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Abstract—Backscattering of electrons in depressed collectors
has a significant effect on the collector efficiency and other
performance parameters. We have studied these phenomena using
our code BSCAT. It allows for tracking of multiple generations of
backscatter by a representative set of trajectories without going to
an excessively large number of them. By examining the trajectories
and the impact angles of incoming rays, it is possible to modify
the geometry of the electrodes, such that the effects of backscatter
are minimized. In particular, we have studied the effects of using
an undulating surface of the collector, and analyzed its effects
taking into account the effect on angles of incidence of impacting
rays. Using as a test vehicle a two-stage depressed collector for a
1.5-MW 110-GHz gyrotron, we have thus been able to increase
the estimated collector efficiency from 62% to 65%. We present
these results along with data on other performance parameters
such as the heat-dissipation profile. We discuss the potential for
application of the approach to other devices operating at different
frequencies and power levels.

Index Terms—Backscattered electrons, collector efficiency, de-
pressed collector configurations, heat dissipation, high-power gy-
rotrons, reducing effects of backscatter.

I. INTRODUCTION

I N high-power electron devices having depressed collectors,
backscattered electrons of multiple generations can have a

significant effect on the collector efficiency and the heat dissipa-
tion density profile. Besides this, any electrons returning toward
the RF interaction region can disturb the basic operation of the
device and its electronic efficiency. Often, the heat dissipation in
the RF circuit is such that there is not much margin for adding
more heat due to any backscattered electrons reaching the RF
interaction circuit or cavity. In such devices, it is not enough
to consider only the primary electrons or even just one gener-
ation of backscattered electrons. Alterations to the distribution
of heat-dissipation density on the collectors and to the collected
current contributed by subsequent generations of backscatter
can make an unacceptable difference to reliable operation.

In conventional codes for tracking of trajectories of backscat-
tered electrons, often there are a fixed number of backscattered
electrons allocated to each primary ray [1]–[3]. In order to get a
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good representation of the stochastic process of backscatter, the
number of backscattered electrons to be tracked is sometimes
increased by almost an order of magnitude for every genera-
tion of backscatter. Thus, the number of rays can become very
large, putting considerable demands on computer memory and
making it expensive in computer time to pursue many genera-
tions of backscatter.

Our code, BSCAT, for tracking backscattered electrons ob-
viates this difficulty. It uses a new algorithm for allocating a
variable number of backscattered rays to each primary ray, de-
pending on the backscatter scatter current generated by it [4],
[5]. For each primary ray, the backscatter current is divided into
subrays that are all of equal current, their number being a mea-
sure of the backscatter current from each primary ray. Monte
Carlo techniques are employed to allocate the backscatter cat-
egory (true secondary, inelastically scattered primary or elas-
tically scattered primary), to each of the subrays. This as well
as the allocation of emission angle and energy is controlled by
probability density functions, derived from experimental or sim-
ulation data on the backscatter process [6]. Formulas and prob-
ability density functions have been developed which closely ap-
proximate the observed values, as shown by comparisons pre-
sented in [6].

Finally, the subrays that have the same starting location,
angle, and energy of emission are coalesced into a metaray.
The number of metarays is kept limited by this process, as
well as by truncating rays at various stages of the procedure,
whose cumulative contribution falls below a specified threshold
percentage.

The code provides graphic outputs of trajectories and heat
dissipation density profiles, as well as figures for collector ef-
ficiency and current collected at each electrode. Besides this, it
provides options for showing trajectories in selected ranges of
energy values, and selected regions of the problem area. Fur-
thermore, it can show the angles of impact or of emission from
specific surfaces, the lengths of the vectors being proportional
to the current carried.

We have used the added graphics-output features of BSCAT
in further investigating modifications in the electrode geometry
for enhancing the performance of the depressed collectors, and
in analyzing the effects of those modifications.

We have applied our library of codes to the design of multi-
stage depressed collectors in gyrotrons for fusion applications.
Computer-aided design approaches and codes were evolved for
tailoring of magnetic field configuration and optimization of de-
pressed potentials, as well as some adjustments in electrode ge-
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Fig. 1. Configuration of electrodes and trajectories of the primary electrons in a two-stage depressed collector for 1.5-MW 110-GHz gyrotron.

ometry so as to minimize the peaks of heat dissipation density
[7]–[9].

Earlier, we have studied modifications in the geometry of the
electrodes, specifically directed toward minimizing the effects
of one generation of backscattered electrons in [7] and multiple
generations in [10] and [11]. One of the latest configurations has
been incorporated in the two-stage depressed collector designed
in the collaborative effort between the Institute for Research in
Electronics and Applied Physics and Calabazas Creek Research.

