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RESUMO-NOTAS/ASSTRACT-NOTES ' 

Practical considerations for the beam collector and output 
window design of a 35 GHz, 100 kw gyrotron are presented. A ballistic model 
for the electron flow in the collector region is developed with the 
subsequent determination of a large collecting area to withstand the power 
deposited by the impinging electron beam. The cooling system has been 
devised in order that the collector coll-down time be compatible with the 
pulsed regime of one shot per minute. Thermophysical properties of dielectric 
windows relevant to powerful gyrotrons are also reported. 
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RESUMO 

Considerações praticas de projeto do coletor de elétrons e 
ia janela de saída para um girotron de 36 GHz, 100 kW são apresentadas. De_ 
senvolve-se ur. modelo balístico para o fluxo de elétrons na região de co_ 
letor com a subseqüente determinação de uma área ativa suficientemente ex 
tensa para coletar com segurança a potência depositada pelo feixe de eVè_ 
trons. O sistema de remoção âe calor é planejado para que o tempo de res_ 
friamento do coletor seja compatível com o regime pulsado de um disparo 
por minuto. Propriedades termofísicas de janelas dielétricas relevantes 
para girotrons de alta potência são também avaliadas. 
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1 - INTRODUCTION 

This report presents practical considerations in the design 

of the beam collector and output window for a 35 GHz gyrotron (Fig. 1) 

which is in course of construction at INPE. This gyrotron has been 

designed to have an output power of 100 kU and to operate in the TE021 

mode with an overall efficiency of 35% (Table 1). 

In Section 2, a ballistic model for the electron flow in 

the collector region is developed with the subsequent determination of a 

sufficiently large area to withstand the power deposited by the impinging 

electron beam. Assuming a simplified geometry for the convective heat 

transfer mechanism, the collector thermal behaviouris analysed. Calculations 

indicate a suitable scheme to remove the absorbed energy so that the 

collector cool-down time be compatible with the pulsed regime of, 

aproximately, one shot per minute. Thermophysical properties of advanced 

ceramics are treated in Section 3, which gives a quantitative estimate 

of performance of such materials when used as dielectric windows in 

powerful gyrotrons. Conclusions are presented in Section 4. 
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Fig. 1 - Schematic of the 35 GHz gyrotron. 
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TABLE 1 

DESIGN PARAMETERS FOR THE 35 GKz GYROTRON 

Maximum output power (kW) 100 

Operating frequency (GHz) 35.0 ± 0.1 

Nominal mode TE02i 

Beam voltage (kV) 50.0 

Gun-anode voltage (kV) 24.5 

Transverse-to-axial electron velocity ratio v1/vn 1.5 

Laminar beam current (A) 

Cathode magnetic induction (kG) 1-05 

Cavity magnetic induction (kG) 13.2 

Collector magnetic induction (kG) ° - 6 5 

Beam radius at the entrance to the cavity (cm) 0.720 

Overall efficiency (%) 35 

Pulse width (ms) 20 

Duty factor (%) 0.04 
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2 - BEAM COLLECTOR 

The collector consists of a copper cylinder of 6.35 cm 

internal diameter. The active length has been determined studying the 

pattern of deposited energy by the spent beam on the inner surface. By 

means of additional solenoids, the electron trajetories could be 

controlled to some extent in order to restrain the energy flux density 

to a maximum tolerated value of 2kH/cm2. The ballistic model incorporates 

the action of both magnetostatic and Rf fields on the beam. The off-axis 

magnetostatic field components are obtained by the following expansions 

BZ(R, Z)=B2(0, Z) - R'Bi; (0, Z)/4 + R*B™(0, Z)/64 (1) 

Br(R, Z)=-RB' (0, Z)/2 + R
3BJ' (0, Z)/16 (2) 

that include the on-axis values and their derivatives up to the fourth 

order (Vaughn, 1972). These expansions are apt to be far more acceptable 

since its is verified that adding the higher order differential terms 

-R'B*1 (0, Z)/2304 and -R5B* (0, Z)/384, to Equations (1) and (2), 

respectively, does not significantly improve the accuracy of the results. 

The magnetic field required for gyrotron operation, as 

shown in Fig. 2, is produced by three systems of compensated coils to 

give high field homogeneity in the gun, cavity and collector regions. 

