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Abstract

Aplasma production method using the irradiation of an array of small spots has been investigated from the point of view
of soft X-ray laser generation in the recombining plasma scheme pumped by a pulse-train laser. The expansion geometry
of highly ionized ions produced by the micro-dot array irradiation method has been measured and compared with that by
a simple line irradiation. Spatial distribution of gain coefficients of the Li-like Al ion transition lines have also been
measured for both irradiation methods. Highly ionized ions were observed to spread wider in the micro-dot array
irradiation method. It is expected that rapid expansion and efficient cooling are achieved in plasmas produced by the
micro-dot array irradiation method, which is consistent with the experimental results on the spatial structure of the X-ray
laser gain region.

Keywords: Micro-dot array irradiation; Pulse-train laser; Recombining plasma scheme; Soft X-ray spectra; X-ray
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1. INTRODUCTION line focus when the conventional line focus system is used.
A new line focusing system with a segmented prism array
We have been developing a compact X-ray laser based ashould be introduced to perform X-ray laser experiments
the recombining plasma scheme, in which a pulse-train YAGwithout losing laser energy. The idea of segmented array
(yttrium aluminum garnetlaser is used as a pump source. optics is as followg Villeneuveet al., 1991). The incident
The pulse-train laser irradiation method was originally pro-laser beam is split into several parts. Each part of the split
posed as a method of achieving a compact X-ray laser bigeam is then separately focused to a line and all these indi-
Haraetal.(1991) in RIKEN (Institute of Physical and Chem- vidual line foci overlap at the same place, a common line
ical Researchwhere an Nd:glass laser system was used antbcus. Superposition of the individual beamlets leads to
the recombining plasma scheme was also adopted. The faveraging out of the intensity variation in the incident beam.
cusing system was a conventional one, a combination of Also, the irradiation pattern has a small scale modulation
convex lens and a cylindrical lens, because the output beanue to interference between divided beams that results in
from the RIKEN laser system had a uniform intensity pro-formation of an array of microdots on a target. Recently, we
file over its cross section and delivered enough energy talemonstrated performance of our new line focus system and
trim the circular beam cross section into a rectangular oneghe production of highly ionized plasma with an array of
On the other hand, our pumping system is a YAG laser thasmall dotg Yamaguchgt al,, 1999, 2000. This irradiation
would open a possibility of high-repetition-rate X-ray la- method would be effective in producing highly ionized ions
sers, though the beam size of the YAG laser output is smallith a small input energy. Rapid cooling might take place in
and the intensity profile is not flat over its cross section.expanding plasmas originating from microdots, which could
Therefore the irradiation pattern will not be smooth along abe effective to pump X-ray lasers through recombination
processes.
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in the same pulse-train laser method. In this work, we havehe sight axis is rotated by 90the transversal view, an
measured spatial distribution of soft X-ray emission fromX-ray intensity distribution along the line is observed.
highly ionized ions and have analyzed the spatial structure
of gain region in the expanding plasma from spatially re-
solved soft X-ray spectral data. We found a clear dif‘ference3' EXPERIMENTAL RESULTS
among plasmas produced by the above two irradiation mettsome soft X-ray spectra from the Li-like ion are often ex-
ods. The results are qualitatively consistent with the expandsected as lasing lines in compact X-ray lasers using the
ing geometry in plasmas from an array of microdots. recombination plasma scheme. Especially, tde & and
3d-5f transition lines of Li-like ions were well investigated
(Jamelotet al., 1985; Haraet al., 1989; Kawachiet al,,
1997; Yamaguchét al,, 199%). In this report, analyses on
Our standard pulse-train laser consists of 16 pulses of 100-gpatial distributions have been concentrated on tthe58
laser pulse with a 200-ps interval. The envelope of thg10.57 nm and 3—4f (14.47 nn) lines of Li-like Al ions.
pulse-train is shaped so that the earlier eight pulses are Inthe microdot array irradiation, we measured the spatial
more than four times as intense as the later ones. For thaistribution of soft X-ray spectra along the line focus mea-
microdot array irradiation, a YAG laser system at T. T. |. sured at the target surface in the transversal (i éamagu-
(Toyota Technological Instituievas used, which consisted chietal, 2000. Then we confirmed that highly ionized ions
of a mode-locked YAG oscillator, a regenerative amplifier, of aluminum originated from an array of small dots corre-
and four-stage YAG amplifiers. It delivered laser output of sponding to the irradiation pattern. In Figure 1 are shown the
1.5 to 2 J energy with 25 mm diameter. The lens assemblyntensity distributions of the 15.47 nm lin@l XI 3 d—4f
consists of a segmented prism, a beam expander, andteansition along the line focus measured at the different
cylindrical lens. The line focus was 11 mm long on an Al distancegz, from the target surface. The modulation of X-ray
slab target. In detail, the irradiation pattern had small dotsntensity can be clearly seen at the target surfaeeQ mm.
aligned with the line focus, which were about pda diam-  The period of the modulation is 130—146n and the width
eters with a spacing of 140m. The power density for each is 50—70um. The spatial modulation is smoothed out quickly
pulse was estimated as 1.0-K30'2W/cm? The detailed beyondz = 0.1 mm as shown in Figure 1.
description of the new line focusing system is reported else- Expansion characteristics of plasmas produced by the
where(Yamaguchiet al,, 199%). two different irradiation methods have been investigated by
Forthe simple line irradiation, an Nd:glass laser system abbserving the source size variation of spectral lines of highly
RIKEN was used, which consisted of a mode-locked YLFionized ions when the view point is moved away from the
oscillator, a regenerative amplifier, and six Nd:glass amplitarget surface in the axial view. The source size along the
fiers. The diameter of the output laser beam was 6.5 cm. Arertical direction to the target normal, the axis of plasma
mask having a rectangular opening to produce a unifornblow-off, was determined as the FWHM of the spatial dis-
line focus was used to trim the central part of the beam. Theribution of each spectral line. The source size of the Li-like
laser was focused onto an Al slab target via a line-focusingAl 3 d—4f transition line(15.47 nm or the 3-5f transition
system, a combination of a cylindrical lens and a spherical
lens. The irradiation pattern was a line 25 mm long and

