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ABSTRACT

Analytical formulations for the resonant frequency of a reentrant cavity for klystron are available in the literature 
only for such cavities having a single beam-tunnel. An improved analytical formulation has been proposed in this 
paper for the calculation of cavity gap-capacitance of reentrant cavities having single and multiple beam-tunnels 
and its effects on the resonant frequency are studied. The results obtained through analysis have been validated 
against those obtained from the 3D electromagnetic field simulations and measurements. The proposed analytical 
formulation provides good estimation of resonant frequency of cavity with single and multiple beam-tunnels.
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1.   INTRODUCTION 
Klystrons are high-power amplifiers and find wide 

applications in military radars as well as in communication 
systems. Conventional Single-beam Klystrons (SBKs) and 
Multiple-beam Klystrons (MBKs) employ cylindrical reentrant 
cavities or rectangular reentrant cavities in their interaction  
structure1-5. The cylindrical reentrant cavities are analytically 
treated using equivalent circuit analysis where reentrant cavity 
could be represented by lumped parallel resonant circuit6,7. 
Carter & Liu7 proposed an analytical formulation for the 
calculation of resonant frequency of the cylindrical reentrant 
cavity with inclusion of the effect of single beam-tunnel. 
Bansiwal8, et al. proposed approximate analysis as well as 
rigorous analysis9 for calculation of the resonant frequency of 
rectangular reentrant cavity with single beam-tunnel. 

The analytical formulations work reasonably well for 
the cavities with single beam-tunnel with a wide variation in 
the cavity and beam-tunnel dimensions. However, when same 
analytical formulation is extended for the reentrant cavities with 
multiple beam-tunnels, analyses suffers from large deviation 
(~15%) in the estimation of cavity resonant frequency.  

An improved analytical formulation for the calculation of 
cavity-gap capacitance has been proposed which is then used 
for calculating the resonant frequency of the reentrant cavities 
with single and multiple beam-tunnels. Analytical formulation 
has been benchmarked against the results obtained through 3D 
electromagnetic solver for wide range of variation in beam-
tunnel radius along with variation in number of beam-tunnels. 
Simulations have been carried out on CST Studio 201910. 

The proposed formulation estimates the resonant 
frequency of the cylindrical reentrant cavity with reasonably 

good accuracy. The results obtained through proposed analysis 
are having smaller deviation from simulation results compared 
with the existing analysis by Carter & Liu7. The proposed 
analysis has also been validated against the measurements and 
a good agreement between the results has been found. 

2.   ANALYSIS
A typical cylindrical reentrant cavity, used in Klystrons, 

having circular cylindrical ferrule and with single beam-
tunnel, is shown in Fig. 1(a) and with multiple beam-tunnels 
is shown in Fig. 1(b). Both the cavities are operating in 010TM  
mode. Cylindrical reentrant cavities have their dimensions as 
outer radius ( 1r ), ferrule radius ( 0r ), height ( h ), drift-gap ( d ), 
beam-tunnel radius ( br ) and number of beam-tunnels ( N ).  

Cylindrical reentrant cavities can be represented as lumped 
parallel resonant circuit. Representation of lumped parameters 
in reentrant cavity3,6 and its equivalent lumped circuit3,6 are 
shown in Figure 2(a). In the equivalent circuit analysis, 
magnetic field in drift-gap region is assumed to be negligible 
and ignored. Thus, the inductance of the cavity depends only 
on radial region (other than the ferrule region) of the cavity. 
Capacitance of the cavity is assumed as two capacitances in 
parallel, namely, 1) capacitance of the ferrule region ( gC ) 
having constant electric field  and 2) capacitance of the radial 
region ( rC ) having varying electric field. The beam-tunnels are 
accommodated in ferrules for transporting the electron- beams 
through the interaction structure without interacting with each 
other. Hence, presence of these beam-tunnels affects only the 
capacitance of drift-gap region ( gC ).  

Carter & Liu7 proposed an analytical formulation for 
gC  to account for the presence of these beam-tunnels while 

calculating the resonant frequency of the cylindrical reentrant 
cavities. The analytical formulation7 considers electric field in Received : 09 February 2021, Revised : 23 February 2021 
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the beam tunnel up to the extent of cavity side wall in all cases. 
Therefore, it provides good estimation of resonant frequency 
for cylindrical reentrant cavities having single beam-tunnel, 
but the deviation increases as the number of beam-tunnel as 
well as radius of the beam-tunnels are increased. 

