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Near-field spatial imaging of a Ni-like Ag 140-A x-ray laser
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We measure the two-dimensional, near-field spatial distribution of a 140-A nickel-like silver x-ray laser at
the output aperture with high magnification using a curved multilayer x-ray mirror to image the output onto an
x-ray charge-coupled device camera. Lasing is created by illuminating silver slab targets with a pair of 75 ps
laser pulses separated by 2.2 nsec from the Vulcan laser. The two-dimensional, high-resolution, spatial image
shows the x-ray laser source size and its position relative to the target surface. A dramatic change in both the
position and source size are observed for the refraction compensating curved target as compared with the flat
targets[S1050-294{@7)02310-X

PACS numbe(s): 42.55.Vc, 42.60.Jf, 52.70.La, 32.30.Rj

[. INTRODUCTION spot focus which is then imaged By2.5 off-axis spherical
mirrors to produce a line focus 2.5-cm long by 206t
Over the last several years the multiple pulse techniguevide. The total energy on each target is about 75 J after 30%
has been used with great success to create strong lasing lssses for reflection and transportation by the relay and fo-
many neonlike ions on the'Sy,—3s 'P; laser transition  cusing system, giving an irradiance of 20 TW/can target.
[1]. This technique has also been used quite successfullyhe other three beams are 180° opposed in a second line
with the lanthanides to produce strong lasing on the nickelfocus which illuminates the second slab target and produces
like 3d°4d(J=0)—3d°4p(J=1) laser transition§2—4.. 4 plasma with a density gradient in the opposite direction

While this technique opened the door to lasing in thesgyhich helps compensate for the refraction of the x-ray laser
nickel-like ions using slab targets, lasing was still far belowyoom from the first plasma.

saturation. By optimizing the pulse separation and contrast The prepulse was produced by splitting the oscillator

and mO\;]lng to Ik;)welz,drecent exréelrlments using s!I\r/]er sl?b ulse into two pulses before the preamplifiers in the Vulcan
targets have observed saturated laser output, with an lasgfse; A prepulse with 15—-20% of the total energy on target

. . . 9
output 01; 90 wd, on the nickel-like silver 8°4d(J \ a5 produced and delivered 2.2 ns in advance of the main
=0)—3d°4p(J=1) laser transition at 140 J5]. Using this

bright silver laser, we measure the near field, two-
dimensional distribution of the output of the nickel-like sil-

ver 140-A laser to characterize the source size and its pos

tion relative to the target surface. The position of the lasinc

relative to the target surface provides valuable information tc

compare with computer simulations so that we can under o
stand the plasma conditions under which lasing occurs an 'maging mirror
how to improve these laser systems. Other recent pape ¢ ——
have looked at near field—8] or far field[9] images of the + Ag double slab target
neonlike germanium 196-AB1S,— 3s 1P, laser transition

using the various multiple pulse techniques but nickel-like

lasers have never been imaged before because of their Ic . CCD camera [
intensity and short wavelength.

Beams 2,4,6

Relay mirror

Beams 1,3,5

Il. EXPERIMENTAL SETUP
. . N . FIG. 1. Schematic of the experimental setup showing the Vul-

The experimental setup is shown in Fig. 1 and consists ofan beams illuminating the double slab silver targets. The output
two slab targets which are coupled lengthwise and illumi-gperture of the 140-A nickel-like silver laser is imaged with mag-
nated in opposite directions. Six beams of the 1@®-Vul-  nification 22.1 on to the CCD camera using a curved multilayer
can Nd:glass laser with a 75 ps duration were used in airror with 25 cm focal length. A flat multilayer mirror relays the
standard off-axis focus geometry. TR&.5 spherical lenses image and helps to eliminate background. The setup is not shown to
focus three beams from one side of the target chamber to scale.
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pulse. The prepulse level and pulse duration were monitored
by a fast photodiode.

