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TOKAMAK PHYSICSEXPERIMENT: DIAGNOSTIC WINDOW STUDY

by

M. Merrigan and G. A. Wurden

ABSTRACT

We detail the study of diagnostic windows and window thermal stress remediation in the
long-pulse, high-power Tokamak Physics Experiment (TPX) operation. The operating
environment of the TPX diagnostic windows is reviewed, thermal loads on the windows
estimated, and cooling requirements for the windows considered. Applicable window-
cooling technology from other fields is reviewed and its application to the TPX windows
considered. Methods for TPX window thermal conditioning are recommended, with some
discussion of potential implementation problems provided. Recommendations for further
research and development work to ensure performance of windows in the TPX system are
presented.

1. STATEMENT OF PROBLEM

Preliminary studies of the heat loads on the Tokamak Physics Experiment (TPX)
diagnostic windows located at the port covers indicate that the windows, which range in
sizeto about 10 cm in diameter, may not survive the intense incident-radiated power for a
full-length (>1000 s) power pulse. The absorption of a large fraction of the radiated
power in the window materials, coupled with the low therma conductivity of the
windows, may lead to unacceptable temperature and thermal stress increase in the
window materials. Windows are an essential element in the performance of many key
diagnostics, so a solution to the problem of getting optical signals with good spatial and
spectral characteristics out of the tokamak is necessary. Window materials considered in
this study include fused silica, crystal quartz, magnesium fluoride, and zinc selenide.

This study evolved from the initiadl modeling study by R. A. Ellis Il (Ref. 1),
summarized in Appendix A, and also involved review of other applications of high
thermal load windows such as those for high-power continuous-wave (CW) lasers,
endoatmospheric missiles, and microwave gyrotrons. Tasks involved in the study
included the following:

» Review of the results and impact of the Ellis study. Evaluation of the results based on
physical and optical properties of the window materials and the establishing of the limits
of the problem quantitatively.

* Review of the data in window studies and development in nonmagnetic fusion fields to
guantify experience relative to the TPX requirements.
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* Review of data on the impact of radiation absorbed in the surface layer of windows in
inducing short-range stresses. Consideration of the effects of the neutron bombardment
on the susceptibility of the windows to mechanical straes gerformed—the windows

will have to be changed if they blacken, anyway.)

» Consideration of remediation techniques and their effectiveness, for example, material
changes, active cooling, size limits, use of shields and mirrors in front of the windows.
Proposal of potential solutions.

» Development of a recommended plan for a research and development program to ensure
the performance of windows on the TPX.

2. OVERVIEW
2.1. TPX Description

The TPX is intended to provide a design basis for a continuously operated tokamak
fusion reactor. It will have a long-pulse (1000-s) capability with consequent first-wall
thermal loads approaching steady state. The long-pulse operation will proxil@e 6
neutrons/yr, requiring remote maintenance of in-vessel hardware. The vacuum vessel and
internal components will be cooled to 2680during operation and heated to 35@during
bakeout. The vacuum vessel wall will be water-cooled to maintain wall temperature with
flow rates set to a 2€ coolant temperature rise. Supply pressures for the coolant will be
530 kPa. The coolant will be demineralized, and deionized water will be routed to the
vessel internal components and then to the space between the walls of the vacuum vessel,
where it will also serve as a neutron shield. Bakeout heating will be accomplished by
superheated steam at 530 kPa and@5A@n elevation view of the TPX is shown in Fig.

2.1. The major radius of the toroidal vacuum vessel is 2.21 m. Input power ranges from
18 MW (baseline) to 45 MW (maximum).
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Fig. 2.1. Schematic elevation view of the TPX.
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2.2. Summary of Planned TPX Diagnostics with Window Requirements

Currently, planned diagnostics for the TPX system are summarized in Table 2.1 (Ref. 1).
Those diagnostic elements requiring windows are indicated in the table, together with an
indication of the probable window material and a subjective estimate of the required
window dimensions. The diameter range considered in the table is from about 1 cm
(small) to 20 cm (largest). Window thickness will depend on the materials used but will
range from approximately one-half the diameter for the smallest windows to about one-

tenth the diameter for the largest windows.

Table 2.1. Planned TPX Diagnostics

Window
Diagnostic Size

|. Magnetic M easurements
Rogowski coils
Flux/voltage/Br/Bz/Saddle coils
Diamagnetic loops

Halo current sensors

I1. Current Density Profile
Motional stark effect Large
I11. Electron Density and
Temperature

Tangential Faraday densitometer
Thomson scattering

Interferometer

Electron cyclotron emission (ECE)
Michelson interferometer
Millimeter-wave reflectometer

Small/set back
Largest

IV. lon Temperature

Charge exchange spectroscopy Largest (>10 cm)
V. Visible and Total Radiation

Visible survey spectrometer

Visible filter scopes

Visible Bremsstrahlung array

Wide-angle bolometer

Bolometer arrays

Plasma television (TV)

IRTV

V1. Ultraviolet (UV) and X-Ray Radiation
UV survey spectrometer

Hard x-ray detectors

X-ray pinhole camera, LHCD

X-ray pulse height

Window
Material

Quartz

ZnSe
Quartz/sapphire

Quartz/Mica
Quartz/Mica

Quartz

Quartz
Quartz
Quartz

Quartz
Quartz/ZnSe/Ge

CaMgF,

Aluminum/beryllium

Beryllium

Sensor
Spectrum

Visible

Short-wave IR(SWIR)
Optical

Microwave length (mwv)
mwv

Optical

200-900 nm
300-800 nm
Narrow band

Visible-near IR
1-10 pum

Vacuum UV

X-ray
X-ray
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VII. Magnetohydr odynamic (MHD)
and Fluctuations

Mirnov coils

L ocked-mode coils

Soft x-ray array

VII1. Particle M easur ements
Epithermal neutron detectors

I X. Divertor Diagnostics

Divertor IRTV Quartz/ZnSe Optical
Quartz/ZnSe 0.8-2.0 um
ZnSe/Ge 1.0-10.0 pm

Visible (Hy) TV Quartz 650 nm

Foil bolometers
Divertor bolometer arrays

Divertor Thomson scattering Quartz Broad band
Multichord visible spectrometer Quartz 300-800 nm
Divertor H, monitors Quartz 650 nm

Erosion diagnostic
Neutral pressure gage

X. Plasma Edge and Vacuum Diagnostics
Thermocouples

Fixed-edge probes

Torus ion gages

Residual gas analyzer (RGA)

Penning gage (He)

Glow discharge probe

Inspection illumination system

3. REVIEW OF TOKAMAK PLASMA RADIATION CHARACTERISTICS

Impurities in tokamaks provide the dominant source (Ref 2) of plasmaradiation from the

plasma boundary. The radiation incident on the diagnostic windows of the TPX will

consist primarily of emission from oxygen, carbon, and nickel (typ. heavy meta)
contaminants. Anticipated levels of these contaminants are 3% carbon, 0.5% oxygen, and

0.01% nickel. For central plasma temperatures of 10 keV, and edges much cooler (100-

500 eV), the bulk of the plasma radiation will be from an annular shell, where
copntributions from these species is expected to be [1100x Bremsstrahlung. The radiation
spectrum will be peaked well above the visible range with negligible amounts of energy

at wavelengths >0.1 um (Refs. 3, An estimated distribution of percent energy versus
wavelength is 80% at 40-60 fkom carbon, 10% at 15-20 A from oxygen, and 10% in
the range of 1000 A from hydrogen. This is not to say that continuum between 20—-2000
A will not also be present—just that it is small compared with the line and associated
free-bound recombination. For the purposes of this study, the precise details are
unimportant, so long as the vast bulk of the radiation is at wavelengths shorter than the
transmission bands of the materials, and assuming that the power flux is not sufficiently
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high to instantly ablate the inner window surface. A more detailed wavelength
distribution of the incident flux could be calculated from the estimated contaminant levels

and temperature by using the MIST code for TPX parameters. Since present-day
(Tokamak Fusion Test Reactor [TFTR], DIlI-D, joint European torus [JET], JT-60U)
windows do in fact survive for 5—-60-s periods, with similar plasma parameters as TPX,
one can be confident that instantaneous ablation is not usually a problem. Flux levels at
the windows will depend on the power transmitted to the plasma and may reach 40
W/cne at an input power level of 45 MW with values of 15-20 W/atran input power

level of 18 MW (Ref. 5).

