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A laser-pumped x-ray laser with full spatial coherence has been developed for the first time. This x-ray laser has
a wavelength of 13.9 nm and a beam divergence of 0.2 mrad. In the experiment, a seeding light from the first laser
medium was amplified in the second medium, which worked as an active spatial filter. The observed beam divergence

was close to the diffraction limited value within a factor of two. The seeding light was amplified in the second

medium without refraction influence. The gain region of the second medium was far away from the target surface

compared with that of the first medium, and was located in a region of considerably low density. From the measurement
of visibility, it was found that the spatial coherent length was longer than the beam diameter. This means that this x-

ray laser beam has full spatial coherence.
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1. Introduction

Lasing in a soft x-ray region was demonstrated for the
first time in 1984 [1], Since then, x-ray lasers have been
developed actively to improve the laser beam properties [2]
and create compact devices [3,4]. Recently, a new scheme for
an x-ray laser [5] was proposed by using an ultra-short pulse
laser as a pumping source. In this scheme, which is called
transient collisional excitation (TCE), target materials are
irradiated by two laser pulses, a long prepulse for ionization
and a short main pulse for excitation. The TCE scheme has
facilitated much progress in collisional excitation x-ray lasers,
and resulted in higher gain coefficients of a few tens per
centimeter and shorter pulse durations less than 10 ps [6,7].
Saturated amplification, with a medium length less than 1 cm,
was also achieved [8]. However, a medium with high gain
was made in a high density region near the critical density
for the pumping laser, where the density gradient was large.
As a result, the x-ray laser was bent and diverged by refrac-
tion. Due to this refraction influence, the beam divergence of
the x-ray lasers is over 1 mrad [9,10]. In order to suppress
this influence, double massive targets [11,12] and a curved
target [13] were applied, but the improvement was not
satisfactory. In general, a beam with small divergence has
high spatial coherence, which is the most important property
for lasers. But, no beam with sufficient coherence has been

generated up to now [14,15]. Recently, a compact laser at 46.9
nm with high spatial coherence was developed by use of
discharge plasmas [16]. However, it appears difficult to
shorten the wavelength by this method.

Here, we describe experimental results of a laser-pumped
x-ray laser at 13.9 nm using the TCE scheme. In order to
generate coherent x-ray light, we created two x-ray laser
media by using two pumping laser beams and two targets. In
this double target experiment, an x-ray laser from the first
target was used as a seeding light and the coherent portion of
the seeding light was amplified in the second medium. In this
case, the amplifier (the second medium) works as an active
spatial filter. If refraction is neglected, a condition for
obtaining a single mode beam (where the spatial coherent
length is longer than the beam diameter) is given by the
relation A/d > d/L [17], where A, d, and L are the wavelength
of the x-ray laser, the diameter of the media, and the distance
between the two targets, respectively. We estimated that this
condition for A = 13.9 nm was satisfied with the target
distance of L > 18 cm using d = 50 um (this value was
obtained from the previous experiment [18]). The most
important point was how to reduce the refraction influence,
which was caused by the density gradient in plasma. We
succeeded in avoiding this influence by making a gain region
in the lower density area. This is the first demonstration of
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the laser-pumped x-ray laser with full spatial coherence [19].

2. Experimental Setup

In this experiment, the pumping laser was focused in a
line shape and used to irradiate a silver target for generating
an x-ray laser, the wavelength of which was 13.9 nm. We
developed a pumping laser system, a hybrid system using
Ti:sapphire and Nd:glass as laser media [20]. In this system,
the Ti:sapphire oscillator generates femtosecond laser pulses
at a wavelength of 1053 nm. The pulse is expanded
temporally in the pulse stretcher, and it is amplified up to a
few mlJ in the Ti:sapphire regenerative amplifier. Then the
pulse is divided into two: a prepulse for generating plasma
and a main pulse for generating population inversion. These
pulses are amplified in the Nd:glass amplifier and sent to the
pulse compressor. Final pulse shape from the compressor
consists of a long prepulse with a few hundreds ps and an
intense short pulse with a few ps. The laser beam is spatially
divided into two before the final-stage of the Nd:glass
amplifier, and, finally, two beams of the pumping laser are
generated.

The line focus was made by reflecting optics using a
parabolic mirror and a spherical mirror [21]. The line width
was about 20 um and the length was 6.5 mm. Because the
duration with high gain is less than 10 ps for the TCE [22], it
is shorter than the duration when the x-ray light needs to pass
through the laser medium (~20 ps). Thus, if the target is
irradiated at the same time, the gain decreases before the light
passes through the medium. In order to solve this problem,
we used traveling wave pumping, in which the timing of
generating the gain medium was matched to the propagation
of x-ray laser light [22].