The two-stage depressed collector design used as a demon-
stration vehicle for the study presented here is due to be installed
in the 1.5-MW 110-GHz gyrotron in 2004. Its test results would
be compared with the predictions of the simulations in respect
of collector efficiency, collector current values, and heat distri-
bution

The gyrotron group at FZK, Karlsruhe, Germany, has inves-
tigated depressed collectors in gyrotrons and minimization of
the effects of backscatter [12], [13]. Additional electrodes have
been placed facing the points of impact of primary electrons.
These electrodes are at higher depressed potentials than those
of electrodes where the primary electrons make their impact.
They thus tend to send the secondary electrons back toward the
starting electrode. In this case, the magnetic field configura-
tion is such that the spent beam tends to remain confined to a
relatively narrow area. Thus, it becomes necessary to resort to
sweeping of the beam.

In the configurations presented here, the electrostatic and
magnetostatic fields have been configured for spread of the
spent beam in such a way that the peak heat dissipation density
remains well below the thresholds prescribed by cooling tech-
nology. Thus, beam sweeping is not an essential requirement
for gyrotrons operating at a continuous wave (CW) power level
of even 1.5 MW.

In Section II, we present the basic configuration of the
gyrotron with two-stage depressed collector used as the vehicle
of these studies. Trajectories of backscattered electrons in the
collector region are shown in separate ranges of energy of
backscatter. In Section III, we present two sets of modifications
done to the electrode geometry. A comparison is made of the
impact vectors of the primary electrons for the base geometry
and the modified geometry. We also compare the trajectories
in the same three ranges of energy. Figures are presented for
the estimated collector efficiency that rose from 62% to 65%.
The vectors showing the heat dissipation density at different
locations are shown in Section II as well as Section III. In
Section IV, we discuss the results.

II. BASIC CONFIGURATION AND TRAJECTORIES

The gyrotron used as the vehicle of this study is designed for
operation at a 1.5-MW CW power level at 110 GHz. The starting
configuration has been described in detail as regards the mag-
netic circuit in [7]. The electrode geometry of the two-stage de-
pressed collector is shown in Fig. 1, where m.u. stands for a
mesh unit size of 2.5 mm, and also in [14]. It had been opti-
mized in relation to minimization of heat dissipation density.
The modification of collector geometry employing undulating
surface vis-à-vis minimization of the effects of multiple genera-
tions of backscatter is a particular feature of the study presented
here.

Also shown in Fig. 1 is the electron beam proceeding from the
RF interaction cavity toward the collector region, and carrying a
current of 40 amperes. There are three collector electrodes, 1–3,
which are at depressed potentials , , and , respec-
tively. The third collector, is at the same depressed potential as
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Fig. 2. Trajectories of first generation of backscattered electrons in the energy range (0–100 eV) for starting configuration.

the first; and has been introduced so as to generate an appro-
priate configuration of the dc electric field. That field and the
magnetostatic field have been tailored to facilitate energy sep-
aration of the beam and of its collection at two depressed po-
tentials. Furthermore, no portion of the beam returns toward the
RF interaction region.

This configuration optimized for basic operating parameters,
such as magnetic field and depressed potentials, was considered
as a good starting point, such that the effects of variations in
geometry of the collector electrodes would stand out, more so
as the other control parameters are near stationary points.

Figs. 2–4 show the trajectories of backscattered electrons in
the energy ranges: (0 to 100 eV), (100 eV to 5 keV), and (5
keV to 45 keV), respectively. These correspond broadly to the
categories of true secondaries, inelastically backscattered, and
elastically backscattered electrons. In particular, overlap of en-
ergy ranges is expected in the last two categories.

This separation of categories, though coarse, is helpful in
observing their starting and end points and their behavior in
between. In particular, the following observations are made:
1) some true secondaries which are seen as small dashes are
emitted and absorbed quickly at the same electrode, while others
proceed backward toward the RF cavity, but are turned back
again by mirror effect due the rising magnetic field in that di-
rection; 2) the rays in the middle range of energies go back fur-
ther toward the RF cavity before being mirrored back as may be
expected; and 3) in the highest energy range, the electrons end
up on the opposite surface of the same electrode (which is at
the higher depressed potential). In all these cases, most of them
end up at a lower depressed potential including some that go to
the inner collector. This implies redistribution of heat, including

some dissipation at the inner collector, where none could be ex-
pected from the primaries alone.