4. WINDOW MATERIAL PROPERTIES

Properties of the window materials considered are given in Table 4.1 (Refs. 6-9). Rupture
modulus values are used in determining the allowable levels of thermally induced stresses
in the window materials.

Table4.1. Window Material Properties

Coefficient of Specific Rupture
Material Modulus Expansion Density Heat Conductivity Modulus  Diffusivity

(N/c) (x106/K)  (g/crd)  (J/g-K) (W/cm-K) (N/cAy  (cmi/s)

Quartz 7.32 0.56 2.21 0.741 0.014 5000 0.008
ZnSe 6.72 7.57 5.27 0.343 0.182 5500 0.101
Cak, 9.86 22.3 3.18 0.854 0.081 3650 0.036
MgF, 11.45 11.9 3.18 0.84 0.15 0.06

None of the window materials considered has significant transmittance for wavelengths
shorter than 0.1 pm. Using the definition of cutoff frequency frohe Infrared
Handbook (Ref. 6) (a transmittance of 10% through a 2-mm thickness) at the listed cutoff
frequency, 90% of the incident energy is deposited in the first millimeter of window
thicknessThe incident energy for the extremely short wavelength radiation expected for
the TPX application may be considered as a first-surface deposition. The corresponding
energy dissipation in a zero-length window will be the first-wall incident energy flux of
40 Wicnt at a plasma input power level of 45 MW, with values of 15-20 Witma
plasma input power level of 18 MW. Reduction of energy dissipation levels by
transmission through the window materials will be negligible.

5. CALCULATED WINDOW TEMPERATURES AND STRESSES FOR TPX
WINDOWS COOLED BY STRUCTURAL HEAT SINKING ONLY

5.1. Window Temperatures
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An initial scoping of the TPX window problem was accomplished by considering a one-
dimensional edge-cooled circular plate with uniform internal-heat generation. This
approach is conservative in predicting temperatures and temperature stresses lower than
those for the front-surface-loaded, edge-cooled case. If the first-surface heat flux of 40
W/cmzis scaled to uniform internal-heat generation by means of the ratio of surface area
to volume and the plane surfaces of the window are considered as adiabatic, the resultant
temperature distribution is given by

T = (Fy/4kto)(R?-r?) + Te,
where

Fo = surface heat flux (W/cmg),

k = thermal conductivity of window material (W/cm-°"C),
to = window thickness (cm),

R = outside radius of window,

Te = edge temperature of window (assumed as structural
temperature, 65°C).

For a 10-cm-diam, 2-cm-thick quartz window, the power input will be 3140 W and the
adiabatic temperature rise rate 12.2°C/s. The radia heat flux density at the window
periphery will be 50 W/cmz2. The corresponding temperature gradient in the quartz
(k =0.014 W/cm-°C) at the window edge will be 3571°C/cm, and if the surrounding
structure is assumed to be stainless steel (k = 0.17 W/cm-°C), the radia gradient in the
structure at the window edge will be 294°C/cm.

It is apparent from this example that edge cooling of large quartz windows will not be
possible at these incident radiation flux levels. The other window materials of interest
have higher values of conductivity than quartz; however, the window centerline
temperatures will generally be excessive for the larger windows for any of the window
materials considered. Table 5.1 presents a summary of calculated window edge-to-
centerline temperature differences for the four window materials of general interest for
TPX diagnostic apertures. The temperatures have been calculated for the five window
geometries cited in the Ellis analysis (Appendix A). It is apparent from the tabulated
values that edge-cooled windows larger than a few centimeters in diameter are not
feasible in any of the materials cited.

Table5.1. AT (Edgeto Centerline) at 40 W/cm? (°C)
Materia Window Diameter/Thickness (cm)
1.8/0.71 3.81/1.73 6.83/1.73 10.16/1.98 15.57/2.21

Quartz 815 1486 4790 9360 19703
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ZnSe 62.7 114.5 369 695 1518
CaF, 142 258 832 1565 3422
MgF, 76 139 447 840 1836

The generic case of window temperature as a function of window diameter for a constant
(10:1) ratio of widow thickness to diameter (Ref. 10) is shown in Fig. 5.1 for the
materials of interest. Diameter limits for a peak window temperature of 400°C are
indicated, assuming a window edge temperature of 150°C. This is the standard-design-
point, window-material temperature limit cited for TPX diagnostics.
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Fig. 5.1. AT in TPX windows for various materials and incident flux levels.
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5.2. Window Stresses

Thermal stresses in the windows have been calculated for the case of afree window edge.
That is, the periphery of the windows is assumed to be unconstrained by the surrounding
structure and free to expand thermally. The calculated stresses are internal to the window
and are the result of the internal temperature gradients. For a symmetrically heated disk
with T=f(r) only and a free outer edge, the radial stress will be given by the following
(Ref. 11):

r

01 % 1 O
= E—J' Didr——zj'T Ovaw]
R 0 r 0 D
and the tangential stress by
D Dl R 1 r
Jt:aEEE%—T+E|—2J'THdI’——2J'THNdW ,
OR" 4 r<4

where

a=thermal diffusivity,

E = modulus of elasticity,
R= outside radius of disk,
T=T(r) -To,

and a negative sign indicates compression.

Table 5.2. Peak Thermal Stress (psi) in Edge-Cooled Windows for the Case of 40 W/cm?
Heat Flux

Window
Materia Window Diameter/Thickness (cm)

1.8/0.71 3.81/1.73 6.83/1.73 10.16/1.98 15.57/2.21
Quartz 1210 2202 7117 3936 29300
ZnSe 1155 2102 6795 13289 27966
CaF, 11225 20430 66008 129098 271666
MgF, 3755 6834 22082 43188 90833
Si 272 496 1602 3134 6597

The peak stresses tabulated are compressive. The ultimate failure of the windows from
thermally induced stresses will be as a result of the tensile stress in the periphery of the
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window in the radially unconstrained edge case. However, as the tabulated values
indicate, the peak compressive stresses are aso well above practical limits for the
materials. The use of more exact finite-element models is necessary for more accurate
stress determinations under the combined pressure and thermal loads. However, these
calculated values are conservative and may be evaluated in terms of the rupture moduli of
the window materials. Table 5.2 provides a listing of peak radial stresses for the same
window diameters and thicknesses used in Table 5.1.

A generic plot of window thermal stress versus diameter for a constant diameter-to-
thicknessratio of 10 isgiven in Fig. 5.2, with the rupture modulus values indicated by the
lines at different power levels. It may be concluded from these data that edge-cooled,
direct-exposure windows larger than a few centimeters in diameter will not survive the
TPX environment.
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Fig. 5.2. Thermal stressin TPX windowsfor various materials and incident flux levels.
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The stress in a window resulting from pressure loading, considering it as a uniformly loaded,
edge-supported circular plate, is given by the following (Ref. 11):

max o (= o = (BWI8mr mt?) (3m+ 1),
where

o, = radia stress at center,

O = tangentia stress at center,

W = total load on plate,

m = reciprocal of Poisson'’s ratio,
t = thickness of plate.

For a Poisson’s ratio of 0.2, typical of window materials, and a differential pressure
loading of one atmosphere,

max o = 18r2/t2 (Ib/in?) .
Assuming a thickness-to-diameter ratio of 0.1,
max o = 450 Ib/in2 ,

approximately an order of magnitude below the rupture modulus of typical window

material. If the edge is clamped, the maximum stress will be lower by approximately one-
third. It may be concluded that the critical stress for the windows will be established by
thermally induced distortion in most cases.

