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Enhancement of brightness of laboratory soft X-ray lasers
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Abstract

A large separation “oscillator” source-travelling wave amplifier approach is suggested for
attaining high power fully coherent X-ray source. Using a newly—designed aspherical lens combi-
nation, a long narrow focal line can be obtained, resulting in a more uniform and narrow laser-
produced plasma column, It may be a great help to raise gain-length product.
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The past few years have seen enormous progress in the field of generating and
amplifying laser radiation in the soft X-ray regime. The development of laboratory
soft X-ray lasers leads hope that these devices can serve as intense souree of coherent
X-rays. The goal of many of the researchers is to produce a bright, short-pulse,
coherent source that would be ideal for the production of holograms of live, wet,
biological specimen, affording an unique view into the sfructures of such live
samples at resolution of about 30nm. Mathews eb al.” predicate that one will need to
;produce at leagt 20 uJ of spatially coherent radiation in a pulse-length of H0ps and
focussed at the sample fo a beam of 10 um diameter. High brightness of soft X-ray
source ig the most basical requirement for the holography applications. London et
al." conclude that wavelengths slightly longer than the 4.37nm carbon K-edge is
an optimal wavelength choice for soft X-ray holography, Considerable attentions are
also being aid to the study of the coherent characteristies of amplified spontaneous
radiation obtained in laboratory systems®™~%,

Oarrent laborstory X-ray lasers function as single-pass amplifiers without the
benefit of feedback mirror and thus hehave as amplifiers of incoherent spontaneous
emission radiation. As & line—~width of order 0.004nm was assumed (based on a theo—
retical predication of an ion temperature of 400 eV) for a 20.6nm wavelength sele—
nium laser, its longitudinal coherence length, given by A%/4A, is about 100 wm,
which may be of great advantage in imaging biological objects more than 1um in
depth. But for a laser profile size of 100~200 ym and length of 2~4em, it gives a
lateral coherence length of 1~8 um, and the laser output end has an estimated 10%~
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10* transverse modes indicating poor spatiac coherence properties™~®,

For applications that require coherence, such as holography, a laser that radia-
‘tes in one or a foew mode would be muech more efficient. As the effeotive Fresnel nu-
mber of the laser profile is deoreased, the number of transverse modes decreases and
80 the degree of coherence increases. Ono way to make such a laser would be deorease
its aperture, but this would also reduce the total output power. Simply increasing
the length of laser gain medium to reach gain saturation is also no use for improv-
ing its coherence. Since these poor coherence proporties are due to the faot that these
lasers are highly multimode devices, adding gain saturation only worsens coherence
‘properties. Rosen ot 2l.™ proposed a two—stage architecture for achieving powerful
X-~ray beams with high transverse coherence, namely, o produce a small-aperture
(20 pm), spatially ecoherent beam in a first—stage laser, expand the beam with a spa-
tial filter, and then amplify it in a large-aperture power amplifier. But there are
many difficulties in hboth building-up a small aperture single-mode laser and mode-
limiting with a spatial filter in practice. In the case of high power performance, the
spatial filter which consists of multi-layer mirrors may be damaged by backward
soft X-ray ASE radiation from the amplifier-stage, In addition, it should be noted
that because there was no consideration on the time delay between the source and the
amplifier, the coupling and interfering hetween them can not be avoided.

Based on our experjences in the development of high brighiness, high energy
Nd: glass laser facility, we suggest an approach of large separation “oscillator” source-
travelling wave power amplifier to make bright X-ray source fully coherent. The
main idea is to strengthen the amplification of axial fundamental mode and to limit-
ing the excess spontaneous emission of off-axial higher modes, by means of properly
enlarging the separation between the oscillator source and the power amplifier. Let us
discuss how to butt the the oscillator source against the power amplifier. For the
laboratory X-ray lasers of collisional excitation scheme at present'™®!, their typical
‘parameters are: the output power 20~200pJ/200~2508=10°~10°W, the wavelength
BH~20nm, the output aperture 75~200 um, the length of gain medium 2.5~4cm, the
gain coefficient 2.5~4 ¢m™, the gain-length product 8~16, the X-ray beam diver-
.gence 10~20 mrad, which is well consistent with the geometric divergence of .D/L.
Aoccording to the well-known formula of lateral coherence length for an incoherent
source propagating through free space, the transverse distance d over which a fully
incoherent source of transverse gize D(at a distance L away)looks like g fully cohere-
nt point source(at wavelength A4)is given by

d=LMA/D, (1)