Here, an improved analytical formulation is proposed for 
calculation of cavity gap-capacitance of reentrant cavities with 
circular cylindrical ferrule and having multiple beam-tunnels. 
As per the published literaure2, the electric field extends into 
the beam-tunnels and the electric field up to the extent of 
beam-tunnel radius only contributes to effective interaction. 
The drift-gap length and beam-tunnel radius are normally kept 
equal to have acceptable variation in modulation coefficient 
over gridless gaps, that is beam-tunnel area. Material property 
for beam-tunnels is vacuum and is the same as that for the cavity 
volume. Based on these assumptions. The gap capacitance  
( gC ) of reentrant cavities with single or multiple beam-tunnels 
is proposed as 
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here, 0ε  is the permittivity of free space.
The presence of beam-tunnels does not affect the cavity 

inductance ( L ) and also the capacitance rC . The inductance  
( L ) for the cylindrical single- and double-reentrant cavities is 
expressed as6,8 
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the capacitance rC  for cylindrical single-reentrant cavity is 
expressed as
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that for double-reentrant cavity is expressed as
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here, 0µ  is the permeability of the free space. 
The resonant frequency ( 0f ) of the cylindrical reentrant 

cavity is calculated using Eqns (1), (2) and (3) or (4) and is 
given as 
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Resonant frequency of a rectangular reentrant cavity 
(refer Fig. 2(b)) operating in fundamental 110TM  mode can be 
calculated following an available analysis8, by geometrically 
transforming the cavity to an equivalent cylindrical reentrant 
cavity operating in 010TM  mode. The transformed equivalent 
cylindrical reentrant cavity would have ferrule radius ( 0r ), 
drift-gap ( d ) and cavity height ( h ) the same as that of the 
rectangular reentrant cavity. The outer radius ( 1r ) of the 
transformed cylindrical reentrant cavity is obtained using an 
empirical relation from available analysis8 and is given as

Figure 2. Representation of lumped parameters and equivalent lumped circuit of a reentrant cavity (a) and schematic of a rectangular 
reentrant cavity with multiple beam-tunnels (b).

Figure 1. Schematic of typical circular cylindrical reentrant cavities with single beam-tunnel (a), with multiple beam-tunnels (b). 

(b)(a)

(b)(a)
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here, xh  is length and yh  is the width (longer side) of the 
transverse cross-section of rectangular reentrant cavity. Once 
all the dimensions of an equivalent cylindrical reentrant cavity 
are obtained, then L , C  and 0f  of the cavity can be obtained 
using Eqns (1)-(5). One may also use the exact analytical 
relations for inductance and capacitance of a rectangular 
reentrant cavity as available in published literature9,11 with 
improved relation for gC  as given in Eqn (1).

Beam tunnel diameter and drift-gap length of the 
cylindrical reentrant cavity are normalised with respect to 
the cavity height while comparing the results in Results and 
discussion section.

3. RESULTS AND DISCUSSION
For numerical appreciation of the proposed analytical  

formulation, a typical cylindrical double-reentrant cavity 
having resonant frequency in C-X-band and operating in 010TM  
mode, has been considered. The cavity resonant frequency 
has been simulated using 3D electromagnetic field solver 
CST studio10. Resonant frequencies of the cavity have been 
obtained for fixed values of cavity outer radius ( 1r ) = 8.5 mm, 
cavity height ( h ) = 3.0 mm and ferrule radius ( 0r ) = 4.0 mm; 
fixed discrete values of normalised drift-gap ( d h = 0.05, 0.12 
and 0.33) and number of beam-tunnels ( N 1,7 and 19= ), 
while the normalised beam-tunnel radius ( 2 /br h ) has been 
varied. The ranges for parameters are chosen such that most 
of practical klystron cavities can be brought under the analysis 
regime.

Resonant frequencies obtained through simulations, 
using Carter’s analytical formulation and proposed improved 
formulation are compared in Figs. 3(a)-(c). Carter’s analytical 
formulation provides very good estimation of resonant 
frequency for cavity with single beam-tunnel for most of the 
variation in normalised drift-gap and variation in normalised 
beam-tunnel diameter. The deviation in resonant frequency 
obtained through Carter’s formulation increases with increase in 
number of beam-tunnels, d h  ratio and 2 /br h  ratio. Resonant 
frequency obtained through proposed analysis provides good 
agreement with results obtained through the simulations and 
provides better estimation (within 8% deviation) than the 
Carter’s approach (~15% deviation) in multiple beam-tunnel 
case. 

