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Abstract—We have added some features to our library of com-
puter-aided design codes for design of depressed collectors and to
the code for tracing the trajectories of backscattered electrons. In
the former case, the process of optimization of depressed poten-
tials is facilitated. The computer code changes the combinations
of potentials by controllable amounts. The trajectory tracing code
runs the modified input files sequentially and feeds data to post
processors. This generates charts of important parameters in the
performance of the collectors. The parameter space can, thus, be
explored quickly for optimum operation. In the second case, we
have automated the iterative simulation of trajectories of primary
and secondary electrons, which interact by virtue of their space
charge. This is with a view to obtaining enhanced mutual consis-
tency between them. Furthermore, a specified number of orders of
backscattered electrons can be traced.

These codes have been used for exploring the dependence of de-
pressed collector performance on various geometrical and elec-
trical parameters for megawatt continuous wave power gyrotrons.

Index Terms—Backscattered electrons, computer-aided opti-
mization, depressed collectors, gyrotrons, trajectories of secondary
electrons.

I. INTRODUCTION

T HE DESIGN of depressed collectors for enhancement of
the efficiency of millimeter wave sources, e.g., gyrotrons,

involves a multiplicity of parameters that influence the trajecto-
ries of primary and secondary electrons. An interactive proce-
dure for design can be employed using the contours of effective
potential to define the regions of collectors accessible to elec-
trons having specific energy values in the spent beam [1]. This
offers the possibility of reducing the parameter space for opti-
mizing energy sorting and collection of electrons.

The next step in optimizing a design is to run a trajectory
tracing code such as EGUN. With a variety of control parame-
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ters, this can still be a time consuming process. The objective
of the work presented here is to automate this stage of opti-
mization. We have developed a code that automatically gener-
ates new input files and sequences the operation of EGUN. It
finally obtains a chart that summarizes the performance param-
eters. Initially, this has been done for exploration of combina-
tions of two depressed potentials. We have given this code the
name HILLSTART. The name is derived from the optimization
technique of “hill-climbing,” the collector efficiency being an
analog of the height of the hill at its two defining coordinates
[2]. The techniques that are used involve synchronized opera-
tion of different executable modules.

We have applied similar techniques to facilitate tracing of
trajectories of backscattered electrons. In depressed collectors,
such electrons can have a significant influence on the collector
efficiency and the heat dissipation density profiles. Our code
BSCAT is based on a new algorithm for simulating the process
of backscatter [3], [4]. The code has been enhanced for: 1) al-
ternately simulating primaries and secondaries for self-consis-
tency of the final solution and 2) simulating successive orders
of backscattered electrons. In each case, the number of cycles
of iteration and the number of orders of backscattered electrons
can be specified.1

Although gyrotrons have been used as vehicles for testing and
application of the codes, these can be applied just as well to the
design of depressed collectors for other tubes. The procedure for
using these codes for linear beam tubes, such as klystrons and
traveling wave tubes, would be basically the same. The main
difference lies in the fact that for spiraling beam tubes such as
gyrotrons, the magnetic field configuration and the electrostatic
field in the collector region needs to be tailored more carefully
than for linear beam tubes. This is because in the former case,
the spent beam has a more significant portion of its energy in
rotational motion than for linear beam tubes. Thus, the primary
rays would have a greater tendency to turn back before getting

1The word “order” has been used to denote successive generations of
backscattered electrons that are generated by the previous generations. It has
been used here in preference to the word, “generation,” for the sake of avoiding
awkward constructions in which “generate” is used as a verb.

0093-3813/02$17.00 © 2002 IEEE



1266 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 30, NO. 3, JUNE 2002

collected. Configuration of the static fields can be tailored by
using the computer code PROFILEM at the initial stages of de-
sign for gyrating beam devices.

The code for tracing trajectories of backscattered electrons
has much wider applicability than just design of depressed col-
lectors. It would be applicable to the design of devices or exper-
iments in a variety of areas, in which some electrons strike elec-
trodes and generate secondaries whose paths need to be traced
accurately. In this way, the possibilities of discrepancies be-
tween the results expected from the simulations at the design
stage and the results from actual tubes will be avoided.