Using this formula we find, for D=100 ym and A=10nm, a lateral coherence length
d=100um at L=1m, which is equal to the aperture size of power amplifier. Assum-
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ing the bear divergence of oscillator source is nearly about 10 mrad, the beam will
illuminate a(10 mm)? footprint over a Im distance, That means the(100pm)? fully
coherent avea receiving only 10~* of source signal. In other words, if there is an*oscil-
lator” source which has a gain—length product of about 9, e. g. 3em™ ¥ 3em, ampli-
fying factor being about 10*, then we can get a single-mode signal strong enough at
1m distance amplifier entrance; after propagating through the power amplifier which
also has o performance of GL=9 and D=100 um, a diffraction-limited (order of 0.1
mrad divergence)fully coherent radiation output of energy about 20uJ could be expe-
oted. Otherwise, we may still prepare a second amplifier in the same way until to
reach gain saturation. On the other hand, there must be a time delay L/¢c=3.3ns,
relative to the source for the amplifier pumping. This delay is quite long comparing
to the driving laser pulse generally, then there will be a good isolation in time scale
between the source and the amplifier. The amplifier can be controlled by intensive
oscillator signal just from the beginning and works in a manner of travelling wave
amplification. Furthermore, a high reflectivity multilayer mirror placed at a dista-
nee may be used in a small-size target chamber to fold the X-ray path and make two
laser-produced plasma columns as close fogether as possible. This is a simple way to
attain single transverse mode high brighiness X-ray laser, especially in case of no.
refraction, i.e. the case of recombination pump scheme, Recently, X-ray lasor exper-
iments of two-slab targets set end to end oppositely were reported for the eollisional
excitation scheme™*®, where the refraction effect is rather important, In these expe-
riments, the separation of two targets was only about 1 mm, the time delay was about
90 ps. It is impossible to expect any obvious improvement in their coherence proper-
ties. If the separation and the time delay are enlarged enough, the improvement
would be achieved. In this prineiple, a nuclear explosion driven X-ray laser can also
get a diffraction-limited output heam.

Another issue in laboratory X-ray laser research is why the experiments with a
long recombining-plasma column did not attain an estimated high gain-length pro--
duct, in fact, the gain coefficient of only 0.5cm™* corresponding to s 6om long plasma®™?,
Here the refraction effect in condition of near 10"cem™%lection density is un-
important. The effect of radiation trapping which leads to the reduction of population
inversion density may be still serious after using a thinner target. But the unifor-
mity of illumination along the line focus is a problem more worthy to be considered.
X-~ray laser studies require %o produce a plasma column as gain medium, This is done-
by focusing the pump laser beam into a line focus. The usual technique is to use a
aplanatio aspherical lens in conjunction with a positive or negative cylindrical lens,
The line length may be varied by changing eylindrical lens power. A pair of weak
crossed oylindrical lenses with a spherical lens makes it possibles to continuously vary
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the length of the focal line without refocusing. A shortcoming of this method is
that the focal linc axis maps direotly from the near—field beam pattern. For a oireu-
lar beam of uniform intensity the intensity along the line focus is highest in the
oenter and drops io zero at the ends. The beam may be masked io provide a uniform
reotangular beam which can give a uniform intensity distrobution,but at the expense
of losing energy of the aperture.In any case,realistic beams are never porfoctly uni-
form, so it certainly cause an inhomogeneous intensity distribution along the foeal line,
Some new methods have heen reported. An array of small oylindrical lenses
before a spherical lens or an array of wedges in conjunction with a cylindrical lens
were used o provide averazing over many segments of the lasor beam resulting in a
more uniform intensity distribution along the line focus™ :**, But the problem has
not been resolved thoroughly. The production of a large gain—length product needs a
narrow plasma column of several centimeters long. However the exisfence of asti-
gmatism and field curvature of a practical focusing geomtry results in the redue-
tion of the pump laser irradiance, especially in the case of very long focal line. For
a not vory thick lens, no matter with spherieal or aspherieal surfaces, if it meets the
aplanatic condition, its astigmatism and field curvature will be constant. Bocause
the spread of light beam along the tangential direction only makes the focal line get
somewhat longer, but in the sagittal direotion it makes the focal line broaden, so
that the product of sagittal field curvature and numerical aperture does determine
the width of the focal line. That is to say, for an optical foousting system generally
used in the X-ray laser experiment, when the lengith of the focal line is 2% and the
numerical aperture is 2u, the width w of the focal line at the distance A from the
system center is given by
w= (1+1/n) h*u/f, (2
where f is the focal length of the lens, n is the refractive index (or an averaging
value of the refractive index in case of a lens combination). For example, if f=
400mm, ¥=0.25, n=1.5, h=30mm, thenw=0.9mm, The broadening of the focal
line causes gerious decrease of the laser power densily on the target. In ordor to con-
rect sagittal field ourvature, a new type of two-element lens combination which
consists of one or two aspherical lenses can be designed, and the separation between
these two lenses have to be large enough. Generally, the focal line width of less than
20 pm can be satisfied over a focal line length of 6¢m for a lens combination of 20 om
aperture and a focal length of 40 em. Its circle of confusion on the axis (h=0)is less
than 5pm at the optimum image plane. For A=22mm, the broadening of the focal
line is about 10 um due to the off-axis spherical abberation in the sagittal direction,
while the tangential abberation has no contribution o it. The further experiment

with this lens combipation is arranged.
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