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Abstract

Water cooled gratings manufactured for spherical grating
monochromators of the Advanced Light Source beamlines 7.0, 8.0 and
9.0 were measured with the laser plasmavsource and reflectometer
in the Center for X-ray Optics at LBL. The square-wave gratings are
ion-milled into the polished electroless nickel surface after pat-
terning by holographic photolithography. Absolute efficiency data
~are compared with exact electromagnetic theory calculation. Inter-
order stray light and groove depths can be estimated from the mea-

surements.

1. Introduction

We have previously 'reported on the collaboration which was formed"

to manufacture water-cooled gratingé for synchrotron radiation.!



Briefly, several laboratories and industrial companies joined to-
gether to make up a new source for holographically patterned, ion-
milled square-wave profile‘gratings. All but two of these gratings
have been delivered and all that have been installed at the ALS are
functioning as designed in spherical grating monochromators. This
paper reports the laboratory measurements performed on these

gratings before installation.

The grating efficiency and stray light were evaluated using the laser
plasma source and test tank in the Center for X-ray Optics at LBL.2
This allows the testing of the gratings in the region from 40 to 500
Angstroms in wavelength. The apparatus is diagrammed in Figure 1.
A frequency-doubled Nd:Yag laser produces a plasma from a gold tar-
get. The compact monochromator has high acceptance with moderate
resolution (A/AXA ~ 300). Two Si detectors generate the diffracted
intensity and reference signals. All of the following motion are im-
plemented: rotation of the sample, rotation of the detector and XYZ

translation of the sample.

2. Groove Depth Measurements

Both for future reference, and for the evaluation of the performance
of the gratings in the various beamlines, it is necessary to know
how closely the specified depth of the square waves was milled by
the manufacturer into the electroless nickel substrate. The optimum
groove depth was specified by using the exact differential method of

grating efficiency calculation.3 We found that while the efficiency



curves predicted from the differential method were in general dif-
ferent from those geherated by the simple scalar theory, the opti-
mum groove depth selection was not affected by the choice of which
theory was used. The actual groove depth was measured by varying
the wavelength selected by the pre-monochromator with the grating
under test and the detector fixed onto the zero order. The efficiency
minimum corresponds to a A/2 path length difference between the
top and the bottom of the grooves. This concept is diagrammed in the
scaiar ‘approximation in Figure 2, and a typical data scan is shown in
Figure 3. Measurements become difficult below 100 Angstroms
depth, and the measurement of 55 Angstroms listed below for the
beamline 8.0 grating is near the limit possible for that grating with

the wavelengths available.

Table 1 lists the specified and measured groove frequencies calcu-

lated and measured by these two methods. The measured depth data

= average 8% low with respect to the specified values. This may have

resulted from the use of sputtered nickel on silicon wafers to cali-
brate the ion-milling procedure. A small difference in etch rate
between the sputtered and electroless types of nickel coating could
explain this difference. In addition, the milling step must allow for
the differential etch rates _betwéen the nickel, -the photoresist, and
the components of an anti-reflection layer used in the process. The
etch depths achieved were within the goal of +10%, and were con-
trolled- sufficiently to provide good grating efficiency. Also the zero
order measurement only sampled an approximately 1mm band along

the tangential direction on the grating, and did not test the entire



surface. The fact that all of the measured depths are low suggests
that the systematic difference, whether in the ion-milling or in the

measurement, can be eliminated in future gratings.

3. Efficiency Uniformity

The efficiency uniformity was measured during manufacture by
scanning an HeNe laser beam over the surface of the grating pattern
at various steps in the process.4 Figure 4 éhows five parallel scans
which covered the entire surface of the completed 380/mm beamline
9.0 grating. The beam was incident at 15 degrees from normal. The
uniformity is seen to be quite good in the visible, with a deviation of
+5%. The biggest deviation seen by this method on any grating was

+10%.

Four gratings were measured for uniformity in the soft X-ray‘ region
at various wavelengths from 100 A to 200 A. Because of the size of
the water cooled gratings the gratings could only be scanned a dis-
tance of 25 mm while the beam and geometry were held constant.
These results are summarized in Table 2. The values are consistent

with the variation seen in the visible.

4. Inter-Order Stray Light

As a measure of the stray light, we adopt the ratio of the average
signal between the zero and first orders and the first order .inten-

sity at its peak. This gives an upper bound on the stray light, as the



stray light from the pre-monochromator is not characterized. Table
'3 shows summarizes the gratings for which unambiguous mea-
surements were taken. The nature of the electronics was such that
small count rates were discriminated against when the zero order
was on scale. The worst case of 26% stray light is the first grating
which was cycled the most times during the fine tuning of the pro-
cess. Repeatedly processing the blank; that is, cleaning, exposing,
developing, measuring and stripping can cause some deterioration of
the blank before the ion-milling procéss. In addition, the micro-
roughness and chemical properties of the anti-reflection coating
applied over the nickel can markedly affect the 'final grating perfor-
mance. Differences in wettability were observed between the indi-

vidual grating blanks.

