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Abstract

A study of angular distribution of X-ray line radiation emitted from a laser-produced plasma is presented. Plasma was
produced by irradiating a planar magnesium target using single laser pulses of 6 J(BVEBHisI) from an Nd:glass

laser system. Angular distribution of X-ray emission in the spectral range of 7-10 A was recorded using a single X-ray
crystal spectrograph. X-ray emission intensity for different resonance lines is observed to decrease up to an angle of
~45° with respect to target normal, followed by a significant increase at higher angles. The observed departure of
angular distribution from a monotonically decreasing behavior is broadly in agreement with the calculations of the
escape factor of the radiation at different angles from a thick disk-shaped plasma using a spectroscopic code RATION.
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1. INTRODUCTION A knowledge of angular distribution of X-ray intensity is
dtherefore necessary not only for a correct estimation of X-ray
clonversion efficiency, but in deriving plasma diagnostic in-
formation as well. Moreover, since X-ray emission intensity
is governed by plasma hydrodynamics and the radiation
?ransport involved, a study of angular distribution of X-ray
emission can be helpful in understanding these processes in
the plasma.

Several authors have reported on measurements of angu-
lar distribution of soft X-ray emission performed using X-ray

diodes placed at discrete angles and filtered with suitable
copy (Nakanoet al, 1999, X-ray photoelectron Spectros- 4 " po il et al. 1987: Broughton & Fedosejevs, 1993;

copy(Kondoet al, 1998 and so forth. While some stud|es_ Teubneret al, 1995. Angular dependence of X-ray inten-

are performed on spherical targets using multiple beam ir-.. . ; :
T N f : .__sity in these studies was mostly fitted as some power law of
radiation, a vast majority of laser—plasma interaction studies L . : .
. . cosh, which is a monotonically decreasing function of the

are carried out in plasmas produced from planar targets .
. . o . > _angled with respect to the target normal. It may be noted
using a single laser beam. In addition to various applica- . . .
. o . that most of these studies were carried out for X-ray emis-
tions, X-ray emission from such plasmas is often used for. .
T : sion integrated over a broad spectral range. A knowledge of
deriving information about plasma parameters such as den-

: S . angular intensity distribution of resonance line transitions is
sity, temperature, ionization states, and so fdmBwoiko, : 2 . o
. o also desirable in view of various applications, for example,
1983; Haueeet al,, 1991). The X-ray emission from laser- . ;
; . . : as a pump source for X-ray lasdéisagelstein, 1983; Zhang
irradiated planar targets is expected to show an anisotrop

behavior due to variation in plasma opacity experienced b){g Ml::ﬂchgvgsze)t glr 'ggggfogrrgvszgt gafég%of_gvis:e?a;ﬁits
radiation emitted in different directions with respect to theStudy of anguI;r dist}ibution of i;wdividu.al radiativ’e line

target normalGupta & Kumar, 1995; Aglitskigtal, 1996, transitions are scarcely found in literatuf€haseet al.,

. 1977). Since oscillator strength of line transitions is much
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Study of intense soft X-ray emission from laser-produce
plasmas is a subject of much current interest due to potenti
applications(Turcu & Dance, 199P of this radiation in
many areas, for example, indirect approach to laser-drive
inertial confinement fusioLindl, 1995, pump source for
soft X-ray lasers(Zhang & Fill, 1992; Liet al, 1997,
microscopic imaging of live biological specimésteackt al,,
1995, VLSI microlithography(Chakeret al, 1992, X-ray
diffraction(Rischeletal.,, 1997, X-ray absorption spectros-
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plasma opacity. Moreover, a study of angular distribution ofillustrates the geometry of the spectrograph. X rays from the
resonance line emissions is desirable, as line intensity ratipointlike plasma source were reflected and spectrally dis-
is often used as a diagnostics means for plasma density ametrsed at appropriate Bragg angles subtended at different
temperature. points along the width of crystdlFig. 1(a)). The angular

