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Abstract—The Multistage Depressed Collector (MDC) is 
essential to significantly increase the overall efficiency of 
the gyrotron. To date, a Short Pulse (SP) MDC prototype 
system has been manufactured and is currently under test. 
The long-term goal that makes the most sense is to use 
MDCs on 2-MW fusion gyrotrons in Continuous Wave (CW) 
operation. To achieve this, a CW MDC system based on the 
same physical principle as the SP system is designed and 
analyzed for the first time. The highlights of this design are 
the sweeping systems to keep the thermal loading within an 
acceptable limit when the MDC is operated in CW. In the 
present analysis, the expected performance and size of the 
new CW MDC design is compared with that of the SP MDC 
prototype and with the corresponding Single-stage 
Depressed Collectors (SDC) as a reference. In addition, the 
effects of thermal expansion in CW operation are analyzed 
and discussed. 

 

Index Terms—Electron beams, Gyrotrons 

I. INTRODUCTION 

DC technology is one of the key components for high 

power CW gyrotrons with output powers of 2 MW and 

above. An MDC can significantly increase the efficiency of a 

vacuum electron device and distribute the power loading onto 

multiple stages. The increase in efficiency is possible due to 

multiple deceleration potentials, which separate the spent beam 

electrons based on their initial kinetic energy. The single 

deceleration potential of an SDC is limited to the initial kinetic 

energy of the slowest spent beam electron. Higher deceleration 

potentials would cause reflections of slow spent beam electrons 

to the cavity and could influence the interaction with the radio 

frequency (RF) wave. The potentials of an MDC can be 

adjusted according to the widely spread energy distribution of 

the spent electron beam for an optimized collector efficiency. 

Only the potential of the first stage is limited by the slowest 

electron. 

The efficiency of the collector is defined as the ratio of the 

recovered power Pr to the initial power Pi of the spent beam, i.e. 

𝜂col = 𝑃r/𝑃i and is typically in a range of 50 % to 60 % for a 

conventional SDC in a high power gyrotron [1-3]. Another 

advantage of the flexibility of the deceleration potentials of an 

MDC is the possibility to optimize the collector system towards 

a smaller size or an optimized power loading distribution. The 

total generated thermal power for an SDC is significantly higher 

than for an MDC in the same gyrotron. A higher thermal power 

correlates directly with a larger required surface area where the 

electron beam is collected, due to the limitations of current 

cooling techniques. 

The most promising concept for spent electron beam 

separation for a gyrotron MDC is the E×B drift principle [4,5] 

with perpendicular electric and magnetic fields to achieve a 

radial drift of the spent beam electrons [6-8]. An axial magnetic 

field in combination with an azimuthal electric field [4], or an 

azimuthal magnetic field in combination with an axial electric 

field [9] are required to achieve the desired field profiles. A 

systematic investigation of high power gyrotron collector 

systems with high efficiencies is ongoing at KIT [5,10-16]. 

In this work, the concept of an azimuthal electric field is 

deployed for all MDC designs and is generated out of three 

helical and three straight cuts, separating the first and second 

stage. The first stage is at the bottom of the collector and the 

second stage at the top with a cylindrical top section for all 

MDC designs. The E×B region is defined as the region where 

both stages overlap in axial direction and an azimuthal electric 

field is created. The drift principle and field components in the 

center of the E×B region of a simplified geometry, without 

helical extensions, is shown in Fig. 1 on the left side. Though 

the sectors with clockwise 𝐸ϕ are unwanted, they are 

unavoidable due to Faraday’s law. Fortunately, these sectors 

can be kept small in the designs. The majority of the spent beam 

electrons is influenced by the counterclockwise 𝐸ϕ in the larger 

part of the cross-section and is accelerated by a radial drift to 

the outside. The slow electrons are collected on the helical 

surface of the first stage due to the electron drift. The guiding 
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center radius of the faster electrons is only slightly influenced 

by the E×B drift before the collection on the second stage.  

Few details of the SP MDC prototype are presented in 

Sec. II, while the design approach of the CW MDC is presented 

in Sec. III. The steps required to reduce the power loading 

density and possibilities for sweeping systems for a CW MDC 

are presented in Sec. IV. Finally, the results of the thermal 

expansion investigation of the CW MDC are briefly discussed 

in Sec. V. 

II. SHORT PULSE COLLECTORS 

The SP MDC prototype is optimized for the spent electron 

beam energy distribution, shown in Fig. 1 on the right side, of 

the KIT 170 GHz, 2 MW coaxial cavity gyrotron [17] 

with -11 kV and -46 kV depression potential on the first and 

second stage, respectively. These potentials were chosen for a 

theoretical optimal collector efficiency of at least 80 % and a 

high potential difference between both stages to achieve a 

strong E×B drift in a compact design. The design of the SP 

MDC collector is presented in more detail in Ref. 13 to 16. 

