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Soft X-Ray Amplification at 26.2 nm with 1-Hz Repetition Rate in a Table-Top System
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Using a very small NdYAG pumping laser (0.45 J in 8 nsec), we have demonstrated high gain
(G = 14-19 cm™!) and gain-length produdiGL = 5) in hydrogenlike Bv ions at a wavelength of
26.2 nm (the 3-2 transition) at a repetition rate of 1 Hz. The preplasma irCg Bhicrocapillary
was created from wall ablation with a 0.2-J (in 20 nsec) KrF laser. The gain was generated in
the microcapillary plasma in a traveling wave regime by longitudinal pumping. This very efficient
soft x-ray lasing system takes up less space than is available drft &< 10 ft optical table.
[S0031-9007(98)06919-1]

PACS numbers: 42.55.Vc, 32.80.Rm, 42.65.Dr, 52.40.Nk

In the last ten years we have put a significant amountf the gain in the polyethylene microcapillary seems to be
of effort into the development of a very compact softthe irreproducibility of the initial plasma (“preplasma”) in
x-ray laser (SXL). A number of researchers workingwhich the main laser pulse propagates. This shot-to-shot
on the development and the applications of x-ray laserpreplasma irreproducibility was observed using a CCD
have pursued a similar idea (see, e.g., Refs. [1-6]). Weamera (time integrated pictures). We have tried to
concentrated our research on the use of a fast recombinirgiminate this irreproducibility in the polyethylene micro-
plasma of SXL media (see, e.g., Refs. [7,8]). Althoughcapillaries by creating the preplasma with a second laser
we have demonstrated quite a high géir= 5-7 cm™!  or high voltage discharge. By providing large delays (up
in the past, we could not achieve a gain-length producto 10 usec) between the time of creation of the preplasma
GL = 4.5 which would be unequivocal proof of the gain and the pumping laser pulse we were able to improve
(for suchGL, for which the ratio of stimulated emission to the reproducibility of the plasma conditions during gain
spontaneous emission is larger than 10, the error in lasingeneration. However, at such large delay times the radial
line intensity measurements in SXL experiments becomedistribution of the plasma density was no longer favorable
sufficiently small to be confident in the correctnessfor propagation of the pumping laser beam.
of the gain). Success came quite unexpectedly in a very different

The most promising results were obtained in a fasexperiment during the preparation of two lasers to generate
recombining plasma inside a microcapillary [9]. Carbona gain at 4.8 nm in B/ ions in the microcapillaries.
plasma was created by the ablation of the polyethylene mBuring the alignment of the BD; microcapillary, we
crocapillary walls either by a prepulse or by the front of thecompared soft x-ray spectra in the vicinity of hydrogenlike
laser pulse, while the main pulse heated the plasmato ten® v 4.8 and 4.1 nm lines from 2-1 and 3-1 transitions
peratures at which carbon atoms were totally stripped oftransitions to ground state), respectively (see Fig. 1).
electrons. After the laser pulse the plasma was cooled vergpectrum in Fig. 1 was obtained for a microcapillary=
rapidly thus fast recombining providing a lasing medium.1 mm long with bore diametetp = 0.35 mm and with
The optimum microcapillary diameter was experimen-an exposure of 5 shots. The delay time between the
tally established to be350 um. The Nd/glass laser KrF laser (prepulse) and NYAG laser (pumping pulse)
(2-5J, 1.5 nsec) was focused at the entrance of theras Ar = 400 nsec. We may see that the H-like\B
microcapillary to a spot diameter af0-50 um (beam ion lines are much stronger than the He-likenBion
power density in the rang® X 10'3-2 X 10'* W/cn?)  lines, which is an appropriate condition for the generation
and propagated in a 10-15 mm long microcapillarygain in Bv. More importantly, the B/ 4.1 nm line (3-
plasma, where good channeling conditions were created. transition) is stronger than the resonance B.86 nm
By comparing ratio of intensities of hydrogenlike ions line (2-1 transition), although the ratio of spontaneous
CVI 18.2 nm (3-2 transition) and CVI 13.5 nm lines rate coefficients for these lines i5;/A3; = 8.3 (4 =
(4-2 transition) in the axial and transverse directions2.9 X 10'! sec’!). Because of the proximity of these two
with an increasing 18.2 nm line in the axial directionslines, we can assume the same spectrometer sensitivity for
about 25 times with respect to the 13.5 nm line, weboth of them. The intensity ratio of these lines hinted at
concluded that the gain-length produaf,L, reached a population inversion between levels 3 and 2 with the
~5. Unfortunately this gain was not reproducible, andpossibility of gain for Bv 26.2 nm line (3-2 transition).
it was not possible to confirm this gain by measuringHence, an experiment was arranged to measure the gain in
the 18.2 nm line intensity versus plasma length. Anmicrocapillary plasmas of different lengths.
effort to improve the reproducibility of the results was The experimental setup is shown in Fig. 2. A low
unsuccessful. The main reason for the irreproducibilitypower 1 Hz KrF laser (248 nm, 0.2 J, 20 nsec) was
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FIG. 1. Spectra in the vicinity of 4.1 and 4.86 nm\vBlines M, 8 ns 1.06 um
for L =1mm long and 0.35 mm diameter microcapillary. )
Delay time of 0.45 J, 8 nsec MYAG laser with respect to 0.6m