2. EXPERIMENTAL SETUP

14 um wide. The power density was 1.0—X3.0%W/cm? 1000

Time-integrated soft X-ray emission from laser-produced W
plasmas was analyzed using a space-resolving spectrograph 500 | o A ]
consisting of a toroidal mirror, a flat-field grazing incidence WWW A J o0
spectrometer with an aberration-corrected concave grating ‘= 0
(1200 groovegmm, Hitachi 001-043), and a back-illumi- =}
nated X-ray CCD cameréPrinceton Instruments, Inc., 8 W MM
SX-TE/CCD512TKB or SX-TECCD 1024AB. This spec- & 500
trograph was designed to form an image of the source witha > 2=0.05 mm
1x magnification in the horizontal direction at the entrance g oL L ‘ “
slit and with a 3< magnification in the sagittal directionat @ 1‘00 p‘.m
the flat-field output plane. The spatial resolution in each £ <>
direction is 10-10@:m depending on the entrance slit width 500 \ﬂ/\/\/ 2\ /\\
or approximately 5@um, respectively. The measured wave-
length range was 9-16 nm. Observations of plasma X-ray oL ‘ ‘ ‘ ‘ s
emission were performed with the two different sight direc- 40 60 8 100 120 140 160
tions. When the sight axis coincides with that of the line channel

focus, the axial view, one observes brightness distribution atig. 1. intensity distribution of 15.47 nm line along the line focus in the
one end of the elongated source. On the other hand, wheticrodot array irradiation.
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Fig. 2. Source size of the Li-like Al ion transition line as a function of distance from the target surface. The target surface s at
(a) The 3d-4f line (15.47 nm. (b) The 30-5f line (10.57 nm. Open circle: microdot array irradiation. Closed circle: line irradiation.