6. REVIEW OF RELATED WINDOW-COOLING TECHNOLOGY

It may be concluded from the above that any window more than 1 or 2 cm in diameter

will require some sort of shielding or cooling when it is exposed to the incident-radiation

flux levels expected in TPX. A review of window protection techniques used in other fields

is therefore in order. Fields considered include lasers, endoatmospheric-missile infrared
(IR) windows, and microwave gyrotrons. In addition, cooling techniques used in
semiconductor-electronic-substrate applications were reviewed.

6.1. Laser Window-Cooling Technology

The operational limits of high-power-laser windows have been the subject of a number of
prior investigations (e.g., Refs. 12-16). Typically, the instantaneous exposure levels for
laser application are higher than those expected for the TPX application, but the exposure
durations are much shorter. Even for CW laser applications the run times for a discrete
exposure are typically approximately a few seconds with the windows seldom reaching
thermal steady state during the exposure period. Transient thermal response is a major
concern with allowable flux levels frequently established by the thermal stress induced in
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the windows during the transient. Table 6.1, abstracted from Ref. 13, gives calculated
absorbed-flux-density limits for laser window materials of interest exposed to a 1-s CW
laser pulse duration. The limits are established by the predicted failure of the window as a
result of thermal shock. The incident energy is assumed to be uniformly dissipated
through the window, and the window is considered thick enough to alow one-
dimensional modeling to be used. The diameter of the window is consequently not a
concern in the calculations, given that the aperture is considered to be completely filled. It
Is of interest that the absorbed failure-level flux density for many of the materialsis less
than the steady-state level expected in TPX. The windows considered in this analysis are
uncooled; however, given the 1-s exposure duration and one-dimensional model
assumptions, the use of edge or face cooling would not significantly alter the results.

Table 6.1. Absorbed-Flux-Density Limits: 1-sCW Laser Run Time2

Window Absorbed Minimum Delta
Material Flux Density Thickness T shock
(Wicm?) (cm) C)
Quartz 196 0.646 1482.0
ZnSe 26 2.198 73.0
CaF, (poly) 55 1.341 120.0
MgF,(single) 22 1.664 27.39

aAbstracted from Ref. 13.

In laser window applications a common method of cooling is by clamping a coolant
channel to the edge of the window. This techniqueis of use primarily in the case of small-
diameter windows of high-conductivity materials and has been shown above to be of
comparatively little use in the case of large-diameter (>2—4 cm) windows of a low-
conductivity material such as quartz.

Face cooling of laser windows by using optically transparent coolants has been
investigated. In Ref. 15, for example, helium gas was used as a window coolant for a
large spherical, fused-silica window (65 cm in diameter, 0.5 cm thick), with the gas
injected axially and removed radially. Surface heat transfer coefficients of 286GN/m
were predicted with gas velocities of 305 m/s. The window transmitted a 1-MW laser
beam with an assumed power absorption 100 ppm per surface and 30 ppm in bulk.
Response time constant for the window was 30 s with steady state reached in about 200 s.

Heat pipe cooling has been used in laser mirror applications and proposed for laser
window use. The demonstrated heat-transfer coefficients claimed rangeWyn®C

(Ref. 16). In TPX application of this concept, the vapor channel of the heat pipe would
have to be an interior cavity in the window.

6.2. Endoatmospheric Missile Window-Cooling Technology
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Severa IR window-cooling concepts intended for use at thermal flux levels comparable

to those anticipated for TPX concepts have been investigated for endoatmospheric missile
interceptors. For example, Los Alamos led a concept definition study for a hypervelocity

(610 km/s) endoatmospheric interceptor with extreme thermal loading requirements
(Ref. 17). Thermal protection methods employed included external film cooling, internal
single-phase microchannel cooling, internal and vented phase-change cooling and micro-
heat-pipe cooling. One of the most technically verified concepts is a film-cooled sapphire
window being developed by McDonnell Douglas Aerospace (Refs. 18, 19). This window
utilizes a slot-injected coolant gas, typically helium, to maintain a barrier between the
external flow environment and the window surface. The concept has undergone several
full-scale tests combining measurements of cooling effectiveness and aerooptic
performance with helium and,@, coolants. However, the gas-film-cooling concepts are
not readily applicable to the TPX system. For a radiantly heated window, the gas
shielding is ineffective and incompatible with vacuum operation if it is applied to the
heated surface. The internal cooling techniques under development by other contractors
are of more interest for TPX applications.

Lockheed is developing an internally cooled window based on diamond-coated silicon
(Refs. 20, 21). This window is an attempt to combine the desirable features of diamond
(high-thermal-conductivity and strength characteristics) and silicon (high IR
transmission, easily etched) with the weight savings realized from the use of an efficient
liquid coolant (water). This concept employs single-phase microchannel cooling and
provides high heat-transfer capability and low temperature differences in the window
structure. This approach is attractive in that it is based on a closed, single-phase cooling
system integrated with the window and provides high heat-transfer coefficients.

Loral Vought Systems Corporation is developing a two-phase cooled silicon window
(Ref. 22). Ammonia coolant boils up through laser-machined channels in a silicon
substrate, vaporizes near the top (porous) cover, and is vented as a gas. The ammonia
coolant is attractive in that it is stored as a liquid and has a low boiling point, high latent
heat, and low absorption in the IR. Limited test data exist for this concept and a full-scale
model has yet to be built. In TPX application of this concept, the vapor would have to be
vented to an interior cavity in the window rather than at the front surface.

An alternative missile-window-cooling system involves the integration of micro—heat
pipes embedded in the IR window or fabricated from the window material. This system is
intended to provide a passive alternative to a pumped single-phase or two-phase system.
Micro-heat-pipe cooling uses a liquid-vapor phase change, so it retains the mass
advantages of two-phase systems. It also offers potentially significant mass savings over
the pumped two-phase system. Being passive, an embedded micro-heat-pipe cooling
system is inherently more reliable than pumped systems. The micro—heat pipes would
consist of small channels spaced across the window so that the working fluid vapor
would not attenuate the IR signal. Some loss of aperture area would be involved.

7. DEVELOPMENT OF TPX DIAGNOSTIC WINDOW-COOLING CONCEPT
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The approach to window cooling for TPX will depend on the required window aperture
and material. Windows in comparatively high-conductivity materials such as MgF, may
be edge-cooled at diameters of about 2 cm. Quartz windows and larger-diameter windows
in most other materials will require more complex thermal management systems. Some of
the candidate thermal control methods are discussed in the following paragraphs.

7.1. Attenuation of Window Radiation L oads by Re-entrant Mirrors

The surface heat flux levels expected in the TPX (40 W/cmg?), although very high for
windows, are well within the range of demonstrated performance for mirror systems used

in high-power CW laser systems. Internally cooled metal laser mirrors using
microchannel, powder metal, or screen heat-exchange surfaces have demonstrated
thermal capability in the 200 W/cm? range or higher (Ref. 23). Because most of the
incident energy in the TPX application is at very short wavelengths (90% <40 A),
frequency selective reflection from the mirror surfaces will be inherent and the vacuum
window incident energy may be reduced to a few W/é&roblems in implementation of

this approach will involve routing coolant to the mirrors and maintaining reasonable
reflectance of the mirror surfaces at the diagnostic-sensor wavelengths without
maintenance. If mirrors are required for other reasons such as scanning within the
vacuum envelope, they would be the choice for thermal isolation of the corresponding
vacuum windows.