In this article, we present a study of angular distributionintensity variation for a given wavelength was recorded
of X-ray line radiation emitted from plasma produced from from X rays incident at different points along the length of
a planar magnesium target using 6 J, 4.5 ns Nd:glass las#hmne crystal Fig. 1(b)). The angular range is governed by the
pulses. The study was performed using a single planar crydength of the crystal and its distance from the plasma source.
tal spectrograph with a provision of accounting for any vari-The crystal was placed such that its center was at a distance
ation in crystal reflectivity along its length. The observed of 35 mm from the plasma source. The angular range cov-
behavior is found to be in agreement with that expectedered by 40 mm length of the crystal at this distance was

from a spectroscopic code RATIONLeeet al., 1990 cal- ~60°. Thus complete distribution was recorded in two set-
culating the escape factor of the radiation at different angletings, ensuring considerable overlap of the two angular
from a thick disk-shaped plasma. ranges.

The X-ray spectrograph was positioned so as to cover a
range of Bragg angles from 18 23. This corresponds to
an X-ray spectral range of 7-10 A, which covers most of the
The experiment was performed by irradiating a planar magimportant transitions in He-like and H-like ions of magne-
nesium target using single laser pulses of 6 J, 4(FgHM ) sium plasma. The spectrum was recorded on a DEF-5 X-ray
from an Nd:glass laser systdmh = 1.054m). Laser inten-  film, which was mounted concentric with the plasma source
sity on the target surface was8 X 10'2W/cm?, correspond-  at a distance of 77 mm. The X-ray film was covered with
ing to a focal spot diameter 6f130 um (determined from  two thin aluminized polycarbonate foils to protect it from
the half intensity points of the X-ray emission regiohhe  exposure to any scattered visible, UV, and XUV radiations.
X-ray emission spectrum was recorded by a crystal spectroFhe cutoff energycorresponding to/etransmissionof the
graph specifically designed for this purpose. It consisted ofwo foils was~0.9 keV. The exposed film was developed
a planar thallium acid phthalate crysf@AP: 2d=25.75A  for a period of 5 min in D-19 developer with a standard
(001) pland of size 50x 25X 1 mm(thicknes$ as a Bragg procedure. The dispersion of the film plane was 0.381
reflector. The target, crystal, and detedt&rray film) were  (atA = 917 A) and spectral resolution was45 mA.
placed in a plasma chamber evacuated to*10rr. Figure 1 In principle, the angular distribution of X-ray intensity
recorded on the detector may be somewhat different from
the actual angular distribution due to possible variation in
the crystal reflectivity along its length. Therefore, a correc-
Amax tion factor for the same was experimentally determined by
increasing the distance of the crystal from the plasma source
to 221 mm. In this setting, the crystal length covered only a
A min smaller angular range of10° of X-ray emission from the
X—RAY FILM source, for which anisotropy in the X-ray intensity is ex-
pected to be small. The angular variation of the X-ray inten-
sity for a given spectral line in this case would be essentially
b X-ray film due to variation in the crystal reflectivity. This variation was
observed to be withir-15% from one end of the crystal to
the other end. This variation was used to derive the actual
angular distribution of X-ray intensity from the data re-
corded with the crystal placed at distance of 35 mm. In order
to ascertain that the angular distribution thus obtained does
not contain the effect of instrumental anisotropy, the exper-
iment was repeated by reversing the crystal about its length,
that is, the two ends of the crystal looking at lower and
Target higher angles, respectively, were reversed. The two sets of
Crystal data derived after making correction for variation in the
crystal reflectivity were observed to be about the same.

2. DESCRIPTION OF THE EXPERIMENT

a
PLASMA

CRYSTAL

Plasma

Fig. 1. Geometry of the crystal spectrograph operati@h:X-ray reflec-
tion at different Bragg angles along the width of the crystal results in3. RESULTS AND DISCUSSION

dispersion(b) Angular distribution is obtained by recording X rays emitted __ . . .
at different angles with respect to target normal, and reflected from differ-Figure 2 shows a densitometric trace of a single-shot X-ray

ent points along the length of the crystal. emission spectrum of magnesium plasma observed at an
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Fig. 2. A densitometric trace of X-ray emission spectrum of magnesium
plasma observed from at an angle of #fom the target normal.

