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ABSTRACT

We have developed a method of in-situ reactive glow discharge
cleaning of x-ray opt ica l surfaces which i s capable of
complete removal of carbon contamination [1] . Our work i s
the f i r s t to successfully clean an entire optical system in-
s i t u and characterize i t s performance at short wavelengths
(as low as 10 A). The apparatus required i s quite simple and
can easi ly be f itted to most existing UHV (ultra high vacuum)
mirror boxes of monochromators. The advantages of t h i s
technique over previously available methods include dramatic
improvements in instrument performance and reductions in down
time s ince the whole process typ ica l ly takes a few days.
This paper wil l briefly describe our resul ts and d e t a i l the
experimental considerations for application of the technique
on different monochromator geometries. Possible improvements
and extensions of the technique are also discussed.
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1. INTRODUCTION

It is generally recognized that the performance of soft x-ray

monochromators wi l l degrade over time as a consequence of carbon

contamination. Hydrocarbons are cracked directly onto the optical

surfaces reducing the efficiency of the instrument much more rapidly

than would be expected to result from background contamination. In the

case of monochromators used at synchrotron radiation f a c i l i t i e s , the

problem i s compounded by the high intensity and relat ively hard

radiation produced by these sources. Prior to our work, several

attempts had been made to remove carbon contamination with oxygen glow

discharges which met with varying degrees of success [2-7]. The recent

work of Koide et a l . [6,7] who studied dc oxygen glow discharge

cleaning of mirrors from beamlines at the KEK Photon Factory is perhaps

the most notable among them.

All of the previous cleaning attempts had been performed on

optical elements which were removed from their working environment,

although most of the authors suggested that extensions to in-s i tu

application were possible. In addition, the performance of the cleaned

elements had been characterized at relatively long wavelengths. For

example, no spectroscopic examination at the carbon K edge (44 A) had

previously been reported. In our work [1] we have developed an rf

glow discharge technique which appears to be the first application of

an in-situ cleaning technique to an entire optical system and i t s

characterization at short wavelengths (as low as 10 A). The results of

our work led to many attempts to apply our technique to different
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optical systems at other facilities, with mixed results. In the present

paper, we describe more of the experimental details and che thinking

behind our original work to serve as a starting point for others

wishing to apply it to their particular problems.

2. RESULTS AT THE NSLS

We briefly review here the results of the cleaning procedure,

discussed fully in [1] , on two monochromators at the NSLS. One is the

U14 Plane Grating Monochromator (PGM) which has two gold-coated plane

gratings, a nickel coated collimating mirror, and four nickel coated

refocussing airrors. The second monochromator is the U15 toroidal

grating monochromator (TGM) which has a gold coated ion etched SiO«

grating.

The light curves shown in figure 1 are from the PGM at three

stages in the cleaning process: in the initial contaminated state (C)

and after seven (B) and sixteen (A) hours of treatment. The data are

normalized photo-yields from an atomically clean nickel crystal. The

vertical line at 290 eV coincides with the minimum intensity in the

carbon K-edge region before treatment. Note that after treatment the

PGM had gained more than an order of magnitude in intensity at the

carbon edge compared to its contaminated state.

The light curves shown in figure 2 are from the U15 TGM before (B)

and after (A), eight hours of cleaning. The spectra were taken with an

aluminum diode and are plotted as acquired. The sharp jump at 23 A is

due to the oxygen in the oxidized diode surface. The carbon dip at



43 A is clearly present in the initial spectrum and is completely

absent after cleaning. An important feature in this study is the

reduced intensity at 19 A which is manifested in the initial spectrum

as a dip at 38 A and a shoulder at approximately 15 A. This feature

has been attributed to the reduced reflectivity of carbon as compared

to gold, and from its variation before and after cleaning, the

thickness of the contaminant layer was estimated to be 1000 A.

3. OBJECTIVES AND APPROPRIATE APPARATUS

Before turning to the details of the apparatus, it is valuable to

review the objectives of the experiment. In order to remove the carbon

we wish to produce a reactive species, deliver it to the contaminated

surfaces of interest, allow it to react, and provide a means to remove

the products of the reaction. Consideration of these basic principles

and their optimization for a particular optical system should improve

the chances of reducing the carbon contamination to its lowest

practical level, and may serve as a useful framework for developing

techniques for removing other types of contamination.

