Sr e start of

'

y for the sake of cl
()

d' t t lit f
n

s in scan (ii).

4040

the start of emission, scan iican (tt) some 10 ps later

g of the
eI111ss1011 su e

th id f h
eature is also

o te He-

scan ', I&

so seen on the ion
-y line. A

lho h o h h
h h H 61e- ine makes i

g side, mer in

po g
cm

e ectron densi
f th 11

sity

mi n 1 td. I
at these fe

tisim orp

d ronic satellit . Wr o ielect
a efect in the

h
obtained with th

crystal, a different d n i

of the cathode
e spectral ines present d

n ispersion i

o e and satellite fea
in ifferent parts

spectral positions.
eatures evident

tellites seem ts to make ~
t e obse

atellites unlik 1

ug this in itself is n e e
e expected to h ort

ay. owever
ave a short

r, we note tha h ees to na

art o emission. More importantl, f

e e-y line. There i
e long wavelen th

enti ed in all t"
is position w

weaker th h
t ree scans h

, w 1ch vol

ures of interest, th
1 th b sp

e sh 1

ra. 1

g side of pera



VOLUME 75, NUMBER 22 PHYSICAL REVIEW LETTERS 27 NovEMBER 1995

E
O

O

0 O

C)

(D
M
C
Q)

Q)T
0

Q0
0)
Q)

O
CL 0

0
s I i, l

position (p.m }

1.2

CL
1 lTl

CL
'PC

0.8 o

0.2
Eg~OSg~ %ega Rss\g(( 0

1.5 2

FIG. 3. The dotted line is the predicted population profile for
the upper level of the He-y transition at the peak of the laser
pulse. The solid line denotes electron density, and the dashed
line is the estimated loss rate to the collective mode for fast
electrons with 4.9 keV initial energy.

trons included [15] indicated that they had little effect on
ionization or excitation rates for the He- and H-like ions
due to the relatively low value of Th. Figure 3 shows the
predicted emission profile at the peak of the pulse for the
He-y line. It can be seen that the He-y emission also
peaks at an electron density of about 1.7 && 10 cm
with 30% of the emission coming at higher density. The
broken line represents the energy loss rate of fast electrons
to the collective mode as they stream into the plasma. The
stopping power equation used to calculate the electron en-

ergy for each cell and the contribution of collective effects
is given by [17]

BE 2vre"N, ~kDvn)'
ln

Bx E ( cop )
where E and vo are the electron energy and velocity, %, is
the electron density, co~ is the plasma frequency, and kD
is the Debye wave number. This is a relatively simple
model, and is strictly speaking only valid for the case
when the velocity of the fast electrons greatly exceeds the
thermal electron velocity. However, it is good enough
to demonstrate that, for the laser-plasma conditions of
our experiment, the fast electrons will lose a substantia1
part of their energy in the region of high emission for
the He-like transitions, as can be seen in Fig. 3. We can
estimate the energy density in the collective modes, 8'„~~,
given the rate of fast electron generation and the stopping
power. From Fig. 3, 6'

]&
—6 & 10 ergs cm, which

is about 3 X 10 times the thermal energy density in
the region of maximum He-y emission, the hot electron
fraction at this point is of order 10 3. The electric
field associated with the fluctuations is estimated to be
4 X 10~ Vcm ', which is about one-tenth of the typical
particle microfield.

The predicted density at which plasma turbulence
is greatest agrees to within a factor of 2 with the
experimentally inferred density from the satellite spacing.
Including the thermal correction would bring slightly
closer agreement.

We now turn to the question of why these features
should be seen in the present data but not in other reported
experiments. At longer wavelength, the hot electron
temperature is higher than present and the emission
density if not lower, is unlikely to be higher, and so
coupling between plasma turbulence and x-ray emission
is weaker. In the case of long pulses, the emission
generally comes from much lower density than for short
pulses, and fast electrons generated tend to lose energy
in the higher density cold material, which does not
strongly emit radiation. Also, if the spectra are time
integrated, the relative intensity of a satellite feature will
be much weaker than for time resolved data because of
the longer emission times for resonance lines. A further
criterion is that the spectral features are easy to interpret,
such as the relatively simple He- and H-like line series.
Thus we can conclude that the use of a short-pulse,
short wavelength laser with time resolved spectra of K-
shell emission enhances the change of observing these
features.

A detailed modeling of the predicted plasma satellites
would clearly be desirable. However, this is beyond the
scope of this Letter. Dealing with the strong density and
temperature gradients and a rigourous treatment of the fast
electron propagation would make this a nontrivial task.
The prediction of bumps or dips in the spectrum depends
on the distance from line center and the enhancement of
plasma modes. From experiment it is difficult to gauge
the latter, since emission of the parent line comes from
a range of plasma conditions, while the sate11ite emission
will originate from some portion of this range.

Finally, we note that evidence for satellite features
to the He-y line was present in previously discussed
spectra [10], although that publication did not address
this issue. Examination of the spectrum displayed in
Ref. [10] shows features, on the long wavelength side of
the He-y line, that could be identified as plasmon satellites
with an inferred electron density of 1.7 X 10 cm and
also features that could be identified as satellites at 2'~
with the same electron density. The latter are the more
visible by virtue of being further from the broadened He-y
profile, but are weaker by a factor of about 3. Features
on the short wavelength side could not be conclusively
identified, due to emission from the higher He-like series
members and the Ly-P line. The dipole selection rules
would not preclude plasma satellites at 2~~, because
the line is effectively hydrogenic. Since the modeling
of the nonthermal contributions is to second order only
in perturbation theory [9], it does not deal with this
possibility, and so it is not possible to comment on the
relative strength expected for satellites corresponding to
higher harmonics of the plasma frequency, except to say
that it is possible, given the estimate above, and the
effect of continuum depression on energy levels, that the
turbulent field could be a significant fraction of the net
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atomic binding field for the upper level of the transition
in question.

In conclusion, we have observed satellite features to
x-ray emission lines from a laser plasma that have the fol-
lowing properties, First, time resolution shows that they
1ast only during the laser pulse. Second, the opacity of the
parent line is low enough to prevent opacity effects being
an issue. Third, the inferred electron density is consistent
with that estimated from the widths of the He-p and Ly-p
lines, which, consistent with theory, do not display obvi-
ous evidence for such satellites. Finally, consideration of
the wavelength scaling for hot electron temperature and
typical emission densities gives a plausible explanation
for the appearance of these satellites in the present data
when they are apparently absent from numerous previous
experimental spectra.
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