A schematic configuration of the double target
experiment is shown in Fig.1. The distance between the two
targets was 0.2 m. The pumping laser to the first target
consisted of a prepulse with a 300 ps duration and a main
pulse with a 4 ps duration. The total energy was 11 J and the
energy ratio was 1:8. The pumping laser to the second target
consisted of a prepulse with a 300 ps duration and a main
pulse with a 12 ps duration. The total energy of the laser was

XRL amplifier

\2nd target

Full coherent XRL

XRL seeding
Traveling wave

Long pulse laser

Short pulse laser

Fig. 1 Schematic configuration of the double target
experiment. The distance between the two targets, L is
20 cm and the timing between the two pumping lasers
is delayed with At. The pumping laser is the traveling

wave for the first target but not for the second target.
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13.5 J and it had the same energy ratio. The main pulse was
delayed 600 ps from the prepulse in both cases. We used the
traveling wave pumping to the first target but not to the
second target. The seeding light from the first target had a
beam divergence of about 6 mrad. Consequently, the beam
diameter was 1.2 mm at the second target position; this value
was larger than the medium size, which was about 50 um
[18]. The pumping laser to the second target was delayed
from that to the first target, and this delay time was changed
by using an optical delay line. When the delay time, Az, was
667 ps, it was equal to the value of the target distance divided
by light speed.

3. Experimental Results

The x-ray laser beam profiles obtained in the double
target experiments strongly depended on the delay time.
Figure 2(a) shows a profile (a far field image) measured at Ar
= 667 ps at the position of 0.74 m from the second target. A
bright region, which is the amplified light, is observed against
the background of the seeding light. A shadow of the second
target plasma is observed on the target surface, which is
marked by a white line. This shadow was made by absorption
of the seeding light by the second target plasma. Grid-shaped
shadows are caused by the backing mesh of a zirconium filter,
which is located at 0.2 m from the second target. In this case,
both of the two media were generated in a high density region
with an electron density over 10%° cm™ [22], where the
density gradient was large. The observed beam profile
spreads, particularly, in the horizontal direction, and the beam
position is far away from the plasma shadow. This means that
the beam is bent by refraction. The refraction angle is about
3 mrad. Based on measurement of a near-field image, the gain
region was located at about 40 um from the target surface
[18].

When the delay time was shorter than 667-5 ps, another
bright region was observed near the plasma shadow. Figure
2(b) shows a profile measured at Ar = 667-15 ps at a position
2.81 m from the second target. We can observe a very bright
and narrow beam profile, the divergence of which is 0.2 mrad
(FWHM). This divergence is one thirtieth of that from the

{(a) At = 667 ps

2.4 mrad

—

Fig. 2 X-ray laser beam profiles measured by the x-ray CCD
camera in the double target experiments. The profiles
were measured at 0.74 m (a) and 2.81 m (b) from the
second target position. The target length was 6.5 mm.
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Fig. 3 Output energy of the narrow x-ray laser beam plotted
with the second medium length.

single target, and is the smallest value of x-ray lasers. The x-
ray laser beam is isotropic and has a nearly Gaussian profile.
The important point is the location of this beam, which is
about 100 um from the target surface and just on the shadow
of the second target plasma. This means that this narrow x-
ray laser beam is not bent by refraction. Thus, the refraction
angle is smaller than the beam divergence.

The output energy of the narrow x-ray laser beam is
plotted with the second medium length in Fig.3. The energy
increases exponentially with the medium length. The gain
!. The gain-length
product is 5.1 and the amplification factor is 170. These

coefficient is estimated to be 7.9 cm™

values are small compared with those obtained from the single
target experiment [22]. In this experiment, the energy of the
seeding light was 270 nJ and the coupling efficiency to the
second medium was about 0.1 %, which was evaluated from
the beam divergence as (0.2/6)%. The output energy from the
amplifier was 25 nJ and its intensity was lower than the
saturation intensity by about two orders. This low intensity
results from insufficiencies of the second target length and
the seeding light intensity. If we create a second medium with
a length of 1 c¢m (it should be pumped by the traveling wave)
and an injection of seeding light with saturation intensity, we
can expect an amplified beam with saturation intensity.

The beam with small divergence has high spatial
coherence. Here we carried out a Young’s double slit
experiment in order to measure the spatial coherence of the
narrow x-ray laser beam. The double slits, with a width of 16
um and a separation distance of 150-350 um, were located
at 2.3 m from the second target. The beam size was 460 jum
at the slits’ position. We observed the x-ray interference
pattern at 3.9 m from the slits’ position using an x-ray CCD
camera. Figure 4 shows an interference pattern with a slit
distance of 150 um. The visibility of the interference is
defined as V = (Iyax—Imin)/ (ImaxH min)s Where I, and Iy, are
maximum and minimum values of the interference pattern,
respectively. The visibility of the fringe shown in Fig.4 is
0.96. Figure 5 shows the dependence of visibility on the slit
distance. The visibilities are not different between the
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Fig. 4 Interference pattern with the slit distance of 150 um.
Law data obtained from the x-ray CCD camera (a) and a
line plot of the fringe (b). The second target length was

