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ABSTRACT

A novel distributed window for output radiation from a high pover 110GHz
gyrotronis made of thin dats of sapphreinterleaved and krazed to hdlow metal
vanes. We report the results of eledromagnetic theory and cold test of this
distributed windowv. We cdculate the frequency dependence of the refledivity
of aGausgan bean from the window. The theory indicaes a significant
frequency shift of the minimum refledivity with temperature rise of the sapphre
dab. Thiseffed is of grea importancefor high powver operation. In cold test, the
distributed window refledivity was measured whil e the window was heaed. The
cold test results are in good agreement with the theory.

1. INTRODUCTION

Development of high paver microwave sources for fusion appli cations
islimited by the avail ability of suitable vaauum windows in the 100to 200GHz
frequency range. A novel distributed window for high powver gyrotrons operating
at frequencies 110and 170GHz has been proposed in [1]. Codling the whole
areaof the window all ows operation at a very high powver of the incident wave.
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Fig. 1. Four sedions of the distributed window.

As fiownin Fig.1, the distributed window consists of arrays of thin sapphire
slats sparated by tapered metal (niobium) vanes. The sapphire slats are brazed
to the metal. The dedric field of the incident linear poarized waveis
perpendicular to the vanes, and the sapphire dats are resonant for the operating
frequency of 110GHz, so that the refledivity from the window is small. Every
vaneishadlow so that water codant can passthrough it. Efficient codling of the
sapphirewill alow high paver (IMW), long pulse (10sec) operation d the
gyrotron.

In the paper [1], asimple theory of refledion from adieledric slab was
applied to cdculate the sapphire thickness The numericd thermal and stress
cdculations aswell asthe dedromagnetic cdculations using the time-domain
code have been dorein[2]. In this paper we focus on the dedromagnetic
analysis of the distributed window. Spedficdly, we examine the dfed of the
shift of resonant frequency of the window caused by the tapers cortiguous to the



sapphire dats. In addition, we cdculate the refledivity of a Gausdan beam from
the window.

The experiments with the gyrotron window indicaed a 100K
temperature rise of the sapphire during long pulse operation. The temperature
rise changes the dieledric constant € of the sapphire by an amourt Ae which
results in aresonant frequency shift Af/f=-Ag/(2¢). Below we analyze this
frequency shift using dieledric constant data[3,4]. We asume that the heaing
affeds the sapphire dieledric constant only. The temperature expansion d the
sapphire and metal part can be shown to be amuch smaller effed.

2. REFLECTION OF A PLANE WAVE

The symmetry of the incident wave permits usto passover from the
problem of diffradion at the periodic structure depicted in Fig. 1to the problem
of the TEM-mode refledion and conversion by the irregular planar waveguide
with adieledric slat. This waveguide (Fig.2) corresponds to aunit cdl of the
structure. The regular waveguide dimension 2a and the sapphire height 2b
(Fig.2) are chosen to provide single-mode operation d the waveguide; that is,

2a<A and 2o<A/n , where A isthe freespacewavelength, n= Je istherefledive
index.

phase front

Fig. 2. Planar tapered waveguide with a dieledric slab modeling one period of
the window structure.

Sincethe operating frequency iswell below the aut-off of the first
higher-order mode, the step-wiseirregularity resultsin excitation d an



evanescent higher-order mode. The amplitude of the evanescent mode can be
estimated using the theory of irregular waveguides [5]. To make this amplitude

negligible, the foll owing condtion hasto be fulfill ed%@2 <<1,

h3a2A
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where 9, isastep-dimension (Fig.2), h = \/?é —%T% isthe
a

propagation constant for the first higher order mode.
For the single-mode waveguide we ca use the dementary formula of
the slab theory to cdculate the efficient of refledion at the dieledric dab [6]
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where D is the sapphirethickness r,, = _n_+1 istherefledion coefficient
n
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from a dieledric-vaauum boundxry, k = 7” is the wavenumber.

If the angle of tapering a is gmall, a<<1, andthe steps d,, <<A ,the

coefficient of refledionr from the dieledric slat contiguous to two tapersis
dightly different from rg (Eq. 1). We cdculate it using amodification d the
theory of dlightly irregular waveguides[5].

The oefficient r, of the TEM-mode refledion from the taper is
given by the expresson:
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where L isthe taper length, v =tana . Here we take into account that the
TEM-mode phase-front is cylindricd in the taper (Fig. 2). The phase-front radius
varies from (b+4,)/v to (a-&;)/v aong the taper.

The wefficient of refledion from the dieledric-vaauum boundiry
including the taper is given by:
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Finally, the wefficient of refledion from the waveguide including two tapers
andthe dat can be expressed as

(= 1+ {— Fo” + I €XPE2 knD)}
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where [denates the complex conjugate value. Using Eq. (4) we can evaluate the
sapphire dat resonant frequency shift due to the tapers contiguous to the slat:
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where K, isthe resonancevalue of the wavenumber cdculated from the slab

theory.

Therefledion coefficient, Eq. (4), derived for the plane wave, is
equal to Oat the resonant frequency. However, in pradice aGausdan beam of a
finite waist is utili zed. Diffradion scatering of this beam at the window results
in nonzero refledivity at the resonance.