7.2. Use of High-Thermal-Conductivity Window Coating

If the conductivity of the vacuum surface layer of the window could be increased
sufficiently, it would be possible to use edge cooling of the windows at diameters as large
as 10-15 cm. Because the windows are essentially opaque at the predominant-incident-
energy wavelengths, the deposition of energy in the window is a surface effect and could
be handled in a comparatively thin, high-conductivity layer. The use of high-
conductivity, transparent films of diamond on the substrate of the structural window has
been proposed for microwave gyrotrons (Ref. 14), as well as for a variety of other high-
power applications (Refs. 24-26). A similar approach is considered here. Room-
temperature values of thermal conductivity of deposited diamond films approach 24
W/cme-K. At an incident radiation flux level of 40 W/éron a 10-cm window, a diamond

film thickness of about 1 mm would provide an edge-to-center temperature difference of
about 108C, an acceptable value. This diamond film thickness is within the range of
deposition techniques for small-area deposits, although not currently possible for
multicentimeter-sized windows. The use of a deposited diamond coating combined with
window edge cooling by conduction through the supporting structure to a liquid-coolant
channel would be an attractive solution to the TPX window problems if the coating
technology for larger apertures were available. The present technology limit is an
approximately 1-cm diameter for high-optical-quality material.
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7.3. Increased Window Conductance by Micro—Heat Pipe

A second method of increasing the apparent thermal conductivity of the window would
be to incorporate a passive, phase-change heat-transfer system internal to the window
through the use of micro-heat-pipe technology. Implementation would involve etching
fluid channels in the window surface and sealing the channels with a surface layer of
transparent material (of the same type as the base material). This technique has been
demonstrated in silicon for semiconductor applications and could be implemented in
quartz or sapphire. In prior investigations improvements in apparent thermal conductivity
of about an order of magnitude have been demonstrated (Ref. 27). In the interests of
isothermality, the techniqgue might be modified to incorporate fluid supply channels
coupled to a low-axial-pressure-drop vapor-space in order to improve the apparent
conductivity and increase the allowable channel length and consequent window diameter.
The fluid or vapor used in a vapor chamber system would have to be transparent at the
diagnostic-sensor wavelength at least in the vapor state, and the vapor pressure at the
operational temperature would have to be low enough to minimize mechanical loads on
the thin front surface window. The present capabilities and limitations of micro—heat
pipes are summarized in Table 7.1.
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Table 7.1. Capabilities and Limitations of Micro—Heat Pipes

Parameter Symbol Target Comments

Window blockage | B <0.2 Area covered by

factor heat pipe/total
window area

Surface heating rate | Q"surface ~50 W/cm? Higher values

per unit area demonstrated for
small areas

Heat pipe length to L/Dp <200 Related to

hydraulic diameter capillary limit
calculation

Heat pipe capillary q"cap <3000 W/cm?

limited heat flux

Heat pipe sonic 9" sonic <20000 W/cm? Target value

limited heat flux (ammonia @ 325 K) | strongly tempera-
ture dependent

Heat pipe radid | q"gryout <100 W/cm? Based on heat

boiling pipe evaporator

limited heat flux wall area

In the implementing of micro—heat pipes, a fraction of the window surface area is

blocked by the heat pipes. If the heat pipe cavities are rectangular with the small
dimension parallel to the heated surface and the large dimension perpendicular to
the heated surface, blockage will be minimized. If the heated surface gfga A

is treated as rectangular and the heat pipe cross sectional argg is N[[H]|
then substituting the expression for N into thg;fAexpression and dividing into
Agurface gives the surface-to-axial area ratio

Agyrface/Paxia = L/[ Bh],
where

b = heat pipe base dimension,

h = heat pipe height,

N = number of heat pipes,

W = window width,

L = heat pipe length,

B = fraction of window surface area blocked by heat pipes,
Asurface = Window exterior surface area,
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Aaxia = heat pipe cross sectiona area,
Aragia = heat pipe evaporator surface area.

A plot of Agrface/Aaxia Versus the window blockage factor with typical micro-
heat-pipe aspect ratios as a parameter isgiven in Fig. 7.1.

For this application the heat pipe working fluid is selected according to its heat
transport capacity within the expected window temperature range of 350-400 K.
Between 300 and 450 K, water and ammonia are commonly used according to
their high heat-transport capacity and compatibility with typical containment
materials. The transport of water or ammonia vapor in this temperature range is
limited by the pressure head that can be developed by the heat pipe capillary
structure. The capillary-limited heat flux for typical wick structures with water or
ammonia is around 3000 W/émThe allowable heat flux at the IR window
surface is then

q"surface < 9" capillary Aaxial /| Asurface -

A plot of q"suface VErsus the window blockage factor with heat pipe length-to-
height ratios as a parameter is given in Fig. 7.2. The plot indicates that
characteristic TPX heating rates can be achieved in heat pipes with a length-to-
height ratio of 1 and a blockage factor of 0.1. This corresponds to a configuration
where the heat pipes are placed radially with shorter heat pipes filling the outer
areas.

IR Window Axial Heat Flux Factors

L

—— L/h=492 T
—<— L/h=157
L/h=0.79

Surface Area/ Axial Area

0.10 0.15 0.20 0.25 0.30
IR Window Blockage Factor

Fig. 7.1. Axial/surface arearatio versus the window blockage factor.
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Surface Heat Flux-Capillary Limit Relation

1400 T T
Capillary Limit Heat Flux = 3000 W/sq cm
L

1200 | -
[ ] h

—T— L/h=492
—<— L/h=157
L/h=0.79

1000 |

800

600

400

Surface Heat Flux, W/sg cm

0.10 0.15 0.20 0.25 0.30
IR Window Blockage Factor

Fig. 7.2. Q" surface Ver sus the window blockage factor with heat pipe length-to-height
ratios as a parameter.

The fraction of the window surface that is blocked by the hest pipesis B = bN/wW. The

total number of heat pipes for a given blockage factor is then N = B[W/b. Since the
heated surface area is Agurface = LXW and the area per unit depth of the heat pipe
perimeter is A, yig = 2 (h+Db) N L, then substituting the expression for N into the A agia
and dividing by Agurface gives the ratio of the length of the heat pipe perimeter to the area
of the heated surface on the IR window:

Asurface/Aradia = b/[2(h+b)B].

A plot of Agyface/Aragia Versus the window blockage factor with typical micro-heat-pipe
aspect ratios as a parameter isgiven in Fig. 7.3.
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IR Window Radial Heat Flux Reduction
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Fig. 7.3. Asurface/Aradial Versusthe window blockage factor.

Another potential limit to heat pipe operation at high heating rates is a dryout of the heat
pipe evaporator. A number of correlations exist for the prediction of heat pipe dryout. The
presence of a surface-tension-driven capillary structure can increase the dryout heating
rate to values much higher than those for ordinary surfaces. Dryout of high-Prandlt-
number liquids typically occurs at heat fluxes below 100 W/cmz2. The allowable heat flux
at the IR window surface is then

9" surface < J" dryout Aradial/ Asurface -

A plot of q"suface VErsus the window blockage factor with heat pipe length-to-height
ratios as a parameter is given in Fig. 7.4. The plot indicates that the highest heat fluxes
are tolerated when the aspect ratio h/b is large.
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Surface Heat Flux-Boiling Limit Relation
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Fig. 7.4. Q" surface Ver sus the window blockage factor with heat pipe length-to-height
ratios as a parameter.

The heat pipe length on the window is constrained by the capillary pumping capacity. For
a 2.0-cm-radius window with a surface heat flux of 50 W/cmz, heat pipes could be
inserted radially to minimize the individual heat pipe length with a shorter heat pipe
filling the spaces near the window edge, as indicated schematically in Fig. 7.5.
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Fig. 7.5. Window cooled by a micro—heat pipe.

Using this configuration with individual heat pipe widths of about 100 um and length-to-
diameter ratios of <200 to 1, window diameters of 4-5 cm could be accommodated
within the demonstrated capabilities of the existing technology.

7.4. Window Surface Cooling (Gas) by Forced Convection

Face cooling of laser windows has been employed by using optically transparent gaseous
or liquid coolants. A comparison of gas and liquid cooling of laser windows in face- and
edge-cooling applications is presented in Ref. 28. In the reference, heat-transfer
coefficients are calculated for a double-pane ZnSe window using optimized nitrogen gas
cooling. The calculated surface heat-transfer coefficient is h=0.01 AZcin Ref. 15,

cited above, helium gas was used as a window with the gas injected axially and removed
radially. Surface heat-transfer coefficients of 0.028 W/€nwere achieved with gas
velocities of 305 m/s. Given the use of helium as a coolant and the high gas velocities
employed, this example may be viewed as near the ultimate performance limits to be
expected for this type of gas cooling. At a flux level of 40 \W/ctime corresponding
temperature difference between the impinging gas flow and the window surface would be
more than 140C. In addition, for a low-conductivity material such as quartz, a
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significant temperature difference would be incurred in conduction of the heat load from
the front to rear surface of the window. In consequence, this method of cooling appears to
be of limited value for TPX application.