It would be worthwhile to make comparative studies of tra-
jectories when codes such as UGUN, MICHELLE, and BOA
become available to us.

The main features of HILLSTART are given in Section II. Ad-
vancements are presented in Section III. Conclusions are sum-
marized in Section IV. Improvements in the modeling of the
backscatter phenomenon are presented in Part II, a companion
paper in this issue.

II. HILLSTART FOR OPTIMIZATION OF

DEPRESSEDPOTENTIALS

The starting point is a seed file for input to EGUN, that has
data on the geometry of the collectors and a plausible combina-
tion of depressed potentials,vis-a-visa magnetic field profile.
(This last involves narrowing of parameters for the coil currents
in the collector region, using contours of effective potential as a
guide. These can be delineated by the code, PROFILEM as dis-
cussed in [1]). Besides these inputs, HILLSTART is given the
value of the stagger of depressed potentials around the values in
the seed file. The stagger can be reduced in successive stages.

After generating input files for new values of depressed po-
tentials, the code runs the trajectory tracing code EGUN [5] se-
quentially. At the end, it feeds the output files containing the
end parameters of rays to our code TESTEFF3 which calculates
the efficiency of the collector, and records the number of rays,
if any, that are reflected back to the interaction cavity and the
current carried by them. Finally, it generates a chart of all these
data. The name, “rays,” is used in the context of ensembles of
electrons of identical parameters having a certain total current
and a common trajectory as simulated by EGUN.

An example of such a chart is shown in Table I, which refers
to a two-stage depressed collector for a 1-MW 110-GHz gy-
rotron. The configuration has actually three collector electrodes;
however, for simplicity of power supply, the first and the third
collectors were kept at the same potential. In this case, the two
potentials were 18 and 38 kV, respectively. The accelerating po-
tential was 80 kV, with a beam current 37.5 A. There were no
electrons returning to the interaction cavity for a collector effi-
ciency of 67%.

At a glance, one can see which combination of potentials
gives the optimum collector efficiency, subject to the condition
that no rays return.

In some cases, the chart may show a higher efficiency for
a combination of potentials which are also sending some elec-
trons back before getting collected. In such a case, the last two
columns provide guidelines as to the current carried by these re-

TABLE I
COMPUTER-GENERATEDCHART SHOWING COLLECTOR EFFICIENCY AND ANY

RETURNING RAYS AS FUNCTIONS OFDEPRESSEDPOTENTIALS IN A TWO-STAGE

DEPRESSEDCOLLECTOR FOR A110-GHz 1-MW CW GYROTRON

turning rays and its value as a percentage of the beam current.
This would be useful in the case of low- or medium-power de-
vices in which a limited percentage of returning current may be
permissible in the interest of a higher collector efficiency.

If we find that one of the files produced by HILLSTART has a
higher value of collector efficiency than the seed file, we restart
the hill-climbing process, this time going with a new seed file.
On the other hand, if the original seed file still has the best effi-
ciency then in a new run of HILLSTART, the value of the stagger
of potential could be reduced so as to have a more precisely de-
fined set of potentials.

III. BSCAT FOR TRACING TRAJECTORIES OF

BACKSCATTEREDELECTRONS

Backscatter is a complex stochastic process dependent on var-
ious parameters that specify the primary rays, and the nature
and surface properties of the electrode material. Backscattered
electrons are basically of three categories, namely true secon-
daries, inelastically scattered primaries, and elastically scattered
primaries. The true secondaries have a low value of energy,
typically less that 50 eV. Elastically scattered primaries carry
the same energy as the source electrons, and inelastically scat-
tered electrons have energy that lies between the two. Except
where the category is specifically indicated with reference to
energy, either of the names—secondary or backscattered elec-
trons—may commonly be used to denote the sum total of all the
categories.

In specifying the backscattered rays, a number of parameters
are needed such as current, energy, and angle of emergence. En-
suring the representative nature of the model while keeping the
number of backscattered rays to be tracked within reasonable
numbers is a nontrivial task. In our code BSCAT, this is done by
the following sequence of steps.

1) The total backscatter current from each primary ray is
evaluated.

2) Those primary rays that have a cumulative contribution
below a specified percentage of the total backscattered
current are truncated.

3) This is followed by a renormalization of total backscat-
tered current.