3. GAUSSIAN BEAM SCATTERING THEORY

We will next consider the diffradion d alinealy-pdarized Gausdan
bean at the grating of the distributed window. The dedric field of the incident
beam is perpendicular to the waveguide elges and has a Gausdan field

distribution:
2 2
E, Dexpe- 2
2W

wherew isthe waist dimension, the x-coordinate is transverse to the vanes whil e
the y-coordinate is along the vanes.

To acourt for afinite width w of the beam in the y-diredion, we
modify Eq. (4) for the refledion coefficient:




Ly ey expl2ioy)}

5 > : (6)
1+ry 1-r,:" exp2idy)

where
D

knw?

®, =knD —%tan'1

isthe Gaussan beam phase difference d the dieledric thickness The expresson
for ®y indicaes that the beam phase vel ocity is diff erent to that of the plane
wave. Comparing Egs. (4) and (6), we obtain the resonance frequency shift due
to afinite width of the beam: Af/f=1/(2k’n’w?) .
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Fig. 3. Gaussan beam scatering at the metal grating.

The other, more important issue éou the Gausdan beanisthat a
nortuniform field dstribution in the x-diredion leads to excitation d higher-
order modes in the tapered waveguides between the vanes. A higher-order mode,
which has been excited in the down-tapered waveguide, refleds from the taper.



Thisincreases the refledivity as compared to that for a plane wave (Eq. 4), so
that the refledivity isfinite & the resonance To examine the scatering of the
Gausdgan beam at the window we mnsider only the first TM-mode with the

eledric field dstribution E, O sin(rx/ 2a) exp(-ih, z) in the waveguide

sedion d thewindow grating; h, = \k® — (71/ 2a)* isthelongitudinal wave
number.

To model the excitation o the TEM-mode and TM-mode in the
waveguide sedions of the distributed window, we examine scattering of the
Gaussan beam at the grating consisting of the metal planes x=(2m+1)a,
m=0.t1,+2,...,220 (Fig. 3).

We mnsider threeplane waves at z<0 and with the propagation
angles 0, ¢o and (-o):

E, =exp(-ikz) +%exp@lo<sin¢o —ikzcosp,) +%exp(—ilo<sin¢0 —ikzcosp,)
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The problem of scattering of a plane wave & a grating of metal
planes has been solved in [7]. According to this theory, the anplitudes Ty of the
TEM-mode and T, of the first TM-mode excited in the waveguide of the grating
by the plane wave with the propagation angle ¢, are the foll owing:
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here n =kasing, / .
Using Eq. (7) for T,(¢,) of the TEM-mode excitationwe find the
coefficient of Gausdan-bean refledion from the window grating
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wherer isexpresed by Eq. (6), and 2M+1 is the number of the waveguides
covered by the Gausdan bean.

4, RESULTSOF CALCULATIONSAND MEASUREMENTS
In the mld test, the transmittance of the Gausdan beam at frequencies
around 110GHz was measured. The Gaussan bean was launched from a

corrugated waveguide and had aflat phase front at the waist w=7.2mm at the
window. The distributed window was heaed during the measurements.
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Fig. 4. Refledivity of distributed window vs. frequency at T=300K: sapphire dieledric
constant €=9.40, 1 —slab theory, 2 - Gaussan beam scatering theory, 3 (squares) —
measurement.

We use Eq. (8) to cdculate the distributed window refledivity as a
function o frequency for the Gausdan beam with w=7.2 mm, and compare the
cdculationsto the measurements. Based onthe experimental results[3,4], we
suppase that the sapphire dieledric constant varies from 9.40to 9.47while the
temperature rises from 30K to 37(K.

The dimensions of the 110GHz distributed window are given in Table 1.



Table 1. Distributed window dimensions.

Sapphire thicknessD (mm) 2.67
Sapphire height 2b (mm) 0.73
Distance between vanes 2a (mm) 2.39
Vane transitionlength L (mm) 4.10
Transition angle a (deg) 9.58
Small thicknessof vane 26, (mm) 0.18
Brazing material thicknessd, (mm) 0.05
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Fig. 5. Refledivity of distributed window vs. frequency at T=370K: sapphire dieledric
constant £€=9.47, 1 —dlab theory, 2 - Gausdan beam scatering theory, 3 (squares) —
measurement.

Figure 4 shows the frequency dependence of the refledivity
cdculated using Eq. (1) in the simple slab model (curve 1) and wsing the
Gausdan beam scatering theory (curve 2), and the measured refledivity (curve
3) for the sapphire temperature 30K (dieledric constant €=9.40). Figures 5
plots the same for the temperature 370K (€=9.47). Equation (8) isused to
cdculate the refledivity of the Gausdan beam, where 2rm=24° and M=3. The



scatering theory gives aresonance frequency shifted by 0.3% with resped to the
slab theory. Both theory and measurements indicae that the resonance frequency
shift caused by the temperature riseis sgnificant, it is 0.4% for the temperature
rise of 70K. The cdculated refledivity at 110GHz is 2% at 300K, and increases
to 6% asthe temperature increases to 37, and higher with further temperature
rise.

CONCLUSIONS

We devel oped the theory of transmisson and refledion d a Gaussan
beam at the grating of the distributed window. The theory adequately models the
cold test. The distributed window refledivity is cdculated, and agood
agreement between the theory and the measurements is demonstrated. We
conclude that the tapered metal sedions of the distributed window lead to the
resonance frequency shift that we have to take into acourt for designing the
window. A temperaturerise a well affeds the window performancein along
pulse operation d the gyrotron.
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