Normalized Intensity

angle of 15 from the target normal. Optical density of the
recorded spectrum was determined by using a densitometer oaledou 0 1 L0 0 )
(Model Carl-Zeisg Various prominent lines in the spec-
trum are identified as transitions in Li-like, He-like, and Angle from target normal (degrees)

H-like magnesium ions, namely, MgX(IlSZ—lSZp) A= Fig. 3. Variation of intensity of X-ray line radiation with respect to the
9.17 A, MgXI (1s2p-2p?) A = 8.55 A, MgXIl (1s-2p) A = angle from the target normab) Mg XI (1s*>~1s2p) A = 9.17 A, (b) Mg XII
8.42 A, MgXI (1s>~1s3p) A =7.86 A, MgX (1s?2s-1s2s3p)  (1s-2p) A =8.42 A,
A = 8.07 A, MgXI (1s*>-1s4p) A = 7.47 A, MgXI (1s*—
1s5p) A = 7.31 A, MgXI (1s>~1s6p) A = 7.23 A. Spectral
intensity distribution was obtained from the densitometric Anisotropy of X-ray emission can be understood to be
trace by using the measured relative response of the filnjue to the effect of plasma opacity. Angular distribution of
that is, optical density versus exposure. The latter was olradiation intensity at particular frequency, from a plasma of
tained using the step filter technique under the same devetertain volume and shape containing a given number of
oping procedure. emitters, would be governed by the escape fa@gp —7)
Angular distribution for the two most intense resonancefaced by the radiation in traversing the plasma in different
lines, namely, MgXIl(1s®>~1s2p) A = 9.17 A and MgXIl  directions. For an optically thin plasmae., 7 < 1), the
(1s-2p) A = 8.42 A is shown in Figures (@) and 3b), escape factor is nearly equal to unity for all directions. In
respectively. In both figures, the angular distribution showsthis case, the angular distribution is expected to be isotropic.
a significant departure from a monotonically decreasingOn the other hand, if the plasma is not optically thin, the
behavior. It is seen that for both line transitions, the X-rayescape factor may be different for different directions. For a
intensity first decreases with an angle uptd5’, and then coin-shaped plasma, the escape factor in the direction of
shows an increase for higher angles. The curves shown itarget normal is highest because the smallest plasma thick-
the two figures are drawn only to guide the eye. The ratio oness is encountered in that direction. The escape factor de-
X-ray intensity at~45° to that in the direction of target creases with increasing angle from target normal as the
normal is~0.45 for MgX|(1s>~1s2p) A=9.17 A, and~0.4  plasmathickness increases. Anisotropic X-ray emission from
for MgXIl (1s-2p) A = 8.42 A. The intensity increases for plasma produced from planar targets exhibiting power law
angles larger than-45°, and reaches a value at an angleof the form co$ 6 (Popilet al., 1987; Broughton & Fedose-
~80° to 9C° of about 0.7 times that in the direction of the jevs, 1993; Teubneet al, 1995 is consistent with these
target normal. considerations.
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A quantitative knowledge of the effect of opacity varia- be much smaller tham. In this case, plasma can be approx-
tion on angular distribution would require use of sophisti-imated to be of a coin-shaped geometry. However, for pulse
cated computer simulations based on plasma hydrodynamiturationt, > t.,,, the plasma expansion reaches a steady-
codes including radiation transpof®amiset al,, 1988. state profile. In this case, the plasma may be considered to
Nevertheless, some important features can be realized lgonsist of two regions: first a planar expansion region of
approximating the plasma to be of some geometrical shapdigh density ford =< ry, and the second one being a spheri-
and making certain simplifying assumptions on the spatiatally expanding region fod > ry with a fast decreasing
variations of plasma density and temperature. For examplalensity(Mora, 1982. In our experiment, the electron tem-
in a coin-shaped uniform plasma, where thickness of thg@erature and electron density of the plasma, determined from
plasmaalong the direction of target normya much smaller  the ratio of X-ray line intensities, was 275 50 eV and
than its diameter, the distance traversed by radiation in e43.5+ 1) X 10°%c.c., respectively. Using the corresponding
caping from the plasma will be minimum along the targetsound speed,of 1.5X 10’ cm/s, the expansion time will be
normal, and the same will increase with increase in aéigle ~0.4 ns forro = 65 um. Since laser pulse duratidp of
As a result, the X-ray intensity will show a monotonically 4.5 ns is much larger than this value, a steady-state descrip-
decreasing angular distribution of the form €¢éawvherea  tion of the plasma expansion profile should be applicable in
is an exponent depending on the plasma opacity. Céizedle  the present case.

