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ABSTRACT

This paper reports on work done over the past two years in our laboratory to produce X-ray optics.

We also report on test that we have made to evaluate the performance of pieces that we have

produced.

1. INTRODUCTION

As we progress towards the 21st century, there is a growing need to understand fabrication techniques

for grazing incidence optics. To this end we report our results of fabricating, testing, and measuring

both Wolter I optics and flats. We have used the techniques of lacquer coating1'2'3*4'5. We have

made flats to determine our ability to coat surfaces with lacquer and gold, as well as to demonstrate

reflectivity up to 40 keV. We also produced Wolter I optics nickel optics with a gold coated optical

surface. Here we report report and interpret results from X-ray reflectivity and Wyko profiler optical

measurements. We also describe our fabrication process and provide a critique of the process and

describe how we hope to further improve upon the basic the process and describe how we hope to

further improve upon the basic technique.

2. Lacquer Coating, Gold Coating and Electro-forming

We have use lacquer...diluted to 50% by weight with Methal-Ethal-Keytone (MEK)re/. We place

the part we want coated in a tank and coat the part by draining the tank. The drain rate is

approximately , which leads to a coating thickness of about... . The pieces are then brought to a

temperature of 55 C and baked for 8 hours to cure the lacquer, to drive off volatile compounds, and

to ensure that the gold we place on the lacquer will release properly after electroforming. We then

coat the pieces by evaporated in a vacuum chamber. In order to prevent heat damage to the lacquer

surfaces, we place the lacquered pieces ~ 40 cm from the metal evaporation boats. We deposit



between 500 A to 1000 A of gold on these pieces. Then, if a replica is desired, we electro-deposit

nickel onto these pieces and then remove them3'4. If the lacquer has been properly cured and the

stress in the elector-depositing bath has been properly controlled as well, then the piece releases

nicely from the master. The Wolter I mirrors we have fabricated are about 40 cm long and 12 cm

in diameter.

For basic assessment of the lacquer and metal coating, we also coated several 4.5 cm diameter

aluminum test flats whose optical surface consisted of superpolished electroless nickel. Below we

report on the tests and measurements we made on both a Wolter I mirror and on these test flats.

3. Test Flat Measurements

Our X-ray and optical measurements were both made at Brookhaven National Laboratory. We used

the X-18A beam line facility operated by [Joe want to fill this in?] to make the X-ray measurements.

We used an X-ray beam about 10 fim high and 1 mm wide (horizontal direction). We placed the test

flat horizontally and adjusted the mirror height until we determined that the beam was partially

blocked by the mirror. Then the mirror was tilted and we scanned the reflected beam at a distance

of about 1 meter, using a ~ 5/*m high by 5 mm wide slit placed in front of a Nal detector. To make

measurements at 40 keV we adjusted the bragg crystal in the X-ray beam line to reflect 13.3 keV

X-rays, then adjusted the pulse height acceptance on the Nal analyzer to only accept the third order

reflection from the crystal, i.e. 40 keV X-rays. We again measured the critical angle of incidence as

well as the beam width of the reflected beam. The critical angles we measured were 30', 15', and

6', at 8, 16, and 40 keV, respectively. The 8 keV critical angle value agrees with the work of Ref. 6

and the linear energy dependence of the critical angle agrees with theory 7

The reflectivity profile at 40 keV is shown in Figure 1. The measured full width at half maximum

is ~ 10.8". Our work extends that of Ref. 7 in that we provide a measured spread to the reflected

beam. Ref. 6 argued on the basis of comparison of their measurements and those of Ref. 8 that



scattering in X-ray reflections can be made small even up to 27 keV. Our work is consistent with

that supposition and demonstrates that grazing incidence optics for imaging purposes can be used

up to at least 40 keV.

For a further evaluation of our surfaces, we used a Wyko NCP-1000 optical profiler9 with a 2.5x

objective to produce surface profiles and resulting power spectral densities over spatial periods of 5

mm down to 9.8 /tm. Besides making Wyko profiler measurements on the gold piece we used for

X-ray reflectivity measurements, we also made Wyko measurements of a lacquered sample that was

coated with palladium and another flat that was not coated at all.