The heat-distribution profile is given in Fig. 5, in which the
dissipation density is shown in terms of the length of vectors at
various locations. Also shown is the collector efficiency, which
is estimated as 61.6%. In this diagram, all four generations of
backscatter have been taken into account.

III. MODIFICATIONS IN COLLECTOR GEOMETRY

AND RESULTS OBTAINED

The impact vectors for the primary rays in the basic configu-
ration are shown in Fig. 6. There is a fairly large concentration of
these near the entrance area to collector #2. Modifications made
in this surface and in the opposite surface of this collector are
shown in Fig. 7, along with the impact vectors of the primaries.
In this case, more of the impact vectors have migrated toward
the side of increasing value of the axial coordinate. Furthermore,
the top surface has been so adjusted that these primaries make
impacts at a smaller value of incident angle than before. It is to
be recalled that as the angle of incidence decreases, the coeffi-
cient of backscatter also decreases.

As seen in this figure, another modification was made to the
opposite surface of the collector #2. (Incidentally, this combi-
nation was the result of some iterations along the way.) In this
case, the original idea was to imitate in a gross way the texturing
of the surface [15], which tends to reduce the backscatter coef-
ficient by trapping emitted electrons. However an examination
of the data on impact vectors, makes us consider also an alter-
native explanation for the improvement in collector efficiency
that has been observed, as presented shortly.
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Fig. 3. Trajectories of first generation of backscattered electrons in the energy range (100 eV–5 keV) for starting configuration.

Fig. 4. Trajectories of first generation of backscattered electrons in the energy range (5–45 keV) for starting configuration.

This explanation rests on the observation that the high energy
primaries impacting this surface tend to land on the increased
slope side of the wavy step, thus reducing the incident angle
and the averaged backscatter coefficient.

The trajectories of the same three ranges of energy of
backscattered rays, namely, (0–100 eV), ( 100 eV–5 KeV), and
( 5–45 keV) are shown for this modified geometry in Figs. 8–10,
respectively. It is observed that the most marked change occurs

in the middle one among the above energy ranges. Fig. 9 shows
that in comparison with Fig. 3, there are fewer rays going
backward from the points of impact or ending at a collector at
a lower depressed potential. This change indicates an improved
collector efficiency as is observed and described next.

The diagram for heat distribution and calculated collector ef-
ficiency, for the modified geometry of the collector is shown in
Fig. 11. It shows a collector efficiency of 65%, which is an im-
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Fig. 5. Vectors are shown whose length is proportional to the heat dissipation density at various locations on the boundaries of the electrodes. Also shown are the
collector efficiency and other operating parameters for the starting configuration.

Fig. 6. Vectors showing the direction of impact of the primaries, with their length proportional to the current carried, for the starting configuration.

provement of three percentage points over the previous geom-
etry. By way of comparison, it may be mentioned that the col-
lector efficiency evaluated on the basis of primaries alone was
70%.

Besides this it is seen that the heat deposited on the inner
collector has been noticeably reduced, resulting in reduced de-
mands on the cooling system in this critical location.

The analysis of the benefits presented here is based on the
effects of variations in incident angles of impacting particles,
using the graphics output facilities provided by BSCAT. It is
of a general nature applicable to depressed collectors for other
electron devices, where the paths of the electron beam and the
oscillating electromagnetic fields of the RF output have been
separated and the EM fields do not enter the collector region. In
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Fig. 7. Vectors showing the direction of impact of the primaries, with their length proportional to the current carried, for the modified configuration.

Fig. 8. Trajectories of first generation of backscattered electrons in the energy range (0–100 eV), in the modified configuration.

such a case, typically the time cycles of the RF oscillation are
very much smaller than the transit time effects related to any
return of the electrons toward RF cavity or to collectors other
than those where the initial impact took place.

As the power input of the devices is increased, this would
make the temperature distribution of the collector surface to go

up. This would impact the design of the cooling system. How-
ever, as the backscatter parameters are substantially independent
of the temperature of the substrate, the design approach used
here could be employed in devices at various power levels.

We have studied a geometry that has a niche in the upper
surface and 10 undulations in the inner cone of the collector



SINGH et al.: IMPROVEMENTS IN DEPRESSED COLLECTOR PERF ORMANCE 1273

Fig. 9. Trajectories of first generation of backscattered electrons in the energy range (100 eV–5 keV), in the modified configuration.

Fig. 10. Trajectories of first generation of backscattered electrons in the energy range (5–45 keV), in the modified configuration.

