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Abstract:

Within the framework of gyrotron window development, IMF pursues the con-
cept of a single-disk window with edge cooling. Compared to a double-disk win-
dow with surface cooling, this concept offers a number of advantages in terms of
safety, reliability, and ease of design and fabrication. The coolants which can be
used for this purpose are liquid nitrogen and helium at very low temperature.

The report deals with thermodynamic calculations of edge cooling with liquid ni-
trogen. The impacts on the performance limits of various parameters and factors
are demonstrated.

Zusammenfassung:

Kryogen-gekiihltes Hochleistungsfenster fiir Hochfrequenz-Plasmaheizung

Thermodynamische Untersuchung zum Einscheibenkonzept
mit Flissigstickstoff-Randkiihlung

Im Rahmen der Gyrotronfensterentwicklung wird vom IMF das Konzept eines
Einscheiben-Fensters mit Randkihlung verfolgt. Dieses Konzept bietet gegen-
Uber dem Doppelscheibenfenster mit Flachenkiihlung mehrere Vorteile in den
Punkten Sicherheit, Zuverlassigkeit und einfache Bauweise. Als Kithimittel kom-
men flissiger Stickstoff und Helium bei sehr niedriger Temperatur in Betracht.

Im vorliegenden Bericht werden thermodynamische Rechnungen zur Randkih-
lung mit flassigem Stickstoff behandelt. Es werden Auswirkungen von verschie-
denen Parametern und Faktoren auf die Leistungsgrenze gezeigt.
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1 Introduction

As part of the development of high-frequency heating systems for fusion plas-
mas, the Karlsruhe Nuclear Research Center performs work on microwave power
generation in gyrotrons. Window systems are required both as vacuumtight clo-
sure of the gyrotron relative to the transmission system and upstream of the feed
point into the fusion plasma. The goal of this development work is a 1 MW high-
power window for permanent operation.

The concept pursued is that of a single-pane window with edge cooling. Com-
pared to double-disk windows with surface cooling, this concept offers the ad-
vantage of there being no coolant in the area of the high-frequency beam. This
makes for complete freedom in the type of cooling adopted for the edge of the
window and, should a window break, coolant would not necessarily penetrate
into the gyrotron and/or the transmission system. Moreover, the single-disk de-
sign promises to be simpler and more reliable. Benefits are such that the draw-
back, i.e. less effective heat removal through the edge of the window, compared
to surface cooling in the double disk, can be put up with.

To achieve this development goal, a window material of high thermal conductiv-
ity and low power absorption is required. Sapphire is the favorite material of
choice. This Al03 single crystal has all these favorable properties at low tempera-
tures. Cooling with liquid nitrogen and also with helium at very low temperature
is being envisaged.

This study deals with the liquid nitrogen cooling principle adopted as the first
step. It is less expensive technically and also more economic in operation. The ef-
fects on the performance limits of various parameters and factors are indicated,
and the uncertainties still existing are shown.

The next study will deal with helium cooling.



2 Design and Geometry of the Single-disk Window

Figure 1 shows the design principle of the single-disk window with edge cooling
in a vertical arrangement.

The window, which is a sapphire disk of 140 mm diameter and approx. 3.5 mm
thickness, is fitted gastight into the waveguide. The required window thickness in
the waveguide can be achieved by grinding the sapphire disk in a plane parallel
way. The sapphire disk will be attached to the waveguide by means of metal col-
lars made of FERNICO (iron-nickel-cobalt) material.The parts will be soldered to-
gether. Additional metalization of the surfaces of the cooled edge is required to
improve heat transfer. In the simplest case, the energy absorbed in the window is
removed by nucleate boiling at the edge of the disk in an annulus filled with lig-
uid nitrogen at atmospheric pressure. It must be ensured that the LN; volume to
be evaporated is supplied reliably and the relatively large vapor volumes pro-
duced can be dissipated freely. The parameters used in the calculation are shown
in Fig. 2. They are defined as follows:

PG [W] gyrotron power transmitted

Qr (W] thermal power dissipated radially
s[m] resonant window thickness

Do [m] sapphire disk diameter

h [m] thickness of window edge

Dw [m] waveguide diameter

t[m] wall thickness of waveguide
Da,[m] outer diameter of collar support
Da,[m] inner diameter of collar support
b[m] wall thickness of attachment collar
Tc K] temperature of liquid nitrogen coolant

a [W/m2K] heattransfer coefficient

r[m] window radius



3 Problem

The single-disk concept with edge cooling by liquid nitrogen incorporates two de-
cisive problems: The radial heat removal from the central, energy absorbing,
zone to the edge zone, and reliable cooling of the edge of the disk by nucleate
boiling or pool boiling, respectively, without a transition to film boiling. In the
first problem, the size and distribution of the heat source density, which is influ-
enced directly by the loss tangent, and thermal conductivity play the most impor-
tant roles. However, also the window thickness, edge thickness, and waveguide
diameter are factors of interest in the optimization of a single-disk window. The
boundary condition is reached in each case as soon as stable operation is exceed-
ed and temperatures rise exponentially.

All these parameters will be treated below on the basis of pool boiling of the ni-
trogen assumed to arise at 1 bar and 0.4 bar coolant pressure. The cooling effect
during boiling, and its limits, are investigated experimentally along with this
theoretical study.

4 Power Absorption in the Window
4.1 Gaussian Power Distribution Function

The radial distribution of gyrotron power density in the window can be described
by this relation:

p(r) = Pg-fx(r) (W/m?2] (1)

with Pg[W] as the impinging gyrotron power,

and fy(r) [1/m2] as the distribution function.

For the HE11 mode studied at KfK, f;(r) can be written as a Gaussian distribution,
neglecting minor scattering components in the r- and ¢-directions [1]:
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with Ry [m] = Dw/2, the waveguide radius, and r [m], the window radius.
This function is plotted in Fig. 3 for Ry = 44.45-10-3m.

4.2 Power Density in the Resonant Window

The power fraction absorbed in the window material is calculated from this rela-
tion [2]: ’

qv(r) = p(r) 211/: - Ve's tanb- S [W/m3] 3)
c r
with S = (14¢)/2Ve, (4)

where f [1/s] is the wave frequency, ¢ [m/s] the velocity of light in the vacuum, ¢,
[-] the dielectric constant, tan § [-] the loss tangent, and S [-] the anti-resonance
factor.

This relation applies to a tuned resonance thickness of the window, which is de-
termined as follows:

N).' c

o e 5
s o7 \/:: [m] | 6]

where Ny is the number of half wavelengths. Table 1 lists the resonance thicknes-
ses for N) between 1 and 10 on the basis of an average temperature of 100 K. Ac-
cording to [2], the error of s may be up to approx. 0.04 mm.



5 Materials Data

5.1 LossTangent

The main factor responsible for energy absorption in the window material is the
so-called loss tangent (tan 8). Because of its quadratic dependence on tempera-
ture, this quantity is particularly important in thermodynamic considerations.

According to [3], an average temperature relation of tan § for unirradiated sap-
phire in the temperature range between 95 K and 330 K is :

tan§ = 1.5-10-9-T2.07 (6)

with T, the temperature, in [K].

For the following calculation, tan § values for lower temperatures down to 70 K
are simply extrapolated.

Figure 4 shows the average development of tan 8 (curve b) for a temperature
range between 70 K and 140 K.

In line with the measurement error range indicated, the upper and the lower
bounds of the measured values for this temperature range can be indicated as
follows:

Upper bound (curve a):

tan Smax = 23'10_9'1—207 (7)

Lower bound (curve ¢):

tan 8min = 0.7-10-9-72.07 (8)



5.2 Dielectric Constant, ¢,

The temperature dependent relation of g/ for sapphire is taken from [3] and
reads as follows:

gr =9.405 +0.0005-(T-300) (9)

with T, the temperature, in [K].

