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Raman satellites in optical scattering from a laser-ablated Mg plume
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Raman satellites have been observed in the scattering of a Nd:YAG laser �532 nm� from a laser-ablated Mg
plasma plume. We identify them as originating from transitions between the fine-structure components of the
metastable 3s3p 3P0,1,2 level of Mg. We have calculated the cross sections for Raman and Rayleigh scattering
from the metastable state. Comparison of the expected ratio of the satellites to the Rayleigh peak indicates the
changing population fraction of the metastable states in the plume.

DOI: 10.1103/PhysRevA.78.055404 PACS number�s�: 33.20.Fb, 79.20.Ds, 52.25.Os, 52.27.Gr

INTRODUCTION

In this work we have used photon scattering of the second
harmonic of a Nd:YAG laser �532 nm� to probe a laser-
produced Mg plasma. In addition to the Rayleigh peak, Ra-
man transitions between the fine-structure levels of meta-
stable Mg 3s3p 3P have been observed. The relative
intensities of the satellites are in good agreement with the
theoretical predictions.

Consider the scattering of a photon by an electronic sys-
tem �1�, e.g., an atom or a molecule. If the state of the system
remains unchanged, the photon is scattered elastically �Ray-
leigh scattering�. This is a coherent process that accompanies
the propagation of light through a medium. If the final state
of the system is different from its initial state, the frequency
of the scattered photon is shifted by the excitation energy of
the system �inelastic, Raman scattering�. Raman scattering is
an important probe for studying solids and molecules in liq-
uid and gas phases, in particular their vibrational, rotational,
and other low-frequency modes.

Rayleigh and Raman scattering by atoms and ions affects
the opacity and emission in stellar atmospheres �2,3�. Raman
scattering by atoms is a diagnostic tool for high-pressure
discharges �4�, chemical lasers �5�, and flames �6�. Raman
scattering cross sections have been evaluated for transitions
between levels with different principal quantum numbers in
hydrogenic systems �7,8� and caesium �9�, and fine-structure
transitions in metallic atoms �4�, oxygen �6�, and halogens
�5,10�.

Raman scattering has been used to study particulates �11�
in a laser ablated plume and for analysis of pulsed laser
deposited films �12,13�. This paper reports observations of
atomic Raman satellites in a laser ablated plume and we
point out the potential of Raman scattering for diagnosing
the relative populations of excited levels in a partially ion-
ized plasma. This can be an important tool in benchmarking
collisional radiative models, which are in turn essential for
interpreting optical emission spectra.

THEORY

Consider an atom in the initial state i, which absorbs a
photon with energy �=�� and polarization vector e, and

emits a photon with energy ��=��� and polarization e�,
leaving the atom in the final state f . The amplitude of this
process is

Afi��� = �
n
� �f �e�* · D�n	�n�e · D�i	

Ei − En + � + i0

+
�f �e · D�n	�n�e�* · D�i	

Ei − En − �� + i0

 , �1�

where the sum is over all intermediate states n, D is the
dipole moment operator, Ei and En are the energies of the
initial and intermediate states, and ��=Ei+�−Ef. The cross
section for the final photon to be scattered into the solid-
angle element d�� is then

d�if =
���3

c4 �Afi����2d��, �2�

where c is the speed of light �1�.
In general, atomic eigenstates are characterized by the

quantum numbers of the total angular momentum and its z
component, so that �i	���JM	, �f	����J�M�	 and �n	
���nJnMn	, where �, ��, and �n stand for all other quantum
numbers of the initial, final and intermediate states, respec-
tively. Expanding the polarization and dipole moment vec-
tors in spherical basis components, we can use standard an-
gular momentum algebra to sum over the angular momentum
projections �14,15� in Eq. �1�. For nonoriented atoms, cross
section �2� should be averaged over 2J+1 initial values of M
and summed over 2J�+1 degenerate sublevels M�, yielding