The main system is -ade up of 20 conventional water-cooled solenoids, 

epoxy cast in pairs and fed by a current of 1 kA, which produces a flat 

top magnetic field axial distribution with peak value of 13,5 kG over a 

length of 13 cm. The collector coil parameters, namely its location, 

inner and outer radii and current density, are chosen in order to 

generate in the collector region a plateau of 0.65 kG. This value, 

according to the adiabatic approximation, makes the beam guiding centre 

radius to be equal to the internal collector radius of 3.18 cm. By this 

arrangement, the fastest electrons «mong those leaving the interaction 

region could be preferentially collected, owning to their larger 

gyroradius, at the beginning of the flat portion (z si 10.0 cm) in the 

tail of the axial magnetic field distribution. 
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Fig. 2 - Axial magnetic induction profile (a) and the corresponding 
solenoid system (b). 

As shown in Fig. 3, the collector system operates as a 

magnetic energy filter in the sense that the impact position of each electron 

depends upon its own remaining energy. Notice that the electron #3 of 

lowest final energy (relativistic factor Y=1.030) has the smallest 

gyroradius and is collected ?t the position 2*126.5 cm. Thus, the 

collector has an active length of 13 cm. In the case of Fig.4, for which 

the Rf field in the cavity is turned off, this i.?ngth is reduced to 3 cm. 
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Fig. 3 - Longitudinal view of electron trajectories in the collector 
region. The marked numbers indicate the particle phases over 
the initial gyration circle: 1(0°), 2(90°), 3(180°) e 4(270°). 
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Fig. 4 - The same has in Fig. 3, except for the RF field in the cavity 
which has been turned off. 
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The following analysis of the collector thermal 

characteristics is based on asiaiplified geometry through which an 

appropriate heat transfer mechanism is envisaged. An important feature 

of this stuty concerns tr- evaluation of the collector cool-down tine 

to determine whether the body temperature reaches its base value 

before tne application of the next heat pulse. The simplified geometry 

is shown in Fig. 5, where the inner surface is exposed to the impact 

of electrons transferring their kinetic energy to the wall in the form 

of a heat load. To remove the energy form the system, the outer surface 

should be convectively cooled. Assuming a metallic wall of 0.4 cm in 

thickness, the ratio of effective length to the collector thickness 

becomes large enough that a one-dimensional heat flow may be addopted. 

Furthermore, since the ratio of radius to thickness is relatively 

large, the curvature of the system is neglected and the collector is 

treated as Ó flat plate. 

j he 

3I< 

Fig. 5 - Simplified model for thermal analysis. 



The equation describing one-dimensional heat conduction 
in a flat plate of constant properties is written in the usual notation, 

(Arpaci, 1966). 

at 
d20 (3) 

where Ô T-T̂  is the differential temperature with T^ denoting the 
temperature of the ambient at a distance far from the boundaries. The 
thermophysical quantities embodied in the definition of the thermal 
diffusivity a=k/pc are given in Table 2. 

TABLE 2 

THERMAL PROPERTIES OF OFHC COPPER 

Quantity (symbol) 

density (p) 

specific heat (c) 

thermal conductivity (k) 

thermal diffusivity (a) 

Value 

8.95 x 1C3 

381 

391 

1.14 x 10" 

MKS units 

kg/m3 

J/kg K 

J/msk 

m2/s 

The boundary condition 

Í- k 3 © 
?x x=0 

(4a) 

for x*0 states that the incident heat flux is equal to the heat flux 

just inside the inner surface. Along the outer boundary x=i (Fig. 5) 
one has a convective condition 

-k|i= he 
3X 

(4b) 
X=£ 

where the constant h is the heat transfer coefficient. As an initial 

condition, the differential temperature is taken to be zero. 
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e(x, 0) = o (5) 

Applying the method of separation of variables to Equation 3 togheter 
with the associated boundary Conditions 4 and initial Condition 5 one 
finds the solution 

q~—~ + fi nli M " cos Xnx 16) 

where 

An = 4/kAn/v2Arf + sin 2ArA) (7) 

and eigenvalues A are the roots of the equation 

\n tan An su h/k (8) 

The coefficient h depends on certain variables that may include geometry, 
flow conditions and physical properties of the convective fluid. However, 
for purposes cf this study it is sufficient to consider the spacewise 
averaged, steady values of commonly encountered heat transfer coefficients 
as contained in Table 3 (Arpaci, 1966). 