The corresponding curve is shown in Fig. 5.

5.3 Thermal Conductivity

Figure 6 shows a plot of the thermal conductivity of sapphire as a function of tem-
perature. The data were taken from [4]. For a temperature range between 70 K
and 140 K, they are between 1500 and 170 W/mK.

For the collar material, FERNICO, the data for stainless steel as taken from [5]
were employed. They are listed in Table 2.



6 Calculation
6.1 Method of Calculation

The Fourier differential equation of thermal conduction is solved in the following
way:

q(T) = -AMT)-grad T (10)

with the heat flux density, q, and thermal conductivity, A, themselves being a
function of the temperature variable, T (see Sections 4.2 and 5). This clearly shows
the non-linearity of the differential equation.

The ABAQUS finite-element program [6] is used for the numerical solution of this
problem. Figure 7 shows the rotationally symmetrical finite-element model of the
sapphire disk in the r,z-plane. For reasons of symmetry, only half a disk thickness
is considered. The disk is subdivided into three radial zones, namely the inner
zone with the heat input, the intermediate zone between the waveguide and the
collar support, and the cooled edge zone from the collar support to the edge of
the disk. The zone in between is conservatively assumed to be an adiabatic zone,
which means that it does not transmit any heat to the outside.

6.2 Boundary Conditions and Conditions of Heat Removal

Convective heat transfer follows this general setup:

q = a-AT = a (Tw-Tc¢) [W/m2] (11)

with
g [W/m2] as the surface heat flux density,
a [W/m2K] as the heat transfer coefficient, and

AT [K] as the temperature difference between the wall and the coolant.



Heat is removed by nitrogen boiling in the free convection mode. The preferred
coolant pressure in this case is 1 bar. However, it is also possible to set a lower
boiling pressure and , in this way, lower the boiling temperature. This requires a
certain amount of technical expense in order to ensure stable operation.

Heat transfers in the convective boiling and nucleate boiling regimes and the
transition from nucleate boiling to film boiling (critical heat flux density) are esti-
mated. Essentially, the data and relations indicated in the VDI-Warmeatlas [7] are
used.

6.2.1 Convective Boiling

Convective boiling without bubble formation plays a role only at very low heat
flux densities on the heating surface. Calculation follows this relation:

a- L 1/3
Ny = T =0.15- (Gr.Pr (12)
3
. hj IJ gB o) Ifal
with Gr= ) (7 W 1[1) (13)

where B [1/K] is the expansion coefficient, v [m2/s] the kinematic viscosity, Ty [K]
the surface temperature of the window edge, Ty [K] the boiling temperature of
nitrogen according to [8].

The outside diameter, Do, of the window was substituted for the length, L. At an
operating pressure of 1 bar, the transition from convective boiling to nucleate
boiling occurs at a heat flux density of g < 700 W/m2 (Fig. 8). This means that con-
vective boiling is of no practical significance when the window is cooled with lig-
uid nitrogen.



6.2.2 Nucleate Boiling

To determine the heat transfer coefficient, a, in the case of nucleate boiling, em-
pirical and semi-empirical setups are used in [7] which are based on the results of
systematic test series. A normalized heat transfer coefficient, a/ae, is used with
this setup:

LI, l_q.
a q

(4] (4]

0.133 (14)

n{p®) [

v

This takes into account the following parameters:
- Operating pressure, p [bar]

in the form of p* = p/pc (pc = critical pressure). For nitrogen, the setup is:

Fp*)=1.2- p*°~27+<2.5+ ) p* (15)

1—-p*

In this case, the po*normalization value is 0.1, which assigns the value of 1 to
F(po*). The critical pressure for nitrogen is 34.0 bar. By way of example, the fol-
lowing relations hold:

Operating pressure, p [bar] 1.0 0.75 0.4 0.2
Boiling temperature, T [K] 77.35 75 70 65
Normalized pressure, p* [-] 0.0294 0.0206 0.0118 0.0059
F(p*) 0.567 0.506 0.403 0.321

- Heat flux density, q [W/m2]

In the experiments quoted in [7], the normalization value was qo = 20,000 W/m2.
The exponent n in Equation (14) determined in that case obeys this relation for ni-
trogen:

n=09 - 03(p*)03 (16)
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- Roughness of the heating surface, Rp [m]

The normalization value of roughness was Rpo = 1 pm in all experiments. Poten-
tial improvements of heat removal as a result of roughness should be left out of
account in this assessment (Rp/Rpo = 1).

The heat transfer coefficient, ao, in relation (14) in the normalization values re-
ferred to above was measured mainly in horizontal pipes made of copper. For ni-
trogen, the value found was ap = 10,000 W/m2K. In a first approximation, this
value should apply also to heat transfer at the edge of the window made of sap-
phire, as this is metallized.

Consequently, the relation for the heat transfer coefficient in the case of nucleate
boiling is

__ 4 q >n(p) N
=104 —L_ . § 17)
¢ (20000 ®) (

This is plotted in Fig. 8 as a function of q for some operating pressures of interest.

6.2.3 Critical Heat Flux Density

The maximum heat flux density, qgrit (transition from nucleate boiling to film
boiling) has this setup in [7]:

_ 0.5 0.25
qk”.t—kl- Ahv- Py (o - (pl—-pg)- g) (18)

with Ahy heat of evaporation,
p,.Pg densities of the liquid and the vapor,

i} surface tension.
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if the relation
o~ (p,- pg)4

is taken into account, Equation (18) becomes

— 05 1.25
iy — kl' Ahu. pg (pl_pg) 19)

The factor k1 in relation (19) is indicated to be 0.13 t0 0.16.

Substituting the constitutional data from [8] and k1 = 0.13 furnishes as the maxi-
mum heat flux densities (see also Fig. 8):

Operating pressure, p [bar] 1 0.75 0.4 0.2
Qkrit 104 [W/m2] 23.7 21.7 17.1 13.2

6.3 Verifying the Convergence Condition

The actual computation run is preceded by a number of systematic trial runs in
which the impacts of the non-linearity of the problem upon the convergence be-
havior of the program can be recognized. In ABAQUS, the TEMTOL quantity is
used as a yardstick for checking convergence. In the study, both the calculated
center temperature of the window and the balance of thermal power supplied
and extracted are observed.

In a first step, an example taken from [9] of an analytical solution dealing with
thermal conduction in a round bar with internal heat sources is used. Accordingly,
for a round bar with the radius R [m], at a constant heat source density,
q, [W/m3], and a constant thermal conductivity, A [W/mK], the temperature dif-
ference, AT [K], between the center and the edge is this:

2
9, R
4

AT =

K] (20)



-12 -

In a trial run with ABAQUS, constant values for qy, A, and for the heat transfer co-
efficient, a, are substituted. Even at a required TEMTOL of 10-2, the result is al-
ready completely identical to the exact solution. The balance of powers is ob-
served precisely.

In the next step, the complete model with all temperature dependent quantities
is used. It is seen that, if all complex dependency relations are taken into account,
TEMTOL must be = 10-6. Only then will it be possible to guarantee that the bal-
ance of powers and, consequently, the stability of the temperature field is ob-
served.

6.4 Reference Data

As a starting position for other parametric calculations, the following reference
data are defined as listed below:

s = 1.756 mm
Do = 140 mmdia.
h = 3.5mm

Dw = 88.9 mmdia.
t = 3.5mm
Da, = 114mmdia.
Da, = 104 mmdia.
b = 0.6 mm

Tc = 77.35mm

Mean tan 8-values (Curve b, Fig. 4).
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7 Result
7.1  Reference Case
Figures 9 to 13 show the results for the reference case (Item 6.4).