4) The backscattered current from each primary ray is then
divided into a number of subrays all carrying equal cur-
rent.
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Fig. 1. Trajectories of electrons in a two-stage depressed collector for a
1-MW 110-GHz gyrotron. (a) Primary electrons (only alternate rays shown in
the interest of clarity). (b) First order of backscattered electrons.

The subrays provide a large ensemble suitable for Monte
Carlo techniques. This uses probability functions associated
with each process step. These include allocation of category of
backscatter, energy, and angle to each subray. The subrays are
then grouped into bins which are specified by their category,
the starting location of the backscattered rays, their energy,
and the angle of emergence. The subrays in each bin are added
together to provide a metaray. The number of metarays is kept
limited by these processes of truncation and coalescing. From
the metarays, an input file of backscattered rays is generated in
the format needed by the ray tracing code EGUN.

Unlike some of the earlier codes [6]–[8], BSCAT does not
make anad hocdetermination of the number of backscattered
rays to be tracked for each category of backscatter; nor is the
user required to insert these numbers. In BSCAT, these ratios are
decided within the code by virtue of the Monte-Carlo techniques
that are applied and the probability distribution functions for the
different parameters of the backscatter phenomenon.

On the other hand, the code BSCAT has a feature for adjusting
the degree of resolution in each parameter of backscattered rays
vis-a-visthe number of rays to be tracked. This is controlled by
the width of bins into which the subrays are sorted before being
coalesced into metarays. The code also automatically allocates
the largest number of rays to the locations where the backscat-
tered current is the highest by virtue of the distribution of energy
and incident angle of the primaries.

Fig. 2. Trajectories of backscattered electrons in a two-stage depressed
collector for a 1-MW 110-GHz gyrotron. (a) Second order. (b) Third order.

A. Iteration of Primary and Secondary Rays Leading to
Mutual Consistency

The code BSCAT is given files that contain data on the
boundary of the collector region and the electrostatic fields,
as well as the end-point parameters of the electrons at the
collector surface. It simulates the process of backscatter using
Monte Carlo techniques and models from experimental and
simulation data and generates the starting parameters for the
backscattered rays.

The code then appends the ray file of backscattered rays to
the previous input file for EGUN which contains the primaries.
Before the latter is run, the code asks for the path to the file
which contains data on the distribution of the magnetic field.
Because of the presence of secondaries and their space charge,
the primaries are modified to some extent. Next, the code retains
the end parameters of the modified primaries and goes through
the process again. We call this first round of iterations the inner
loop. This is repeated a specifiable number of times.

Fig. 1(a) shows the primary rays for the case of a two-stage
depressed collector for a 1-MW CW 110-GHz gyrotron. For the
sake of clarity, only alternate rays have been plotted. Fig. 1(b)
shows the first order of backscattered rays for the same case.
The number of these rays is about the same as the number of
primaries. Typically, four iterations are used in the inner loop.

As the number of these iterations is increased, statistical
fluctuations are observed in the values of collector efficiency
derived at the conclusion of each iteration. Such fluctuations
are not entirely unexpected, considering that Monte Carlo tech-
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Fig. 3. Graphic user interface showing numbers of different categories of backscattered rays and the current carried by them as functions of energy.

niques and random number generators are used in modeling
the stochastic process of backscatter. In fact, from such data, an
estimate of the stability of the solution and the probable error
in the collector efficiency can be made as well. Fluctuations are
also observed in the heat dissipation density profiles derived
from the trajectories, as the number of iterations is varied. The
resulting profiles provide guidelines for the safety margins that
need to be provided by the cooling system.

B. Generation of Successive Orders of Secondaries

After the round of iterations between primaries and secon-
daries is completed, the code goes to the simulation of new
backscatteredelectronsgeneratedby the first setofbackscattered
electrons. We call the next round the outer loop. While in the
inner loop, the code retains only the primaries in the input file for
EGUN, in the outer loop, the secondaries generated at the com-
pletion of the previous cycle of the inner loop are also retained.
The EGUN MAXRAY indicating the maximum number of rays
to be traced, is automatically updated for each run of the outer
loop. The cycle of the outer loop is repeated a specifiable number
of times to give the desired number of orders of secondaries.