TABLE 3 

LIMITING VALUES FOR HEAT TRANSFER COEFFICIENTS UNDER VARIOUS 

CONDITIONS 

Condition 

free convection 

forced convection 

phase change 

gases 
water 
gases 
viscous oils 
water 
liquid metals 

boiling liquids 
condensing vapours 

h(J/m2sk) 
6-30 

120-900 

12-300 
60-1,800 
300-12,000 

6,000-120,000 

300-60,000 
6,000-120,000 
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By assuming an actual efficiency of 0.30 and an effective collector length 

of 10 cm for the experimental gyrotron, the design heat load results in 

q = 8.8 x 106 J/m2s applied for 20 ms. On this basis, even for the more 

string?nt condition (free convection to gases with h » 6 J/m*sk) the 

temperature rise on the inner surface attains a value that is normally 

tolerated in electron collectors. Thus, as displayed in Table 4, 

dangerously high temperatures do not occur. 

TABLE 4 

TEMPERATURE RISE ON THE COLLECTOR SURFACES CONVECTIVELY 

COOLED WITH GASES FOR A HEAT FLUX OF q=8.8 x 106 j/m
2s 

APPLIED FOR 20 ms 

X 

0 

I 

h (J/m* 

6 

30 

6 

30 

sk) e(K) 

76,0 

38,0 

41,0 

2,0 

To investigate the relaxation process, that should take 

place for 50 s time span between the end of one pulse and the start of 

the next, a lumped system analysis is carried out. Since the Biot number 

Bi = h£/k, which is the ratio of internal resistance to the external one, 

becomes relatively small (3 x 10"*) under the condition of free convection, 

it is possible to treat the collector as a lumped system. Applying the 

first law of thermodynamics, combined with the definition of heat transfer 

coefficient, to the lumped system of Fig. 5, results in the following 

formulation for the collector 

PC£^I=-h (T-TJ (9) 
dt 
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The solution satisfying T(0)=TQ is 

T(t) = (T 0 -Tj e"t/x (10) 

where 

T = (1.37/h) x 10* s (11) 

Even taking the highest limiting value for the heat transfer coefficient 

under the condition of free convection to gases (h = 30 J/m2sk), the 

resulting relaxation time is unfavourably long (T = 7.6 min). This fact 

restricts the gyrotron operation since the required thermalization 

process should occur over ̂  3T = 23 mir.. To surmont such a limitation, 

as well as ensure a future long pulsed operation K 100 ms) in a higher 

duty cicle, it is sufficient to use a forced-water cooling system. In 

this case, the lumped system analysis remains valid as long as h <104J/m2sk 

to insure a small Biot number (< 0.1). Assuming, for example, an incident 

heat flux of 1.0 x 107 J/m2s for 100 ms, the relaxation time is reduced 

to 2.7 s and the temperature rise on both inner and outer surfaces 

attains, respectively, 93 k and 48 k for h*5,000 J/m2sk. From ths above, 

the gyrotron operation with a duty cycle of 0.2% could be safely achieved 

by means of forced convection with water. 

3 - OUTPUT WINDOW 

The output window for gyrotrons is made of advanced ceramic 

materials (Heidinger, 1988) that exhibit favourable characteristics for 

microwave transmission such as high thermal conductivity, small coefficient 

of linear thermal expansion, good mechanical properties and typical 

dielectric loss tangent about 10"1*. However, many if not most gyrotron 

failures are due to fracturing of the window arising from waveguide 

arcing and tensile stresses caused by temperature gradients. Bases on 

simplified models, the following is an analysis of ceramic materials 

relevant to gyrotron windows to put into perspective the constraints 

associated with high power handling capability. 
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Firstly, consider the dielectric power loss density for 

TEQ in a uniform guide 

Pd = 2 Of (kx p R) "2 (xop) (l-A
2/\*) er tan 6 (12) 

where P0 is the incident power, kj.op/Rw is the transverse wavenumber 

with x o p and Rw denoting, respectively, the p-th nontriviai root of the 

Bessel function J1(X)=0 and the waveguide radius; X C = 2TTR W/X 0 P is the 

cutoff wavelength; e r and tan 5 are called the dielectric constant and 

the loss tangent, respectively. Using the approximation J52(Xop) s4.932 

(p + 1/4) and noting that the highest value for P(j occurs at the first 

peak (1.841) of the Bessel function (Ji(l.841)=0.5818), Equation 12 is 

reduced to 

pd = 3.34 - ? % (1 - A*/**,)" 1/ 2 (p + 1/4) e r tan 6 (13) 
A Rw 

Inserting the design values of the 35 GHz gyrotron, p = 2 (TE02)» 

A = 0.857 cm (35 GHz), Rw = 3.18 cm, P0 = lOOkW into Equation 13 one finds 

Pd(kW/cm3)=91.0 ep tan 6 (14) 

On the basis of this result together with the available data in Table 5, 

the dielectric losses per unit volume as well as the temperature rise 

6sP(j At/c for a pulse length At = 20 ms are evaluated (see Table 6). 
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TABLE 5 