For carbon removal the reactant we wish to use is atomic oxygen,

and we also operate under the constraint that it may not be possible to

produce the reactant in direct line-of-sight to the optical elements.

This will most often be the case since we wish to refurbish existing

monochromators with little or no modification to the vacuum tank. This

necessitates careful consideration of the conditions utilized to
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deliver atomic oxygen to the contaminated surfaces. CO and CO- are the

anticipated products of the reaction and can simply be pumped away.

The apparatus used in this work for producing atomic oxygen is a

capacitively coupled rf glow discharge cavity which is attached to the

monochromator. One of the reactors used in this study is shown

installed on the U14 PGM at the NSLS in fig. 3. Figure 4 emphasizes

its relationship to the optical components of the PGM and schematically

shows the gas handling system. The discharge cavity is fabricated from

a standard pyrex-to-2.75" conflat flange adapter which is sealed off,

leaving a glass tube roughly 15 cm in length and 3.5 cm in diameter.

The two external electrodes are provided by 2.5 cm wide copper straps

wrapped around the outside of the tube. By grounding the electrode at

the end of the tube and connecting the other to the rf supply, a

symmetric capacitive load is achieved, since the Xovar cuff on the

2.75" flange also acts as a grounded guard band. The discharge is

driven through a 50 ohm impedance matching network by a power amplifier

operating at 13.5 MHz, shown schematically in fig. 4. Because of the

relatively low frequency of the system, the placement of the electrodes

is not crucial but should be done so that the gap between electrodes,

including the kovar cuff, is equal. A safety screen which has been

omitted from fig. 3 for clarity should also be fitted. This acts as

r.f. shielding and reduces the risk of breaking the relatively fragile

glass tube. During high power operation (100 W) a cooling fan is

provided to reduce the risk of breakage due to thermal stress at the

glass to metal transition.
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The working gas is a mixture of water vapor and oxygen introduced

to the discharge region through a small tube set in a double sided

flange which is mounted on the same port as the discharge cavity.

Mixtures of this type can 'be easily obtained \>y pressurizing a small

volume of liquid water with oxygen gas. The ratio of water vapor

pressure to total pressure will determine the composition of the

mixture. Reaction products and residual gases are removed from the

monochromator by a turbomolecular pump. The reaction gas flows through

the cavity and monochromator at a pressure which is maintained in the

range of 100 to 500 mTorr. The pressure is varied in a stepwise

fashion with the objective of establishing a distribution of collision

trajectories and frequencies which will allow species generated in the

plasma to impinge on surfaces which may not be line-of-sight to the

discharge region.

Water is used in the plasma since i t has been shown to enhance the

carbon removal rate by as much as a factor of 40 over dry oxygen (8) .

The increased reaction rate is due to atomic hydrogen produced in the

plasma which acts to block recombination sites for atomic oxygen on

newly cleaned surfaces. The atomic oxygen, which would otherwise be

lost to recombination, is instead available for reaction with the

contaminant carbon. Hydrogen gas could be added to the plasma directly,

but clearly water provides a much safer method of introducing hydrogen.

In principle a pure water plasma could be used, however, we empirically

determined that a 2% water vapor in oxygen mixture provided a

s ign i f i can t increase in carbon removal rate while maintaining a

reasonable pumpdown time after cleaning. At this level of water



- 7 -

exposure a full bakeout can be avoided, in practice however, it seems

to be more efficient to lightly bake the nonochromator after cleaning

than to wait for the base pressure to fall to an acceptable level.

Under normal operating conditions the gas flow rate is about 20

cm /min and the forward power is at or below 100 watts. The reaction

pressure is varied throughout the cleaning process in 100 mTorr

increments at roughly one hour intervals which is achieved by either

opening or throttling the valve to the turbo until the pressure reaches

a desired value. When the steady state pressure is established, the

r.f. power is applied and the matching network readjusted to minimize

reflected power, which is usually 1 watt or less. The actual duration

of the cleaning procedure depends on the level of contamination and

monochromator geometry, but is typically 24 hours or less.

The reactor geometry and reaction conditions are extremely

important to successfully cleanse the optical elements without damaging

them. Since the plasma is rf excited at relatively low power the ion

energies are very low, typically 10 eV or less. In addition, in the

reactor geometry we have described here, the electrode surfaces are

external to the vacuum envelope and therefore cannot participate in

reactions in the plasma. This avoids complications due to sputtering

and sputter deposition of electrode material.