A size comparison between the SP SDC (used for the 

operation of the same gyrotron [17]) and MDC is shown in 

Fig. 2 (left side and middle) including some of the key 

dimensions. A photo of the manufactured SP MDC prototype is 

shown on the right side of Fig. 2. The overall MDC system is 

larger than the SDC. However, the sizes of the copper 

electrodes are very comparable with a smaller inner radius and 

an increased length for the MDC. It should be also mentioned 

that the size of the MDC could be significantly decreased with 

a conical bottom section of the first stages to match the 

diverging magnetic field lines of the gyrotron magnet. The 

complexity of production would be increased, and the 

flexibility of the system decreased with such a conical section. 

Another possibility to reduce the length of the MDC would be 

to use a different gyrotron magnet with a faster diverging 

magnetic field. However, this would also require a different 

gyrotron. The length of the SDC, on the other hand, is 

independent of the magnetic field profile used. 

The main limitation in the maximum pulse length of such SP 

collectors is the fast-increasing inner surface temperatures at 

the collector stages due to a high localized power loading 

density. The typical wall thickness of a high power gyrotron 

collector is in the range of 10-20 mm. The temperature at the 

outer surface of the collector is not influenced during SP 

operation due to significantly slower thermal wave propagation 

in the material [18]. The main purpose of an improved cooling 

system of a SP collector is an increase in the pulse repetition 

rate. The critical temperature at the inner collector wall is not 

significantly influenced by an improved cooling system. 

The power loading density on the first stage of the SP MDC 

prototype is generated on three identical helical surfaces which 

       

Fig. 2: Size comparison between the SP SDC and the SP MDC with a photo of the manufactured SP MDC prototype on the right. The fast spent 
electrons in the MDC are collected at the upper cylindrical section of the second stage. The slow spent electrons are collected at the three helical 
surfaces of the first stage (one marked in green). 

  

Fig. 1: A representative cross-section showing the principle in the center 
of the E×B region of a simplified MDC design (left) and the energy 
spectrum of the spent electron beam (right). 

  
 



are projected to one 2D plane and shown in Fig. 3. It should be 

mentioned that the thermal loading is concentrated on a thin line 

with a thickness of only a few millimeters from bottom to top 

of the helical surface. The radial position of electron collection 

is dependent on the strength of the E×B drift. The power loading 

density on the cylindrical surface of the second stage is shown 

in Fig. 4. Only a 120° segment is shown due to the symmetry 

condition of the triple helix design. The axial position of the 

thermal loading is azimuthally varied due to the different 

directions of the radial electron drift caused by the 𝐸ϕ 

component of the helical and straight cut as well as the helical 

extension at the bottom of the E×B region. The maximum 

power loading density on the first and second stage is below 

6 kW/cm² and 4 kW/cm², respectively. The maximum power 

loading density of the verified SP SDC for the 170 GHz 2 MW 

coaxial cavity gyrotron is at 6 kW/cm² with a depression 

potential of -35 kV. The total power deposition is significantly 

higher at 1580 kW in the SDC compared to 110 kW on the first 

stage and 750 kW on the second stage of the MDC prototype. 

III. CONTINUOUS WAVE COLLECTORS 

The most characteristic changes between a SP SDC and a 

CW SDC [19] is a larger size in radial and axial direction for a 

reduced overall power loading density as well as the 

implementation of a sweeping system for a reduced time 

averaged power loading density [20]. The main limitation of 

gyrotron collectors for longer pulse or CW operation are the 

cooling capabilities. Up to now, one of the most sophisticated 

and established cooling techniques for large objects like a high 

power gyrotron collector is the HyperVapotron cooling. The 

maximum acceptable time averaged power loading density of a 

slow cyclic loading in the order of 10 Hz at the inner collector 

wall is considered to 500 W/cm² for CW operation [21]. The 

collector size is significantly increased with the gyrotron output 

power, making it the largest component in a high power 

gyrotron. The inner collector radius of the European 1 MW CW 

gyrotron for ITER is at 225 mm whereas the inner collector 

radius of the CW SDC of the KIT 2 MW coaxial cavity 

gyrotron is at 300 mm, as shown in Fig. 5 on the left side. The 

inner collector radius for a 4 MW gyrotron with an SDC would 

be increased to 400 mm for identical material constrains [22, 

23]. 