7.5. Window Cooling by Internal Forced Convection (Microchannel)

Microchannel cooling was first proposed for the cooling of semiconductor devices in 1981

(Ref. 29) and investigated further in a doctoral thesis by Tuckerman (Ref. 30) in 1984. Interest in

the concept for application in electronic-substrate and laser mirror cooling led to a number of
subsequent investigations, including work conducted at Stanford University (Ref. 31),
Massachusetts Institute of Technology, North Carolina State University, and Auburn University

in the United States. A recent survey of the literature in the field is presented in Ref. 32. The
concept exploits the fact that the thermal resistance between a flow passage wall and the cooling

fluid temperature decreases with decreasing channel width, providing a means of achieving high

values of heat-transfer coefficients and a large heat-transfer area per unit of heated area through

the use of very narrow flow passages. Microchannel flow cooling techniques used in laser mirror

and semiconductor-electronic-device cooling have been applied to the cooling of IR windows in
missile applications by using the same fabrication technology employed in micro—heat pipes
(Refs. 20, 21). A grid of flow channels is etched directly on the front surface of the window,
sealed with a thin surface layer of window material and supplied with coolant from window edge
plenums. The configuration is shown schematically in Fig. 7.6.
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Fig. 7.6. Schematic configuration of a semiconductor heat sink employing
microchannel cooling (from Ref. 21). Typical fin and channel widths are 50 pm.

This cooling technique has been experimentally demonstrated with flow channel Iengths

to 10 cm (Refs. 29, 30, 33-35). Power-handling capability has been demonstrated at
levels to about 100 W/chwith measured heat-transfer coefficients of about 5 WKm
Equivalent thermal resistances from the facing surface to the fluid in the flow channel are
typically below 0.1C-cm?/W for optimized geometries. Commonly, the flow channel
widths range from 50 to 100 um, with the flow channel spacing determined by the
allowable material surface temperatures. A summary of a variety of experimental results

Is presented in Table 7.2, reproduced from Ref. 36.
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Table7.2: Demonstrated Capability of Microchannel Cooling

Local
Channel Channel  Channel Flow Rate/ Pressure Thermal
Width Height Length Channel Drop Heat Flux Resistancdg

Agency Material  (um) (Lm) (Um) (9/s) (psi) (Wicn?) (C-cé/W)
LLNL S 50 302 14000 0.043 31 790 0.090

S 55 400 14000 0.085 53 1309 0.083

S 25 150 1400 0.014 50 2700 0.014

S 25 200 1850 0.0175 55 1860 0.014

S 50 200 4000 0.155 50 111 0.094
MIT InP 160 160 9525 0.018 25 68 0.100

InP 220 165 9700 0.033 50 114 0.072

S 100 400 10000 0.5 70 500 0.040
Cornell S 40 400 3200 0.027 50 100 0.05
Saddleback Cu 25 225 600 0.012 45 90 0.083
Perkins-
Elmer S 36 420 10000 0.013 45 600 0.009
NC State Cu 5870 1000 100000 315 16 42 0.33

Cu 5870 100 100000 3.15 41 42 0.40
Nipon
T&T Al203 800 400 86000 0.46 ? 24 8.0
McDonnell
Douglas Cu ? ? 10000 5.6/cm?2 80 125 0.125

BeO ? ? 10000 5.6/cm? 20 125 0.26
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Figure 7.7 presents calculated aperture blockage versus the maximum capability for surface heat
flux for a 0.3-cm-thick slicon window using water as a  coolant.

WINDOW BLOCKAGE vs MAX HEAT FLUX

1000

900 A 1

800 A

700 A

600 -

500 A

400 A

300 A

200 A

Maximum Heat Flux (W/cm?2)

100

0 10 20 30

Percent Aperture Blockage

Fig. 7.7. Aperture blockage versus surface heat flux for a typical microchannel-cooled IR
window.

Example Calculation

An example of a microchannel cooling design follows for a 10 cm quartz window
exposed to a surface flux of 40 W/cmz.

Thetotal heat load on the window is
(77 14)(D)(g/A) = (71 14)(100)(40) = 3.14 kW,
where

D = window aperture (cm),
(a/A) = surface thermal flux (W/cm2).

Assuming an alowable rise of 50°C in the cooling water temperature, the required total
window coolant flow is

m=g/cp A T = 3140/4.21 (50) = 149 gs,
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where

m = mass flow rate (g/9),

g = total thermal load on window (W),

cp = specific heat of coolant (water) (Jg°C),
AT = temperature rise of coolant (°C).

If the window contains (n) uniformly spaced flow channels of hydraulic diameter (d), the
required coolant flow rate per channel is

m, = m/n (g/s).

For a given pressure difference, the flow per channel is given by the Hagen-Poiseuille
relation:

m=(p 7128 1) @ P4 x),

where
Mh = flow rate per channel (g/s),
d = hydraulic diameter of channel (cm),
p = coolant density (g/cm®),
W = coolant viscosity (poise),
AP = coolant pressure drop (d/cm?),
Ax = window aperture (cm).

Assuming a coolant supply pressure of 68.9 N/cm? (100 psi) and a flow channel
separation of 0.1 cm, for atotal of 100 channels across the window aperture, the required
microchannel diameter is given by

= my(128)pd xlp m A P = 0.149 (128) (0.0062)(10)/0.99(3.14)(68.9)

or
d=0.015cm.

The percent blockage of the aperture with this microchannel diameter will be 15%. The
percent blockage may be reduced by decreasing the number of channels and increasing
the channel dimensions. Figure 7.8 provides a plot of the window blockage as a function
of the number of microchannels for the 10-cm quartz window aperture and heat load
considered.
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Percentage of Aperture Blockage vs Number of Microchannels
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Fig. 7.8. Effect of the number of microchannels on the per centage of window blockage.

For a microchannel depth of 0.025 cm and the assumptions used in the example, g = 4 W
and (T, -Tg) = 104°C. This is the temperature difference between the microchannel wall and

the window surface. The temperature difference from the coolant fluid to the microchannel
wall may be calculated from the Colburn equation:

Nu = 0.023 Rer8 Pross,
where

Nu = Nussalt number = h d/k,
h =wall to fluid heat transfer coefficient (W/m2 K),
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Re = Reynold’s number =V g@/p.

The window temperature distribution may be estimated by considering the channels as
buried sinks in a semi-infinite plane as indicated schematically in Fig. 7.9. The resulting
temperature and heat flux distribution is given by the following (Ref. 37):

q/k(T1-Tg) = 2 /In((2L/ 77 d) sinh (277 t/L)),
where

g' = heat flow per unit length of microchannel (W),

k = thermal conductivity of window material (W/cm K),
L = microchannel spacing (cm),

t = depth of microchannel from heated surface (cm),
T, = channel surface temperature,

Ts = window surface temperature.
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Fig. 7.9. Nomenclature for microchannel analysis.

In the application of this correlation, it is assumed that the flow is developed and
turbulent. The first of these assumptions is conservative in that the heat-transfer
coefficients in the developing flow region would be higher. The validity of the
assumption of turbulent flow will depend on the magnitude of the Reynold’s number with
turbulent correlations applying at Reynold’'s numbers as low as 1000 for microchannel
flows where the wall roughness is comparatively large in terms of the channel
dimensions.

In our example,

Re= Vdp /u =4 (0.149)fr (0.015)(0.0062) = 2054

and the assumption of turbulent flow appears valid. The Prandtl number for water at
42.5°Cis 4.1, and the resultant Nusselt number is

Nu = 0.023 (20548(4.1p33 = 16.3 ;
and the corresponding heat-transfer coefficient is
h = Nu(k)/d = 16,3(0.0062)/0.15 = 6840 W/K .

