
Fig. 5. An optical micrograph of the realization 
of two waveguides scratched according to Fig. 
4. A laser beam is coupled into the upper one, 
leading to a bright streak of collimated light as 
a result of the waveguiding properties. The 
waveguides are 6 wm wide and 5 mm long. 

What happens to the refractive index as 
one moves perpendicularly in z direction, 
away from the scratched surface? In region 
2, the refractive index in the y direction 
decreases with increasing z because of the 
TN alignment of the LC molecules. Light 
cannot escaue in the 7 direction because it 
is bent back, analogous to a graded-index 
waveguide. 

We fabricated such structures (Fig. 4) with 
the home-built instrument by scratclung a 
suitable pattem 6 km wide and 5 mm long. 
To prevent the formation of reverse twist 
domains, we selected 0 slightly smaller than 
900. The hght-ding property of this struc- 
ture was deduced from the observation of a 
streak of lght when a laser beam was suitably 
coupled into it (Fig. 5). The fabrication of 
this waveguide demonstrates that we can de- 
sign bulk refractive index patterns by well- 
defined scratchtng patterns made with the 
SFM. Prelurunary results on the possibility of 
fabricating couphg gratings, beam splitters, 
and other optical structures indicate that the 
smallest dimension of index Datterns feasible 
is determined by elastic prokrties of the LC 
molecules as well as inhomoeeneities of the 
polymer substrate but not b i t h e  size of the 
scratched areas. 

We expect that this technique of writing 
an orientation pattern with a tip of an SFM 
will trigger the development of new devices 
because it offers a flexibility in shaping re- 
fractive index profiles that is unmatched by 
other techniques, such as photolithography- 
based pattem generation. The possibility 
provided by the SFM patterning technique 
to form arbitrarilv complex two- or even 
three-dimensional refractive index patterns 
will certainly find further applications. 
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Measurement of Laser-Plasma Electron Density 
with a Soft X-ray Laser Deflectometer 

D. Ress,* L. B. DaSilva, R. A. London, J. E. Trebes, S. Mrowka, 
R. J. Procassini, T. W. Barbee Jr., D. E. Lehr 

A soft x-ray laser (wavelength A = 15.5 nanometers) was used to create a moire deflec- 
togram of a high-density, laser-produced plasma. The use of deflectometry at this short 
wavelength permits measurement of the density spatial profile in a long-scalelength (3 
millimeters), high-density plasma. A peak density of 3.2 x lo2' per cubic centimeter was 
recorded. 

A detailed knowledge of the electron den- 
sity spatial distribution in a laser-produced 
plasma is required in a wide range of scien- 
tific endeavors such as inertial confinement 
fusion (1 ) , laser-plasma interaction physics 
(2), and high-temperature and high-density 
laboratory astrophysics (3). Density infor- 
mation is currently obtained with such di- 
verse techniques as x-ray spectroscopy (4), 
absorption and scattering of incident laser 
light (3, and ultraviolet interferometry 
(6 ) .  All of these techniques are useful over 
only a limited range of densities and scale 
sues, and they have additional limitations. 
Measurements based on x-ray spectroscopic 
techniques suffer from uncertainties in 
opacity and usually require sophisticated 
modeling of the atomic processes occurring 
in the plasma to infer a density. Measure- 
ments based on laser-light scattering require 
an understanding of one or more parametric 
instabilities produced by the laser creating 
the plasma under study. Ultraviolet inter- 
ferometry is restricted to density length 
products less than 2 x 1019 ~ m - ~ ,  forcing 
high-density measurements to be made on 
plasmas with sues that are often too small 
to be of interest. 

To overcome some of these limitations, 
we have developed a technique based on 
moir6 deflectometry (7) with a soft x-ray 
laser beam. We used this method to mea- 
sure the electron densitv profile in a 3-mm- 

diameter laser-produced plasma. The max- 
imum density length product measured was 
9.6 x loZ0 ~ m - ~ ,  about 50 times higher 
than could be measured with conventional 
ultraviolet interferometry. The line-aver- 
aged peak density of 3.2 x lo2' cm-3 was 
limited by diffraction effects associated with 
the steepness of the density profile. Higher 
densities can be accessed by modifying the 
experimental arrangement. 