 

Fig. 3: Power loading density on first stage of the SP MDC. The helical 
surfaces are projected to a 2D plane with their radial an axial position. 

 

Fig. 4: Power loading density on second stage of the SP MDC. 

 

Fig. 5: Size comparison between the CW SDC and the CW MDC. The fast spent electrons in the MDC are collected at the upper cylindrical section 
of the second stage. The slow spent electrons are collected at the three helical surfaces of the first stage (one marked in green). 



The same principle of an increased size of the collector stages 

is applied for the CW compatible MDC design approach [24]. 

The inner radius of the collector stages is increased from 

115 mm of the SP MDC to 150 mm and the electron beam 

radius in the collector is raised from 98 mm to 127 mm. The 

initial axial position of the E×B region is moved to a higher 

axial position due to the increased beam radius and the identical 

magnetic field profile of the gyrotron magnet. The stages of an 

MDC system can be significantly reduced in size in comparison 

to a conventional SDC due to the reduced absolute power 

loading at the collector surface. A size comparison between the 

2 MW CW SDC and CW MDC is shown in Fig. 5 including 

some of the key dimensions. The preliminary MDC design as 

shown here is an up-scaled version of the SP MDC. The design 

of the cooling system is not implemented at this state however, 

it is important to note that both cooling circuits must be set up 

independently of each other to avoid insulators of the cooling 

pipes inside the vacuum. It is planned to implement a 

HyperVapotron cooling for the cylindrical top section of the 

second stage and water-cooling channels under the helical 

surface of the first stage. 

Additional collector coils are required for the 

homogenization of the magnetic field in the E×B region of the 

MDC system to achieve a constant electron beam radius. A 

summarized constant coil current of 37,800 ampere-turns is 

applied for the first conceptual design of a CW MDC. In 

addition, a summarized alternating current with a peak value of 

10,500 ampere-turns is applied to the two upper coils for the 

magnetic field sweeping. The summarized alternating peak 

current of the six sweeping coils of the CW SDC is 10,800 

ampere-turns. The axial length of the sweeping area is close to 

500 mm for both collector designs. 

IV. SWEEPING SYSTEMS FOR A CW MDC 

The increased size in radial dimension is not sufficient for an 

acceptable power loading density at the first stage. A further 

decrease of the power loading density on the helical surface is 

possible by either a decreased absolute power on the first stage, 

or a sweeping system for the first stage. A combination of both 

approaches is also possible. 

The only possibility for a sweeping system on the first stage 

is a variation of the radial position of the spent beam electrons 

on the helical surface. The final radial position is the sum of the 

beam radius in the collector plus the drift distance 𝐷, when no 

beam thickness is considered. A variation of the beam radius is 

not planned, due to the increased sensitivity to stray magnetic 

fields for a beam radius closer to the collector stage and a higher 

reflected current for a beam radius further away from the 

collector stage. A variation of the drift distance 𝐷 is therefore 

the preferred option for a sweeping system on the first stage. 

The drift distance 𝐷 is defined as: 

𝐷 =
2𝑚𝑣0

𝑞𝐵∥
tan 𝜗 , 

for the simplified case of a planar electron drift [25]. The mass 

of the electron 𝑚, the charge of the electron 𝑞 and the magnetic 

field parallel to the axis 𝐵∥ are constant. The angle 𝜗 between 

the electric and magnetic field in the collector is dependent on 

the geometry of the MDC and is therefore constant for a 

realistic system without moving parts. The velocity 𝑣0 of the 

spent electrons at the moment when they reach the E×B region 

is the only variable which can be swept. It can be increased 

reducing the deceleration potential at the collector entrance, or 

vice versa; while the potential of the second stage should not be 

changed to keep a high collector efficiency. 

A variation of the absolute power collected at the first stage 

is the most critical factor when the collector potentials are 

varied in an MDC. The theoretical power fraction of the spent 

electron beam collected at the first stage without a reflected 

current versus the depression potentials as function of the 

applied potentials of the two collector stages is shown in Fig. 6. 

The voltage operation points with constant potential difference 

𝛥𝑈 between both stages are represented by straight lines. The 

radial position at which the spent electron beam is collected at 

the first stage is directly related to the potential difference, as it 

is proportional to the electron drift. A strong change of the 

potential difference is required to sweep the electron beam. The 

absolute power loading on the first stage is reduced compared 

to the SP MDC. Four different operation points were chosen 

along the line of 40 kW of power on the first stage to present 

the idea of an E×B sweeping system. The highest depression 

potential on the first stage was limited to 35 kV as applied in 

the conventional SDC to avoid reflections at the collector 

entrance. The simulation results of the different operation 

points are summarized in Tab. 1. It should be mentioned that 

the absolute power loading on the first stage is in all cases 

higher than the theoretical value due to the collection of some 

electrons with higher initial kinetic energies. The absolute 

power loading on the second stage is only slightly influenced 

and is in a non-critical range. The collector efficiency is varied 

over time due to the change in the voltage operation point. 