Figure 9 indicates the radial temperature distribution in the window as a function
of the gyrotron power. A rapid rise in the window center temperature, Ty, and in
the thermal power, Qg, is observed as the gyrotron power rises. The development
of To and Qg versus the gyrotron power is shown in Fig. 10. Stable window opera-
tion can be seen up to a gyrotron power of approx. 0.3 MW. This is followed by a
range in which levels increase exponentially up to the point of thermal runaway.
The gyrotron power limit at which runaway starts is defined by Pgmax. In this case,
it is 0.33 MW. The radial distributions of tan § (Eq. 6) and q, (Eq. 3) resultant at
Pgmax are shown in Fig. 11. It is easy to see a characteristic Gaussian distribution in
accordance with Fig. 3. In the center of the window, the maximum value of qy is
100 W/cm3. The integral value of the absorbed thermal power, Qg, is plotted ver-
sus the window radius in Fig. 12. The cumulated total is 216 W. The second curve
in this diagram shows the radial heat flux density, gr, which is taken as a measure
of the temperature gradient (Eq. 10). The curve attains a peak of approx. 61
W/cm2 at a radius, r, of approx. 22 mm.

Figure 13 shows the corresponding heat removal conditions for the cooling zone
(r = 52-70 mm). This zone is made up of two regions: the first region with the col-
lar support (r = 52-57 mm), and the second region with the free sapphire surface
(r = 57-70 mm). The diagram shows the curves of q and a pertaining to the re-
spective cooling surface. Because of the relatively poor thermal conductivity of
FERNICO, the value of q on the collar surface averages only 1.4 W/cm2. immedi-
ately behind the collar support, the peak value of q is around 3 W/cm2, which is
still far below the critical value. Then values of q decrease exponentially to some 1
W/cm2 at the edge of the disk.

In accordance with the relation in Eq. 17, a similar development is found for a.
The maximum value of a is 0.75 W/cm2K. The result shows that the runaway point
is determined not by a critical state in the cooling zone, but by the maximum re-
movable thermal power from inside the window. This behavior is generally re-
ferred to as the "bottleneck effect.”
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7.2 Variation of Geometry
7.2.1 The Window Thickness, s

On the basis of the reference assumptions made under Item 6.4, Fig. 14 shows the
radial temperature distribution in the window for various window thicknesses.
The gyrotron power is kept constant at 0.3 MW. A slight exponential increase in
the center temperature of the window is observed as the thickness of the window
increases. This can be explained by this feedback effect: As the window thickness
increases, more thermal power is absorbed which, automatically, resultsin a high-
er AT in the cooling zone and also in a rise in the temperature gradient towards
the center of the window. This, in turn, raises the tan § values, thus causing even
higher thermal absorption.

7.2.2 The Disk Diameter, Dg

This section is devoted to studies of the influence on window temperature exert-
ed by the diameter of the sapphire disk. The calculations are run for
Do = 140, 130, 120, and 114 mm under the other reference conditions listed un-
derltem 6.4 and at Pg = 0.3 MW.

Figure 15 shows the respective temperature distributions for the disk diameters
listed above. Reducing the disk diameter from 140 to 130 mm is seen to result in
only aslight increase in the center temperature. This can be explained by the rela-
tively low heat flux density, q, with a flat curve prevailing in this outer zone (see
Fig. 13).

Further decreasing Do leads into a steeper region of q, which raises AT in the
cooling zone. As a result of the temperature feedback to the inside of the win-
dow, the center temperature is increased considerably.
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7.2.3 The Thickness of the Window Edge, h

Changes in the thickness of the window edge, h, primarily influence the tempera-
ture gradient in the adiabatic transition zone and, consequently, also the center
temperature of the window.

Figure 16 shows the temperature distribution in the window forh = 3.5, 5, 7, and
10 mm at Pg = 0.3 MW. The resultant center temperatures are plotted versus the
thickness of the window edge in Fig. 17. The result shows the change in the cen-
ter temperature to be most pronounced in therange of h = 3.5-5mm.

7.2.4 The Waveguide Diameter, Dy

A given waveguide diameter, Dy, is used to define both the distribution function
of the power density (Eq. 2) in the window and the edge cooling surface avail-
able.

A higher peak value of the power density is encountered with a smaller
waveguide diameter and vice versa. At a constant disk diameter, the cooled sur-
face in the edge zone can be widened by reducing the size of the waveguide.

Figure 18 shows the result of the variation of Dyw between 60 and 115 mm at
Pg = 0.3 MW. For the rest, the same conditions apply as in the reference case. The
center temperatures determined in this way are plotted versus Dy in Fig. 19. Ac-
cordingly, the optimum is around Dw = 103 mm. The underlying waveguide di-
ameter of 88.9 mmisstill in a relatively favorable range.

7.2.5 Optimization of the Adiabatic Zone

Figure 20 shows an alternative draft of the collar design. The interesting feature
of this design is the flatter shape of the collar with Da, = 108.6 mm and Da, =
98.6 mm, which achieves an 11% larger cooling surface and a 36% shorter adia-
batic zone. Compared with the investigation under Item 7.2.2, the cooling surface
achieved in this way would correspond to a fictitious disk diameter of 146 mm.
However, the result has shown that, at Do > 140 mm, only a slight improvement
can be achieved. Consequently, mainly the influence of the design of the adiaba-
tic zone is to be shown here. The reduced length for radial heat transfer referred
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to above already would result in a slight decrease of the center temperature.
Combination with an increase in the radial area in this zone (with h = 5 mm) re-
sults in a better runaway behavior than is shown in the reference case (Fig. 21).
The runaway pointin this case is at 0.35 MW.

7.3  The Influence of the Coolant Temperature, T¢

The coolant temperature, Tc, can be lowered by reducing the boiling pressure (ta-
ble in 6.2.2). On the basis of the reference data in 6.4, Figures 22 to 24 show the
results in case of a coolant temperature, Tc, of 70 K.

The lower temperature level has a beneficial effect both on the thermal power
absorption (tan 8) and on the thermal conductivity of sapphire. In the cooled
zone, the thermal conductivity is around 70% higher than in the reference case,
which makes for a more uniform distribution on the cooled surface of the ther-
mal power delivered there. Despite the lower heat transfer coefficient resulting
from the lower boiling pressure, the overall result is still a gain. Compared with
the results for T¢c = 77.35 K (Figures 9-13), the runaway point is reached only at
Pgmax = 0.449 MW. The maximum amount of thermal power to be dissipated,
Qrmax, at which the bottleneck effect occurs, amounts to 237 W. Because of the
more favorable temperature and heat flux distributions, it is approx. 10% higher
than in the reference case.

Figure 25 shows the temperature distributions in the window at coolant tempera-
tures of 70, 72.5, 75, and 77.35 K and at a gyrotron power of 0.3 MW. In this case,
the influence of the coolant temperature on power absorption and on the center
temperature of the window is evident. At Tc = 77.35 K, the power absorbed is
43% higherthanatT¢c = 70 K.
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7.4 The tan § Uncertainty

The uncertainties of tan § imply the large error band of the measured values.
Moreover, no reliable data are as yet known for temperatures below 95 K.

For the study described below, the relations shown in Fig. 4 for maximum, medi-
um and minimum values of tan § are used as a basis.

Figure 26, for instance, shows the respective temperature distributions in the win-
dow at Pg = 0.2 MW under all the other reference conditions. A pronounced ef-
fect of the tan § uncertainty is seen. While, in the most favorable case (minimum
values of tan 8), window temperatures are still low, the most adverse case (maxi-
mum values of tan §) implies a state very close to the runaway point, despite the
relatively low gyrotron power.