A typical stray light scan is given in Figure 5. Two conclusions are
immediate. The stray light is a small fraction of the first order sig-
= nal, and the second order is also quite small. Typically, as shown in
the figure, the second diffracted order was equal in magnitude to the
background, which we have interpreted as stray light in the mea-
sured gratings. This confirms the choice of the ALS of the square-
wave profile for all of its initial complement of diffraction grat-

ings.

5. Absolute Efficiency

In addition to the depth of the pattern, the efficiency of square-

wave gratings is also determined by the ratio of the width of the



bottom to the width of the top of the grooves. The initial goal for
this ratio was 0.5. Even though this ratio may to some advantage in
efficiency be made as high as 0.7 to compensate for shadowing of
the groove bottoms, the collaboration wished to limit the accumu-
lated risk from attempting too much. The targeted value was
changed to 0.55 as the project proceeded. This gave some assurance
that even if the process latitude permitted a 0.05 error, the final

grating would be at least half open grooves.

Figure 6 shows the experimental measurements and calculations for
our most studied grating in terms of absolute efficiency. The open
points are measured and the solid points are calculated. The experi-
mental points have been removed to allow the four incidence angles
used for the calculated points to be seen clearly. The measured depth
of 123 Angstroms was used with a 0.5 groove ratio. The calculation
was done once with no fitting of parameters. The TM and TE effi-
ciencies were averaged to allow for the essentially unpolarized -
plasma source. Each TM point was approximately 700 sec compute
time on a IBM RISC 6000 computer. The agreement is fairly good ex-
cept for the minimum in the zero order. If more theoretical points
were calculated, the curve would likely approach closer to the
minimum in the experimental curve, but at a different wavelength.
This fact, that scanning the angle instead of the wavelength indi-
cates a different value for the depth of the grooves bears future in-

vestigation.
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6. Resolving Power

The resolving power of the gratings has been demonsirated in
beamline 7.0 by the use of the N2 absorption resonance at
approximately 400 eV.> The measurement sets a lower Iimit\ on the
resolving power of several thousand. This completes the
characterization of the gratings and is the consequence of the
considerable time and expense dedicated to optical metrology and

industrial collaboration.6,7 3

7. Conclusion

In summary, we find that the collaboration of Argonne National Lab,
and Lawrence Berkeley Laboratory with industry (Photon Sciences,
prime contractor, Rocketdyne Corp., Acteron Corp., and Hughes
Aircraft, subcontractors) has provided a reliable source for state-
of-the-art water-cooled, ion-milled square wave gratings for syn-
chrotron beamline applications with good uniformity, efficiency,

stray: light and resolving power.
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McKinney et al. Figure Captions

Figure 1. Schematic diagram of the laser plasma source, pre-

monochromator, and reflectometer in the Center for X-ray Optics.

Figure 2. Scalar theory diagram for interpretation of the minimum in

zero order efficiency for use in computation of the groove depth.

Figure 3. Typical measurement of groove depth of by scanning the

wavelength with the pre-monochromator while obser‘ving the zero

order light.

Figure 4. Variation of grating efficiency across the whole surface of

a grating in HeNe laser light at 15 degrees incidence.

Figure 5. Detector scan showing zero (dotted line), first and second

orders, ‘used to determine inter-order stray light.

Figure 6. Experimental absolute efficiency data (open marks), and
theoretical calculation (closed marks). The x-axis is plotted with
the grazing angle of incidence rather than the angle measured from

the normal.
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Table 1: Specified and Measured Groove Depths

Grating

grooves per mm

specified depth

measured depth

beamline 9.0 925 175 A 161 A
beamline 9.0 380 350 A 326 A
beamline 9.0 2100 90 A 79 A
beamline 8.0 925 60 A 55A
beamline 8.0 380 130 A 123 A
beamline 7.0 925 60 A not measured
beamline 7.0 380 130A 120 A
beamline 9.3.2 {1200 50 in progress

McKinney et al. Table 1
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Table 2: Uniformity of Efficiency in the Soft X-ray Region

Grating frequency length of scan |[{variation
Beamline 8.0 925/mm 25 mm 1 3.0%
Beamline 7.0 380/mm 25 mm +4.0%
Beamline 9.0 [/380/mm 25 mm +1.6%
Beamline 9.0 925/mm 25 mm +1.4%

McKinney et al. Table 2
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Table 3. Stray Light Measurements

Beamline grooves wavelength [[Stray light ||deg incident
BL 8.0 925/mm. 100 A 26% 10 deg

BL 7.0 925/mm 130 A 10.2% 10 deg

BL 7.0 925/mm 130 A 5.9% 5 deg

BL 7.0 925/mm 100 A 11.1% 10 deg

BL 7.0 380/mm 130 A 3.3% 5 deg

BL 7.0 380/mm 65 A 14.1% 4.1 deg

BL 9.0 925/mm 130 A 14.3% 5 deg

BL 9.0 925/mm 90 A 4.9% 5.7 deg

McKinney et al. Table 3
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