d��J��J�

d��
=

���3

3c4

1

2J + 1
��A��J��J

�0� ����2�e�* · e�2

+
3

2
�A��J��J

�1� ����2�1 − �e� · e�2�

+
3

2
�A��J��J

�2� ����2�1 + �e� · e�2 −
2

3
�e�* · e�2

 ,

�3�

where
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A��J��J
��� ��� = �− 1�J+J�+��

n
�J J� �

1 1 Jn
�

����J��D��nJn	��nJn�D��J	

�� 1

E�J − E�nJn
+ � + i0

+
�− 1��

E�J − E�nJn
− �� + i0


�4�

is the reduced matrix element of the irreducible tensor of
rank �=0,1 ,2, constructed from two rank-1 dipole matrix
elements �16� and �¯�D�¯ 	 are the reduced dipole matrix
elements �15�.

The cross section �3� has the form of Eq. �60.7� of
Ref. �1�, the terms in square brackets corresponding to scalar
��=0�, antisymmetric ��=1�, and symmetric ��=2� scatter-
ing. It gives the cross section of polarized �e�=e� or depo-
larized �e� ·e=0� scattering. Their sum corresponds to scat-
tering at 90° to the incident beam direction and polarization,
summed over the final photon polarizations. Equation �3�
yields the total cross section integrated over the directions
and summed over the polarizations of the final photon

��J��J� =
8	���3

9c4�2J + 1� ��=0

2

�2� + 1��A��J��J
��� ����2. �5�

The eigenstates of lighter atoms and ions can be described
using LS coupling, with J enumerating the components of
fine-structure multiplets. In this approximation the dipole
matrix elements are given by Eq. �9.63� of Ref. �15�. Ne-
glecting the fine-structure splitting of the intermediate states,
and considering nonresonant processes �i.e., nonzero energy
denominators�, one obtains

A��J��J
��� ��� = �− 1�J+S−L�
JJ��S L� J�

� J L
�

� �
n
�L L� �

1 1 Ln
����L��D��nLn	��nLn�D��L	

� � 1

E�J − E�nLn
+ �

+
�− 1��

E�J − E�nLn
− ��
 , �6�

where 
JJ�=��2J�+1��2J+1�, and the initial ��L�, final
���L�� and intermediate ��nLn� states have the same spin S.
If the fine structure of the Raman transitions is not resolved,
the total photon scattering cross section between the levels
�LS and ��L�S is given by

�̄�L��L� =
�J,J��2J + 1���J��J�

�2L + 1��2S + 1�
, �7�

where ��J��J� is obtained using Eq. �6�, and similarly for the
differential cross section. The relative intensities of the Ra-
man lines between the components of the multiplet are found
as IJJ�= �2J+1���J��J� / �̄�L��L�, so that IJJ�= IJ�J and
�J,J�IJJ�=1.

CALCULATIONS FOR Mg

To aid the analysis of the experiment, we calculate the
Rayleigh and Raman cross sections for the ground �3s2 1S0�
and metastable �3s3p 3PJ� states of Mg and for Mg+ 3s 2S1/2
for the initial photon energy �=2.33 eV. It is known from
Mg photoabsorption data that the strongest lines involve
single-electron 3s→3p and 3p→3d transitions �17�. This
allows us to evaluate the cross sections by using only a small
number of low-lying intermediate states. Their energies are
known from experiment, and the reduced dipole matrix ele-
ments are found from experimental and accurate theoretical
oscillator strengths �Table I�.

The differential cross sections calculated for parallel po-
larization and for scattering at 90°, and the total cross sec-
tions averaged over the fine-structure components are given
in Table II. The cross sections for ground-state Mg are about
four times greater than those of Mg+. The cross sections for
metastable Mg 3s3p 3P are two orders of magnitude greater
than those of Mg 3s2. This difference is due to the fact that
for Mg 3s3p 3P, the contributions of the 3s4s 3S intermedi-
ate state, and to a lesser degree, 3s3d 3D state, are strongly
enhanced due to small energy denominators.