The power loadings on the first stage for different operation 

points are shown in Fig. 7. The power loadings are pushed to a 

larger radial position with increased potential difference 

 

Fig. 6: Theoretical power loading on the first stage versus depression 
potentials of both collector stages. 

 
Tab. 1: Simulation results for different operation points. The total 
gyrotron efficiency is calculated under the consideration of 35 % 
interaction efficiency and 10 % RF losses. 

ΔU 40 kV 30 kV 20 kV 12 kV 

Potential of first stage -4.8 kV -15.2 kV -25.7 kV -35 kV 

Potential of second stage -44.8 kV -45.2 kV -45.7 kV -46.8 kV 

Power loading  
on first stage 

67 kW 44 kW 46 kW 46 kW 

Reflected current 68 mA 107 mA 231 mA 518 mA 

Collector efficiency 78.2 % 79.4 % 80.0 % 81.6 % 

Total gyrotron efficiency 64.1 % 65.1 % 65.6 % 67.1 % 

 



between both stages due to the increased E×B drift. The reason 

for the increased reflected current for a potential difference of 

12 kV is clearly visible by the close proximity of the power 

loading to the inner edge of the helical surface. The higher 

reflected current could be prevented by a higher minimal 

potential difference or a steeper helical cut between both stages. 

The power loadings on the second stage are varied in axial 

direction for different operation points and are shown in Fig. 8. 

The power loading at the azimuthal location of the helical cut is 

pushed to a lower axial position with increased potential 

difference and to a higher axial position at the azimuthal 

location of the straight cut. The power loading at the 

intermediate locations is not significantly influenced by the 

E×B sweeping. The power loadings of the first and second stage 

with identical voltage operation points are calculated together 

in the same simulation. 

The time averaged power loadings on the first and second 

stage are shown in the top of Fig. 9 and Fig. 10, respectively. 

The power loading is distributed effectively on the helical 

surface and significantly improved on most of the cylindrical 

surface of the second stage. 

Traditional magnetic field sweeping systems are limited in 

the sweeping frequency due to high eddy currents which are 

induced in the collector wall. The E×B sweeping is not limited 

to such low sweeping frequencies. The cyclic fatigue in the 

collector could be decreased by a higher sweeping frequency 

which could significantly improve the maximum acceptable 

power loading density. However, those expectations are 

exceeded in this design with the maximum power loading 

density of up to 3 kW/cm² at some points of the second stage in 

case of a pure E×B sweeping. 

Another possibility for the operation of a CW MDC is a fixed 

voltage operation point with a small absolute power loading on 

the first stage and an axial magnetic field sweeping system for 

the second stage. A depression potential of -25 kV for the first 

stage and -44 kV for the second stage were chosen. A collector 

efficiency of 78.1 %, a total gyrotron efficiency of 64.0 %, a 

reflected current below 65 mA and a power loading of 11 kW 

on the first stage were achieved in simulation, independent of 

the phase of the sweeping cycle. The trajectory simulations 

were performed in steady state for different time steps and 

combined in post-processing. No eddy currents are considered 

in the system and an advanced sweeping function was chosen. 

The time averaged power loadings on the first and second stage 

are shown in the bottom of Fig. 9 and Fig. 10, respectively. The 

thermal loading on the helical surface of the first stage is not 

influenced by the magnetic field sweeping system of the second 

 

Fig. 7: Power loading density on the first stage of the CW MDC with E×B 
sweeping for different operation points. The helical surfaces are 
projected to a 2D plane with their radial an axial position. 

 

 

Fig. 8: Power loading density on the second stage of the CW MDC with 
E×B sweeping for different operation points. 

 

Fig. 9: Time averaged power loading density on the first stage of the CW 
MDC with E×B sweeping (top) and magnetic field sweeping (bottom). 
The helical surfaces are projected to a 2D plane with their radial an axial 
position. 

 

Fig. 10: Time averaged power loading density on the second stage of 
the CW MDC for the E×B sweeping (top) and magnetic field sweeping 
(bottom). 

 



stage. The goal of a maximum power loading density of under 

500 W/cm² without secondary electron emission was achieved 

for this design. The following parts of this work will be 

concentrated to the CW MDC with exclusive magnetic field 

sweeping due to the acceptable loading densities on both stages 

and the lower demands on the gyrotron power supply compared 

to the CW MDC with E×B sweeping system. 