line (10.57 nm is plotted as a function of distance from the the spatial profiles of the gain coefficient have been inves-
target surfacegz, in Figure 2a or b, respectively. The half tigated for the Al XI 3-5f and 3J—-4f lines. The two-
angle of divergence is about 8-1fér the case of microdot dimensional mapping of gain coefficient for the-34f line
array irradiation, while the value is about 246r the case is shown in Figure 3. The gain mapping in the case of the
of line irradiation. It can be thought that the highly ionized microdot array irradiation is shown in Figure 3a, where it
plasma produced by using the microdot array irradiationshows that the gain region exists at a 0.3—0.5-mm distance
method expands wider from the target than that produced bfrom the target surface. On the other hand, the gain region
the simple line irradiation. extends up to 0.8 mm in the case of the line irradiation as
Finally we performed an X-ray laser gain measurementirshown in Figure 3b. The spatial profile of the gain was
the axial view by changing the plasma length. Several sofhearly the same for thed3-5f lines.
X-ray transition lines of the Li-like and Be-like Al ions were
observed as the lasing lines pumped by the pulse-train laser
through the recombining plasma scheme, those being the Al DISCUSSION
X1 3p-5d (10.38 nm, Al X1 3 d-5f (10.57 nm, Al X 3 d-5f In the recombining plasma scheme, it is an important issue
(12.35 nm, Al XI 3p—4d (15.06 nm, Al XI 3d-4f tocomplete the heating and ionization before the plasma has
(15.47 nm, and Al X 3d-4f (17.78 nm. In this experiment, expanded freely from the target and to cool down efficiently
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Fig. 3. Two-dimensional mapping of gain coefficient of the Al Xd:34f transition line(a) The microdot array irradiatiorib) The line
irradiation.
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the plasma temperature to enhance the pumping processeslume expansion rate for cag®) becomes larger than that
by electron capture into the upper state. The modifiedor casegB) beyondz~ 0.1 mm. It might be thought that the
collisional-radiativelCR) model has predicted the required lower electron temperature is expected for both cases the
electron temperature for producing population inversion inlarger the volume expansion rate becomes. Provided that

the Li-like Al ions to be lower than 10 e¥Kawachiet al.,,

the temperature of the initial plasma is equal, because the

1999. The degree of temperature decrease depends stronghpwer density of the incident laser is nearly the same, the
on the volume expansion rate of the expanding plasma. Thelectron temperature is lower in ca@®) than that in case
expansion geometry in each irradiation pattern investigatedB) for z > 0.1 mm. Therefore the plasma produced by the
in this work can be modeled as a cone shape for the microdahicrodot array irradiation will be cooled down to the re-
array irradiation(A) or a column with a triangular cross quired level for producing an X-ray laser gain faster than
section for the line irradiatiofB), as shown in Figure 4. The that produced by the line irradiation does. As a result, the

volume expansion rate, andg, at the distanceg, from the

target is written approximately as

tar’ 6,
= z
3a2d

for case(A) (for z > a), wheref, is the half angle of

distance of the gain region from the target surface is shorter
in the microdot irradiation case than that in the line irradia-
tion case. In this way, the difference of gain distribution
between the two irradiation methods shown in Figure 3
could be explained by the difference in the plasma expan-
sion geometry.

divergence in the plasma expansians the radius of the 5 CONCLUSIONS

microdot, andl is the depth of the initial plasma, or for case
(B), wherebg is the half angle of divergence in the plasma

expansiony is the width of the line focus.

tands _,
=—7Z
2wd

Plasma production and expansion by the irradiation of an
array of small spots was investigated from a point of view of
soft X-ray laser generation. The array of small spots was
formed by modifying the line irradiation pattern utilizing
interference among line foci. The spatial distribution of
highly ionized ions produced by the microdot array irradia-

Substituting the values given by the irradiation patterndion method or by the simple line irradiation method was

and determined from the experiments, we can state that t

(A) micro-dot array irradiation

Fig. 4. Model of expansion geometry for each irradiation meth@iThe
microdot irradiation.(b) The line irradiation. For casé), only a unit

microdot is shown.
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H@easured by soft X-ray spectroscopy. The expansion na-

tures were compared between the two irradiation methods.
Spatial distributions of gain coefficient of the Li-like Al ion
transition lines have also been measured. The gain region
was narrower along the target normal but wider along the
vertical direction to the target normal in the case of the
microdot array irradiation than in the case of the line irradi-
ation. This can be explained qualitatively from the geomet-
rical feature of the plasma expansion. The gain coefficient
produced through the microdot array irradiation is higher
than that obtained by using the conventional line irradiation
method. It has been clarified that rapid expansion and suc-
cessive efficient cooling are achieved in plasmas produced
by the microdot array irradiation method. The compact X-ray
laser experiments have been successfully performed by using
the microdot array irradiation of YAG lasdliyamaguchi
etal, 1997, 1999).
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