6.5 mm.
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Fig. 5 Visibility plotted with the slit distance. The symbols of
circle and triangle represent values in the directions
perpendicular and parallel to the target surface,
respectively. The line shows a Gaussian fitting to the
data points.

directions perpendicular (the circles) and parallel (the
triangles) to the target surface, which means the x-ray beam
is isotropic from the view point of spatial coherence. From
the figure, the visibility is about 0.8 at a slit distance of 460
um, which is the beam size. Considering a monochromatic
light source with a Gaussian intensity profile, the relation
between the visibility and the spatial coherent length, Lc, is
given by V(Ax) = exp(-Ax%2Lc?), where Ax is the slit
distance [23]. From the fitting shown in Fig.5, the spatial
coherent length is estimated to be about 600 um, and it is
larger than the beam size. Therefore, this x-ray laser beam
satisfies the condition for full spatial coherence.

4. Analysis

The spatial quality of a laser beam is measured by
comparing it with the diffraction limit. The narrow x-ray beam
obtained here has an intensity profile of a nearly Gaussian
shape. The diffraction limited divergence (FWHM) of the
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Gaussian beam is given by

6. _2lm2 A
FWHM — V.4 d
0

; (D
where d, is the FWHM of the laser intensity at the beam
waist. From the previous result, dy = 50 um [19], we
estimated Ogwyy = 0.12 mrad and found that the measured
divergence of 0.2 mrad is in a range smaller than two times
the theoretical limit.

In the double target experiment, the second medium
works as a spatial filter. Here we calculate the effect of
diffraction by this spatial filter using.a diffraction integral of

very=4 [ st o)

exp (— iksy)

s, 8w

(=) gy, dygdrdy @
where the light source with a profile of gy(xy, ¥o) is placed at
the first target position and the spatial filter with a
transmission profile of g(x, y) is placed at the second target
position. The symbols of s and s, represent the distances from
the point (xg, y,) to the point (x, y), and from the point (x, y)
to the point P. The beam divergence is calculated from the
field amplitude, U(P), at the position of P, which is far from
the second target. Figure 6 shows a calculated result assuming
that g, is a point source and g(x, y) is a Gaussian shape with
the given diameter (the solid line). In this case, the minimum
value is 0.25 mrad, which is larger than the measured value.
When we consider a finite source size, this line becomes close
to the measured point. Thus, the measured divergence is
proper in this theoretical viewing point.

The deterioration of the beam divergence and the spatial
coherence is mainly an effect of refraction resulting from the
density gradient in plasma. Here we consider that the x-ray
light propagates in a parallel direction from the target surface,
and the density gradient exists only in the perpendicular
direction. In this case, the refractive index, n, is a function
depending on the perpendicular position. The refraction angle
is

e_dx_Vn L,
n

dz
where x and z are the positions perpendicular and parallel to
the target surface, respectively, and L is the propagation length
in the z direction. The refractive index in plasma is given by

€)

n—/—i o
VT %n

cr

)

where n, and n,, are the plasma electron density and the
critical density for the pumping laser, respectively, and o =
(13.9/1053)*. Assuming an exponential density profile of n, =
n.exp(—x/L,), the refraction angle is
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Fig. 6 Diffraction limited divergence of the Gaussian beam
(the dot line) and the divergence calculated from the
diffraction integral assuming a point source (the solid
line). The solid symbol is the experimental point of 0.2
mrad.

g
E
K
[=)]
c
[}
c
§
3
g
D
s
0'01 e ' A i r Sl
10 20 50 100

Density scale length [um)]

Fig. 7 Calculated refraction angle as a function of the density

scale length. The two lines (the solid and the dot) are
cases for the spread beam (Fig.2(a)) and the narrow
beam (Fig.2(b)).
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where L, is the scale length determining the density profile.
Figure 7 shows calculated refraction angles from the above
equation. In the case shown in Fig.2(a) (the spread beam),
the perpendicular position at the medium was 40 um from
the target surface [18] and the measured refraction angle was
3 mrad. In the case shown in Fig.2(b) (the narrow beam), the
perpendicular position at the medium was about 100 um and
the refraction angle was less than 0.2 mrad. From a
comparison of calculated and measured values, the density
scale length was estimated to be about 20 (im. The results of
this analysis indicate that the electron density at the second
medium (for the narrow beam) is about 1 % of the critical
density. This is a considerably low value compared with
previously reported results [22].
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5. Conclusions

We demonstrated, for the first time, a laser-pumped x-
ray laser with full spatial coherence at 13.9 nm. A very narrow
x-ray laser beam with a divergence of 0.2 mrad was generated
in a double target experiment, in which a seeding light from
the first medium was amplified in the second medium. This
beam divergence is the smallest value of x-ray lasers and is
close to the diffraction limited value, within a factor of two.
The essential point of this result is that the seeding light is
amplified in the second medium without refraction influence.
It is possible to generate an x-ray laser with full spatial
coherence and saturation intensity by making a longer second
medium with a length of about 1 cm using traveling wave

pumping.
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