Equivalent circuit analysis assumes no magnetic field and 
constant electric field within the drift-gap region. However, 
in practical situation, magnetic field would exist within drift-
gap region, though negligible, and its magnitude increases 
with increase in drift-gap ( d ). further, the electric field also 
does not remain constant and varies over the drift-gap region. 
This two factors are the cause for an increased deviation in 
estimation of resonant frequency when d h  and 2 /br h  ratios 
are increased.

The present analysis has also been validated against the 
published measurement data. Two cylindrical reentrant cavities 
(Cavity-1: 0r  = 5.18 mm, 1r  = 7.0  mm, d  = 0.75 mm, 

h  = 3.95 mm, br = 0.55 mm and N  = 1; Cavity-2: 0r  = 5.2 mm, 
1r  = 8.55  mm, d  = 0.73 mm, h  = 3.96 mm, br =0.55 mm 

and N  = 1) and two rectangular reentrant cavities (Cavity-3: xh
=28 mm, yh =  42 mm, h =  11 mm, 0r =  8.5 mm,  br =1.1 mm, 
d =1.65 mm and N =1; Cavity-4: xh = yh =35 mm, h =12.5 mm, 
0r =11.25 mm, d =2.5 mm, br =1.75 mm and N  = 19) have 

been considered. Resonant frequency measurement was carried 
out through return loss measurement using network analyser 
and a coaxial probe with least perturbation.  Results obtained 
through measurements are compared with those obtained 
through simulations, carter’s formulation and proposed 
improved formulation in Table 1. 

The proposed formulation provides a similar accuracy 
in estimation of resonant frequency of cavities with single 
beam-tunnel compared with that from analysis of Carter and 
Liu, whereas better accuracy for the cavity with multiple 
beam-tunnel. The difference between measurement and 

Figure 3. Comparison of the resonant frequency of cylindrical 
reentrant cavity obtained through simulations, Carter’s 
approach and present approach.

(a)

(b)

(c)
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simulated results are due to the flow of excess braze material, 
variation in cavity dimension after brazing and loading of 
cavity due to intrusion of coaxial probe while measuring  
the frequency.

4. CONCLUSIONS
The beam-tunnels are used for transportation of 

electron beam through the cavity interaction circuit of the 
klystron. Presence of these beam-tunnels, reduces the gap 
capacitance compared with beam-tunnel absent case. Carter 
& Liu7 proposed analytical formulation for the calculation 
of resonant frequency of a cylindrical reentrant including the 
effect of single beam-tunnel but deviation in estimation of 
resonant frequency increases significantly when analysis is 
extended for the cavities with multiple beam-tunnels. Here, an 
improved analytical formation is proposed for the calculation 
of cavity gap-capacitance and then the resonant frequency 
of reentrant cavities having single and multiple beam-
tunnels. Results obtained through the simulations, Carter’s 
formulation and proposed formulation have been compared.  
The proposed formulation provides better estimation of 
resonant frequency of the reentrant cavities with multiple 
beam-tunnels, compared with carter’s formulation. Proposed 
formulation has also been validated against the measurements 
and a good agreement has been obtained between the results. 
This analysis will be very helpful to the klystron designer 
in estimating the resonant frequency of the cavities having 
multiple beam-tunnels more accurately. 

REFERENCES
1. Korolyov, a.n.; Edward, a.G.; Zhary, y.v.; Zakurdayev, 

a.D. & Poognin, v. i. multiple-beam  klystron amplifiers: 
Performance parameters and development trends. 
IEEE Trans. Plasma Sci., 2004, 32(3), 1109–1118. 
doi: 10.1109/TPS.2004.828807

2. Gilmour, a.S. Jr. Klystrons, Traveling Wave Tubes, 
magnetrons, Crossed-field amplifiers, and Gyrotrons. 
Noorwood, MA: Artech House, 1994. 

3. Carter, R.G. Microwave and RF Vacuum Electronic Power 
Sources. Cambridge university Press, 2018.

4. nguyen, K.T.; Pershing, D. E.; abe, D. K. & 
Levush, B. Bandwidth extension of an S-band, 
fundamental-mode eight-beam klystron. IEEE 
Transactions on Plasma Science, 2006, 34(3,) 576-583. 
doi: 10.1109/IVELEC.2006.1666305

5.  Bansiwal, A.; Raina, S.; Vinoy, K.J. & Datta, S.K. 
Calculation of quality factor of a rectangular reentrant 

Cavity. Int. J. Microwave  Optical Technol., 2020, 15(1), 
80-84.