0.2 J, 20 nsec KrF laser was = 400 nsec. FIG. 2. Schematic of experimental arrangement for generation

gain at 26.2 nm in By ions in B,O; microcapillaries; KrF laser

focused (not tightly) with & = 30 cm lens (rectangular (0.2 J) creates initial plasma, which is further ionized (pumped)
beam 2.5 cm X 1 ¢cm) on the entrance of a microcap- 2Y 045 J NdYAG laser at 1-Hz repetition. The horizontal
illary. Microcapillaries of lengths from 1 to 4 mm dimensions of major components are indicated.
and diameters from 0.25 to 0.45 mm were made irradiative transition between these levels is about an order
B,O;. After delay time, Ar (Ar was varied between of magnitude slower than the transition to ground level,
100 and 1200 nsec), the second, low energy WaG and because a population inversion can exist between
laser (0.45J, 8 nsec) was fired (1-Hz repetition rate)them even if the population of the ground level is 2—
The NJ'YAG laser was tightly focused with the same 3 orders of magnitude higher than population of these
S =30cm lens (beam diameter~1cm) onto the excited levels, the pumping laser pulse can be relatively
plasma at the entrance of the microcapillary providinglong (in nsec range). This makes it possible to use a
a power density~2 X 1013 W/cn?. The NJ'YAG low power (therefore very compact and quite inexpensive)
laser beam was directed to the microcapillary by a neapumping laser.
100% reflective mirror,M,, and the KrF laser beam  The soft x-ray spectra were recorded, as in our work
was directed by a mirrorM,, which was transparent on the development of a 13.5 nm laser inIiLi ions
for the 1.06 um wavelength of a NAYAG laser. For [10], with a 2 m, high resolution grazing incidence
the measurements of the transmission of beam energpectrometer [11]. A microchannel plate detector, MCP,
through the microcapillary plasma an energy detectowas gated for 10 nsec and synchronized with/XAG
was used. The detector was calibrated and placed jusdser pulses. As in all our works with microcapillaries,
behind the microcapillary on the path to SX spectrometerthe crucial task was the very precise alignment of the
In Fig. 2 the horizontal dimensions of both lasers andaxis of the microcapillary with the optical axis of the
vacuum chamber are shown. It can be seen that thgpectrometer and laser beams.
whole soft x-ray laser system (without spectrometer In Fig. 3 are shown spectra in the vicinity of the
and other diagnostics) easily fits on 4ft X 10ft  26.2 nm line for three different microcapillary lengths
optical table. (L =1, 2, and 3.5 mm) obtained for the same condi-