When a high-intensity (I > 1013 
W/cm2) laser irradiates a solid target, a 
plasma is created. The transverse extent of 
these plasmas is determined by the laser 
spot size and typically varies from hundreds 
to thousands of micrometers in diameter. 
The index of refraction for light propagat- 
ing through this plasma is given by 

where n, is the electron density, n, = 1.1 x 
lOZ7/A2 is the critical electron density per 
cubic centimeter, and A is the wavelength 
of the light in nanometers. Because the 
laser beam can only propagate in the plasma 
where n, < n,, we can readily distinguish 
two regions in the direction normal to the 
material surface. The overdense region is 
where n, > n,, and the corona is where n, 
< n,. In our experiments, we used a green 
(A = 527 nm) laser drive beam with n, = 4 
x 1021 ~ m - ~ .  In the corona, at densities 
close to but less than critical, the spatial , * 

profile maintains a constant shape (steady- 
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increases linearly with time. The boundary 
between steady-state and self-similar behav- 
ior moves outward to lower densities as time 
advances (9). We confined our measure- 
ments to this steady-state portion of the 
coronal density profile to avoid temporal 
blurring. 

Moire deflectometry has been used ex- 
tensively to measure a variety of physical 
phenomena. It is a relatively recent tech- 
nique that yields optical phase information 
similar to that obtained in interferometry. 
Deflectometry has been used to do routine 
characterization of optical components and 
dynamical studies of fluid flow (7). It has 
also been used to measure plasma density 
variations (10). We formed a deflectogram 
with short wavelength radiation (A = 15.5 
nm) produced by a yttrium soft x-ray laser. 
The short wavelength allows density mea- 
surements in millimeter-scale laser-pro- 
duced plasmas at densities exceeding lo2' 
~ m - ~ .  

Deflectometry measures the refraction of 
a collimated beam of light through a sub- 
ject. There are a variety of methods avail- 
able to measure refraction, such as 
Schlieren imaging (I I) and grid-image re- 
fractometry (1 2). Schlieren techniques pro- 
vide information about the positions of 
highly refractive density interfaces but, un- 
like deflectometry, not about the magni- 
tudes of the density changes across the 
interfaces. Grid-image refractometry pro- 
vides a measurement very similar to deflec- 
tometry. Used with a soft x-ray light source, 
grid-image refractometry could also allow 
characterization of long-scalelength, laser- 
produced plasma. 

Let us describe the collimated beam of 
radiation (probe beam) as a set of rays. The 
index-of-refraction gradient in the plasma 
bends the rays through an angle 

where the integration is carried out along 

the path of the ray s and we assume that the 
plasma varies only in the x direction (nor- 
mal to the target surface). 

A soft x-ray beam is necessary to probe 
millimeter-scale laser-produced plasmas. 
Previous deflectometry and interferometry 
efforts that used visible and ultraviolet 
wavelength probe beams were limited by 
excessive refraction. For a uniform-slab 
plasma of length L, we can approximate for 
n,/n, << 1 

where the transverse (to the probe beam) 
density gradient scalelength is 

1 an, -' L =  -- 
[n. ax] (4) 

and the critical density for the probe radi- 
ation is n,,. From hydrodynamical model- 
ing, we expect that L, is as small as 20 pm 
in the corona; we assume that L = 1 mm. 
For A = 260 nm, we can get $ >> 1, and 
the probe beam will be too severely refract- 
ed to allow a sensible measurement. In 
contrast, for A = 15.5 nm, we get $ = 0.1, 
an acceptable amount of refraction. A soft 
x-ray laser (13) provides the desired short 
wavelength probe beam. 

A moid pattern is created when a probe 
beam is passed through a pair of rotationally 
o&t (angle 8) onedimensional rulings con- 
sisting of evenly spaced (spacing p) opaque 
and transmissive stripes. The moid pattern 
(Fig. 1) is a set of dark regions that corre- 
spond to the intersections of the stripes and 
lighter regions that are the rhomboid-shaped 
open areas in between. In normal operation 
the lugh spatial frequency variations are not 
resolved, and we observe a smooth set of 
moir6 fnnges. The spacing of the ftinges is 
given by the ratio pI8. 

When a refracted probe beam passes 
through the rulings, the moir6 fringes are 
shifted by a distance As = d$lB, where d is 
the separation between the two rulings. At 

large x, N = 1 and aN/ax = 0 because n, is 
negligible. Thus, a straight line can be fit to 
the fringe paths at large x, and the devia- 
tion from this line gives the angular deflec- 
tion as a function of position as we move 
toward the target surface. If we assume the 
plasma to be one dimensional and integrate 
from unity at large x, we can determine the 
index-of-refraction profile. In our experi- 
ment, the spot size is so large (L >> L,) that 
the plasma density variation is nearly one 
dimensional. 

