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Abstract: A soft x-ray laser from Ni-like Mo, pumped in grazing
incidence (GRIP), is analyzed with regard to high repatitiate opera-
tion. Reliable lasing is obtained, but with significant egefluctuations
attributed mainly to beam pointing jitter from the pump la3evo modes of
operation are compared: continuously moving target antbatay target.
With a moving target the soft X-ray output is constant on ager whereas
the repeated use of the same target position leads to a mésgyewhich
increases for several tens of shots. This effect might beezhby improved
guiding of the pump laser in the formed groove and the remdkiabugh
laser ablation, of the oxide layer on the target surface.
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1. Introduction

Among the many applications for light in the soft X-ray ragigvavelengths up to a few tens
of nm) are holography, interferometry, lithography and enials processing. Currently, this
type of radiation is generated by e.g. synchrotrons [1] oujgonverting a longer wavelength
laser using high order harmonic generation (HHG) [2]. Thesthods have their specific ad-
vantages and drawbacks. Synchrotron radiation has tumablelength, high average power
and brightness, and very high repetition ratel00 MHz), but has low coherence and requires
large, costly facilities. HHG from visible and near infrdr@R) lasers have excellent coherence
and can be generated with, in this context, low-cost tatyeldser systems operating typically
at 10Hz or 1kHz. However, they suffer from relatively low pellenergies.

Soft X-ray lasers (SXRL) present an interesting altermativ synchrotrons and harmonic
generation. They offer the possibility of high pulse eneagg peak brightness, together with
good temporal coherence [3]. The pulse duration is typicalfew picoseconds [4], i.e. in
a range between HHG (few tens of femtoseconds or even attodgr and synchrotrons
(~ 100ps). The SXRL generating process is based on populati@nsion of an electronic
transition in the selected ion species, that consequeathptetely determines the wavelength
of the laser. Ever since the first SXRL was demonstrated aP@ytears ago [5], they have
been associated with high energy pump lasers. Inherenttossistems are very low repetition
rate and large cost. But, the amount of pump energy neededdaturated X-ray laser has de-
creased gradually over the years. Notable advances ansttbduction of transient collisional
pumping [6], and more recently grazing incidence pumpim@3RIP) [7]. Now, a saturated soft
X-ray laser can be produced with less than one joule of punepggnmaking high repetition
rate operation (see e.g. [8, 9]) possible at relatively tmst, university scale facilities. This
development makes the SXRL a promising tool for a wide rarfggplications, and the field
of XRL studies has therefore received increased interedtiwade.

The GRIP technique is a version of the transient collisignahping scheme, where the
plasma formation and the actual pumping of the laser triansis separated into two pulses.
First, along (hundreds of ps) IR laser pulse hits the tangétaeates a plasma which is allowed
to expand and form a smooth density gradient. After a givee tielay, the second, short (a few
ps), pump pulse is incident on the plasma at a grazing apgknd heats free electrons through
inverse bremsstrahlung absorption. As opposed to the hnamoidence pumping in the original
transient collisional method, the pump is refracted by tlasmpa density gradient and changes
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Fig. 1. Overview of the experiment setup. The XRL near field imagingrdiagc is indi-
cated. Inset is an image of a typical near field SXRL intensity distribution.

direction at a plasma density that depends on the angleidiince. In the turning point region,
laser energy is efficiently transferred to the plasma. Athges of the GRIP scheme, compared
to normal incidence, are less refraction of the SXRL beamtdube smooth plasma density
gradient, pump energy deposition localized to the gairoregnd increased path length of the
pump laser in the gain medium.

In arecent study, we have investigated various aspectgiofi@gmg grazing incidence pump-
ing, such as grazing angll, delay and energy ratio between the long and short pulségs [10
Single shot soft X-ray energies of up tu3 were measured. This is comparable to ti8u2
per shot obtained by Lét al. [11] for a saturated Ni-like molybdenum X-ray laser using a
much larger 10J driving laser. We report here findings rdlabel0Hz operation during the
experiment described in [10] and in particular on energhibtaand target considerations.

2. Experimental

The driving laser is the 10 Hz multi-TW laser at the Lund La€entre. It is a Ti:sapphire
CPA [12] system, with 800nm central wavelength, delivenndses with up to B J before
compression. When fully recompressed, the pulse lengthfis B8%/HM. However, the GRIP
technique requires a longet, 1 ps, duration for the grazing incidence pump pulse. This was
accomplished by moving a grating in the compressor. Parh@funcompressed-(300ps)
beam was split off after the last amplifier and used to prefibvaplasma medium. A spherical
/ cylindrical lens package was used to focus the long pulsenb a line, 7m x 5mm
FWHM. Refractive optics is not an option for the short pumpspuldue to non-linear effects
induced at high intensity. Instead, a spherical mirror waesdoff-axis to produce an astigmatic
focal line. The grazing angle on target, which is twice thglamn the spherical mirror, varied
between 15 to 21°. The line focus was about 40n wide and 6 to 8mm long depending
on the angle. The target was a 5cm long and 4mm wide slab ofbdefyum, polished with
standard mechanical grinding. The selected lasing tiansitas 41'S) — 4p*P; in the Ni-like
ion Mot at 189 nm. For this study, the energy content in the driving lass#sgs were 5 J

in the long pulse and.BJ in the 5ps short pulse. The delay between them was set {us500
The optimum GRIP angle was found to be’ 18n additional prepulse, containing 14% of the
total long pulse energy, preceeded the main pulse ®yto improve the plasma conditions.
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Fig. 2. X-ray laser output energy time series and histogram for moviggttgparts a and
c) and stationary target (parts b and d). Inset in d) is the histogram éolagt half of
the shot sequence. Mean energy .i82uJ and 0421J for moving and stationary targets
respectively.