Figures 27 and 28 show the results with the most favorable tan & values. Thermal
runaway in this case occurs not before 0.707 MW, which is roughly 2.1 times high-
er than in the reference case. With an optimistic combination with a lower cool-
ant temperature of 70 K, the runaway point is reached even as far as slightly less
than 1 MW gyrotron power (Fig. 29).

Figures 30 and 31 show the corresponding results for the pessimistic case with the
maximum values of tan §.

If the influence of the coolant temperature is left out of account, for the time be-
ing, the range of the limit power of the gyrotron, because of the tan § uncertain-
ty, ranges between 215 and 707 kW. The corresponding mean value of 461 kW is
about 40% higher than the limit power determined in the reference case. This
means that the assumed mean curve of tan § is pessimistic in the reference case.

The result shows that the influence of tan § dominates very strongly. The error
limits of tan 8 must be narrowed down by better measuring techniques to ensure
that more precise statements can be made about the power limit.

7.5 General Description of the Performance Limit

Figure 32 shows the limit of gyrotron power, Pgmax, as a function of the window
thickness, coolant temperature, and the degree of tan §. A relatively weak depen-
dence on window thickness can be seen. The value of Pgmax increases slightly as
the window thickness decreases. The dependence becomes even stronger at low-
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er coolant temperature and minimum values of tan 8. At a normal liquid nitrogen
temperature of 77.35 K (solid curves), a theoretical range for Pgmax of
200-800 kW can be indicated.

Reducing the coolant temperature produces a higher gain in Pgmax , as is shown
by the curves for Tc = 70 K. Accordingly, e. g., a Pgmax of up to 0.5 MW can be at-
tained at a window thickness of 0.7 mm under the assumption of medium tan 8
values.

The dominating influence of tan 8 is evident in this diagram. A power limit of
1 MW can be achieved only under the most favorable conditions (minimum values
of tan 8§ and T¢ = 70K) at window thickness of 1.4 mm.

Figure 33 shows the development of the maximum thermal power which can be
dissipated radially, plotted as a function of the window thickness and the coolant
temperature. The curves apply to all assumptions of tan §. With increasing win-
dow thickness, the specific maximum heat removal per unit thickness of the win-
dow is seen to decrease continuously. This, accordingly, leads to an earlier onset
of runaway, as is seen from Fig. 32.

In summary, it is safe to say this:

- The runaway behavior and therewith the performance limit of the window
is determined by the interplay of the strong temperature dependence of
tan § with the also unfovarable temperature dependence of the thermal
conductivity of sapphire.

- Of all the parameters investigated, tan & exerts the strongest influence. As
a consequence of the large uncertainty associated with tan 8, it is not yet
possible to indicate a precise power limit.

- The maximum temperature difference in the window between the center
and the edge at runaway is around 50 K.

- The critical surface heat flux density in the cooled zone is not reached.
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8 Transient Analysis

The development of temperature in the window as a function of time must be
known if the window is to be subjected to short pulse loads at elevated transmis-
sion powers. In this section, conditionsat Pg = 0.5 MW and t = 1s are considered
without interruption of the cooling. The reference data taken from 6.4 will be
used also for this purpose.

Figure 34 shows the specific thermal capacity, ¢p, of sapphire [4] and steel [5] as a
function of temperature. The medium value for sapphire, e. g. at 115K, is approx.
170 J/kg K. The value assumed for the collar, with T =~ 80 K, is at 210 J/kg K. The
density is assumed to be constant for sapphire at 3900 kg/m3 and steel at
7970 kg/m3.

Figure 35 shows the calculated development, as a function of time, of the win-
dow center temperature between 0 and 1.2 s for the case with Pg = 0.5 MW (top
curve). For comparison, the corresponding curve is also plotted for the condition,
as yet stable, with Pg = 0.33 MW (bottom curve) (see Item 7.1). The asymptotic
shape of the bottom curve relative to a steady state is plain to see. On the other
hand, the top curve shows a clear tendency of runaway already beginning at
t=1s.

The maximum center temperature at the timet = 1sis approx. 144 K. This corre-
sponds to a maximum temperature differential, ATmax, in the window between
the center and the edge of about 64 K. At a larger window thickness of 3.5 mm
(Fig. 36) the corresponding center temperature attains a level of 155 K. This re-
sultsin a ATmax of approx 75 K. Until the time considered of t = 15, thereis no ex-
cessive effect as yet of the increased thickness of the window.

In the absence of strength data about sapphire in the low temperature range it is
difficult to indicate the permissible limit of the temperature difference. In the lit-
erature, data even for steady-state loads at room temperature are quoted in a
wide range of 100-150 K. At low temperature, the thermal linear expansion of
sapphire is relatively slight, which implies that even higher limits are to be expect-
ed. It can be hoped, therefore, that the maximum temperature difference of 75 K
determined in this way is still permissible for repeated thermal stresses. A more
precise stability study will have to be conducted to corroborate this assumption.
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Table 1: Resonance thickness of the window (T = 100 K)

N (msm)
1 0.351
2 0.702
3 1.054
4 1.405
5 1.756
6 2.107
7 2.459
8 2.810
9 3.161
10 3.512

Table 2: Thermal conductivity

A(W/mK)
Temper)ature
(K 18/12 stainless .
steel [5] Sapphire [4]
60 6.6 2650
70 7.5 1530
80 8.2 960
90 8.8 640
100 9.3 450
200 12.9 82




N, VAPOR

SAPPHIRE DISK

L ;}d
1 7 [,
g i ¢
| 3

i /
L1 o

i L1
/ i

i “
4 =
ot

SONNNN N SN N N NELN NN NN N NANN AN NN

$88.9/96

FROM GYROTRON | =
(] X s |
2 ———,— -y L U
)-8 : w
ié Z
: =
AN S S SN OSSN SY \7\\\\\\
/ o /
g /
(] %
g g
¢ L/
¢ /
//// s
y A
b 1
% f d
| A %
A A

LN, COOLANT
(1bar, 77.35K)

Fig. 1 Schematic design of the single-disk window with edge
cooling in an open liquid-nitrogen bath



_25_

o

= chm
|

EFFECTIVE COOLING ZONE

DAO
D

N .

!

WAVE-GUIDE

Fig. 2

ATTACHMENT

\SAPPHIRE DISK

VERSION A

Definition of the parameters for calculation



_.26_

||‘|ll!||l|lll'Illl'll1lll‘lllllll'l‘Il’lllllllll]

|

t

[

|

i

t

'

|

t

|

_
jan o o] jan] o o o
o
w

.____-__m—_w_——_——_m_______‘__m____—_-u_w4____~u—-w_——l-__.__
o Q o o (@n)]
ip] o m [QV} ~—

(;w/1) (4) %4 NOILONNA NOILNGIILSIO ¥3IMOd

50

40

30

20

10

0

RADIUS r (-10%m)