We controlled the sensitivity of the 
deflectometer by varying the distance sepa- 
rating the rulings. In practice, dikct ion 
limits the allowable values for d. At multi- 
ples of a particular distance, d, = p2A, 
where A is the probe beam wavelength, the 
first ruling is self-imaged onto the second 
ruling. For spacings midway between mul- 
tiples of d,, the contrast between the moir6 
frrnges decreases to zero (14). 

We ~roduced an x-rav laser  robe beam 
by irradiating an yttriuA foil With 531-nm 
light from one of the Nova beams (Fig. 2). 
The x-ray laser typically delivered about 7 
mJ of energy at 15.5 nm in a beam that 
diverged at a 5-mrad half angle (15). The 
pulse duration was 150 to 200 ps, which was 
short enough to avoid temporal blurring. 

We created the target plasma with a 
second Nova laser beam. which irradiated 
the planar target, a 5-mm-square, 50-p,m- 
thick polyethylene (CH) disk. To create a 
relatively gentle electron density profile and 
minimize x-ray self-emission, we irradiated 
the target at a low intensity, I - 2.5 x 1013 
W/cm2. The laser pulse was a 1-ns-long, 
temporally square pulse, delivering a total 
energy of 1.8 kJ. The x-ray probe beam 
passed through the target plasma 0.9 ns 
after the start of the irradiation. To maxi- 
mize the observed fringe deflections and 
demonstrate the capability to probe rela- 
tively long plasmas, we used a large, 3-mm- 
diameter laser spot. 

To transport the x-ray laser to the target 
plasma and image the illuminated target 
plane, we used a sequence of rnultilayer 

Ymiurn x-ray laser (1 5.5 nm) - 
P 

rnultilayer 
mirror 

- I 

Rg. 1. A rnoirb pattern is produced by werlay- Additional rnultilayer mirrors :----- -, U 
to narrow bandpass X-ray filter 

ing two rotationally offset one-dimensional rul- 
ings. Rg. 2. Experimental arrangement for the plasma density measurements. 
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mirrors (Fig. 2) with reflectivity 250%. 
The x-ray laser beam first traveled 50 cm to 
a 2.5-cm-diameter spherical mirror, which 
~roduced a collimated  robe beam 5 mm in 
hiameter. After another 50 cm, 
the  robe illuminated the laser-~lasma tar- 
get.'The target plasma was &aged by a 
spherical mirror focused at the center of the 
plasma. The image formed by this mirror 
was relayed by two 45" flat mirrors to a 
detector plane at a magnification of 10. The 
image also passed through a filter consisting 
of 100-nm-thick A1 and 100-nm-thick Ti 
on a 200-nm-thick plastic substrate. The 
combination of mirrors and a filter Dro- 
duced a narrow photon passband (0.5:nm 
bandwidth) centered at 15.5 nm. 

The mou6 pattern was formed by passing 
the image through a pair of 200-nm-thick 
gold bar rulings with spacing p = 10 pm 
and rotational offset 0 = 4" to give a fringe 
spacing of 142 pm in the image plane (14.2 
Fm at the object plane). The bars were 
oriented ~arallel to the disk tareet surface so 
that the heflectogram would reveal density 
variations normal to the disk surface. The 
rulings were separated by a distance 3d, = 
19.35 mm to give a sensitivity of 5.2 mrad 
per fringe shift at the object plane. 

We recorded the resulting moire deflec- 

Flg. 3. Two deflectograms were 
produced by the experiments. (A) 
Control image showing unper- 
turbed moire pattern; (B) plasma 
deflectogram showing deflections 
of >3.5 fringe spacings. The fea- 
tures in the image close to the 
target surface are probably 
caused by ripples in the CH ma- 
terial. 

togram with an x-ray-sensitive charge-cou- 
pled device (CCD) camera. The CCD cam- 
era used a 1024 x 1024 chip illuminated 
throueh its thinned backside and had an - 
efficiency of 3.4 electrons per photon at X 
= 15.5 nm. 

As a control experiment, we created a 
deflectogram using the x-ray laser probe 
beam without the laser-produced plasma. 
The image (Fig. 3A) shows a uniform and 
unperturbed moir6 pattern throughout, 
except where the beam was blocked by the 
CH target. The fringe contrast (I,, - 
Imin)/(Imx + Imin) is 0.43, as compared to 
the theoretical maximum of 0.67. The 
contrast was probably reduced by ruling 
im~erfections. 