Flat slab targets used in the experiment were 1.8-cm long,
200-um wide, silver stripes coated on glass substrates. Both
ends of the slab target were placed well within the line focus
to avoid cold plasmas at the ends of the targets. The two slab
targets were aligned so that they were parallel with an ad-
justable separatiofin the direction perpendicular to the tar-
get surfacesbetween the surface planes and an axial sepa-
ration of 500um between the two targets. For some shots,
curved targets with a 100-cm radius of curvature were used
to make a comparison with the performance of the flat slab
targets. The curved targets were made by diamond machin- 107 .
ing a copper substrate which was then coated wijlam of 120 125 130 135 140 145 150 155 160
silver. o Wavelength (A)

Since the x-ray laser pulse duration is comparable to the
propagation time, traveling wave excitation for the two suc-  FiG. 2. Individual and combined reflectivity of the two
cessive targets is necessary to achieve sufficient amplificanolybdenum/silicon multilayer mirrorémaging and relayversus
tion. The three drive beamd,3,9 for the first slab target wavelength. The total reflectivity of the combined system peaks at
were therefore timed 60 ps earlier than the three beams29 with a bandwidth of 6 A.

(2,4,9 for the second target. The targets were aligned rela-
tive to the target chamber axis to accuraciessdfmrad and  dyced 2 counts per photon. The magnification was 22.1, re-
*3 um. sulting in spatial resolution of approximatelygdm.

The two-dimensional2D), high-resolution, spatial imag-  From our time-resolved spectral data we know that lasing
ing diagnostic consisted of a 2.5-cm diameter, 50-cm radiugccurs only during the second illumination pulse with typical
of curvature molybdenum/silicon multilayer mirror placed gurations of 30—50 ps so the laser itself acts as the strobe to
26.1 cm from the output end of the silver laser at near normagnable the CCD camera to take a snapshot of the plasma.
incidence. The multilayer mirror consisted of 60 layer pairSThe actual CCD acquisition time was 1 msec. Figure 3
with a spacing of 72.3 A which gave the mirror a peak re-shows a typical spectrum of the silver laser for a single
flectivity of approximately 65% and a full-width at half- cyrved target as seen by a flat field spectrometer. The nickel-
maximum(FWHM) bandwidth 6 6 A for 140 A radiation at ke silver laser is monochromatic and the laser line at 140 A
normal incidence. This mirror images the output aperture ogompletely dominates the background. The silicon edge from
the 140'A nickel-like silver laser onto an IntraSpeC v baCk'the CCD camera used to record the Spectrum can be seen at
thinned x-ray charge-coupled devi¢€CD) camera which 125 A This is the same CCD camera used in the imaging
was placed 575 cm from the mirror. A flat, 5-cm diameter,djagnostic described above. It is this combination of a bright
molybdenum/silicon multilayer mirror was placed 350 cm|aser line with the use of multilayer mirrors which allows us
from the imaging mirror to relay the image onto the CCD g image the laser output from the nickel-like laser. Previ-
camera and to filter out background radiation from theous|y, most nickel-like lasers were weak and their wave-
plasma. The second mirror used sixteen layer pairs with 10fengths were much shorter where multilayer mirrors work

A spacing for the 45° angle of incidence and had peak repoorly, if at all. By moving to the long wavelength side of
flectivity of approximately 35% and a bandwidth of 15 A.

Figure 2 shows the reflectivity of the two mirrors as well as

the total reflectivity of the combined system. The total reflec- 10° ————rr
tivity peak at 22% with a bandwidth of 6 A. The reflectivities i SF04191196
are calculated based on the system parameters but the central [

bandpass and bandwidth are verified experimentally and the
peak measured reflectivity is approximately 90% of the cal-
culated value. The 45° relay mirror does act as a polarizer
but the reflectivity curve for the flat mirror is averaged as-
suming an unpolarized x-ray laser beam. A &Blcn?
(2000-A) thick aluminum filter was used in front of the relay 10°F E
mirror to eliminate optical light and a 5@g/cn? (2200-A) M
thick carbon filter was used in front of the imaging mirror to