We summarize the Wyko profiler results in Table 1. As the number of samples is small, we must

treat any conclusions drawn with caution, but the following seems to the case. The gold coated

sample has the smallest high frequency ripple, but the the lacquer may slightly increase the mid-

frequency ripple. The material used to coat the lacquer surface also is important as palladium does

not seem to produce as smooth a surface at high frequency as the gold.

4. Wolter I Optics Tests

We again used the Brookhaven beam line X18A for our X-ray measurements, but this time, we

used a CCD with a phosphor system was used to detect the X-rays"-' [Brian do you want to give

a reference and/or put something here?]. The Wolter I mirror set to be approximately aligned and

adjusted so as to just block the beam. We later judged that the grazing angle of the beam with

the first reflection surface (the parabolic section) was about 35' (10.2 mrad) based on the energy

dependence of the reflection efficiency as a function of energy.

In order to work at 5 keV, we made an enclosed helium path from the mirror to the CCD camera.

The slit size was about 1 mm wide by about 0.1 mm high and the mirror was aligned so that the

narrow dimension of the beam corresponded to radial dimension of the mirror. We designate the

direction of the incident X-ray plane wave that is parallel to the mirror surface (and hence parallel



to the long direction of the X-ray slit) as the ir component, and the perpendicular direction in the

plane wave as the <r component. It is only the <r component that is sensitive to the surface roughness

and hence it is an analysis of the reflected beam size in the a direction that we discuss below.

The image of the reflected beam was accumulated for approximately 10 seconds, and then read out

and stored on magnetic disk [Brian do you want to add anything here?]. We measured the effective

angular extent the CCD/phosphor pixels with respect to the X-ray mirror focal plane to be about

6.6" (32 /trad).

We averaged the image over 2 pixels in the ir direction and for the detector background, we used

the count rate approximately 100 pixels in the TT direction from the beam spot. In Figure 2 we show

a plot the background subtracted counts versus angle with respect tot he mirror focal plane. In the

figure, we also show the calculated relative reflected energy versus the diameter of the beam. The

~ 35% power point corresponds to ~ 100" (485 fir ad).

We have also made Wyko profiler measurements of the trimming from some of our mirrors, but no

pieces from the mirror for which we were able to make X-ray measurements were available. The

trimmings were from the zero draft portion of the wide end of the mirror and hence were replicated

from a portion of the mandrel which was not specifically lapped and polished. Never-the-less, we

found the the high frequency (corresponding to 1 mm-9.8/im periods) rms roughness of these pieces

was quite good, ranging from 15 Ato 22 A. These optical measure* ?nts are consistent with the

above reported X-ray reflectivity performance of our Wolter I gold coated mirror. We discuss the

comparison between X-ray and optical results in detail in the next section.

4. Comparison Between X-ray and Optical Measurements

With both X-ray and optical measurements in hand, it is interesting to compare results using simple

reflection/scattering formulae. Our results are summarized in Table 2, we and give the details about

the calculations below.



For the surface roughness, we use

^ = exp(-[(4<f>/\) • «n(/3) - *)>) (1)
IT

to imply the surface roughness, where IR is the specularly reflected power, and Ir is the total reflected

power. We used the grating equation (given below) to determine the relevant frequency range that

is measured by the Wyko.

where d is the period over which the rms roughness of the surface gives rise to the scattered com-

ponent; $i is the angle of incidence in radians, and 9, is the diameter of the reflected beam at which

scattering becomes donr'nate over specular reflection. A potential difficulty with using the grating

equation formula is to determine what value of 0, to use.

If the reflection surface had negligible mid-frequency (corresponding to 1-5 mm periods) slope errors,

then 6, (the specular reflection width in radians) is determined by the size of the X-ray beam divided

by distance from the reflecting source to the detector. We are also assuming that the detector slit

or pixel size is small compared to the beam size.

Since there are significant mid-frequency slope errors, however, we estimate the value of 6, from the

plots of the reflected X-ray intensity, and use this value of 8t to also determine the ratio of scattered

to total reflected beam intensity.

