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Measurement of the degree of polarization of the spectra from laser produced recombining
Al plasmas
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Using a polarization-resolved UV-visible spectrometer, the degree of polarization of the spectra from laser
produced Al plasmas was measured. The polarization resolution was achieved by using either a dichroic
polarizer or a calcite crystal. The degree of polarization ofiAs %S, ,-4p 2P$), transition at 569.66 nm was
measured at different positions from a target surface. The degree of polarization was observed to be 2.1
+0.13% at a distance of 22@m from the target and decreased as the distance from the target increased,
vanishing at a distance of about 1.3 mm from the target. To avoid the possible error due to the shot-to-shot
variation of the line intensity, a calcite crystal was used to simultaneously observe the two polarization
components, obtaining a similar result. The electron temperature of about 3 eV and the density of 2
x 10 cm~2 measured spectroscopically indicates that the plasma was in the recombining phase. This is a
report on the observation of the polarization of a transition in a laser-produced recombining Al plasma.
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The observation of the polarization of emission lines hasvisible spectrometer wit1 m focal length. This spectrometer
been a long-standing issue in solar flare phyglcg]. During  was designed in the near-normal-incidence configuration to
the past two decades, polarized emissions have been algginimize an astigmatism. Hence the overall optical system
observed in tokamaK3], gas-dischargd4,5], and laser- of the spectrometer and the imaging optics could image the
produced plasmg$—10]. In view of the investigation of the plasma in one direction: the imaging direction was the direc-
electron distribution function(EDF) in a laser-produced tion of the laser incidence axig (axis) as shown in Fig. 1.
plasma, the study on the polarization of emitted lines inThe imaging property of the system was measured using a
laser-produced plasmas have been pursued. The emissiohé-mm-diameter wire as fiducial at the position of a plasma

were observed to be polarized by different causes: spatiaf-3l- The measured spatial resolution was about 0.3 mm. All
anisotropy in EDF6], laser polarizationig], and the depen- the spatially resolved data, presented below, were taken at

dence of gain cross section on the reabsorpfn These
plasmas created by high-power lasers were the high-
temperature plasmas in which the collisional excitation and
ionization processes are dominant. It has been known that
anisotropic collisions of electrons with atoms produce polar-
ized radiations. This fact can, in turn, be used to deduce
anisotropy in EDF from the polarization measurement of
emissiong11,17.

It is then also interesting to investigate the generation of
polarized emission during the recombination processes. In
fact, there is little theoretical and experimental work on this
issue. In this view, we carried out a series of polarization
measurement experiments in low-temperature, high-density,
recombining Al plasmas produced by a Nd/glass laser.

In this paper, we report the first observation of the polar-
ization of Al Ill 4s%S,,,-4p ?P$,, transition at 569.66 nm in a
laser-produced recombining Al plasma. The experimental
setup is shown in Fig. 1. M-switched Nd/glass laser was M
used to generate an Al plasma. The full width at half maxi-
mum of the laser pulse durqtlon Is 3 ns. Thls_laser beam WaFont of the entrance slit of the spectrometay, only one polariza-
chused onto an Al target W'_th a focal spot size of 260n tion component is taken. Two spectra are needed to measure the
diameter. The power density on the target was about 4iegree of polarization. When using a calcite crystal after the en-
X 10° Wien¥. Two imaging lenses were used to image theyrance slit of the spectrometéb), two polarization component of
plasma on the entrance slit of a Czerny-Turner type UV-he spectra are taken simultaneously, imaging lens; M, turning

mirror; P, dichroic polarizer; S spectrometer slit; S auxiliary
horizontal slit to limit the viewing area; CM, concave mirror; G,
*Email address: kimd@postech.ac.kr plane diffraction grating; Sp, spectrum; C, calcite crystal.

FIG. 1. Experimental setup. When using a dichroic polarizer in
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FIG. 2. The image of polarization-resolved spectra on the CCD

detector in the case of using a calcite crystal. The upper part of the 100 |-

spectra is an extraordinarfE) ray of the calcite crystal, which I N i
corresponds to the perpendicular polarization to the laser incidence e 30 s o e 50 sm sma
axis, and the lower part is an ordinaf®) ray, which is the polar- wavelength [nm] wavelength [nm)

ization parallel to the laser incidence axis.
FIG. 3. Polarization-resolved spectra using a dichroic polarizer.
the positions which were at least 0.3 mm apart. The laser energy is 6 mda) is taken 220um from the target
To measure the degree of polarization of an emission linesurface andb) 1.3 mm from the target surface. Open circles are the
two methods were employed. The first one is to use a dispectrum of the parallel polarization and dots are the spectrum of
chroic polarizer in front of the entrance slit of the spectrom-the perpendicular polarization. The polarization was measured for