The main diagnostic instrument was a high-resolution nedd fimaging device. It imaged
the soft X-ray laser energy distribution at the exit of thengagion, by means of a curved X-ray
mirror, onto a CCD chip. The pixel resolution wag im at the object plane, corresponding
to a magnification factor of about 7. Figure 1 shows a schenuditthe setup. Aluminium
filters of different thicknesses were used to attenuate ¥iRLSeam and to reduce the plasma
background emission. To achieve 10Hz frame rate, the cawesaset to capture only a 46
41 pixel region of interest. The small area combined with rii@v/ing source position for a
stationary target limited the number of shots to about 1G®0smgle run.

3. Results

10 Hz operation of the X-ray laser is tested in two differeayw: First the target is moved at a
constant rate of @ mm/s, corresponding to the width of the focal spot betwéeitss to supply
a fresh target surface for every shot. Then the target ipsthmllowing the pump laser to dig
into the bulk of the target. This is done in immediate conioecin time during a total of 20 s
(200 shots), to minimize any effect of laser drift. Time serof the integrated energy in every
shot are shown in Fig. 2. The moving target has a stable olgyeit(there are no missed shots)
with an average SXRL pulse energy aRQuJ and a standard deviation of0QuJ, i.e. 41%
of the mean. When the target is stopped, the pulse energy rapngsring approximately 50
shots, leveling off at mean energy abBuJ and a slightly higher standard deviatiod DuJ.
The relative standard deviation is thus lower, at 21% of team Additional tests indicate that
the higher output level for a stationary target can be sosthior several hundred shots.

The RMS size of the near field emission region is roughiyrvin both vertical and horizon-
tal directions, see Fig. 3. The shot-to-shot fluctuatiomesnanch larger in the vertical direction
than in the horizontal. There is, however, no significaningeain source size for the two cases
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Fig. 3. Size of the near field distribution of the soft X-ray laser for botlvimp and sta-
tionary targets. In a), the horizontal size (perpendicular to the targiaicg) is plotted and
b) shows the vertical size (tangential to the target surface).

of moving or stationary target.

Figure 4 shows the distribution of the distance of the X-esel near field centroid positions
to the target surface for the two shot series. The SXRL eonssentroids with a moving target
are clustered in a region roughly ¥QL5um in size, corresponding to the beam pointing of the
driving laser. When the target is stopped, the centroid jpos#ttarts moving steadily in toward
the original target surface, at a rate~00.22im/shot.

4. Discussion

The shot-to-shot fluctuations in output energy can parthathebuted to fluctuations in the
driving laser itself, in terms of both energy per pulse anarb@ointing. The IR laser has shot-
to-shot energy fluctuations of the order of 10%. A graph shgw8XRL output energy as a
function of short pulse pump energy is plotted in Fig. 5(d)e Taser parameters used to obtain
this graph were slightly different from the ones in the resthe paper, but the general shape
of the curve is independent of these differences. Clearthea500 mJ pump energy used in the
present experiment, a 10% variation in laser energy resukts 10% variation in the SXRL
pulse energy.

Another likely cause of energy fluctuations is beam poinfitigr of the pump lasers. The
two line foci, 40um and 7Qum wide respectively, must overlap perfectly to ensure opkiX
ray lasing. A scan where the long pulse line focus was mowveative to the short one is found
in Fig. 5(b). The width of the SXRL peak is onty 30% of the long pulse focal line. This
is because the lasing ions are produced only in the cenigdi;ihtensity, part of the focus,
due to the gaussian intensity profile of the pump laser [13{h\&n estimated 1Gm shot-
to-shot fluctuation, due to mechanical vibrations, of tHatiee positions of the focal spots,
Fig. 5(b) indicates that there will be significant variagdn output energy, consistent with our
observations.