Fig. 2(a) and (b) shows the results of such a simulation.
The trajectories shown are for the second and third orders
of backscattered electrons, respectively, for the same case as
Fig. 1. It is seen that the number of secondaries to be followed
gets smaller in successive orders. The number is kept limited
by a combination of techniques, namely truncation below a
given threshold, renormalization, and coalescing of rays.

C. Improvements in the Process of Binning

This process is a link in going from a large number of subrays
all carrying equal current to a substantially smaller number of
metarays from which the input of backscattered rays to EGUN
is generated. We have included the following features.

The bins for different categories of backscatter are kept sep-
arate. The metarays and secondaries are thus identifiable as to
type. These are useful in diagnostics and in planning procedures
for surface treatment, such as may be needed in reducing the ef-
fects of backscatter on collector efficiency.

The bin width energy can be specified in linear or logarithmic
increments. In this way, the steps in value of energy are made
shorter in the lower energy ranges, where true secondaries lie,
compared to larger steps in the higher energy ranges for elastic
and inelastic electrons. It is to be recalled that the energy spec-
trum of the spent beam in microwave and millimeter wave tubes
contains electrons that extend to energies higher than the accel-
erating voltage between the cathode and the body. The energy
spectrum in that region is thinly populated. This option then
gives a more representative mix of the categories of backscat-
tered electrons generated by the code.

An option has been introduced to fix the threshold current
below which truncation takes place at a percentage of the cur-
rent in each category of backscatter, versus a percentage of the
total backscattered current. The objective in this option is to
have a representation of all the three categories of backscattered
rays regardless of whether the current carried by them is rela-
tively large or small. However, because of the re-normalization
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that takes place after every truncation, the distribution of current
carried by the rays of different categories is not affected by the
option selected, but is governed by the probability distribution
functions.

D. Augmentation of the Graphic User Interface

Fig. 3 shows one of the screens in the graphic interface. In this
case, the configuration corresponds to a two-stage depressed
collector for a 1.5-MW CW 110-GHz, gyrotron. It shows the
number of backscattered rays in each category of backscatter, as
well as their distribution of current against the logarithm of en-
ergy. In the interface, the curves are color coded to correspond to
each category. Labels and arrows have been added to the figure
to identify the curves for the different categories. A logarithmic
scale was chosen for the energy, as it allows the low-energy true
secondaries as well as the higher energy elastically and inelasti-
cally backscattered electrons and their contributions to be seen
in one diagram.

In this way, the user can get an overview as to the nature,
energy, and current carried by each category of backscattered
electrons. This would be a useful diagnostic tool in design of
devices or experiments in which the phenomenon of backscatter
plays a significant role.

A “Complete” button on the user interface provides an option
for going through the entire sequence of steps in the simulation
process without user intervention. It can then run on preset de-
fault parameters such as the threshold for truncation, the width
of the bins, etc.

IV. CONCLUSION

The code HILLSTART was developed to provide com-
puter-aided optimization of potentials of depressed collectors.
By eliminating routine operations that take time, it becomes
possible to explore parameter space more extensively for get-
ting the optimum combination of potentials. The hill-climbing
approach essentially involves tracing of a gradient in collector
efficiency, until a peak is reached. It does not guarantee that the
maximum point that will be reached will be a global maximum.
In that respect, the choices made by the user in choosing
successive seed files are a partial solution to the problem
of avoiding local maxima. The user also can avoid those
combinations of potentials which result in rays turning back
before getting collected. For a completely automated process
of obtaining the global maximum, approaches such as use of
“genetic algorithms,” have been considered for future work.
Some of the techniques developed for HILLSTART would be
useful stepping-stones for proceeding in that direction.

BSCAT was developed for tracing the trajectories of
backscattered electrons, iterated with those of primary elec-
trons. This leads toward mutual consistency, taking into account
the inter-relatedness of their space charge. The code has been
given a provision for obtaining the trajectories of successive
orders of backscattered electrons. The code also makes it
possible to distinguish between the different categories of
backscattered electrons through the files generated and through
graphics.

The codes were applied to the case of two-stage depressed
collectors for megawatt power gyrotrons for operation at
110 GHz. Examples were presented.
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