We would like to stress the major differences betweertions as the spectrum in Fig. 1. It is clear that thev B
the present system and the system for 13.5 nm SXL [10R6.2 nm line intensity is rapidly increasing with micro-
Although the 13.5 nm SXL is quite a compact systemcapillary lengthL, whereas other lines (e.g., D line)
(2 optical tables) it requires very high intensity and aincrease approximately proportional to the microcapillary
very short pulse pumping laser in order to create gain idength (see Fig. 4). In the spectra a large number of oxy-
transition to ground statéz = 1). The crucial feature gen (mostly O and O1v) lines exist due to oxygen con-
of such a system is that it provides good scaling tocentration in microcapillary wall$B,0;). Although the
much shorter wavelength x-ray lasers. In contrast, théasing line is much brighter than the oxygen lines, the
system presented here provides lasing action between twarger exposure of the oxygen lines over space and time
excited levels#{ = 3 and 2) of H-like Bv ions. Because cause their intensities to be significant.
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100 By increasing the diameter of the microcapilldy =
262n0m,32BV =035 mm 0.45 mm) the gain could be generated more uniformly in
a longer microcapillary (up t& = 4 mm), but its value
80 T decrease$G =~ 12.1 cm™!) and the gain-length product
G=14.3 cm" drops below 5.

With decreasing the diameter of the microcapillary
(¢ = 0.25 mm) we did not succeed in generating gain for
L = 2 mm. Although we were able to generate géin=
26 cm™!, but only up to a 1.7 mm long microcapillary
(GL = 4.4). We expect that high gain will be possible in
a microcapillary with a diameter of 0.25 mm diameter and
a length longer than 2 mm, by decreasing the diameter of
the focal spot of the Nd:YAG laser beam.

Presently our main concern is about increasing the
gain-length product for 26.2 nm radiation. In order to
increase population inversion, and hence a géinwe
will increase the pumping energy of the RGAG laser

Wavelength, nm from 0.45 to about 1 J (such a laser is being constructed
FIG. 3. Spectra in the vicinity of B 26.2 nm line forL = 1, in our laboratory). However, with increasing the pumping
2, and 3.5 mm long, 0.35 mm diametes@ microcapillaries.  energy of the N@YAG laser beam, the propagation in a
Laser and plasma conditions as in Fig. 1. microcapillary may worsen at longer time delays between
the prepulse and pumping pulgés) even in larger

In Fig. 4 each point corresponds to an exposure ofliameter microcapillaries. For example, for delay =
five shots. Points for 26.2 nm line were fitted by a800 nsec, the propagation (transmission) of /NAG
least squares method with the Linford formula [12],laser beam energy in the microcapillary € 4 mm,
indicating gain G = 143 cm™! and gain-length (max ¢ = 0.45 mm) decreases with increasing the beam power
length) productGL = 5. Slightly higher gain(G =  (energy) as can be seen in Fig. 5. Therefore it will
19 cm™!) was obtained in another series of experimentde necessary to use a shorter. For Az = 120 nsec
at similar experimental conditions as in Fig. 3, but forthe beam propagation is improved with increasing beam
only two microcapillary lengthg. = 1.5 and 3 mm with power. Unfortunately at this shorter delay time the
GL = 5.7. Improvement of the gain was probably relatedplasma density in the microcapillary was usually too high
to the better alignment of the microcapillary. We alsofor the creation of high population inversion between
observed that usually higher gain could be generated ilevels 3 and 2 (electron collisions tend to equilibrate
shorter microcapillaries. population between these levels). However, we found
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FIG.5. NdJ/'YAG laser beam propagation (transmission)

FIG. 4. Intensity of Bv 26.2 nm and Qun 27.5 nm lines as throughZ = 4 mm long and 0.45 mm diameter microcapillary
a function of microcapillary length for experimental conditions as a function of laser power for plasma created by 0.2 J KrF
as in Figs. 1 and 3. laser and two delay timeg\¢ = 120 and 800 nsec).
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1 ‘ approximately a factor of 2 the energy of the pumping
AN $=0.45 mm beam it will be possible to significantly increase the
08l 120ns  L=3 mm gain-length product.
\ The importance of this new result is that it is possible to
c ? use a very low power pumping laser to demonstrate a re-
S 061 ; i i i
@ \ producible high gain-length product in very compact, and
E \\§ . relatively inexpensive systems at such short wavelength.
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