The target surface conditions are also believed to haverdfisant effect on the observed
behavior for both stationary and moving target operatiditerthe experiment, the target slab

#83301 - $15.00 USD Received 24 May 2007; revised 6 Jul 2007; accepted 9 Jul 2007; published 17 Jul 2007
(C) 2007 OSA 23 July 2007 / Vol. 15, No. 15/ OPTICS EXPRESS 9490



Moving target
Stationary target | |

IS
3
<
10F
5 3
Of == o o
-5
0 50 100 150 200

Shot number

Fig. 4. Distance between the centroid of the X-ray laser near field and et gurface
for both moving and stationary target. The original target surface isateticwith a dash-
dotted line. With a moving target, the gain region is hovering:@8from the target (a
situation corresponding to single shot operation). When the target isestofige pump
laser ablates the target, causing the gain region to move inward at a ¢coagtan

a)

0.8 0.6

0.5
306 3
2 0.4
LIJ>< 0.4 LIJX

0.3

0.2 0.2

A\~ 0.1

200 400 600 -100 0 100

Epump/ mJ Ay / pm

Fig. 5. The output X-ray laser energy versus short-pulse pumgeieeplotted in a). This
particular data set is fap = 17° and 600 ps delay between long and short pulse. In b), the
sensitivity of the X-ray output to the overlap between the two line foci is shdvwe red

line outlines the envelope of the shots. FWHM of the peak is approximateiym30
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Fig. 6. Target profile in the plane normal to the SXRL axis, as measuitbdansurface
profilometer. Three regions are highlighted: irradiated stationary taiagettarget and ir-
radiated moving target. The reduced roughness of the target saftecea single laser
exposure is clearly seen in the moving target region. Firing 100 shotseosathe target
position produces a deep crater with material thrown up to the sides.

has been analyzed with a surface profilometer. The resadtstenwn in Fig. 6. The unexposed
raw surface roughness is initially.dn, and after one shot it is smoothed~00.5um (such
as in the moving target case). This could account for thestasfot-to-shot variations for a
moving target, since it has been shown that the laser—plageraction is strongly dependent
on the surface quality on a microscopic scale [14].

The higher output energy for the stationary target could &ssome extent be explained
by the reduced surface roughness. A smoother target sudads to the creation of a more
homogeneous plasma and a better interaction with the pusep. llowever, this smoothing
should only occur during the first few shots, and not providdittonal improvement for the
next several tens of shots. The groove produced during #ie véth a stationary target im-
proves the coupling between the plasma and the pump laset §],5and can thus lead to the
gradual increase in SXRL energy over the first 50 shots. Ththd® the groove is 3Qm, i.e.
the IR laser is eating into the target bulk at rate ¢&0m/shot. This is in fair agreement with
the observed movement of the source position. As evident fig. 6, the material is to a large
extent thrown up to the sides, forming walls on either sidéhefgroove, providing additional
guiding of the pump laser.

The presence of an oxide layer (M@J17] on the target surface is an additional reason
for the lower output level observed with the moving targéics the oxide leads to a lower
density of lasing ions and hence a lower gain. The oxide leyeery thin [18], and should be
removed by the first few laser shots. This has been confirmtrdaxgpectrometer, where’©
from plasma emission and SXRL lines were simultaneouslgrod. After five shots, the®
line almost disappears, whereas the SXRL intensity stilleases.

5. Conclusions

High repetition rate operation of a soft X-ray laser has bearacterized with quantitative
precision by means of real time acquisition of near-fieldgesmfrom the exit aperture of a
soft X-ray laser pumped in GRIP configuration. This diagitoatiows for energy and 2D-
spatial characterization of the X-ray emission as a funatioshot number over series of a few
hundreds shots. We confirm the results obtained by Withl. [9], concerning the level of

#83301 - $15.00 USD Received 24 May 2007; revised 6 Jul 2007; accepted 9 Jul 2007; published 17 Jul 2007
(C) 2007 OSA 23 July 2007/ Vol. 15, No. 15/ OPTICS EXPRESS 9492



energy fluctuations for a Ni-like molybdenum X-ray laserZ0—40%).

Moreover, we compared two different types of operation, impr stationary target, which
exhibit distinct behaviors. With the moving target, the guiaser is always incident on a fresh
target and we observe a significant reduction of the outpeitggnand an increase of the fluc-
tuations. This is partly attributed to the existence of a thier of molybdenum oxide, which
is supported by spectroscopic observations. The rouglufidiss target also plays an important
role by degradating the plasma homogeneity. Both thesetsfé®uld be removed in the near
future by irradiating the target with a low intensity lasefdre an X-ray laser shot.

With the stationary target, we observe a progressive amtfisignt increase of the output
energy over the first 50 shots, accompanied by a constamntodiiie source position toward
the target direction at a rate of3um per shot. This behavior is attributed to the formation
of a groove that could affect laser absorption and/or plasrpansion. It seems thus more
advantageous to operate the Mo X-ray laser with a statioiaaggt, since the improved target
surface conditions leads to an increased output energyetAavin application experiments, the
constant drift of the source towards the target by a fewrhQwhich is not a severe problem
if the source is used in free propagation, could become enoélic if the source is used in
imagery.

Finally we show that the fluctuations of the pump laser, imgeof energy and beam point-
ing, contribute to the shot-to-shot variations in the SXREmgy. Possible solutions to improve
the stability of the SXRL include: increasing the pump egei reach saturated amplifica-
tion where the sensitivity to pump energy fluctuations isucedi, increasing the width of the
plasma to reduce sensitivity to pointing variations, argtaling vibration decoupling in the
pump laser to improve the pointing stability. In conclusitranks to the above study and with
simple and realistic improvements, the 10 Hz operation &fXaay laser becomes possible
for applications in imagery and irradiation having the satability requirements than for any
usual infrared laser facility.
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