In our second experiment, we created a 
deflectogram of a CH plasma. The image 
(Fig. 3B) shows the expected unperturbed 
moire pattern in areas that are far from the 
laser-illuminated surface. Closer to the sur- 
face there are distinct deflections as large as 
3.9 fringe spacings, corresponding to a re- 
fracted angle of about 20 mrad. 

Immediately adjacent to the disk sur- 
face, the fringes disappear and the image 
intensity is fairly uniform. We expect a loss 
of fringe contrast here because of the strong 
density gradients near the critical surface of 

Flg. 4. Analysis of the plasma deflectograrn. (A) Deflection profile. We chose a region near the 
center of the image where the target surface was relatively flat. Deflections obtained from 11 
adjacent fringes in this region are overlaid in the figure. The curves are extremely similar, indicating 
a one-dimensional plasma density profile. (8) Density profile. We obtained the density from the 
average of the fringe deflections in (A). The fundamental error in the measurement corresponds to 
1/2= of a fringe spacing, reduced by a factor of fi by the averaging of 11 fringe profiles. The error 
decreases as the density increases because the numerical integration corresponds to the 
averaging of multiple independent measurements. The lwo experimental curves that are plotted 
correspond to assumed initial densities of 0 and 1020 ~ m - ~ .  

the plasma. The density gradient limita- 
tions can be reduced by increasing the 
system magnification and reducing the rul- 
ing separation. 

Soft x-ray deflectometry can be camed 
out with much weaker sources than our 
yttrium soft x-ray laser. The deflectogram 
obtained in our experiment had a very high 
peak signal level, about lo4 electrons per 
pixel, as compared with the noise level of 
about 20 electrons per pixel. For acceptable 
image quality, the signal-to-noise ratio 
should be at least 20. so our incident x-rav 
laser intensity could have been reduced by a 
factor of 25. System throughput could also 
be improved by about a factor of 10 by 
reducing the thickness of the filters and 
replacing the pair of 45" incidence mirrors 
with a single normal incidence mirror. It 
should therefore be possible to produce a 
deflectogram with any source of collimated 
x-rays with an energy greater than 30 pJ. 
Such fluences should be available from low- 
er energy x-ray laser systems such as seleni- 
um or germanium. This method is not 
confined to x-ray laser illumination sources 
but can be used with synchrotron x-ray 
sources as well. 

For analysis of the deflectogram, a com- 
puter program was written to track the 
fringe positions. A set of straight lines is fit 
to the fringe trajectories in an unperturbed 
portion of the image. The same fringes are 
tracked into the perturbed portion of the 
image, and deviations from the straight 
lines are calculated and converted to angu- 
lar deflection. There is little variation in 
the deflection profiles of 1 1 adjacent fringes 
(Fig. 4A), verifying the onedimensional 
nature of the density profile. 

Figure 4B shows the density profile ob- 
tained by this method. Because the fringe 
deflections in Fig. 4A are so repeatable, we 
used the average deflection to further re- 
duce noise. There is a +20-pm uncertainty 
in the absolute position of the profile be- 
cause no spatial fiducial point is presently 
available to accurately identify the original 
position of the disk surface. The relative 
error in density decreases as the density 
increases because of the averaging associat- 
ed with the numerical integration. 

To design the initial target plasma and 
to compare with measured density profiles, 
we have done numerical hydrodynamics 
simulations with the LASNEX computer 
code (16). We used a one-dimensional 
"spherical cap" geometry to simulate the 
divergence of the plasma as it expands. The 
model was similar to the one used in much 
previous work (2, 8). The electron density 
profiles produced by the LASNEX model 
were then used as input to a three-dimen- 
sional ray-tracing code (1 7) that calculated 
the refraction of a soft x-ray probe beam 
through the plasma. 
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A set of 201 rays were launched parallel to 
the initial target surface; they then traversed 
the simulated plasma represented by the 
LASNEX output. The ray deflections were 
calculated from the LASNEX density profile 
with Eqs. 1 and 2. Only gradients perpendic- 
ular to the target surface were considered; the 
plasma was assumed to be azimuthally uniform 
with an initial diameter of 3 mm. 

The code results for deflection are com- 
pared with the measurements in Fig. 4A. 
The ray-tracing calculation was carried out 
with use of the simulated density profile 
obtained 0.9 ns after the start of the laser 
pulse that created the target plasma; this 
corresponds to the peak of the x-ray laser 
vrobe beam. The measured deflections 
show good agreement with theory. The 
simulation results do predict a very slightly 
larger deflection at large distances from the 
target surface. 