Distribution function of the power density for the power

transmitted according to the HEqq mode /1/

3

Fig,



_27_

15.107. 7297
0.7-10°% 727

E

a: MAXIMUM VALUE, TAN §
b: AVERAGE VALUE, TAN b
MINIMUM  VALUE, TAN §

5 S O

-
o=
&

lllI’Tllllllv|!fl’l]l!l7|]ﬁl‘l
110

llll‘7)l)i)1|)lllllilIIIITYIII

1llll—rlll‘

Q Ngl

10_5‘ﬂ'¢_'—_'
]
1
7

1076

130 140

120

80 90 100

70

TEMPERATURE T (K

Loss tangent of sapphire with an approximate measurement

error range for temperatures between 70 and 140 K

Fig. 4



- 28 -

Q
[ttt [ttt il it diaiisidia il M e e g i Sl ng
1 ! L ™
1 1
t i t »
! ! i
i 1 1 o
1 1 1
1 1 ' -
o L N T A Vo B
1 i 17 T
! ) 1 l
' 1 1
' 1 | L
1 1 '
i | \ -
1 t I |
! ' 1
o
ST TTTTTT T it Wttt Sttt S 1T — 9
! ' t -
i ' 1
1 1 1 -
[ 1 1 o
1 ! 1
1 } ' L
! — t '
= - QS - - - Fommm e m— - - -~ Hom e m - - — - -
| (4 1 |
i m ! ! o
t i i 1 3
1 1 i
i _ll.\ | 1 L
1 1 1
1 ' 1 -
o ..03 S . N A L] ]
h Py [ T T - O
1 (=) 1 t I
" Sz “ i
| (W0 = !
1 wn i 1 =
X S _
1 I IA:l 1 1 o
e L Y -
1 Q- m ) ' 1 [ -
[ 1 1 1 1
! A ~ & 1 1 | 1 o
i (Ve W ! ! ! )
1 i ' i 1 B
t 1 ! i 1 |
' 1 1 [ !
m——_-_—«n H w T 1 T T _ T T T T w T LI | T — T T 1 T “J\d T 1 — T T T T m T T T T — LA § 1L U
Lo =+ ™ o - o
(o] m )] 03] o2} [oy]

TEMPERATURE (K)

Dielectric constant for sapphire /3/

Fig. 5



- .29 -

]

150 —----
100 —---

(MW/M 201 +) ALTATLINANGD THWYEHL

40 60 80 100 120 140 160 180 200

20

TEMPERATURE (KO

Thermal conductivity of sapphire /4/

Fig. 6



ADIABATIC ZONE

Ps

- 30 -

EFFECTIVE COOLING ZONE

FERNICO

Ter &

0 0 00 1 G O 0 O 88
IEEERN AR NSRS EERER]
ISEBERANEAENAERSNEEEE S
O 90 00 0 0 0O O

1
4
1

AN

Ll L LTI T T I

N AR NS

GYOTRON WINDOW

WAVE-GUIDE |

PLANE OF SYMMETRY

e T e e e e e T e O T Tt

R T e O e T O o e e e e o e e
Tite

B 0 D 0 O 0 0 4

NOILVL10Y|d0 SIXV

Finite—element model for ABAQUS

Tig. 7



- 31 -

oL [W/m2 K]

10°

I 8 5 e e
: CRITICAL
as HEAT FLUX =
it TR TN
‘*“':__7 144 '4.::44‘
REguN T
*“L_ H
I g Rant *"Jl,fi'
15 3 3 LA
R { 1 1A A
TR AT
10# 1T il ;E;/ d
} LA =
. T o
3 A e A
FHHTEH T

S REGION OF |1
: NUCLEATE

h Y

L

‘ W
S BOILING
% (\8 z‘ s HH T 1
Q\ ‘0 . N N -
; Ve A jubisel
QL0
10 Q7S
A1 Q =
2L P 1 L2l ' 4
y i ? ;L :
2 e TR HE R
ak A L ) IR SR iR B
. pugnn 11 4?(
5 11 } t
= i H P
CONVECTIVE : BT H
HEAT TRANSFER Ee
AT p = 1bar LT
102 ,LJ.l#Llll;Illl;j;l%l}L:J_%l S i

102 103 104

Fig. 8 Heat transfer coefficient,o, as a function of the surface
heat flux density, q.



- 32 -

70

50

50

40

RABIUS (MM)

20 30

10
Radial temperature distribution in the window in the

reference case as a function of gyrotron power

[aliadiaialiediediaie il it dtietietin _...clirM—_ nnnnnn |t L it £ttt —
1 ! ! o ! ! | o
! ! ! ~ ! i i »
i o } ! © ! ! I r
! ! ! 1 i o

1 i mm ! 1 _. -
' =z t o= ' 1 ) o
.-llll!IA e e e e e e e — - = [ MO |||||| I 8 UG ) e
! 1 ; T i ] ] L
1 L 1 [ o v t | it -
| ! ) < i 0 T "
| L ! ! L ) i 1y -
! O 1 i ..AMI.!A ! ! / u -
| e t U olad i 1 / o
| g ) i = 1 i ! .* L
e ittt r5 ——~~fp-=----= | e it : e thbedind ol o B el il —
i wmn m I|UL ) ] 1 i \v L
M WO = ' U 1 \ h -
= = T — _ 3
i =~ ! : < > | I r
I " " . i - = ! ! o
. O o e o r»sntm |||||| i e e -
i i ) 1 -
1 T....L n W ! ! = 1 -
1 [ [ = 1 [
! i | i -
1 1 ' t r
! 1 ! 1 o
1 1 1 1 L
ittt T e ittt R Sl bty —
! ! 1 | o
! 1 ! ! L
1 1 i i -
1 ' i 1 .
1 i I » 1 L
i 1 i - 1 -
e e e e e [ - A)..\.n\l ||||||| R .
! ! 111,%\ O.\w\wk\\ ) x
| i e ! -
' i @nv\\\ I ' C
1 1 e ! ! -
i 1 -7 I i o
1 L\\ t 1 N
1 -7 i ] -
| i it s | b [
[ Prad t 1 1 t C
! - 1 1 1 1 -
! -7 1 ! i 1 o
[ 1 ' ' 1 -
_\ 1 i ! 1 -
A t 1 ! t "
(1 i 1 I H i
—_—ﬁ—————.—1—~—_————ﬂd——_—___—ﬁ—\mn—ﬁ_—~.__.———___~___dﬂ—\ﬂ—__
[en) O o [ ] Q Q O
m A — o [o)] s8] [n N
«t i <~ i

M) 3HN1BH3dWAL

0

Fig. 9



(M) ¥0 YIMOJ 1H3IH Q3940sEY

o o o o o o
73] o n o n
(V] (V] Lol o=
! ! . | A | Lo _— =
o
I -
1 -
S [
< | -
1 -
2 _ -
2 | :
o 1 — e b e QL
— ! 8
]
R D e ] "
Y I O
T
s L
oo
I o o e e e e N e N ] L
] 10
\ w0 L
) L
| < i
) < -
1 -
b L
' [T -
| o -
1 ™ e
-3 B W e e W e N e o N\ oo .
o E 2 =
m o = L
r~ ™~ »
71.hv N
TR (I N
w > L
— wn < L
]
. T ; o)
s

() °L JUNIBYIINIL THYINID

GYROTRON POWER Pg; (MW)

Center temperature and absorbed power as a function of

the power transmitted in the reference case

10

Fig.



<t

(28]

(,-0) 9 NVl

0.3
0.2
0.1

0.0

e

(W/M401-) b NOILYYINID LVIH MOCONIM

45

40

30

25

20

15

10

RADIUS r (mm)

Radial distribution of the loss tangent and of the
thermal power density resulting at PgP@X in the

reference case

11

Fig.



..3_5_.

(M) ¥0 XN14 LV3IH Tviavy

200
150
0

50

- — - =

e e e M e e e e ek e e e — e DA — e — — e e e o

(;u/M ,01°) ®b ALISNIG XN14 LV3IH viavy

45

{mm)

RADIUS

Curve of the thermal power dissipated radially and the
normalized heat flux density resulting at PgM@X in the

reference case

12

Fig.



._36_

(QW/M,0l-) b XLISNIO XN14 LV3H 3DIVIINS

ATTACHMENT ZONE

(A W8/M 0L} © IN3IDI44300 Y34SNVYL LV3H

RADIUS {(mm)

in the reference case

Curve of the surface heat flux density and the heat
max

transfer coefficient in the cooled zone resultant at

Pg

13

Fig.