attenuate the signal, eliminate shorter and longer wavelength 2 . . . . ) .
radiation, and help protect the mirror. Even though the alu- 10 120 140 160 180 200 220 240
minum edge is at 170 A it was critical to use the aluminum Wavelength (&)

filter to eliminate optical light. We did try a silicon filter,

which has an ideal edge at 125 A, but this was transparent to FIG. 3. Intensity versus wavelength of the output of a typical
the optical light as was the carbon filter used. The CCbDnickel-like silver laser showing the monochromatic laser output
consisted of a 1024 by 1024 array of 24n pixels which  from the 41— 4p laser transition at 140 A. The target was a single
recorded 16 bits of data per pixel. At 140 A the CCD pro-1.8-cm long curved target with 100-cm radius of curvature.
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vasengiigy versus the perpendicular separation between the two opposing

) ] 1.8-cm long slab targets. Zero separation corresponds to a single
FIG. 4. (Color) Image of a single 1.8-cm long flat silver slab 1 g.cm |ong slab target.
target observed using a flat field spectrometer in the image plane to

verify the performance of the two-dimensional imaging diagnostic. ) )
The 140-A laser emission completely dominates the image. Thé€paration between the two slab lasers to determine that the

main plasma expansion is in the vertical direction. The color bacoupling was optimized for a separation of about 140.
shows the intensity in 100's of CCD counts. Figure 6 shows the two-dimensional spatial image for the
optimum 150um separation. For this shot we used a thicker
the 125 A silicon edge, we can use the very efficient100-wg/cn? carbon filter in front of the imaging mirror to
molybdenum/silicon multilayer mirrors. One problem we en-avoid saturating the CCD camera. We measured a source
countered in some of our early experiments was large backsize of 43 by 57um? and a total x-ray laser energy of 0
grounds from optical light which swamped the signal from[5]. The target surface is at zero in the vertical direction and
the x-ray laser. This was due to optical transmission througithe plasma is expanding in the positive vertical direction.
our filters and was fixed by using the thin aluminum filter. The position of the target surface is determined by locating
To check the transmission of our imaging system, wethe abrupt change in the background radiation. We estimate
temporarily put a flat field spectrometer in place of the CCDthe uncertainty in the target surface #40 um. The hori-
in the image plane to verify that the signal was indeed domizontal direction is parallel with the target surface and to the
nated by the 140-A lasing from nickel-like silver. Figure 4 narrow dimension200-.um wide) of the line focus of the
shows the image from the spectrometer for a single 1.8-cnvulcan laser. Using the imaging diagnostic to study the sen-
long flat silver target. The spectrometer data was recordesitivity of the output to the separation between the slabs of-
using a smaller EEV series 15-11 back-thinned x-ray CCOers the big advantage of being able to measure the total
which had an 256 by 1024 array of 2ifn pixels with the two-dimensional output of the laser; i.e., all the beam is col-
narrow axis in the dispersion direction. The dispersion was
approximately 0.2 A per pixel which gave a coverage of 50 ] : 1 . e
A around the laser line even though we only show the central SR
10 A wide region in this figure. The vertical axis is the ex- 300 <
pansion direction of the plasma perpendicular to the target
surface. The exact position of the target surface is not known
because the background emission is too weak to locate the>”
surface. The image is dominated by the 140-A silver laser
line and the white background seen in the image is more than &
1000 times lower intensity than the laser line and has no 2 100
spatial structure associated with it. In fact the laser line is ;
only one pixel wide and a slight tilt can been seen in the data 0 3 3
due to the axis of the CCD not being exactly aligned with the : : ]
dispersion direction. This image verifies that our imaging -200 -100 0 100 200
setup is working properly and that the two-dimensional im- Distance (pm)
ages described in the next section are images of the 140-A
nickel-like silver laser line. FIG. 6. (Colon Spatial image of the 140-A laser emission at the
output aperture of the double flat slab target with optimum separa-
tion of 150 um. Each slab was 1.8-cm long. The target surface is at
zero on the vertical axis with the plasma expanding upwards. This
We did a series of experiments to measure the near fielghot used a thicker 10@g/cn? carbon filter in front of the imaging
output of the silver laser as we changed the target configunirror to avoid saturating the CCD camera. The color bar shows the
ration. As shown in Fig. 5, we first varied the transverseintensity in 100’s of CCD counts.
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lected compared to the sample that a spectrometer with a slit
would collect.