The instantaneous maximum power loading density of the 

CW SDC and CW MDC with magnetic field sweeping is at 

3.7 kW/cm² at the lower turning point of the sweep cycle [26]. 

The high instantaneous power loading density in the MDC is 

limited to in total six small areas at the azimuthal position of 

the transition between the straight and helical cut. It is reduced 

to less than 3.0 kW/cm² at the azimuthal position of the helical 

cut and to less than 1.3 kW/cm² at the azimuthal position of the 

straight cut. The power loading density in the CW SDC is 

independent on the azimuthal position. The maximum power 

loading density in the MDC is varied in azimuthal direction due 

to different beam thickneses caused by the E×B drift and 

variations in the angualar line density. The line density of the 

thermal loading in azimuthal direction is in direct correlation to 

the absolute power that is absorbed in an angular segment of the 

cylindrical collector wall and is shown in Fig. 11. The 

azimuthal variation of the thermal loading is created by an 

azimuthal electron drift due to radial electric field components 

𝐸r near the edges of the cut between the collector stages. The 

azimuthal electron drift is strongest in the area of the straight 

cut (between 100° to 120° for the CW MDC) and is most 

noticeable due to a drift direction away from the cut and 

therefore a reduced thermal loading at this position. The angular 

line density for an SDC is constant due to the symmetry 

condition and is independent on the collector geometry. The 

average angular line density is correlated with the efficiency of 

the collector and is different for all three collector systems. 

V. THERMAL EXPANSION FOR CW MDC 

The thermal expansion in general is dependent on the 

temperature and temperature differences in a material. The 

temperature profile on the inner collector wall is in direct 

correlation to the thermal loading. In this section, the influence 

of the azimuthally varied thermal loading in the CW MDC to 

the thermal expansion of the second collector stage with a 

complex geometry is studied. The thermal simulations for a 

representation of a water cooling were performed in ANSYS 

with an imported power loading profile, a 3D geometry, a heat 

transfer coefficient of 8000 W/(m²∙K) and an ambient 

temperature of 19°C. The utilized heat transfer coefficient is in 

the range for a cooling with water-forced convection [27] and 

is a preliminary investigation for a worst-case scenario. The 

heat transfer coefficient for a HyperVapotron cooling is in the 

range of 8500 to 23000 W/(m²∙K) in combination with a larger 

surface [21]. The second collector stage is fixed at the top plate 

as shown in Fig. 5. The steady state temperature at the inner 

collector wall is shown in Fig. 12 (a) and is in correlation to the 

power loading as expected. The thermal expansion in radial 

direction is shown in Fig. 12 (b) and the deformation at the 

cylindrical top section is only slightly varied. The absolute 

value of deformation at the cylindrical top section should be 

uncritical as it is proportional to the collector size. The 

maximum power load density and thus the temperature and 

relative deformation should be identical to the validated CW 

SDC. However, the deformation at the lower part of the helical 

section is more critical, as a correct placement for a constant 

gap between both electrodes is required to achieve a well-

 

Fig. 12: Temperature (a) and thermal expansion in radial (b), axial (c) and azimuthal (d) direction of the CW MDC. 

 

Fig. 11: Angular power loading density for an SDC, the SP MDC and 
CW MDC with magnetic field sweeping. 



defined E×B drift. The same arguments also apply to the axial 

and azimuthal thermal expansion as shown in Fig 12 (c) and 

(d), respectively. 

The thermal deformation at the lower part of the second 

collector stage could be significantly improved by a different 

mounting method as the fixation at the top plate is not ideal. A 

mount directly above the E×B region should be more optimal 

since the lower part of the second collector stage is not heated. 

The thermal expansion has to be considered for future more 

realistic mechanical designs of an E×B drift CW MDC. 

VI. CONCLUSION 

The SP MDC prototype for a 2 MW 170 GHz coaxial-cavity 

gyrotron was presented in comparison to a conventional SP 

SDC. The main limitation in the maximum pulse length of a SP 

collector is a high power loading density at the inner surface of 

the collector stage. A pure increase in size is not sufficient for 

an acceptable maximum power loading density. Two different 

sweeping concepts were presented to distribute the power 

loading to a larger surface and the importance of the voltage 

operation point was mentioned. A comparison in size, sweeping 

system and maximum power loading density of the up-scaled 

CW MDC to a CW SDC of a 2 MW gyrotron was given. The 

influence of the thermal expansion in a CW MDC was 

discussed. No principle showstoppers were found for the CW 

MDC in power loading density or mechanical deformation, 

provided they are considered in future design iterations. 
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