The maximum window surface temperature may be given in terms of the coolant inlet
temperature (assumed to be 35°C for properties):

Tmax = Tinge + 4 Taiia + QWA+ (T1- Ty

where
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Tmax = maximum window surface temperature,

Tinlet = fluid inlet temperature,

ATy ig = alowable coolant temperature rise,

g’ = heat input per unit length of flow channel =4 W,
h = heat-transfer coefficient,

Ac = flow channel surface area per unit length,

T, = channel surface temperature,

Ts = window surface temperature.

In the example, then

Thex= 35+ 50+ 12.4 + 104 = 197.4° C.

As the temperature rise from the microchannel wall to the window surface dominates, the
window temperature could be reduced most easily by decreasing the microchannel
diameter and increasing the number of channels. An aternative is to reduce the depth of
the microchannels from the heated surface. The effect of this change in the example case
isindicated in Fig. 7.10.

Effect of Microchannel Depth on Temperature Difference
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Temperature Difference (Ts - T1), (C)

Channel Depth from Surface (mm)

Fig. 7.10. Effect of microchannel depth on temperature difference.
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The percentage of blockage may be reduced by changing the aspect ratio of the flow
channels, which, in this example, have been assumed to be circular. If the hydraulic
radius of the flow channel is maintained constant while the aspect ratio is changed to
reduce the width of the channel, the aperture blockage will be reduced. The effect of the
change in aspect ratio on blockage isindicated in Fig. 7.11.

Effect of Microchannel Aspect Ratio on Blockage
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Fig. 7.11. Effect of microchannel aspect ratio on percent aperture blockage.

For the diagnostic-sensor window applications, the flow channel dimensions and spacing
would be optimized for maximum sensor signal transmission within the allowable
temperature and stress limits of the window materia (Ref. 38). Implementation problems
would include the routing of fluid lines at the higher pressures required in this type of
system. Estimated window blockage would be in the 0.1 range and should be achievable
with quartz, and lower values should be achievable with the higher-conductivity window
materials. The effect of window material conductivity on the temperature difference
between the microchannel surface and the window surfaceis shownin Fig. 7.12.
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Effect of Window Conductivity of Delta T
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Fig. 7.12. Effect of window conductivity on the temperature difference between the
microchannel surface and the window surface.

Figure 7.13 is a conceptual drawing of a window that is cooled internaly by using
microchannels of the type discussed in this section.
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Figure 7-13. Schematic of an internally cooled window using micr ochannels.

A baseline design for a microchannel-cooled window has been done for each of the
window materials considered. The resulting microchannel flow parameters, dimensions,
and temperatures are summarized in Table 7.3. The corresponding blockage percentage
varies from 15% for the quartz case, as discussed above, to less than 5% for the ZnSe and
MgF, cases. CaF, is intermediate at 7.5% blockage. All of these blockage factors are
calculated at unity microchannel aspect ratio and could be reduced significantly by
changing the microchannel aspect ratio while maintaining a constant hydraulic diameter.

Table 7.3. Basdline Characteristics for Microchannel-Cooled Windows

Mn d L t hW/ |AT; |ATg | ATy  [Blockag
Material | n (g/s) |(cm) |(cm) |(cm) |Re Nu | em-K [ (K) |(K) (K) e
(%)

Quartz 100 | 0.149 (0.015 |0.1 0025 [2054 |16 |684 (124|104 |1664 (15

ZnSe 20 [075 0022 |05 0125 (6633 |41 |11.7 (248|608 |1356 5.1

CaF, 40 |037 (0019 (025 |0.063 |399%6 |27 (89 189 (582 |127.1 |75

Mgk, 20 |0.75 |0.022 |05 0125 | 6633 |41 |11.7 |248|739 |1486 44
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InTable 7.3

n = number of microchannels across a 10-cm window,
my, = mass flow rate of coolant per microchannel,

d = microchannel diameter (assumed aspect ratio = 1),
L = spacing between microchannels,

t = depth of microchannel below surface of window,

Re = Reynold’s number of flow,

Nu = Nusselt number,

h = heat-transfer coefficient between fluid and wall,
ATs = delta T from fluid to wall,

ATs = delta T from wall to window surface,

AT = total delta T from coolant inlet to surface hot spot,

and the assumptions for all cases are the following: input thermal flux is 402W/cm
window diameter is 10 cm; allowable coolddt is 50C; and the coolant supply pressure
is 68.9 N/cm (100 psi).

7.6. Periodic Shielding of the Window Aperture

It would be possible to shield the windows mechanically with a rotating shutter that
would attenuate the incident radiation to levels compatible with window edge cooling.
This shielding could be accomplished at comparatively high frequency in order to
minimize interference with the diagnostic-sensor performance. The shield would consist
of a slotted metal disk (cooled). It would, however, require the operation of rotating
devices within the high-vacuum environment and would require some periodic
maintenance. The need for cooling the shield with the consequent need for rotating seals
in the coolant system would probably disqualify this approach. An alternative to cooling
the shield would be to allow the shield front (plasma facing) surface to run at radiation
equilibrium temperatures (1400-1500 K) with the rear surface insulated internally to
provide low exposure temperatures for the windows.

7.7. Use of Transparent Radiation Shields

The use of a transparent radiation shield placed between the window and the
plasma and operating at radiation equilibrium temperature has been considered.
Assuming an absorbtivity/emissivity of 1.0, the shield temperature at an incident plasma
flux of 40 W/cnt would be about 1900 K. The thermal radiation (black body) from the
window facing surface of the shield would be peaked at about 1.8-um wavelengths, with
the approximately 40% of the reradiated energy at wavelengths greater than 3 pm
absorbed in a quartz window. For a 15-cm-diam window the resulting window edge-to-
center temperature rise would be 7&0For low-conductivity materials without
significant long-wave IR transmittance, this technique would be limited to windows 1-2
cm in diameter. If materials with good long-wave IR transmittance were used, the
absorbed energy would be less; however, the high long-wave IR signal from the shield
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would limit the use of diagnostic sensors at these wavelengths. Because the range of
window diameters for which this technique might be used is essentially the same as that
for the edge-cooling technique, it would seem to be of little interest.

An dternative has been suggested in which the transparent radiation shield would be
larger in diameter than the shielded window and would itself be cooled by radiation to a
cold surface. The shield would rotate to maintain uniform temperature. Edmonds
(Appendix B) provides estimated temperatures of the shield, assuming an aperture equal
to the shield radius, radiation to a sink at 25°C, and various emissivities. For e=1.0, a
guartz shield would reach approximately 700°C. Given that this approach requires space,
rotating hardware, and coolant lines within the vacuum envelope, other alternatives
appear preferable.

8. CONCLUSIONS AND RECOMMENDATIONS

Table 8.1 is a summary of the TPX window-cooling methods considered in this report.

The general conclusion is that some means of window cooling other than simple heat

sinking of the edge of the window to the surrounding structure will be required for all but

the smallest windows. Of the cooling or shielding methods considered, the most
promising candidates for further investigation for larger windows with diameters to 20

cm are internal forced-convection microchannel cooling and micro-heat-pipe cooling for
windows with diameters of 2-5 cm. Both of these methods have been investigated in

depth for other applications and have been implemented in ceramic materials.
Demonstrated power-handling capability is in excess of the TPX requirements. Issues to

be addressed in their application will include the development of fabrication and sealing
procedures for the window materials and investigation of optical effects. In low-
conductivity materials such as quartz, the microchannel or micro-heat-pipe spacing will

have to be approximately 1 mm with flow passage widths of about 50 pum. Although the
percentage blockage of the aperture is expected to be about 5%, the blockage will consist
of an array of fine lines across the window, and the effect of this grid on the sensor
operation must be considered, particularly for off-axis viewing. Recommendations are
that a cooled-window development program addressing these issues be initiated to ensure
performance of the diagnostic windows in the TPX system.