- 37 -

ATTACHMENT

DE

COOLING ZONE

—

]llllllll]lllllll l'l ‘l’l 1|]l|flll|‘|‘

TI'Il]‘l]lllllllllllll]'f[ll]‘l]

120 —p------

(M) 3HN1BHdWEL

LR LR — L L L

o
PN

70

60

50

0

g

30

20

10

0

{mm)

RADIUS

Influence of the window thickness on the temperature

distribution in the window

14

Fig.



70

60

0

40
{mm)

30
RABIUS

20

10
Influence of the size of the sapphire upon the temperature

distribution in the window

T T T —
' ! il 1 ) -
' I 1 i ' -
1 w x = ) 1 ' ' -
1 3 (g £ T P ) -
i m 0 1 [} ] i -
B - n F_ :
@~ = T ’ w ) P —
I 1 ] = ! 1 o
| i i i ! i i m ] \\\_ -
1 I i 1 1 -
L] w < -
1 1 ! ) |
1 a = w | ™ T.I! L I -
1 1 1 << ) 1 -
[ ettt [aiadialdhiaind el s - T ) St e —
' | o 1 1 s o
b 1 [ 1 ' o
1 | = ..W_ I \\\ ! r
) | o t T 1
1 [ ._..rl.. .W; = [
t ) .W_ t =y [ C
e e e~ — [ il MBS | IR~ A VN R 49 4 A S .
i ! < t 2 ' =
1 i B i 1 ©
1 f § ) C
] 1 4 ! ! —
t [ 4] ! 1 r
| ' O ) 1 L
t [ w ' 1 -
[ e [ ol o § e | e D S sttt b Sl —
' 1 m 1 1 o
' 1 [ ' 1 -
i 1 W.: 1 | i r
) 1 < 1 ) | N
i 1 wv t | i -
) ' | i =
e e e e e e = | L2 U .
t | \ N
1 i | o
1 t 1 r
1 i 1 -
' [ t ' C
) 1 [ ' -
' 2 ' 1 1 -
it lddir e N i (N P ittt ettt T~ " " T o= b Sl it ——
) | 1 1 »
| 1 1 ) -
| 1 [ 1 o
| 1 1 1 -
1 ' I 1 -
1 ! t ! o
q_‘d—ﬁ1--w-———_——-—m_—q-—_-‘A—W—w_-————_-_m_—-___—_—
O () j) o O
<« o m [e0] NN
~ —t

(M) 3YNIYH3dWIL

0
15

Fig.



70

R it e R et
' o
' =z X E ~N
s W (= v
) m 0 - =
1 m : =z 3
C . -~ o~ w o
= ot it =38 =T el iy Sttt
_ i
X i 1 " by
T
“ [ %o ] w [, _—
Qo o w w. <
] jum ]

39

[
1
1
'
i
1
@] ) O |}
41 D 9 DU
4.. 1

M) FHNIBHAdWAL

e e e = = A

1L

i
- 1|._.I|4|JII,_ TTYTTTY ITJI._‘A.I\“V! [Zam B i .‘ﬂlq'l_.lJlj T TITTT

]||IITTII[IIIIITII!|II]T Tliilll]Tll-;

iTIIl]IlIlI’Y‘IIx’TIlIi

TTT Ty TTTT
H

70

0 60

5

40

0

{mm)

RADIUS

Influence of the thickness of the window edge upon

the temperature distribution in the window

16

Fig.



- 40 -

lllll1[|‘|l|ll'1|7lll|ll'll]1l

ll"]lllll!lllll!ll'

Illlllllllllllllllll

108
106
104
102
100

(M) FHNLYE3dW3L TTHHINID

10

9

WINDOW EDGE THICKNESS h (mm)

Center temperature of the windos as a function of the

thickness of the window edge in accordance with Fig. 16



_41_

ittt il ettt it sttt il ittt sier 11| ndididati ittt —
1 ' o
V= x E ! C
T wn E \ -
i m Vel 1 H
Ml e~ -
= R R T ekl AN 7 2 Rl -
1 1 -
L T T .
X o () X C
' P | [74) t r
1 1 -
il et it el dhttal Bl ey o Al & B il —
1 1 o
i ' L
| } r
1 ! -
1 t -
I ! o
b e e L r
i : C
1 1 o
1 1 o
| i -
] 1 -
! 1 o
1 1
[ e r — |.H|
I 1 o
= N
' ! fo »
1 1 o
i 1 [ 4 -
! 1 ud L
i ' ..U -
__ ||||||||||||| “l b s
. _ = -
_ i o o
] | wd b—
1 ! Q -
__ 1 m o
\ I
e RS T -
1 l ! ) ..W L
i | 1 ! « L
1 i
! ! ! ! =|
I ) 1 ! -
i ! ! i -
b T 1 i F 1T 7T P4 T T 1B T T T 4 H T T T T T T T t T L) b ¥ T ] T H 1 T T T T T ]
_ _ _ _ _ T _ _ i T
[en] (] O [en} o o
g = g ? 3 =

(M) FHNLIBHIAW3L

70

0

6

50

40

30

20

10

0

RADIUS (mm)

Influence of the waveguide diameter upon the temperature

distribution in the window

18

Fig.



42

IllI’llllllIIIIllll||lIlllIlllll"[lllillll1l|lll|llll!ll|l|

100

(M) JHNL1BYI4WIL TBYINTD

0 80 S0 100 110 120

7

60

{mm)

WRVE GUIDE DIAMETER

Center temperature of the window as a function of the

waveguide diameter in accordance with Fig.

19

Fig.

18



- 43 -

o

T, &

A

EFFECTIVE COOLING ZONE

DAO

DAI

i \\\

N

WAVE-GUIDE

VERSION B

ATTACHMENT
SAPPHIRE DISK

Fig. 20 Version B of the flat-collar window geometry



CENTRAL TEMPERATURE T, (K)

GEOM. VERSION B
150 —p === === m e e s e oo 300

T, = 77.35K
{ s = 176mm; h = 5mm

{ _

AVG. VALUE OF TAN 6

i
I =

50 H T T T I T T T 1 TF T T l T T T T T T T T l' T 1 T T 1 T T T [ T T 71 ¥ O
0.0 0.1 0.2 0.3 ! 0.4
GYROTRON POWER Pg (MW) P
Fig. 21 Center temperature and absorbed power as a function of

the power transmitted in the version B collar geometry
with h=5 mm and under other reference conditions

ABSGRBED HERT POWER Qp (W)



- 45 -

- Md e e e e m o — PO
" = un T T T
o ! -
" N . C
' -
1 L] i -
! 2 Z| i :
4 ) m 1 t N
SRR b e R R T R REEREEY: (|t REEh -
! - | ' -
' 0 § r
1 1 1 b—
' 1 1 o
} L t =
i e [ ) L
(i T —
| E " n
X O ! I
=T ! —
| ~ Ll T F
. L
_ n i F
L :
R S u
1 [—
| [
i -
] =
Fmm e m—— e — r
' o
[ [
X r
1 -
' L
; -
Y U V[ DS SO U . S <UD 4 U A I -
' L
| o
! C
' -
t
| :
_ -
T/ A S [ S -
t r
] -
.7 ! r
’ [ -
/ 1 r
/ | r
T 1 ~_ T — T 1 T T _ T T T 1 ~ T LI ﬂm
o] (e} jan}
o
—t

110

D ¢o]

(M) FdN1iBYIdWIL

(@]
N

70

60

50

40

30

20

10

0

(mm)

RADIUS

Radial temperature distribution in the window of reference

Fig. 22

geometry at a coolant temperature of 70 K and medium tan §

values



- 46 -

— 250

(M) *D YIMDd 1B3H 039Y0Sad

)
|

THERMAL RUNAWAY

f

AVG. VALUE OF TA

lllllllll

0.4

0.3

lllllll]ll|l||,|l|||

0.2

0.1

llll[llllllf||l|llll

150 —p-=-==-==-qm-mmmmee—pommemooo-

O °1 JHNLHYIAWIL THYINID

0.0

S0

GYROTRON POWER Pg (MW)