To compare the LASNEX prediction of 
the density profile to the experiment, we 
integrated the index-of-refraction gradient 
profile. The slope normalization in the de- 
flectogram was carried out at as far from the 
target surface as possible, but at about x = 
500 um. we needed to make some assumv- 

8 ,  

tion about the boundary density no. We 
could have assumed the density here to be 
zero, but LASNEX modeling indicated that 
the densitv at x = 500 um is -1OZ0 ~ m - ~ .  
Therefore, we plotted two curves, one cor- 
responding to no = 0 and another for no = 
loZ0 cm-3 (Fig. 4B). There is substantial 
disagreement between the code prediction 
and the no = 0 curve, but the no = loZ0 
curve agrees with the simulation to within 
about 40% throughout the corona. At low 
densities (n, < lo4 ~ m - ~ )  the uncertainty 
regarding the initial density at the edge of 
the deflectogram does not presently allow a 
final comparison with the code predictions; 
later experiments with increased field-of- 
view and sensitivitv will be reauired to 
resolve this 'issue. ~t higher densities, the 
40% disagreement exceeds the measure- 
ment uncertainties. The LASNEX calcula- 
tions appear to overestimate the electron 
density in the steady-state part of the coro- 
na, confirming comparisons with earlier 
experiments (8). 
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Contribution of Early Cells to the 
Fate Map of the Zebrafish Gastrula 

Kathryn Ann Helde,* Ellen T. Wilson,* Chris J. Cretekos, 
David Jonah Grunwald? 

Previously, a tissue-specific fate map was compiled for the gastrula stage of the zebrafish 
embryo, indicating that development subsequent to this stage follows a reproducible 
pattern. Here it is shown that each early zebrafish blastomere normally contributes to a 
subset of the gastrula and thus gives rise to a limited array of tissues. However, the final 
contribution that any early blastomere makes to the fate map in the gastrula cannot be 
predicted because of variability in both the position of the future dorsoventral axis with 
respect to the early cleavage blastomeres and the scattering of daughter cells as the 
gastrula is formed. Therefore, early cell divisions of the zebrafish embryo cannot repro- 
ducibly segregate determinants of tissue fates. 

Defining how and when cell fate is deter- 
mined is essential to understanding the 
mechanisms underlying development. In 
the zebrafish embryo, cell lineage analysis 
has shown that it is not until the early 
gastrula stage that cellular fate appears re- 
stricted, in that individual cells give rise to 
only single tissue types (1). The type of 
tissue formed by the descendants of an early 
gastrula cell can be generally predicted by 
the position of the cell within the early 
gastrula embryo, yielding a fate map for the 
zebrafish (2) (Fig. 1A). Because a tissue- 
specific fate map cannot be derived before 
this stage and there is little cell movement 
during the cleavage period, it has been 
proposed that extensive cell mixing occurs 
during the transition from blastula to gas- 
trula (3, 4), such that a cell's position in 
the blastula is unrelated to the position of 
its descendants in the gastrula. In this 
model, the early blastomeres of the ze- 
brafish are deemed to be pluripotent. Re- 
cent cell lineage results have challenged the 
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idea that extensive mixing occurs, suggest- 
ing that the position of an early blastomere 
is a reliable predictor of some aspects of 
later cell fate (5). A further conclusion 
from the latter work was that the body axes 
of the embryo can be predicted as early as 
the eight-cell stage. Here we resolve the 
issue of how the position of a cleavage 
blastomere relates to the distribution of its 
clonal descendants in the gastrula. We " 
demonstrate that descendants of early blas- 
tomeres do not have vredictable vositions 
relative to the dorsoventral axis of the 
embryo. Thus, their prospective fates are 
not identifiable. In addition, we demon- 
strate that portions of the embryo retain 
their relative positions from blastula to 
gastrula, allowing some aspects of the ze- 
brafish fate map to be observable at times 
earlier than the gastrula stage. 

In the gastrula, a cell's position relative 
to the dorsal midline and along the animal- 
vegetal axis allows the fate of that cell to be 
predicted (Fig. 1A). For example, cells at 
the dorsal margin of the early gastrula have 
a specialized role in organizing the primary 
axis of the embrvo (6). We have directlv 
tested whether the pdsitien of early blas: 
tomeres correlates with the. dorsoventral 
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