. 2 2 2 2
eter. The spectrometer system has a large view of observA! Il 4S°Syz4p °P3, at 569.66 nm. Allil 4s°S,;-4p *P, at
tion of a plasma: it views a region of about 1.5 mm from a972.27 nm was used as a reference for the polarization calibration

target surface with a spatial resolution of 0.3 mm. The dis2f the measuring system.

advantage of this setup is that for the measurement of the . o ] )
degree of polarization, two spectra need to be obtained indd® calibrate the sensitivity of the optical system to different
pendently with a polarizer set for the perpendicularakis) polazrlzatlonz components. In  this work, Al
and parallel ¢ axi9 polarization to the laser incidence axis (4S“Suz4p “P3)) transition line at 572.27 nm was selected
respectively. Hence the shot-to-shot variation can affect th& calibrate the polarization sensitivity of the system because
measurement of the degree of polarization. this line can never be polarized. Both the upper and lower
The second one is to use a calcite crystal after the erlevels of this transition have two magnetic sublevets; (
trance slit. The birefringent property of a properly-cut calcite= +1/2 and—1/2). This transition has four multiplets, two
crystal separates two perpendicular polarizations and allowgf Which haveos polarizations and the other twe polariza-
one to observe two polarizations simultaneously. Hence th8ons. Each polarization has contributions from the two mag-
possible error due to the shot-to-shot variation can pdetic sublevels with equal strength. Hence the degree of the
avoided. This second method was also employed to chedrolarization of the transition always vanishes regardless of
the variation of the spectral line intensity in the measure2ny possible difference in the populations of the magnetic
ments using the dichroic polarizer. In our experiment, twosublevels/14]. The transitions frond=1/2 levels toJ=1/2
p0|arizations were separated by 1.6 mm Vertica”y with a 1gevels, similar to the Aln transition, have been used as ref-
mm long calcite crystal, dispersed by the grating of the specerence lines in other polarization spectroscopy experiments
trometer, and imaged by imaging concave mirrors on a cc3l
detector. On the detector, then, we had two horizontal lines, The intensities of this Al 572.27 nm line were mea-
one spectrum per each polarization as shown in Fig. 2. Sincgured for the two different polarization in the region of 0.4
the optical set up in our experiment did imaging in the mm to 1.5 mm away from a target surface for the polariza-
direction, the two spectra overlapped each other without th&on sensitivity measurement. The region very close to a tar-
proper limitation of the viewing area. To avoid this, we 9et was avoided because the continuum radiation from such
placed a 1-mm-wide horizontal slit in front of the entrance@ high density plasma region contaminated the line emission.
slit of the spectrometer. The ratio of intensities of two different polarizationg,
The direction of polarization is defined as follows: one =1/, , was measured to be about 0.544 in the above region
polarization is parallel to the laser incidence axisgis) and ~ With a standard deviation of 0.002.
the other polarization is perpendicular to the laser incidence Figure 3 shows the polarization-resolved Al
axis (x axis. The degree of polarization is then defined by (4s°Sy-4p °P), 5 lines obtained with a dichroic polar-
P=(ly—1,)/(Ij+1,), wherel| is the intensity of the light izer. The polarization sensitivity was taken into account us-
whose direction of polarization is parallel to the laser inci-ing the reference line Al (4s2S,-4p ?P3),) as mentioned
dence axis, andl, the intensity of the perpendicular polar- above. The transition lines were fitted by Voigt profile to find
ization. the intensities. Figure(d4) shows the variation of the degree
The optical system consisted of many optical element®f polarization with respect to the distance from the target
such as mirrors, grating, lenses, and windows. It's importansurface. The degree of polarization was measured to be 2.1
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0.03 - 5 0.08 - () emitted lines using laser-produced plasmas attributed the ori-
: - gin of the observed polarizations to the spatial anisotropy of

0.02 I 0.06 EDF [6], laser polarizatiorf8] and the dependence of gain
g § cross section of a transition on the reabsorption of a spectral
i oot L 004 line originating from the lower level of the transitig8].
& & The polarization due to the laser polarization is ruled out
a 2 0.0 in our case because the laser was incident normally to the
§’ 0.00 |- g’ target and Kiefferet al. [6] has already observed that their
0.00 observation of polarization was independent of the laser po-
001 I larization in the case of normal incidence of a laser to a
e oy gl oy target.
0 400 800 1200 0 20 40 60 The radiation trapping does not seem to be the cause for
distance from target surface [um] relative time [ns] the polarization observation in our case. In Kawaehal's