#2 instead of 5 undulations shown in Figs. 7–10. In this
the collector efficiency goes as 66.1%, 65.3%, 64.6%, and
64.5% with 1 to 4 respective generations of backscatter in-
cluded in the simulation. This degree of convergence is not
available always. Variations attributable to statistical fluctu-

ations have been observed in some cases up to 0.5 per-
centage points.

The material of the electrodes was taken as copper. The spent
beam energy distribution for the case of primaries is included in
[5], Fig. 3. In [9], the results from BSCAT and UGUNN sim-
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Fig. 11. Vectors are shown whose length is proportional to the heat dissipation density at various locations on the boundaries of the electrodes. Also shown are
the collector efficiency and other operating parameters for the modified configuration of collector electrode #2.

ulations were compared for a particular case and were seen to
agree to within 1% in the value of collector efficiency.

It is worthwhile to recall that the collection of beamlets of
different energy at different electrodes can behave in a non-
linear manner. In cases some beamlets are near the margins of
the beam. They may switch from one electrode to another. This
is especially noticeable regarding percentage change of the cur-
rent collected at the inner collector, as seen in Table I. The elec-
trons landing here are mostly those backscattered electrons that
were headed back toward the RF cavity, but were mirrored back.
They tend to be guided by the contours of enclosed flux at their
starting points. The latter have a variability that translates into
the nonlinear behavior of current sharing.

It may also be mentioned that electrons headed toward the
cavity are evaluated at the starting point chosen for analysis of
the trajectories in the collector region. For convenience of sim-
ulations and size of mesh chosen, it is not at the highest mag-
netic field in the median plane of the RF cavity. Thus, electrons
heading back toward the RF cavity at the starting point of the
simulated trajectories may not necessarily reach the RF cavity,
but can be mirrored back as they encounter stronger magnetic
field. The values in the table denote worst-case scenarios.

We have studied six other combinations of geometry having
the niche present or not and the inner cone having 0, 5, 10 undu-
lations or 25 triangular grooves. Some illustrative results from
these simulations are given in Table II.

TABLE I
BEAM CURRENT IN AMPERES COLLECTED AT DIFFERENT ELECTRODES

AS A FUNCTION OF THE NUMBER OF GENERATIONS OF BACKSCATTER

INCLUDED IN THE SIMULATION. (THE GEOMETRY HAS

10 UNDULATIONS. Total Beam Current = 40 A)

TABLE II
COLLECTOR EFFICIENCY AND PEAK HEAT DISSIPATION FOR DIFFERENT

CONFIGURATIONS OF COLLECTOR ELECTRODE #2

It is observed that while either the niche alone or the undula-
tions or grooves give some enhancement of collector efficiency
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of the order of 1 to 2 percentage points, the best results are
obtained with a combination of the two, yielding an improve-
ment of 3 percentage points. The collector efficiency is not very
sensitive to the number of undulations/grooves. However going
from 0 to 10 undulations reduces the peak heat dissipation den-
sity. This is attributable to the spread in the angles of emis-
sion of backscattered rays caused by undulations. Here, again,
the approximations involved in the process of simulation of the
backscatter process, and the statistical fluctuations inherent in
the process and its simulation need to be kept in mind.

IV. DISCUSSION OF RESULTS

The simulations demonstrate the efficacy of this approach in
the case of a megawatt-class gyrotron. The method of analysis
and the use of undulated surface/s for reducing the effects of
backscatter are applicable to other devices as well.

Observations on the impact angles, the emission angles, and
the trajectories of backscattered electrons make it possible to
modify the geometry of depressed collectors with a view to re-
ducing backscatter of electrons and its effects.

For instance, the slopes of the surfaces can be adjusted so as
to reduce the incident angle of primary electrons. Introduction
of a wavy surface is also seen to improve the collector efficiency
and reduce the peak value of heat dissipation density.

An improvement of collector efficiency from 62% to 65% has
been obtained in these simulations for a two stage depressed col-
lector for 1.5-MW 110-GHz gyrotrons. The peak heat-dissipa-
tion density is below 400 W cm , thus obviating the need for
sweeping the spent beam. In particular, heat dissipation on the
inner collector has been reduced.

Enhanced collector efficiency would give a reduction in op-
erating cost. The reduction in peak heat dissipation density can
give higher power tubes for a given collector diameter and has
the potential to enhance the life of the tube.

In order to get optimization of geometry, the parameters used
here for defining it can be used as a starting point. A more
general approach toward that would be the use of genetic al-
gorithms. That would be a further step in the direction of com-
puter-aided design of depressed collectors.
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