We also measured the source size and position relative to
the target surface for a variety of target configurations. Fig- 300
ure 7 shows typical data which compares the output of a
single slab target, a double slab target, and a single curved
target. First let us compare the single and double slab targets.
The double slab target shown here has a A#bseparation,
which is slightly more than optimum, but which uses the
same 50ug/cnt carbon filter and was done consecutively
with the single slab target. The most intense laser region in
both cases is 100—200m from the target surface with the of
double slab target much brighter. The color scale is given to
the right of each figure with red being the highest intensity.
A logarithmic scaling of the colors was used to bring out the
weak features. The intensity on the color bar is given in
100’s of CCD counts and is different for each target. The
lasing from the double slab target is closer to the surface than (b) - double flat target - shot 08251196
that for the single slab target and is slightly saturated, which : - 5 - . 655
tends to increase the apparent source size for this particular ook P s itaiag B l 589
image. For the single slab target the lasing peaks about 160 ' - B oy
pm from the target surface with a source size about L&0- || 459
wide in the line focus transverse direction and #4®-wide
in the plasma expansion direction.

If we now look at the single curved target, Figc), there
is a dramatic difference between this target and the two flat .
targets. For the curved target the lasing region is much closer E _. 132
to the surface, has a very different shape, and is brighter than R ! &7
the single flat target. As a reminder, both the single flat and : ; — e
curved targets are the same 1.8-cm length and the target -200 -100 0 10 200
surface is defined at the output aperture of the x-ray laser. In Distance (pm)
typical laser produced plasmas used to make x-ray lasers, the
electron density of the plasma decreases as you go further
from the target surface. Since the index of refraction of the (c) - single curved target - shot 10251196
plasma at the x-ray laser wavelength is proportional to one
minus a constant times the electron density, the gradient in
the electron density results in a gradient in the index of re- 300F
fraction, but with opposite sign. This tends to make the x : 54
rays propagating through the gain region bend toward the :
lower density, lower gain region which is further from the
target surface. By using a curved target one can try to bend
the target surface in the same direction as the propagating x
ray to keep the x rays in the gain region for a longer distance. :
A discussion of curved targets and refraction issues can be
found in Refs[8—11]. The curvature is a static correction for
one given value of the gradient while the gradient in the . . L .
plasma varies in time and space. However Fi@) toes -200 -100 o 100 200
show the dramatic improvement possible with the curved Distance (pum)
target and suggests that a parameter study with different cur-
vatures to optimize the single slab output would be very
useful.

In conclusion, we present high-resolution, two-
dimensional, spatial images at the output aperture of the
140-A nickel-like silver laser which operates near saturation. giG. 7. (Color) Spatial image of the 140-A laser emission at the
From these images we can characterize the source size of tBgtput aperture of three different silver targets. Tatggls a single
laser and its position relative to the target surface. By comflat slab target(b) is a double flat slab target with perpendicular
paring the output from flat versus curved targets we can seseparation of 17%m, and(c) is a single curved target with 100 cm
the dramatic improvement which is possible due to the reradius of curvature. Each slab was 1.8-cm long. The target surface
fraction compensation of the curved target. By comparings at zero on the vertical axis with the plasma expanding upwards.
this data with computer simulation we can try to improve ourThe color bar shows the intensity in 100’s of CCD counts.
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