Table III and Fig. 1 show the relative intensities of tran-
sitions between the fine-structure components of Mg
3s3p 3PJ. The distribution of intensities between the Ray-
leigh and Raman peaks depends on the cross section mea-

TABLE I. Energies and reduced dipole matrix elements of
dominant low-energy transitions in Mg and Mg+.

�LS
E�LS

�eV� �nLnS
E�nLnS

�eV�
��nLn �D ��L	a

�a.u.�

Mg 3s2 1S 0.0 3s3p 1P 4.346 4.05

3s4p 1P 6.118 0.86

Mg 3s3p 3P 2.714b 3s4s 3S 5.108 2.65

3s3d 3D 5.946 4.85

3s4d 3D 6.719 2.07

3p2 3P 7.173 4.06

Mg+ 3s 2S 0.0 3p 2P 4.431 2.91

aObtained using oscillator strengths from Refs. �17,18�.
bThis value is the average over the fine-structure multiplet at 21
850.41, 21 870.46, and 21 911.18 cm−1 for J=0, 1, and 2, respec-
tively �17�.

TABLE II. Rayleigh scattering cross sections from ground-state
Mg and Mg+, and multiplet-averaged Rayleigh and Raman cross
sections for the metastable state Mg 3s3p 3P for ��=2.33 eV.

State
d� /d��

a

�cm2 sr−1�
d� /d��

b

�cm2 sr−1� �̄ cm2

Mg+ 3s 2S 0.98�10−26 0.98�10−26 0.82�10−25

Mg 3s2 1S 4.15�10−26 4.15�10−26 3.48�10−25

Mg 3s3p 3P 1.87�10−24 3.15�10−24 3.70�10−23

aParallel polarization.
bScattering at 90°, summed over final photon polarization.
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sured. In particular, in polarized scattering the intensity of
the 0-1 transition is exactly zero. Indeed, for J=0 and J�
=1, the 6j symbol in Eq. �4� is nonzero only for �=1, but the
contribution of asymmetric scattering for e�=e vanishes. The
ratios between the two strongest Raman satellites �1-2 and
0-2� in polarized 90°, and total cross sections are 2.23, 2.67,
and 2.85, respectively.

EXPERIMENT

Our experimental setup has been described in an earlier
paper �19�. In summary, a plasma plume is created with a
KrF laser �Lambda Physik LPX 210i� of 20 ns full width
half maximum duration at 248 nm. Random phase plates
�20� are used with a pair of cylindrical lenses to create a
1 mm2 spot resulting in �9 J cm−2 onto a rotating Mg block.
A frequency doubled Nd:YAG pulsed laser �9 ns, 400 mJ at
532 nm� is used to probe a slice of the plume at a predeter-
mined distance from the target surface at controlled delays
ranging from 100 ns to 1 �s.

The probe is slightly focused �f /200� to �0.5 mm
FWHM. The scattered radiation at 90° is focused into the slit
of a double grating spectrometer �SPEX 750 spectrometer,
focal length 0.75 m, 1200 lines /mm gratings� with a disper-
sion of 5.7 Å /mm. The spectrometer is fitted with an Andor
Instaspec V ICCD camera �1024�256 pixels of 26 �m
square coupled to an MCP �21�� with a 10 ns gate, synchro-
nised to collect the scatter signal and allowing a great reduc-
tion in detected plasma self emission. The chamber was

equipped with opaque materials and apparatus to reduce the
stray light. The scattering signal, such as that shown in Fig.
2, was averaged over �500 shots with the lasers running at
10 Hz. The Raman satellites are clearly visible at 20, 40, and
60 cm−1 on either side of the central Rayleigh peak. Under-
lying the satellites, is the free electron Thomson scatter data
which has been analyzed and presented separately �19�. In
this case, the fit to the Thomson scatter data indicates an
electron density �9.5�1016 cm−3 and electron temperature
of 1.7 eV. For plasma at this density and temperature, we
expect populations to be close to local thermodynamic equi-
librium �LTE� �22�, with average ionization �0.4 and the
population of the metastable level about 1.8 times the ground
state population.