We have, therefore used a value of 20" (97 p. rad) for 6t. For the Wolter I optics, we used 35" for

the gold surface Wolter I and 70" for mirror A00110. Note the Wolter I mirror X-ray measurements

involve a double bounce. We have, therefore, taken this into account by assuming that each single

bounce adds in quadrature to produce the measured specular beam size. And, that each bounce

6



produced the same fraction of specularly reflected power to total power. We used values of

of .56 and .30 for the gold surfaces and A001 mirrors, respectively. We also used the geometrical

average of the incidence angles for the gold mirror which was tilted with respect to the incident

beam by about 10', resulting in an average incidence angle of 22.9' (6.7 mrad).

Previously 9, we made X-ray measurements of a nickel surface mirror (A001) and optical measure-

ments of a similar mirror (A002) made prior to our working with lacquer/gold coated mandrels. In

this case, the X-ray incident angle was 25' (7.27 mrad). For comparison, we present results based

on those measurements as well.

The Wolter I data are not in as good agreement as the measurements on the flats. This is to be

expected, however, as the value of theta, is difficult to determine and that d depends more strongly

on 0, than does a. This is because for our data, the specularly reflected power is approximately

linearly dependent on the selected value of 6, over the range of reasonable values of 6t.

On the whole, though, we see that the optical results and our simple scattering theory calculations

are in agreement, demonstrating that Wyko measurements are good indicators of X-ray mirror

performance.

From the above table we can also made an assessment of the quality of our new gold coated mirror

as compared with our older nickel surface mirrors. As expected, we find that the gold mirror is

probably smoother than the previous nickel mirrors. We base this judgement on the following: (1)

the value of d is larger for the gold surface Wolter I, compared to the nickel surface (A001/002)

Wolter I mirrors, and the mean roughness for surfaces tends to increase with increasing values of d;

(2) the estimated value of 9, of the gold surface Wolter I is about half that of the A001; and, (3)

the high frequency a measured optically from end pieces of other gold mirror reached values that

are twice as low as those derived from A002.

5. Discussion
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This paper we have described our current capabilities to fabricate gold/lacquer coated X-ray optics.

We have also showed that grazing incidence optics does allow ~ 10" resolution up to 40 keV. The

natural question to ask is are there further advances to be made with this technique? As framework

for answering this question, we now present a discussion of the basic technique.

For lacquer coating, consider the following. First, the lacquer coating requires that the lacquer be

deposited in a vibration free environment. Second, the lacquer and the mandrel must be dust free.

Third the lacquer must be heated so that it does not cause the gold to stick, but it must not be

heated so much that the lacquer is destroyed.

To address the vibration problems we have reduced the use of moving parts in the lacquer coating

room as much as possible. We are going to explore the option of using some kind of vibration

isolation system but our current method of being in a relatively vibration free room seems to be

adequate, based on macro-figure measurements we have made on our Wolter I optics 4

To address the dust problem, a clean room would be most desirable, but it is beyond our current

budget. Instead we have designed a procedure that will work well. First we skim and filter the

lacquer to remove foreign particles, including dust. Second, we remove dust from the mandrel by

immersing it in an ultrasonic bath with water. Third, we plan to vapor degrease, lacquer coat and

bake the lacquer coated mandrel all in the same sealed unit. The baked lacquer surface will blown

free of the small amounts dust that might accumulate in the transfer from the baking chamber to

the vacuum deposition chamber.

In terms of baking the lacquer, we have found a temperature range and length of time that works

for baking the lacquer so that it does not stick to the gold (see section 2).

The gold surface can also be damaged, however, if the stress in the electroforming process is not

properly controlled. This we demonstrated by producing faulty mirrors in a bath which contained

impurities and in which the pH level was not in the desirable range. It is therefore, extremely impor-



taut to maintain quality control of the electroforming bath by filtering the bath and by continually

monitoring the pH and the stress levels as well.

When the mirrors are removed from the mandrel, salts from the bath dry on the surface and the

mirrors must be washed. This is another potential hazard and we plan to follow the work of Ref.