PHYSICAL PROPERTIES OF CERAMIC MATERIALS COMMONLY USED IN 

SYROTRON WINDOWS ( ,: TENSILE STRESS, E: ELASTIC MODULUS, 

cT: COEFFICIENT OF THERMAL EXPANSION, C: THERMAL CAPACITY, 

k: THERMAL CONDUCTIVITY^^ DIELECTRIC CONSTANT, 

tan 6: LOSS TANGENT 

Material 

(manufacturer) 

a z (Pa) 

E (GPa) 

aT (IO"
6 K"1) 

C (J/cm3 K) 

k (W/mK) 

Er 

(at 9.4 GHz) 

tan 6 (10—) 

(at 9.4 GHz) 

A1203 961 

(Coors) 

239 

303 

6.0 

3.54 

24.7 

8.9 

10.0 

A1203 99.5X 

(Coors) 

253 

372 

7.1 

3.69 

35.6 

9.7 

1.5 

BeO 961 BeO 99% 

(Consolidated Beryliurn) 

156 

289 

8.65 

3.26 

239 

6.51 

10.0 

156 

358 

8.47 

3.41 

297 

6.60 

2.4 
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TABLE 6 

DENSITY OF DISSIPATED CW POWER AND THE CORRESPONDING TEMPERATURE RISE 

IN 20 ms. -prf IS THE AVERAGE POWER DENSITY FOR A DRIVING PULSE OF 

100 kW HAVING 20 ms IN WIDTH AND A REPETITION RATE OF 0.02 s" 

Material 

pd (kW/cn»3) 

pd (kW/cm3) 

e (K) 

A1203 96% 

0.81 

0.32 

4.6 

A1 20 3 99.5% 

0.13 

0.052 

0.72 

BeO 96% 

0.61 

0.24 

3.6 

BeO 99% 

Ü.14 

0.056 

0.82 

Also, the following expressions are used to determine the maximum values 

of both e and pj that the dielectric could withstand (Table 7) under the 

condition of radial cooling 

emaxs*2/EaT (15*) 

P H m a„ =
 4 k e"**/Rw (15b) 

d,max w 

Expression 15b for the maximum density of dissipated power is derived from 

a simplified model where a infinitively long rod of radius Rw with 

uniformly distributed heat sources and constant thermal conductivity is 

considered. By assuming steady state heat conduction, the absorbed energy 

is equal to the total heat that is radially transferred by conduction to 

the cylindrical wall. 
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TABLE 7 

ESTIMATES FOR MAXIMUM VALUES OF DISSIPATED POWER PER UNIT VOLUME AND 

TEMPERATURE RISE. IN THE CALCULATION OF Pd IT IS ASSUMED THAT THE 

TOTAL GENERATED HEAT WOULD BE RADIALLY TRANSFERRED BY CONDUCTION TO 

THE CILYNDRICAL WALL 

Material 

Pd,max<kW/cm3> 

9max ( K ) 

A1,0, 96% 

12.8 

131 

A1,0, 99.5% 

13.6 

96 

BeO 96% 

58.9 

62 

BeO 99% 

60.3 

51 
_._ _ . _ 

The data in Table 6, when compared with those in Table 7, 

insure that the absorved power could be removed by radial conduction to 

the wall. 

Considering another case of heat conduction (face cooled 

window), one assumes that all the heat generated within the dielectric 

disk is transfered to the cooled side of the window. Therefore, under 

steady state condition one has e=(p£j/2k) i2, where i denotes the disk 

thickness. Thus, for face cooled windows the maximum dissipated power 

density is 

P d , m a x = 8 k e m a x V n 2 * 2 . " = 1 . 2 , ..., (16) 

where the window thickness is taken to be equal to an exact multiple of 

A/2 /er in order to prevent reflection of incident waves. Substituting 

into the above expression the values for emax given in Table 6 and using 

Pcmax"1-1 Pd,max (kW/cm3)er tan 6 

obtained from Equation 13, one gets, for na3 and \=0.857 cm (35 GHz), 

the estimates for p<j max and the maximum allowed incident power P0 max as 

displayed in Table 8. Among the cited dielectric materials (Table 8), 

BeO with 99% purity, owning mainly to its high thermal conductivity and 
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its low loss tangent, shows the best properties for use in powerful CW 

gyrotror.s provided that face-cooled double-disc beryllia window be 

utilized. However, it is ascertained from this discussion that radially 

cooled disc shaped alumina window is well suited for use on the 35 GHz 

girotron as demonstrate Tables 6 and 7. 