Center temperature and absorved power as a function of

Fig. 23

gyrotron power for the reference geometry with Tp = 70 K

and medium tan § values



- 47 -

(U/M,0L*) b ALISN3O XNT4 LV3IH 3IVIANS

ATTACHMENT ZONE

max .
c X in accordance

RADIUS. (mm)
Curves of g and o in the cooled zone at P

with Fig. 23

1.0 e e e

Fig. 24

(M W/M,0L-) ® IN3JI4430) ¥YI4SNVHL LV3IH



- 48 -

|||||||||||| I VY |

I - - = —
1 t o »
| ) ™~ o
. x E o -
! = ! - = o
' O i z = -
1 m r~ I w o
[ . > L. - S5k .
, [ — . x m T
1 1 L o
) 1] i \ <C »
1 [ - -
) B e | ) - i
1 P w | EA -
[ o -
[ ettt [ S I
1 t O

1 t -
1 pod — -
1 ;> -
. | < i C
! 2 W -
e e e e = [P = . r
| ! 2 -
! ! = r
! ! = r
1 ' -
I I -
| i C
) 1 -
[ttt Fo--~-"-~-=----- -
1 | -
1 1 -
[ 1 r
1 | I
1 ' -
I 1 b
e e e e e e [V BEN SN 2l . S A ) 17 AU Y A L r
t i -
! 1 o
! i C
1 ) -
) 1 ' -
] ) ' C
[ i 1 -
it [t e P 2l PN\ Aaliali iU ol B ey —
1 1 1 -
1 1 1 -
1 1 1 r
1 ' 1 »
' l 1 -
i f i -
1 i \ i R 1 L [
~J‘A— ﬂ-,_ T T T 1.1-\1##,— LI R B § M T T T 4 —1_ T _ T E § T _ T T T T — T T T 7T — T T T T

(@] ] () Q O (@]
QN <« o (@)} w M
~ ~ i

(M) 3UNLBHAdHEL

70

5

50

40

20 30

10

0

RADIUS {mm)

Influence of the coolant temperature upon the temperature

distribution in the window of reference geometry at
P, = 0.3 MW

Fig. 25



- 49 -

2 o
| i [ 3 | S L I € I I ..4||7r
t 1 ~ 1 ' r
| ' 1 1 -

4 w x E l (S s 1 C

1 b [V E 1 = [ i -

! m O ! - 1 1 -

3 o 7 ~ 1 —.—N._ o 1 i - o
L : L T O o 1 IO bm et e e e e SSRGS G OO 3 SO S .
RS T W (] ! ] { PO
) 1 J 1 ' |

| 1 it H] i < 1 1 1 C

[ 1 - i 1 1 —

1 O w ) - 1 ' \\_ o

| P T v ] < N N L

! _.m. 1 I )
" 3 - H F w0
1 |V t 1 I

1 |t ) ! -

[} P> T +— ~

| 1 <€ | ' -

1 = = 1 i o

e e e e e e e - — = r..||»0T ||||| [ d o e e — [ O
| 1 o 1 I 1 Lo
' | = 1 f i r

1 [ = | [ 1 -

! 1 ' ' | L

t i 1 1 ) t

i ! 1 | 1 C

[ 1 i t ' o

| 2 | 2 | e ey A A [ e 'ilr,J‘Du
[ i 1 1 1 "

[ 1 ! t t -

t t 1 t 1 o

1 ' ! | 1 C

1 t \ ' i o

| 1 1 1 ' N

e e e et e = = U [\ N, 1 O U lm
' 1 [ L

t ' A - [ o

! 1 w t -

1 ] [»] 1 ﬁl

' ' t

1 1 /wy/\ EUL ' o

| L b -1 - o
e e Tk T O r

) ) 4/4. AVn ' ro<
! ) i L

! I =z I r

t t = '

1 1 = | r

1 1 [ 1 o
”’—\. T ¥ — T T w_—_~—|_w—~ ,_\ﬂ T L T — T 7 ¥ T m T T T — T T T H “ T T T T _ T T 1T 71 O
[&n] (e8] (] Q o O
QY] -t o [0)] s8] M
ot w—t —t

(M) FHN1YHIdW3L

{mm)

RABIUS

Radial temperature distribution in the window for various
values of tan 6 on the basis of reference data and

Fig. 26

0.2 MW

Po =



_50..

1
i
1
1
1
i
-4
I
t
|
}
i
1
1
]
1
i
1
t
-
t
1
i
|
[
1
1
1
'
i
|
'
1
1
1
i
'
(
3
|
|
1
1
i

MENT

COOLING ZONE

50

ATFAEH

50

1|(|l]|rl|llil Y||ITII|\II|!

0

4

0

3

e F T T L - A i A A A e B TN

20

—

ll]lIY||l]r[1l'l|IOIIIITTTIII]I||I]|T]1I
i

10

~¢
=
;
1
!

0

au__d____m__—\l—\__\l_—_

LA M St B B
o] j] O O
[0)] [sn] RN

) JHN1H3dIWIL

RADIUS (mm)
Radial temperature distribution in the window of the

reference data and under the assumption of minimum

tan § values

Fig. 27



CENTRAL TEMPERATURE T, (K)

....51_

S R R SR E R T EEEE L L LT PP TP REPPEERES — 300

1.76 mm

L
w
H

|
R
S
|
|

ABSORBED HERT POWER Qp (W)

50 IID'Illll[llllIIfllilllll’llIlllllIIVllilllllllll‘llllllillillllll|l|l’lll[l1lI 0
0.0 0.2 0.4 0.6 | 0.8
i
GYROTRON POWER Pg (MW) pEAX
Fig. 28 Center temperature and power absorbed in the window as a

function of the power transmitted for the reference geometry
with minimum tan § values and T, = 77,35 K



_52_

150 —5------==-q------ - e Sl R S ~ 300
i § [} ]
Tc = 70K | | |
| : ' THERMAL
1 s = 176mm ! ! | RUNAWAY [
| t t {
MIN. VALUE OF TAN § : | b L oso
H I i 1
} | : | i
s - - | | | :
: | | : 200
© | | 1 1
= i i | | -
il 1 | | I | s
o 4 1 I 1
o 1 i | | -
(._ i 1 1 1
cC ! ) | ! L
o t ] ! 1
é 100 -*~--------+4 -------- e L f - - 150
Ul ! ' ' |-
= : | I |
_J | 1 l i I
[an 1 I 1 L
- - 1 1 1 T -
— 1 1 1 1
= 1 1 1 1 L
8 | [ 1 t o0
 <— T, | ' -1
| \ To ! . | i
t ] 1
: ! | i I
| < : | [ .,
| Qg = | _
] I | | ; I
I I 1 i
: | i I } |
50 llll'lIlII||l|||lllillllllllllllll‘Illlill'l]l,lll|lll||||ljll||l|llll]|llllllIlilllllllllll||l[l|ll O
0.0 0.2 0.4 0.6 0.8 | 1.0
i
GYROTRON POWER P (MW) PgAx
Fig. 29 Center temperature and power absorbed in the window as

a function of the power transmitted for the reference
geometry with minimum tan § values and TC = 70.K

ABSORBED HERT POWER Qg (W)



CENTRAL TEMPERATURE T, (K)