Table 8.1. Comparison of Potential TPX Window-Cooling M ethods

Method Advantages I ssues Comments

Micro-heat pipes Phase change system—Some aperture Useful candidate for

embedded in window provides high degree of| blockage by heat pipes| windows ranging from

with heat sinking to isothermalization Heat pipe length-to- | 4 to 8 cm in diameter

coolant at edge Passive system—very| diameter ratio limited to] Working fluids include
reliable and requires nol about 400-50TC ammonia and water
additional pumps
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Conduction heat sinking
of window to cooled

Mechanically smple

Low conductivity of
window materials limits

Use for small windows
in better conductivity

structure at edge window diameter to materials
<2cm
Shielding of window by | Mirror cooling Coolant fluid connec- Use where other

reentrant metal mirrors

capability demonstrated
to >100 W/cm?Z in laser
applications

Technique usable with
all window materials

tionsin vacuum space
Space reguirements for

mirrorsin enclosure
Cleaning of mirrors

within vacuum space

requirements for mirrors
exist (e.g., field-of-view
[FOV] requirements)

Internal forced-
convection cooling of
window by micro-
channels (single phase)

Demonstrated
technology capable of
R=0.1°C-cm3/wW

Power-handling
capability in excess of
TPX requirements

Some aperture block-
age by flow channels

Requires fluid connec-
tion to window edge

Supply pressure 50—
100 psi

Usable with water or
ammonia coolants at
system temperatures

Would enable window
to >20 cm in any of the
candidate materials

Recommended for
development

Forced-convection
cooling of window back
surface (gas)

No fluid connection to
window

Coolant system
accessible

Axial conduction lim-
its window thickness

Heat-transfer
coefficients limited

Inadequate cooling
capability for TPX
requirements

Intermittent mechanical
shielding of window

Mechanically complex
requires moving struc-
ture in vacuum
enclosure

Shield will probably
require cooling

Mechanical implemen
tation

Space allocation within

vacuum enclosure

Not recommended

High K window coat-
ing/layering (diamond)
with window edge heat
sinking to structure

Completely passive
Usable with long-
wavelength IR windows

Technology for dia-
mond coatings >1 mm
thick in larger diameters
not available

Use as diamond-
coating technology
becomes available

Optically transparent
shield at radiation
equilibrium temperature

Passive, no coolant
required

Reradiation from shiel
significant for quartz
Shield runs at high

i May be usable for long
wavelength IR windows
if interference with

temperature

sensors is not a problen

=)
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9. RECOMMENDED WINDOW DEVELOPMENT PROGRAM

We recommend a window development program based on the problems and solutions we
have identified in this report. In order to develop and demonstrate a window designed to
operate with visible and IR sensors, while subject to heat fluxes up to 40 W/cm2 from
short-wavelength radiation, some specific research and development actions are
necessary. It is anticipated that other planned tokamak systems such as the International
Thermonuclear Experimental Reactor (ITER) will be subject to the same diagnostic
window problems and would benefit from the same development program. Therefore, it
Is recommended that the developmental program reflect the requirements of these other
systems in terms of diagnostic window exposure levels. This program may be
accomplished within the task outlines and levels of effort outlined in the key elements
below:

* Refinement of the window incident radiation spectrum by using the MIST code and
anticipated plasma characteristics and contaminant levels.

» Update of window requirements in terms of aperture, material, sensor wavelength, and
field of view for TPX and ITER.

» Selection of the design cooling method, materials, and geometry for hardware
development and demonstratiorhis selection is anticipated to be the internal forced-
convection, microchannel-cooling method discussed above. However, aternatives,
particularly the micro-heat-pipe approach, will be considered in the choice of the final

design.

» Design development and optimization for the experimental window demonstration.
Development of a finite-element window model would incorporate realistic boundary
conditions, internal or external flow interfaces, local heat sources, and heat-transfer
coefficients. The anticipated incident radiation spectrum for the TPX and ITER windows,
together with improved definition of absorption characteristics of the window materials,
will be used to determine local window thermal loadings. Coolant channel geometry and
location will be varied to determine the effects on window temperatures, stresses, and
flow rates. The anticipated outcome of the analysis will be the specification of
microchannel flow channel dimensions and spacing in order to minimize the optical
effects of the window-cooling system while maintaining stresses and temperatures within
allowable limits under the anticipated environment.

» Fabrication of test hardware implementing the selected window-cooling method.
Fabrication of the experimental demonstration window design tentatively will be based

on a circular quartz window having a diameter of 10-15 cm and a thickness-to-diameter
ratio of approximately 0.1. Coolant flow channels will be machined or etched into the
surface of the window disk and sealed with a cover layer of optically transparent material.
Coolant fluid headers will be bonded to the window, and flow line attachments will be
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provided. Cold flow tests will be performed to verify design pressure drop and flow
predictions.

* Window thermal performance testinghe assembled test window will be thermally
loaded with surface bonded resistance heaters. Cooling performance tests will be
conducted with window surface temperatures determined as a function of coolant flow
parameters and surface thermal loads to the design maximums. Test instrumentation will
include flow calorimetry, window temperatures, and, if possible, surface strain gages.

* Window optical performance testinghe effect of the window-cooling system
implementation on optical performance at selected sensor wavelengths will be determined
by target visualization through the window over arange of viewing angles.

* Reporting. A report detailing the window design, fabrication, and experimental
investigation will be prepared and disseminated. Recommendations for diagnostic-sensor
window implementation for TPX and ITER will be included in the report.

A task schedule for the recommended effort is given in Fig. 9.1. The estimated level of
effort for the proposed effort is $150,000.
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PX DIAGNOSTIC WINDOW DEVELOPMENT PROGRAN
TASK SCHEDULE

Name Octobe|Novem| Decem | Januar|Februa| March | April 1|May 19| June 1|July 19|August | Septe
2(9]1]2|3]6]1]2]2|4] 1] 1|2 1]8]112]|2|5]1]1|2|4] 1] 1]2] 118] 1]2]2/6]112|2{3]1]1]2{1]8[1]2]2!5}1] 1]2]2]|9[1]2
1. Def. of Incident Radiation Spectrum
2. Update of TPX/ITER Window Req.
3. Selection of Cooling Method AKW
4. Design Development and Optimization [
S. Fabrication of Test Hardware ; L
6. Window Thermal Performance Test ! ER R
7. Window Optical Performance Test RN [
6. Feporting LhE

Fig. 9.1. Possible Gantt chart of proposed windows resear ch and development.
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APPENDIX A. WINDOW ANALYSIS

Summary of March 8, 1995, “Thermal Analysis of TPX Windows,” by R. Ellis Ill,
G. Gettelfinger, and S. Medley

1. One-dimensional, free convection on atmosphere side of window, other side adiabatic,
uniform internal-heat generation. Arbitrary one-fifth of calculated convection coefficient
used. Incident flux 40 W/cmz2. Assumed 0.5% absorption in 2-cm window. AT predicted
to be 1000°C.

2. Calculated radiation equilibrium temperature for window surface with a = e and 40
W/cme flux. Predicted window temperature of 1359°C.

3. Discussed change to absorption at inner surface to account for incident energy in UV
and shorter wavelengths but used uniform absorption model with radial conduction to
160°C outer edge. Used two-dimensional axisymmetric model but axial variation
insignificant. Incident flux of 40 W/cmz2. Assumed 0.5% absorption in 2-cm window.
Maximum window temperature of 275°C at centerline for 10-cm-diam window. No stress
calculation.
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APPENDIX B. WINDOW SCENARIOS

TPX Visble/IR/(Near UV?) Viewing Issues (memo from Phil Edmonds, University
of Texas—Austin)

The purpose of this note is to summarize my understanding of the TPX Diagnostic
Organization’s position on the subject of windows, mirrors, fiber optics, and plasma
viewing.

This is a very informal note and | would appreciate any comments the reader might have.

Three candidates or presently being considered for steering/viewing optically:
* Windows,

* Mirrors,

* Fiber optics.

The various issues will be discussed in the following sections.
1. Heating

The immediate conclusion is that for any significant fraction of the wall power absorbed
on the front surface of the window, the front surface will overheat. Some simple cases can
be directly calculated using a 1-D calculation. More sophisticated calculations by R. Ellis
detail this result.