The reactor placement with respect to the optical elements should

be carefully evaluated when applying this technique to a new system.

As shown by figure 4 the optical elements need not be line-of-sight to

the discharge, but where possible care should be taken to minimize the
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complexity of the path between the discharge and the elements to be

cleaned. Small bore tubing or other apertures such as slits interposed

between the reactor and optics should be avoided. The creation of

constrictions of this type will seriously reduce the cleaning rate and

may prohibit the complete removal of the carbon contamination.

U. DISCUSSION

Our work has shown that x-ray optical systems can be freed from

carbon contamination by an in-situ cleaning process. In many instances

the resulting monochromator performance can exceed that originally

obtained from the device, since after cleaning i t is not exposed to

room air and therefore does not accumulate adventitious carbon. We

have described the parameters which we feel are important for

implementing this technique and now turn our attention to improvements

and extensions which might increase its range of applicability.

Two areas in which the technique could be significantly improved

are the automation of the pressure control and matching network to

provide unattended operation, and the development of in-s i tu endpoint

detection. In our efforts, the monochromator was cleaned for what was

deemed to be an adequate amount of time, pumped down, and spectra were

taken to measure the progress of the process. This is a somewhat

cumbersome method of endpoint detection. We attempted to monitor the

CO and C0_ levels in the effluent gas, but lacked the proper equipment

for residual gas sampling at relatively high pressures. Either

residual gas analysis or some spectrophotometric method could provide
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i n - s i t u endpoint detection. In our experience the lack of

sophisticated endpoint detection has not been a serious l iaitation

since the process typically takes 24 hours or less , and, for the

systens we have studied, no risk is involved in operating the plasma

after the carbon has been removed. This may not be true for systems

with carbon based components such as replica gratings or components

with insulating surfaces, although the gold coating usually deposited

on such optical elements should be adequate protection against damage

from the plasma.

Another area for fruitful development would be the adaptation of

the technique to systems where the external reactor geometry described

here cannot be used. Situations will inevitably occur where a port i s

not available with sufficient clearance outside the vacuum tank, or for

which the relatively fragile glass to netal seal const i tutes an

unacceptable hazard to system vacuum, such as in front end mirror

tanks. For these reasons we are pursuing the development of a reactor

with internal electrodes at the NSLS.
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FIGURES

CAPTIONS

FIGURE 1 Light curves are shown for the PGM monochromator in its

initial contaminated Ipate (C) and after seven (B) and sixteen (A)

hours of treatment. After treatment the monochromator exceeds its

original performance and has gained more than an order of magnitude in

intensity at the carbon edge compared to its contaminated state.

FIGURE 2 Light curves from the U15 TGM before (B) and after (A) eight

hours of cleaning. Note in spectrum B the carbon K-edge attenuation at

43 A, the shoulder at 19 A, and the dip at 38 A.

FIGURE 3 Glow discharge reactor shown mounted on the U14 PGM. At left

is a snini-conflat valve which connnects to the gas^inlet, a tube which

enters the edge of a double sided" conflat between the reactor and

monochromator tank. The two electrodes are clearly visible placed

around the pyrex reactor tube. A cylindrical safety screen is normally

placed between the two aluminum disks, but has been removed for clarity

in this figure. It serves as rf and impact shielding.
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FIGURE 4 Overhead schematic of PGM fitted with glow discharge cavity.

The r e l a t i v e sca le and pos i t i on of the c a v i t y , m i r r o r s and

kQonochromator tank ref lect those used in reference 1. Also shown

schemat ica l ly are the major e lements of the a p p a r a t u s and

monochromator. MN-r.f. matching network, PM-r.f. power meter, PS-r.f.

power supply, P-thermocouple pressure gauge, TMP-turbomolecular pump,

FM-focusing mirrors, PG-plane gratings, and CM-collimating mirrors.

FIGURE 5 Schematic of r.f. matching network. Cl 30-885 pF, C2 20-145

pF, I 0-8.5 jiH. Nominal values for 50 ohm matching conditions at 500

mTorr are Cl 700 pF, I 1.2 fM, and C2 80 pF.
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