6. Fujisawa, K. General treatment of klystron resonant 
cavities. IRE Trans. Microwave Theory Tech., 1958, 6(4), 
344-358. 

 doi:10.1109/TmTT.1958.1125205
7. Carter, R.G. & Liu, S. Method for calculating the 

properties of coupled-cavity slow-wave structures from 
their dimensions. In IEE Proceedings H - Microwaves, 
Antennas and Propagation, 1986, 133(5), 330-334.  
doi: 10.1049/ip-h-2.1986.0060

8. Bansiwal, A.; Raina, S.; Vinoy, K.J. & Datta, S.K. 
Calculation of equivalent circuit parameters of a 
rectangular reentrant cavity for klystron. Int. J. Microwave 
Optical Technol., 2018, 13(6), 487-492.

9. Bansiwal, A.; Raina, S.; Vinoy, K.J. & Datta, S.K. 
Equivalent circuit analysis of a rectangular double-
reentrant cavity with circular cylindrical ferrule for 
klystrons. IEEE Trans. Electron. Devices, 2019, 66(11), 
4952-4956.

 doi: 10.1109/TED.2019.2944778
10. CST Studio Reference manual, Germany, 2019
11. Bansiwal, A.; Raina, S.; Vinoy, K.J. & Datta, S.K. 

Analysis for unloaded quality factor of a rectangular 
double-reentrant cavity with circular cylindrical ferrule 
for klystron using wheeler’s incremental inductance. J. 
Electromagnetic Wave Applications, 2020, 34(2), 201-
212. 

 doi:10.1080/09205071.2019.1694449

ACKNOWLEDGMENT
authors are thankful to the Director, mTRDC, DRDo for 

giving permission to carrying out and publish this work. 

CONTRIBUTORS 

Mr Ashok Bansiwal received his BE in Electronics from  
Engineering college-Kota, Rajasthan, india in 1999 and mTech in 
Electronics and communication with specialisation in Microwaves 
from indian institute of Technology, Roorkee, india in 2001. He 
has been working as a scientist at microwave Tube Research 
and Development Centre (mTRDC), DRDo, india since 2001. 
Presently, he is pursuing PhD from Indian Institute of Science (IISc), 
Bangalore, India and his area of research are circuit analysis of cavity 
interaction structure, coupling circuits and large-signal analysis  
of klystrons.
He is the first author for the current study. majority of the works 
reported in this paper are carried out by him.    

Table 1. Comparison of the resonant frequency obtained through simulations, measurements, Carter’s formulation, and proposed 
formulation

Reentrant cavity
Resonant frequency (GHz)

Simulated Measured Carter’s formulation Proposed formulation

Cavity-1 (Single beam-tunnel) 8.574 8.536 8.833 8.819

Cavity-2 (Single beam-tunnel) 6.645 6.604 6.687 6.676

Cavity-3 (Single beam-tunnel) 3.143 3.155 3.139 3.130

Cavity-4 (Multiple beam-tunnels) 3.316 3.337 3.816 3.506



DEf. SCi. J., vol. 71, no. 3, may 2021

336

Mr Sushil Raina received his BSc (H) Physics, MSc (Physics) and 
mTech (microwave electronics) from university of Delhi, india 
in 1989, 1991 and 1993, respectively. He joined microwave Tube 
Research and Development Centre (mTRDC), DRDo, india in 
1993 and since then he has been working towards the research and 
development of various microwave tubes.
He provided many useful suggestions to frame the problem and 
possible solutions for this study. 
 
Prof. K. J. Vinoy received the Bachelor’s from the university of 
Kerala, india, master’s from the Cochin university of Science and 
Technology, india, and PhD from the Pennsylvania State university, 
uSa, in 1990, 1993, and 2002, respectively. He is currently working 
as a professor in the Department of Electrical Communication 
Engineering, Indian Institute of Science, Bangalore, India.

He is research supervisor of the first author at the institute. This 
research work was carried out under his supervision. 
 
Dr Subrata Kumar Datta received his BE in Electronics and 
Telecommunications Engineering from Bengal Engineering College, 
Calcutta university, Kolkata, india, in 1989 and the mTech and PhD 
in microwave Engineering from the institute of Technology, Banaras 
Hindu university, varanasi, india, in 1991 and 1999, respectively. 
Since 1991, he has been a Scientist with the microwave Tube Research 
and Development Centre, Defence Research and Development 
Organisation, Bangalore, India. 
He is research supervisor of the first author at his work place. This 
research work was carried out under his supervision.