(1977 have explained their results showing a monotoni- The observed behavior of the angular distribution of X-ray

cally decreasing angular distribution of X-ray intensity of intensity can now be explained by considering the escape
resonance line emission from a planar aluminum target byactor experienced by radiation emitted in different direc-

considering a coin-shaped plasma. This is reasonably justtions from the plasma of the above described geometry. The
fied, as the plasma in their experiment was produced by @alanar expansion region, due to its high density as well as
short duration laser pulse of 200 ps. The plasma expansiomgh temperature, makes the largest contribution to the emit-
length along the target normal during the laser pulse wased radiation. It may be seen from Figure 4 that the physical
therefore much smaller than the focal spot diameter. length of the plasma encountered by radiation to escape

The angular distribution observed in our experimentfrom this region would increase froth= 0 up to an angle
(Figs. 3a) and 3b)) shows departure from monotonically tan *(d/ro), and then decrease for higher valueg oBince
decreasing behavior fa > 45°, and this cannot be ex- d~ryforthe plasma expansion geometry shown in Figure 4,
plained by considering a coin-shaped planar geometry. Howene would observe a minimum in angular distribution for
ever, this behavior can be understood by realizing that fop ~ 45°. Further, in principle, one should expect an increase
the longer laser pulse of 4.5 (BWHM) used in the present in half width of the spectral line with an increase in optical
study, plasma expansion geometry would be quite differentthickness. However, such a variation could not be observed
Inlaser-irradiated planar targets with a finite-size focal spotbecause the line width of45 mA, which is essentially
the plasma expansion may be considered to be nearly plangoverned by the source size, would mask the effect of any
to an expansion distandef the order of focal spotradiug ~ opacity broadening.
as schematically represented in Figure 4. The plasma expan- Optical depth for radiative line transitions can be calcu-
sion time to reach this position is,,~ ro/cswherecsis the  lated for a specified plasma size using spectroscopic code
plasma sound speed. FRr< to,, the plasma expansion RATION (Leeet al, 1990. An idea of the escape factor of
would remain nearly planar and its expansion distance wilfadiation coming out of the plasma can be obtained by using
this code and taking the distance travelled by radiation in
different directions to be,/cosf. Escape factor of radiation
using the RATION code and taking electron temperature of
300 eV and electron density of 3:6102%%c.c. is shown in
Figure 5 for the two line transitions MgX(1s-2p) and
MgXIl (1s?>-1s2p). It is seen that the escape factor de-

' creases up to an angte45’ and then increases for higher
ro angles, a behavior similar to that noted from the measured
(= LASER angular distribution of the X-ray emission. In principle, the
’ angular distribution would be a summation of the X-ray
intensity emitted from different points in the plasma using
corresponding values of escape factor. An exact calculation
of the same would require detailed temperature and density
profiles of the plasma and would be a quite complicated
fr—d— task. Nevertheless, the typical variation of the escape factor
with angle(Fig. 5) reasonably well explains the qualitative
features of the observed angular distribution of X-ray emis-
Fig. 4. A schematic representation of the plasma expansion geometry. Sion with a broad quantitative agreement.
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