experimen{9], the observed spectral lines were under lasing
action. A gain cross section is also affected by the population
of the lower level of a lasing transition. Hence the absorption
of the spectral line, whose upper level is the lower level of a
lasing transition, affects the magnitude of the gain cross sec-
tion, which in turn changes the spectral intensities of a lasing
*=0.13% at a distance of 22@m from the target, and de- transition. Our situation is different from their case, because
creased with the distance, vanishing at 1.3 mm. To make surg) the spectral lines in our observation were not under lasing
that this degree of polarization was not due to the shot-toaction and2) hence their intensities were independent of the
shot variation of the intensities of spectral lines, another sepopulation of the lower level. Considering the structure of
ries of experiments were performed with a calcite crystal, bythe magnetic sublevel and the relative strength of the multip-
which two polarization component was simultaneously obdets of Al m J=3/2-J=1/2 transition, the self-absorption
served. The similar result was observed, confirming that théends to destroy the degree of polarization. Hence the obser-
measured polarization was not an experimental error by theation of polarization even in a situation of a large opacity
shot-to-shot variation of spectral intensities, but real. Theneans that there would exist the higher population imbal-
observation of degree of polarization in time-integrated meaance between the magnetic sublevels.

surement implies the existence of a larger degree of polar- We may consider the anisotropy in EDF as a cause for the
ization in reality, because the time-integration diminishes thebserved polarization. However, the estimated electron tem-
degree of polarization. The preliminary time-resolved experiperature and density tells us that the electron-electron colli-
ments for the same spectral lines were performed at a lasaion time is in the order of a few ps and the ion-ion collision
energy of 120 mJ, as shown in Figb# [15]. As expected, time is in the order of a few hundreds of ps, which are much
the stronger degree of the polarization was observed, provicshorter than the laser pulse and the observation time. Hence
ing the further support to the observation of the polarizationthe consideration of collision times rules out the possibility
of the transition under interest in the time-integrated specef anisotropy in EDF as a cause.

FIG. 4. (a) The degree of polarization as a function of the dis-
tance from the target surfacén) Preliminary time resolved degree
of polarization measurement=0 ns point is defined when the
intensity of the line is reasonably high.

trum The ionization balance estimated by the Saha equation
The electron temperature was estimated by the intensitindicates the abundance of neutrals is about 7 orders of mag-
ratios of three spectral lines, Al 3d?S-4p?2P°, Al 1 nitude smaller than that of Ali for the measured values of

4p2P°-4d?D, and Al il 4f 2F°-5g2G [16]. The electron T, andN,. The estimated collision time between an electron
temperature was measured to be about 3 eV for a laser eand neutrals is in the order of a few tens microseconds.
ergy of 6 mJ. The Stark broadenings of i\l 4p 2P°-4d 2D Hence the possibility of anisotropy in EDF being induced by
and Al 4s2S-4p 2P° were used for the estimation of elec- collision of neutrals is also ruled out.
tron density. The spectral line was fitted using Voigt profile The estimated electron density and temperature are too
and the Lorentzian width was used to measure the electrolow for collisional excitation to be the dominant process to
density. Electron-impact broadening parameter was takethe upper level population. The Saha equation indicates that
from Ref.[17]. The averaged electron density was measured\l v ions are more abundant than Al ions. This means
to be 2.2<10'” cm™ 2 at a place of 220um from the target that the upper level of the transition was populated by re-
and decreased t0>410'® cm 2 at a place of 1300um  combination processes from Al ion, indicating that recom-
from the target for a laser energy of 6 mJ. Because the spebination might create the population imbalance between the
tral lines used for the measurementlgfandN, are emitted magnetic sublevels; in other words, the polarization of the
from the same ionization stage as the one from which thepectral line. The detailed mechanism is not clear. There has
spectral line under interest for the polarization measuremeriieen little work on this effect. This experimental observation
is emitted, the measuréld, andN,, provide the plasma status should motivate theorists to carry out related investigation in
averaged over a period during which the spectral line undethis unexplored area. Quantitative calculations including the
interest was emitted, even though they are obtained fromecombination processes are needed.
time-integrated measurements. In conclusion, the degree of polarization of Al

The previous studies with respect to the polarization of(4s2S,,,-4p 2P3,,) transition from laser-produced Al plas-
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mas was measured using a polarization-resolved UV/visibleur plasma was in the recombination phase. The recombina-
spectrometer. The degree of polarization was measured aloiign might be considered as a cause, although the detailed

the laser incidence direction. This emitted line was polarizedn€chanism is not yet clear. Since there has been little work

to a degree of 2:£0.13% near the target and unpolarized farin this area, further study is needed to understand the behav-

from the target. The spatial anisotropy in EDF, laser polar{;)i;]ic:]fgpg:zgéﬁa“on characteristics of emitted lines in a recom-

ization, and radiation trapping as possible origins of the po-  This work was supported in part by Korea Research
larization were ruled out by physical argument related to the=gundation(Grant No. KRF-2000-015-DP01Y5the Elec-
current experimental situation. The electron temperature anglon Spin Science Center of KOSEF, the Brain Korea 21
density estimated by the spectroscopic method indicate th&roject, and Postech Research Fund.
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