In Fig. 3�a� we show the experimental signals of the Ray-
leigh peak and 2-1, 1-2, 2-0, and 0-2 satellites as a function
of time at 2 mm from the target surface. Figure 3�b� shows
the ratio of the strongest Raman satellite at ��−�
= �40 cm−1 to the Rayleigh peak at 2 mm from the target.
When the spectrometer response with polarization is ac-

TABLE III. Relative intensities of Rayleigh and Raman tran-
sitions between the fine-structure sublevels of Mg 3s3p 3PJ in
differential and total scattering for ��=2.33 eV.

J−J� 0-0 0-1 0-2 1-1 1-2 2-2

e�=ea 0.056 0.000 0.056 0.208 0.125 0.375

90°, sumb 0.033 0.020 0.058 0.158 0.155 0.342

Totalc 0.024 0.029 0.059 0.136 0.168 0.329

aParallel polarization.
bScattering at 90°, summed over final photon polarization.
cTotal scattering summed over final photon polarization.
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polarized scattering; narrow bars, scattering at 90°, summed over
final photon polarization; diamonds, total scattering.
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FIG. 2. �Color online� Top: raw image with 500 shots accumu-
lated, plasma probed at 2 mm from target surface, 200 ns delay. The
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FIG. 3. �Color online� �a� Experimental signal in the Rayleigh
peak �circles� and Raman Stokes, 2-1 �solid squares�, 2-0 �solid
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Nd:YAG laser pulses. �b� Ratio of the average of Stokes and anti-
Stokes satellites at 40 cm−1 from the central wave number to the
Rayleigh peak �diamonds�. The dashed line shows the expected
ratio for scattering from the metastable atoms, taking into account
the spectrometer polarization efficiency.
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counted for, we expect the Rayleigh peak for the Mg ground
state to be about 60 times smaller than for the metastable
state, and we expect the ratio of Raman to Rayleigh peaks to
be dominated by the ratio expected for the metastable state,
which for the �40 cm−1 case is approximately 0.25. As we
can see, the ratio starts off lower and grows to about 50% of
this value and then drops again.

We can interpret this result as meaning that at early time,
the plume is more highly ionized and the Rayleigh signal has
a significant contribution from Mg II ions. As recombination
leads to a higher metastable Mg I population, the ratio of
Raman to Rayleigh increases. At later times, with lower den-
sity, the metastables may be depopulated by excitation to
higher states such as the 3s4p 1P, which then has a fast ra-
diative decay to the ground state. However, the ratios indi-
cate that the metastable has a lower population than would

be suggested by LTE. If we assume that, at late time, the
plume is mostly neutral, we can use the calculated Rayleigh
cross sections to estimate that the metastable population is
only �2% of the ground-state population. Expansion of the
plume to lower density means that we are further from LTE.
However, the metastable state has a 3.9 ms radiative decay
lifetime and it is clear that we need some more sophisticated
time dependent collisional-radiative modeling with all pro-
cesses, including dielectronic recombination accounted for.

The experimental ratio of the strongest satellite �2-1, 1-2�
at �40 cm−1 of the central line to the second strongest sat-
ellite �2-0, 0-2� at �60 cm−1 was measured at several delays
and distances from the target surface. This can be seen in
Fig. 4 and was quite consistent, with values close to the ratio
2.50 expected. The 0-1 and 1-0 satellites at �20 cm−1 of the
Rayleigh peak are weak but clearly visible. Their ratio to the
0-2 and 2-0 satellites in Fig. 2 is �0.36�0.03, whereas the
expected ratio is 0.22. The data, however, are much noisier
for these satellites as they are close to the strong Rayleigh
peak.

SUMMARY

We have reported the observation of atomic Raman satel-
lites in a laser produced Mg plume. Investigation of the ratio
of the satellites to the Rayleigh peak indicates the changing
population fraction of the metastable magnesium atoms in
the plume.
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