150 —p-----m-----mpmmmm s s R — 300
| i ]
Te = 77.35K | | _
1 ¢ = 176mm THERMAL RUNAWAY !
1 1 |
MAX.VALUE OF TAN & | f !
t t - 250
| : -
1 1
| i -
i t
: ! i =
1 l =
: : —200
| | S
' : - o
: - B
\ i a
, R CECEE +150 &
| | ~ r
i ! -]
i 1 2 il
[ 1 [en]
I 1 o (am)
| ' [os]
t ] - [°D]
! ) ! an]
| : | —100 <
l ; i ~
: | | -
1 | 1 i
l : ;
| | \ I
| : : - 50
i t ' -
] | | |
1 1 1 B
| L ? -
a | | |
50 T T H 'T‘ T T i 1 LU N ' T b 1 T i |'| ‘TI T i T 1 ifl IR i T 1 T O
0.0 0.1 0.2 0.3 0.4
p A
G
GYROTRON POWER P, (MW)
Fig. 30 Center temperature and power absorbed in the window as a

function of the power transmitted for.the reference geometry
with maximum tan ¢ values and T, = 77.35 K



CENTRAL TEMPERATURE T, (K)

_5("._

150 —--=----------pmem oo m e I il S bbby — 300
Te = 70K ! : i
1 s =176mm : ‘ [
[ THERMAL RUNAWAY N
MAX. VALUE OF TAN & | i
| n f. — 250
1 1 ! I -
) I l I
: : | — 200
1 1 i
| I i
] I ] -
i ! !
) ) | "
100 —f---mmmmmmm b e oo - 1 ~ 150
] i [ I
B | i
: / : : — 100
] ) ) | I
: O"R» ! I ]
. : l - S0
| : ! 8
50 T T 1] T ¥ T 71 i T T T " T T T T i T T T ‘ 1 T T Fi Al T T ] T r T T O
0.0 0.1 0.2 lo.3 0.4
’ LMAX
GYROTRON POWER P; (MW) 6
Fig. 31 Center temperature and power absorbed in the window as a

function of the power transmitted for the reference
geometry with maximum tan § values and T, = 70 K

ABSORBED HERT POWER Qg (W)



- 55 -

et el £ nfniiiidhaiatiaiall; {iiediafiaiietindifiosiindiaiis St et i aliaiie I ety —
1 ' “ 1 L
| ' 1
i 1 ' r
1 | ' L
1 ' |
i i 1 -
e e e e [y AU SRy AR PRSP | MDY PR QU S L
' 1 '
1 [ ) -
[ ' [ L
1 i
i [ I~
t 1 X -
R ! ST R D -
i 1 ¥ [ X} ”
1 i = "
! | ! ~ID ~
' L

“ 1 | nEn n L

) 1 _
1 [ ' T..L TC_ I~
e e e e e e e [ SIS N US| WY SNy { R |
1 | 1 |
I 1 | -
' 1 1 t L
' | 1 )
“ " 1 v . 1 r
! 1 AW =z n i
[ttt el 17 Sttt ey’ fiieieliali el sl el sl alieh - Gt fu Tlaieddiediadidialitie —
" ~ - 1 s

V

T8 '

1 1 [} L ] o
1 ) | © | L
1 1 Y w )
] 1 D 1 I~
| PO A | I - fF L - [ N R L L
' ' 1 S '
' 1 ! > \ r
1 ' 1 i L
| i ] > l
1 i 1 <C 1 3
| 1 1 b 1 L
[ 1 1 |
[ty Sl ittty Ao -t i Bl —
' t 1 t L
' 1 [ '
} i 1 | B
' ' 1 1
) i ' | i
1 1 ] 1 o
I ﬂ t T t T

nU- k= [QV] (en]

~t (ws] (e O.

(MW) od LIWIT H3IMOd

NOHLOHAD

3.5

1.0 1 2.0 2.5 3.0

0.5

0.0

WINDOW THICKNESS s (mm)

Maximum power transmitted for the reference geometry
as a function of the thickness of the window, the

coolant temperature, and the loss tangent

Fig. 32



_56_

|
|
, o
1 I
1
. L
i L
1
- b
1 L
I
, L
i L
|
. L
L e
_ T
. -
t -
1
X X
! L
|
r | ieiadha et 0. Uttty Sttt et -
t 1 L
i 1
I ) -
! 1 -
i |
| ! ™
[ RO Y VU N U L
1 i
' 1 o
i t b
1 1
) | [~
[ )
' | ﬁ
r | il ettt dhaliniiettalindiaiintiediathatinini Shalifie \y Sufindiaibaiieeialititiy
[ 1 | [ 1 -
1 I ) | )
1 1 1 1 [ -
' t 1 1 1 I
1 [ [ ) 1
1 | 1 1 1 o
w‘l—‘— ——_ L9 T -w-. -_ -.jw—[_l-l—_‘-'—‘w-_ LI | _lw—a_lmu—‘- LA AR N
jas)} o o o o o
Q (@] [} O o
[¥p] = m o i

h3;<md NOTI1HNJBAT 1Y3H BI0dY WNWIXBW

1.5 2.0 2.5 3.0 3.5

.0

1

0.5

0.0

s (mm)

WINDOW THICKNESS

Maximum radial thermal power at runaway as a function of

Fig. 33

the thickness of the window, and the coolant temperature



- 57 -

Illllllllllll!llllT_‘

'I!’\Y!llll!l]ll‘ll[lll[

||ll|l'l|’\llIIII(T[_T1III|I

— e e

ljllll‘ll!l

400 —p-----

0

(ON-6%/7) % 1H3H 214123dS

80 80 100 110 120 130 140 150

70

TEMPERATURE (KD

Specific heat capacity of sapphire /4/ and

18/12 stainless steel /5/

Fig. 34



- 58 -

TRANSIENT CALCULATION
= 1.76 mm

Te = 77.35K

e |

———— e —

B L e

-—————— - -

—— =

L L I i i

i
t
i
i
1
I
I
]
e e e e e - - - —
I i
| i
1 i
| 1
b 1
H |
i t
i I
Ir == - m - - - - [ od
i i
| i
I i
t |
i i
1 i
| {
1 i
o T T T T o T o T e r
i I
i |
| {
1 i
{ )
i |
1 |
| i
I i
| 1
| |
| |
! 1
§ I
i 1
i t
O o @]
N w wn
~ -~ <

=+

[aVY]

(M) FHNLIBH3dW3L TBHINTD

o
—
<

qa\]__uﬂ_“ﬂ_“nw_—-w____—-___wq_-_—-—__

o
o
—

1

.0

0.8

0.6

0.4

0.2

0.0

(s)

TIME ¢t

Fig. 35

Development, as a function of time, of the window center

temperature in the reference case at P

c = 0.33 MW

PGmaX) and 0.5 MW

-~

(



_59_

TRANSIENT CALCULATION

[ Raladihie it ~Galindit i r
| ' 1
' 1
| | '
) 1 |
l l
) t 1
1 1 1
' i |
[ [ N P
1 1 |
i '
| ) |
1 | |
' ' i
t | 1
' ) 1
e e e e e e o e e e e e L
1 1 i
1 | i
1 t [
) I 1
1 ' 1
t 1 '
1 ' )
1 ' 1
e e e e e =
' | )
" e ) _

1
| =z |
| < ' 1
| — | i
) t 1
" L _ _
' o | 1
' ) '
| ¥ ow R X
i v 25 ) !
1 m i t 1
i - < N t |
[ r~ > . 1 1
! ~ <o 1 i
1 | 1
g |
1 w > v i
! — < O ! !
1 1 1

Q O (@] [an} Q

[e)] o] M~ [de] LN

<~ ~ ~ i <~

140
130
120

(M) JHN1bd3dH3L TIBYINID

A T e L s

110

e e e e e e e — — = — —

100

- —— e = =l

90

80

70

1

1

0.8

0.6

0.4

0.2

G.0

TIME T (s)

Development, as a function of time, of the window center

Fig. 36

the window thickness at PG = 0.5 MW

temperature vs.