For this simplistic calculation we will take the easy case in which all the power is
absorbed at the front surface and the back plane is cooled. We take a quartz window and
select a thermal conductivity of X802Watt/C-cm,appropriate for about 250.

Now the GRD (General Requirement Document) proposes 22.5 MW (half of 45 MW)
radiated in core. Placing the window 20 cm behind the plasma, at a radius of 0.70 m, with
the torus major radius at 2.25 m, and assuming the plasma radiation is isotropic, the
energy flux is 36 W/ci

With this input power flux the temperature rise is“Z2per millimeter. Now for a quartz
window the Oak Ridge National Laboratory report, ORNL/TM-6864, suggests a
thickness-to-diameter ratio of about 0.08. A reasonable limit for the window temperature
is, say, 40CC, so the power loading is about a factor of five too high.

This assumes perfect cooling, for a convection h-parameter of, say, GOt then

the surface temperature differential is ¥B€or starters. (Note that a water-cooled surface
has an h-parameter of order 1°@/m2.) One can imagine a double window with a
reduced structural safety factor with coolant flowing in the space between the windows.
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How this will affect theoptical quality is an interesting question. Transmission bandwidth
could also be a problem; however, the coolant doesn’t have to be water. At best this cools
the back plane to room-like temperatures.

DIII-D allegedly has some problems with surface heating of windows; | am looking into
this (David Nilson). People at Tore Supra are aware of the problem but are presently
struggling with ten-second problems and will worry about this one when they get to it
(Michel Chatelier).

Conclusion

If all the power is absorbed on the front surface, the maximum window diameter is about
2 cm, assuming a temperature above’@Q08 not acceptable. For the real case the back
plane will be imperfectly cooled, and this will only make things worse. The proposed
window cleaning techniques will almost certainly interfere with cooling concepts.

The power is undoubtedly deposited more uniformly in the window material, and some
will penetrate and not be absorbed. These more realistic scenarios have been modeled by
R. Ellis. The benefit depends on the power spectrum and the transmission properties of
the window. Window coating may drastically modify gains. Clearly the T.S. front lens or
window is the most intransigent problem. The aperture is tens of centimeters, and close
proximity to the plasma is required. Note that most (if not all) cadioptric systems have a
front transmission element for correction.

Possible Remediations

* Reduced plasma view—apertures and distance from the plasma. First-surface metal
mirrors can easily selectively reflect the required frequency range but absorb the
wavelengths (UV) which carry the bulk of the energy.

* Shutters to reduce exposure time.

* A rotating disk with most of the area radiating to a cold surface (J. Bialek). The idea is
to have a quartz disk rotating fast enough to spread the heat uniformly over the surface. A
fraction of the surface will be exposed to the energy flux, and the remainder will be
behind a cooled shield. The calculation that follows assumes both surfaces radiate to
room temperature and an aperture equal to the disk radius is exposed to the plasma flux.
Three results are given, for an emissivity (h) of 1, 0.5, and 0.1. Input power is 36.W/cm
For h = 1, T(quartz) = 67GQ; for h = 0.5, T(quartz) = 85; for h = 0.1, T(quartz) =
1400C. Whether it is possible to find room, clean surfaces, install motors, etc., is another
issue.

A simpler version of this concept is simply to use a quartz window in radiative
equilibrium as a thermal shield. For the fiducial input power of 36 Wémd with an
emissivity of unity, the surface temperature is a little over X00DmM not sure of the
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consequences of looking through a window at this temperature. (This idea is the present
survivor.)

» Magic, such as a plastic film or equivalent moved past the window, from one roller to
another. Rollers may be outside the vacuum with a differentially pumped seal, etc.

Action items

* Find out what the thickness regs are (Gettelfinger).
ORNL TM 6864/Robinson 1980; thickness/diameter = 0.08 for quartz

* Find out what the thermal conductivities are (Renda).
1.6x102Watt/C-cme, appropriate for quartz at about 260

» Find values for the power spectrum and absorption length for candidate materials
(Ramsey?).

2. Nuclear Darkening or “Browning”

When exposed to radiation, most transparent glasses and plastics experience transmission
loss. There is both an immediate transient acute response during radiation and along-term
chronic loss. The opacity can be removed by annealing at elevated temperatures (order
200°C to 400°C) for minutes to hours and, to some extent, by exposure to intense UV or
visible light. As | understand it, the explanation is that the radiation produces lattice
defects or holes, and these are filled with loosely bound electrons or color centers which
can absorb light. Normally, the coloration is brown, but in a few cases the coloration is
quite beautiful, a deep blue in certain sapphires, for example. The browning rate is very
dependent on material specifics, such as trace elements; synthetic sapphires tend to have
low levels of dopants, and these make the material much more prone than natural
sapphires. The transmission loss is most rapid in the UV and blue and less so in the red.
A study is in progress by G. Miley and others at the University of Illinois (Ul) and a
private company using the Ul reactor. Preliminary results indicate that the damage is
accumulative, although after each exposure the annealing returns the glass to almost full
transparency. After successive similar exposures the transmission loss is greater.

An evaluation of the importance of this effect, both to window materials and to fiber
optics, requires an estimate of the radiation fluxes expected at the window and fiber
locations and of the available materials. Some glasses have been developed at ORNL
with high resistance to radiation and also high NA values (about 0.6). These have been
drawn and tested as fibers, but used plastic coatings, and therefore have low temperature
limits (Steve Allison). Chris Klepper is monitoring this program. At best, these glasses
probably suffer performance loss above 400°C.

The requirement to maintain windows at elevated temperatures needs to be included in
the design of the supporting structures due to differential expansion, etc. (At least the
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window heating problem nicely balances the elevated temperature requirement.)
Parenthetically, the designers will also need to consider electromagnetic loads on the
heaters and supporting structure.

Transmission loss may well be controlled simply by maintaining the window/fiber at an
elevated temperature. Alan Ramsey [Princeton Plasma Physics Laboratory] is studying
the fiber-optic problem (The TPX Optical Fiber Study, a Prolegomenon).

3. Surface Coating

The front surface of the windows, or other viewing systems, will become coated with
redistributed wall materials. In the best of circumstances, these are carbons and
hydrocarbons. (Is there life inside a tokamak?) A study of techniques for cleaning this

material by laser ablation is in progress. Unanswered questions include the following:

What is the coating rate? I's cleaning necessary during the 1000-second shot? Can we use

the laser ablation technique to clean the optics at the far end of the fibers? Many
diagnostics will use imaging optics at the fiber head—how to clean these? Chances are,
other people (Ramsey?) have a lot of these answers from TFTR.

4. Surface Erosion

After some extended exposure | would expect the window/mirror/fiber optic surface to
become matte or frosted. | predict an erosion rate of about 50 angstroms per 1000-second
shot. This implies that in a 100 shots or so, several wavelengths will have been
rearranged. The consequences are not clear; it may act as a surface polishing process and
take a long time for the surface to degrade. It may turn matte after a few 100 shots. The
initial effect is probably to scatter stray light into the viewing solid angle; this is most
serious for diagnostics with background light problems, as T.S. or visible
Bremsstrahlung. Data from TEXT [Texas Experimental Torus] suggest that mirrors do
not suffer surface damage; however, the edge plasma may not be hot enough for
significant erosion to occur. There should be some information from TFTR [Tokamak
Fusion Test Reactor] and JET [joint European torus], as that plasma is essentially similar
to the expected TPX plasmas. (We may launch an experimental study possibly using the
SNLA [Sandia National Laboratories, Albuquerque] program. | believe Sandia has a 40-
kV (approximately) neutral beam available for this kind of study. (Maybe it has already
been done; | would appreciate names to contact.)

5. Radiation-Induced L oss of Strength
At some radiation level, glasses and other window materials will presumably lose

strength; this implies thicker materials, and that impacts all the other issues. Are the
radiation levels expected from TPX sufficiently high for this to be a problem?