TABLE 8 

ESTIMATES FOR THE UPPER LIMITS ON THE DENSITY OF DISSIPATED POWER 

AND CONTINUOUS INCIDENT POWER FOR FACE COOLED DISC-SHAPED 

DIELECTRIC WINDOWS 

Material A1203 96% 

Pd,max(kM/cm3> °-35 

Po.max(kW) 42 

A1203 99.5% BeO 962 

0.40 1.1 

300 184 

BeO 99% 

1.1 

825 
i 

To investigate the performance of the dielectric subjected 

to the cyclic operating condition of the present gyrotron, consider the 

simplified model in Fig. 6 that shows a infinitely long solid cylinder 

of radius R^ having a uniform initial temperature to which is plunged 
suddenly into a bath with temperature T.. In this formulation the 

expression below gives the temperature of the cylinder (see for example 

Arpaci, 1966): 

f 
T. 

Fig. 6 - Simplified model for window cyclic thermal analysis. 



- 16 -

TtR»*> - T " - 2 Bi I «"**** V*n*? (17) 
TQ - T„ n-1 ( A p í T ^ T j ^ R j 

where BishR^/k, a is the thermal diffusivity and the roots of 

An^Jx [\nR^) - BiJ0 (AnRw) = 0 (18) 

are the characteristics values An. 

Applying Equation 17 to the operating parameters of the 

35 GHz gyrotron (^=3.18 cm, t=50 s), for which a typical coefficient 

h=5000 J/m2sk with forced convection to water is taken, it is initially 

found that omission of high order terms n*2 implies an error smaller 

than 0.1% in the evaluation of the window temperature for a time t=50 s 

between the end of one pulse and the start of the next. In this 

approximation, the temperaure decreases exponentially as exp (-aAzt) 

where the thermal diffusivity o for various dielectric materials are 

given in Table 9. Notice in this table that the time it takes the 

beryllia window to cool to its base temperature after turning off the 

driving pulse is about an order of magnitude smaller than the time 

required for alumina. 

TABLE 9 

ESTIMATE OF THERMAL DIFFUSIVITY FOR CERAMIC WINDOWS 

Material 

o (m2/s) 

A1203 96% 

6.9 

A1203 99.5% 

9.6 

BeO 96% 

73 

BeO 99% 

87 

Considering the ceramic A1203 with 96% purity, for which one has a 

temperature rise of ea5°C (Table 6) after the first power pulse, one 

finds a residual value of 2°C after 50 s, thus preventing the window from 

reaching its initial temperautre value before the application of the 

next pulse. However, In the subsequent pulse, assuming Teo = 25
0C, the 

maximum window temperature value would be limited to 33°C. After a time 
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interval of 50 s this value is reduced to 28°C. Therefore, the operating 

temperature under pulsed condition is within the interval [33°C, 28°C], 

The reason for the absence of cumulative temperature rise is that radial 

cooling becomes more effective as the temperature increases. Even though 

the dielectric had experienced a temperature increase of 10 C after each 

driving power pulse, the temperature would reach a limit value around 

41°C for h = 5000 J/m2sk whereas this limit would be 53°C for h = 1000 J/m2sk. 

These figures demonstrate that alumina ceramic is well suited for use in 

the output window of the present gyrotron, although such a component might 

constitute a critical element in the sense that its temperature should be 

constantly monitored while operating the device. Beryllia should be avoided 

for window applications because of its toxicity, unless its higher thermal 

conductivity is an absolute requirement. For example, in the Varian 60 GHz 

gyrotron model V6E-8060, with a peak output power of 200 kW, pulse length 

of 100 ms and 0.5% duty factor, the output window consists of a single 

discof BeO with a thickness of 1.5 guide wavelength. The cooling circuit makes 

use of forced water at 40 psi with a typical flow rate of 15 1/min. 

4 - CONCLUSIONS 

The effective collector area determined is 250 cm2, resulting 

in a typical heat flux of 0.8 kW/cm2 across the inner surface applied for 

20 ms. Under the more stringent heat transfer condition (free convection 

with gases), the maximum collector temperature rise attains 76°C, a 

value normally tolerated in electron collectors. However, one needs a 

forced-water cooling system in order that the collector temperature 

could reach its base value before the application of the next heat pulse. 

An alumina disk with 96% purity and 0.526 cm in thickness is well suited 

for use on the output window. The increase per pulse in the window 

temperature attains a value around 5°C and the deposited average power 

(6W) is easily transferred by conduction to the cylindrical wall. 
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