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Abstract

The inner surface geometry of any given RF waveguide plays a major role in the amount
of thermalradiation that is transferredthrough its length. Calculationgredict that
thermalradiation transmitted téhe cold end of awaveguide can b@reatly reduced via
increased surfacdiffusivity and decreasedeflectivity. Presented aréhe results of an
infrared examination of the thermatadiation propagatedhrough a ninety degree
waveguide elbow with various inner surface geometries when a heat load is applied to one
end. This is followed by results of surface studies of smooth, sandblasteticeithed

copper using microscopy and IR reflectivity.

1 Introduction

This infrared radiation propagation experiment pertains to the heat load delivered to
an SRFheliumvessel by way othe RF waveguide to theavity. Based on ragracing
simulation, a surface dull to IRas amuch greater effect on attenuating IR than a
macroscopically grooved.(16") inner surface, such as that used onMlagk Il cryostats.

It was shownthat macroscopigrooves disperse rays s$aat ultimately half the incident
raysare reflected and half ateansmitted, thus reducingansmittedpower at most by a

factor of 2. Further,the macroscopigrooveshave proven troublesome to Ryower
propagation, whereby the enhanced electric field at the sharp ridges cause electron emission
which feedsmultipactor discharges andviolent field emission.  Adull surface is
characterized by what are often the relgisaperties of reflectivity (= 1 absorption) and
whether the surface has specular or diffuse reflection. Presenteardnéineresults of IR
propagation measurements performed on a 90° waveguide elbow E-bend with various inner
surface geometries. This is followed by results of surface studies of smooth, sandblasted,
and acid etched copper using microscopy and IR reflectivity.
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Figurel. Two views of the grooved inner surface of the test waveguide elbow.

2 Waveguide Apparatus

Three different surface geometries were tested: IR specusiarboth, IRdull via
sandblasting, and simultaneoushacroscopicallygrooved and IRdull. The machined
surface ofthe waveguideslbow used forthe experiment had a macroscopicajlypoved
inner surface of right angle sawtooth geometry @ith6" depth, as shown iRig. 1. An
IR specular surfaceras obtained by laying aluminum foil along the inrgrrface of the
waveguide. Fothe IR dullcase the aluminum foilwas sandblasted prior tming the
inner surface othe waveguide the amount ofsandblasting being modest sited by
destruction of the foil.

lllustrated inFig. 2 is aschematic layout of the testssembly as well as a
photograph. Aceramicdisc (alumina) at a temperature &9°C wasplaced against one
aperture of the elbow and an 8412 IR camera with an aluminum foil shroutkwed the
other aperture to measure the thermal radiation propagtinggh the elbow. The
radiated power density of the ceramic is given by the familiar black body law

U=egoT?, (1)

where ¢ is the materiaémissivity (¢ 01 for alumina), o =5.67x10° W/m* [K* is the
Stefan-Boltzman constant, amds the temperature iKelvin. The majority of thepower
spectrum is in the IR. Since all tests were conducted at atesoperature 0295 K, the
background radiatiotevel was nominally 429 W/m?. The radiation density due to the
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Figure2. Waveguideslbow IR test assembly schematic and photogsiyawing
the thermocouple monitoring ceramic temperature.

353 K (80°C) ceramicdisk was 880 W/m?, so theabove-backgroundadiation density
due to the hot ceramic disk was

U, . =¢&0(353" -295%) = 451 W/m? . (2)

above

A portion of the 15 cm diameter ceramic was occluded by'thegh waveguide aperture,
thusthe exposedceramic areavas 0.01398 m*, and the353 K disk radiated an above-
background power of 6.3 W.