11 and determine if placing a layer of silver down before the gold on the mandrel will than protect

the gold surface when the mandrel is xrr "ed. A potential difficulty here is that the silver surface

must be smooth, and we have demonstrated that not all metals (e.g. the palladium coated flat

described above) lay down equally well on the lacquer. Assuming a smooth layer is made, however,

the electroformed mirror will then be cleaned with the silver surface in place, and then the silver

surface will be dissolved away.

Another possible problem is if the gold layer is too thin, then pin holes can allow the electroforming

bath to penetrate the gold layer and wet the mandrel lacquer surface/gold interface. To prevent this

we plan to experiment with thickness of the gold layer and/or over coating the gold with a layer of

copper before immersing the mandrel into the electroforming bath.

When we have finished experimenting and making the requisite improvements, we hope to b« able

to produce Wolter I mirrors with surfaces rivaling those of our flats.

Ref. 12 whose group2 has been working in this area has recently decided that lacquer coating is

not necessary as they have been able to polish their mandrels to lOAor better. A problem remains,

however, which is that the ubiquitous electroforming solution diys on the mandrel, and ultrasonic

cleaning is not enough to remove residue. It may be that the mandrel will need to be repolished

between electroforming steps, but with adequate funding and the requirement that only 4 copies

be made per mandrel, lacquer coating can be avoided. In comparison, we plan to make up to 30

copies per mandrel and we have no capabilities to polish the mandrel to smoothness of 10A. We

will, therefore, continue to use lacquer coating.



Another reason to continue working with lacquer coating is that lacquer coating may also provide

the capability of smoothing over diamond turned grooves or only partially polished groves. Some

work in this direction13 has not met with success using lacquer to fill in the groves left by diamond

turning. The technique may work, however, if other lacquers are used and/or the diamond grooves

are partially smoothed.

7. Summary and Conclusions

In summary, we have achieved root mean square roughnesses approaching 3Afor flats and I5Afor

Wolter I mirrors. Although grazing incidence optics theoretically should work up to at least 40 keV,

our work has shown that (for the first time that we know of), that good imaging can be achieved

up to 40 keV.

In terms of fabrication abilities, our present facilities allow us to produce 40 cm long by 12 cm

diameter Wolter I mirrors with about 30" angular resolution (defined by the ability to distinguish

two images at a given angular separation) and further progress in producing & lOAWolter I surfaces

should produce images of point sources with half power diameters of less than 1'.

Lacquer coating provides a natural way to protect the mandrel surface, a way of reducing the high

frequency roughness and perhaps a way to smooth over grooves left by the diamond turning process.

We conclude, therefore, that there is a future in continuing to improve and explore techniques

involving lacquer coating and electroform replication of X-ray optics.
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Table 1: Wyko RMS Measurements of Flats

piece a b e d e

Ni flat 7.1 A 6.4 A 4.9 A. 3.5 A 1.0 /xrad

Auflat 7.7 6.2 3.5 5.9 1.8

Pdflat 13.1 6.1 3.6 11.8 3.3

Notes to Table 1. column a, 5 mm-9.8 fim periods; column b 1 mm-9.8 fim periods; col-

umn c 100 fi m- 9.8 fim periods; column d 5 mm- 1 mm periods; column e slope error over 5 mm-

1 mm periods.

Table 2: Scattering Theory Results vs Wyko Measurements

piece a b c d e f g

Auflat 6A 200 fim 97/irad 1.7 mrad 5.9 A 88 /wad 3.5 A

AuWolterl 20 150 240 6.5 NA NA NA

Ni Wolter I (A001/2) 20 50 485 7.3 160 31 34

Notes to Table 2. columns a, b, c, d are <r, d, 6t, 6i, respectively, see text; columns e and f,

the rms roughness and the corresponding slope error in the 1 mm- 9.8 ft, m range; column g, the

rms roughness in the 100 fi m - 9.8 fim range. NA = not available. A001/A002 refer to previous

fabricated Ni surface mirrors (see text).
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