3 Waveguide Measurements
3.1 Baseline IR Reflectivity of Surfaces

To establish referencdsr diffuse andspecularly reflectingsurfaces inthe IR, a
stock coppeplate thatwas not specular at visible wavelengthss sandblasted on one
side, then viewed from both sides with the IR camera. As seen in Fipe3sandblasted
side is quite diffuse in the IR, presenting a uniform room-temperature blackragyg to
the camera. As seen iRig. 3b, the non-sandblasted side guite specular in the IR,
transmitting coherent images of distant objects, such as the IR ciatdak the picture.
Establishing these references is important to the experimehatrwe ultimatelydesire
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Figure3. a) Sandblasted side of a copper disc as seen by IR camera. b) The non-
sandblasted side of the same copper disc specularly refledtiegraal
image of the IR camera.

surface conditions that have poor IR reflectivity, and we require the IR cameralbtelde
distinguish between them.

3.2 Radiative Load Delivered tothe IR Camera for Three Waveguide Inner
Surface Conditions

3.2.1Smooth Waveguide

Shown in Fig. 4a is an image taken with the IR camera lodkiogthe waveguide
elbow aperture opposite tfie hotceramicdisk (as shown ifrig. 2) whenthe elbow is
lined with smoothaluminumfoil. The IR radiatiorfrom the ceramic is weltransmitted,
with the temperature display indicating an output7@f9°C, very close tothe ceramic
temperature 080°C. Within thefew °C resolution ofhe IR camera, nearlf00% of IR
radiation is transmitted through the elbow for this specular-lining case.

3.2.2 Sandblasted Waveguide

Shown in Fig. 4b is an IRamera imagéooking into the waveguidelbow when
lined with sandblasted aluminum foil and the 80°C ceramic at the opposite aperture. In this
case,there is considerable attenuation of transmiteatlation, the camerameasuring a
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Figure4. IR images at thepposing end othe thermally loaded waveguide
elbow for a)the smooth inner surface condition, lihe diffuse
sandblasted inner surface condition, andhe)grooved and diffuse
inner surface condition.

maximum temperature d839°C. This corresponds to an above-backgrouadiation
density of

U

above

= £0(312* - 295*) = 108 W/m” . (3)

Dividing this by the above-background launcipever density o451 W/m? (eq(2)), the
transmitted IR power through the elbow is 24% for this diffuse-lining case.

3.2.3 Grooved Waveguide

Shown in Fig. 4c is an IR camera image looking into the waveguide elbow with no
lining, just its diffusemachined surface of macroscopic right arggetooth grooves, as



shown in Fig. 1, and the 80°C ceramic at the opposite aperture. In thisheasds even
greater attenuation of transmitted radiation than gshedblasted surfacghe camera
measuring anaximum temperature @0°C. This corresponds to an above-background
radiation density of

U,.. = £0(303" - 295%) = 49 W/m? . (4)

above

Dividing this by the above-background launcipever density o451 W/m? (eq(2)), the
transmitted IRpower throughthe elbow is 11% for this diffuse and groovedse. This
measurement of 11% transmission thus demonstitaesdditional factor of 2 attenuation
introduced by macroscopgrooves ovetthe 24% transmission ofhe previous case, as
discussed in the introduction.

4 Surface Study of Smooth, Sandblasted,and Acid Etched
Copper

The experimentakesults presented above confirm ray-tracing simulatitas
indicate the IRdiffuseness of a surface, witlts inherentabsorption, is ofgreater
importance to reducing thermal radiatimansmission than macroscopic geometries. The
concern withthe use of a sandblasted surfacetie same thavery likely plagues the
sharply grooved waveguide surface usedhmfirst E2 cryostat andhe causdor this
study: A vacuum waveguide surface with enharededtric field atsharp protrusionsill
more readilyemit electrons, which in turn feedhultipactor discharges andiolent field
emission. This would certainly apply to a jagged surface resultingdammblasting, and
the multitude of such small-scale protrusions would probatalge RFprocessing to high
powers interminable.

A moderatelysuccessful curdor the field emission problemmplemented in E1
cryostatwas lapping the ridges ofthe grooves to ateast remove theihone. This has
allowed propagation of greater Riewer with less processirtgan experienced in the E2
cryostat. Since lapping a sandblasted surfagguld simply make microscopienush, a
betterway to eliminate sharp protrusions ishe familiar SRF cavity treatment of acid
etching. This removes microscogmgged shardsand leaves a gently rolling smooth
surface.
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Figure5. a) Sandblasted and thetchedside of a copper disc as seen by IR
camera. Arrowslenote a chord othe rightside ofthe disk that was
re-sandblasted aftetching. b)The non-sandblastecktchedside of
the same coppeatisc specularly reflecting thermal image of the IR
camera.

4.1 Acid Etching and IR Reflectivity

To studythe microscopic effect of acid etchimppper, asample platewas IR
studied before and after sandblasting as well as before and after acid etching. s&ermwas
in Fig. 3, asandblasted, but unetched, copptate is quite IRdiffuse andthe non-
sandblasted side is IR speculafhe same plate ishown again inFig. 5 after acid
etching. InFig. 5a the sandblasted side is still 1&ffuse after etching, but less sthan
unetchedsandblasted, as seen the chord onthe right side of the disk (denoted by
arrows) that was re-sandblasted after etchingrign 5b the non-sandblasted side is seen
to remain IR specular after etching, despite being fairly diffugbarvisiblerange. Thus,
acid etchingsandblasted copper slightly reduces IR diffusivity, fautunately does not
make it IR specular, at least for the mild etch used in this test. Further, etching alone is not
enough to make a non-sandblasted surface IR diffuse, though it becomes optically diffuse.

4.2 Optical Examination of Effect of Acid Etching

The sandblasted copper disk was next examined with an optical microscope to view
jagged edges that could enhance field emission. Shown in Fig. 6a is an optical microscope
photograph othe sandblasted copp@tate shown inFig. 3a at anagnification of 758.

The loose AJO, sand particle in the figure is approximately 1in@ in diameter. Although



Figure6. a) Optical microscope 780mage of thesandblasted coppgtate with
aloose 17Qum diameter AJO, sand particle. byimilar image of the
same sandblasted copper plate after being acid etched.

difficult to distinguish inthe figure, the sandblasted sample is full of jagged peaks and
sharp edgesdiscernible withthe microscope by verticallgcanningthe focal plane.
Shown in Fig. 6b is anoptical image, again at 758 magnification, of the same
sandblasted coppeate after acicetching. Ascan beseen inthe figure, etching the
sandblasted copper dramatically reducedsti@rpness ahe peaks and valleyseaving a
more gradual hill-like contour with clearly visible round pits causedhipacting spherical
AlL,O, sand particles.Thus, acid etching asandblasted surface greatly reduces jagged
peaks,leaving a surface witltontours roundedypically to the diameter of theand
particles used for blasting.

This study of sandblasting amdching suggests @echnique to make a vacuum
waveguide simultaneously IR diffuse and high RF power compatible. Thorough RF
processing tests of vacuum waveguide should be performed to etipdgparameter space
of sand sizeetchingduration, and RF power propagatioindeed, using sangarticles
with diameters closer to IR wavelengths (Irfl) may impart tremendous I&ffusivity to
the surface.

5 Conclusions

The IR propagation properties ofarious waveguide surface conditions were
experimentally studied, confirming ray tracing simulations that showed a surface dull to IR



has a much greateffect on attenuating IR than a macroscopicgityoved (/16") inner
surface. The surface dullirigchniqueusedherewas sandblasting with 17@m diameter
AlLLQO, particles. Furthermeasurements demonstrated that macrosappioves provide
only a factor of 2 additional attenuation of transmitted power.

Concerns arose as tbe high RF powercompatibility of a jaggedsandblasted
surface. Electric field enhancement at sharp micro protrusions on a sandblasted surface are
likely to be as deleterious to RFFansmission ashe macroscopisharp protrusions of
grooved waveguide. Acid etching of sandblasted copper was shown to have the benefits of
both rounding off sharp micro protrusions yet maintaining IR diffusivity. This study gives
hopethat asandblastedacid etchectopper waveguide inner surface will both reduce the
potential for RF field emission due to sharp protrusions and serve as attgguaator of
thermal radiation through the waveguide.



