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Abstract—The BSCAT computer code being developed by us for
the design of depressed collectors for gyrotrons employs a special
algorithm for tracing the trajectories of backscattered electrons.
Monte Carlo techniques are used on a large ensemble of rays to
ensure accurate representation of the stochastic process.

Recent work has focused on improvement of the modeling of
the electron backscatter phenomenon itself. We have introduced
more accurate models for the backscatter coefficients for true sec-
ondaries, as well as elastically and inelastically backscattered pri-
maries. These models are adapted to the energy ranges and the
angles of incidence of the primaries. They are linked with experi-
mental data as available in current literature or with Monte Carlo
simulations. Analytical representations have been used where they
closely approximate the experimental or simulation data, in an ef-
fort to make the computation as versatile and computationally in-
expensive as feasible. The same has been done for angular and en-
ergy distributions of the emitted electrons.

Index Terms—Depressed collectors, electron trajectories, mod-
eling, secondary electron emission, simulation.

I. INTRODUCTION

T HE BSCAT code was developed as one tool in a suite of
codes for the design of depressed collectors for gyrotrons

[1]–[3], though its use may be extended to depressed collectors
in linear beam devices in general. For the design, it is important
to have an accurate model of secondary electron emission and
backscattering from the collector surface [4], [5], [7]–[12] as
this affects both the collector efficiency and the heat loading of
the collector. The function of BSCAT is to simulate secondary
electron emission and backscattering from the collector surface
in an accurate and computationally efficient manner.

A central problem is to calculate the emission yield, which
is the average number of electrons coming from the surface per
incident electron. They are of two types. First, there are the
backscatteredelectrons which are simply primary electrons that
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undergo one or more collisions with the target material until
they are redirected away from the surface. They can undergo
either inelastic collisions or elastic collisions with the target ma-
terial on their way to being redirected from the surface. Those
that lose only a small fraction of their incident energy (typically
20 eV) are referred to as elastically backscattered, while the
other backscattered electrons are referred to as being inelasti-
cally backscattered. The backscatter coefficientdescribes the
fraction of incident electrons that are backscattered. The second
class are that of thetrue secondaries, which are created when
primary electrons, slowing down in the target material, transfer
energy to electrons in the target material. Some of these excited
electrons manage to diffuse to the surface and escape. These
secondary electrons are typically of much lower energy than the
backscattered electrons (less than 50 eV). The secondary emis-
sion coefficient gives the average number of true secondary
electrons produced per incident electron. The coefficients, ,
and are dependent on the impact energy and angle of incidence
(AOI) of the primaries, as well as on the material properties of
the target, and have the relation .

The second problem is to give the outgoing electrons real-
istic emission characteristics, namely appropriate values for the
emission energy and angle.

II. Y IELD CALCULATION

Let us now consider the major improvements in the physical
model used in the code, beginning with the calculation of the
emission coefficients , , and . The methods used for calcu-
lation of the emission coefficients vary depending on the energy
of the incident ray. If the incident energy isless than 2 keV, we
use the following formulae from Vaughan [7] to calculate the
total secondary emission coefficientas a function of the im-
pact energy, and the AOI, (taken from the normal)

(1)

(2)

(3)
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(4)

(5)

Here, , , is the maximum value
of for normally incident electrons, is the energy at
which the maximum value of is obtained, is the minimum
incident energy which leads to emission ( if the incident
energy is less than , which is on the order of an electron Volt
and may be taken as zero for practical purposes), andis a pa-
rameter describing the smoothness of the surface ranging from
0 for a rough surface to 2 for a highly polished surface—we may
assume takes the value 1 which is typical for a dull metallic
surface. We use the formulae from Vaughan for values ofup to
approximately 3.6 (which is equal to 2100 eV for copper). We
may then calculate in a manner that will be described shortly,
and obtain from the relation .

If the incident energy is greater than 2 keV, we must proceed
in a slightly different fashion. In this case, we begin by calcu-
lating the emission coefficients as they would be for an energy
value of 2 keV. Then we use the scaling law [14]

(6)

to determine for the desired energy. Then, we calculate, and
finally obtain .

It may be mentioned, in passing, that there is some ambiguity
in the original text of Vaughan, as to whether the formulae apply
to the true secondary electron yield,, or the total emission
yield, . However, when one examines closely the descriptions
of experiments done to measure the yield it becomes apparent
that there is no discrimination between electrons of different en-
ergies when measuring the return current. This means that the
formulae must apply to the total yield,.

Now we turn our attention to the calculation of the backscatter
coefficient . This is done by using the Hunger–Küchler formula
[13] observed by them to fit experimental data in the energy
range 4–40 keV

(7)

(8)

(9)

This formula breaks down at low impact energy values, espe-
cially for target materials with higher atomic numbers. There-
fore, we have come up with an empirical modification to (7) that
fits the experimental data [9] quite well at lower impact energies
(less than 3.5 keV for a copper target)

for (10)

for (11)

for (12)

Fig. 1. Backscatter coefficient� for copper. Open circles show experimental
data from Reimer. Solid line shows original Hunger–Küchler formula. Dashed
line shows our modified version of the Hunger–Küchler formula.

and

for (13)

for (14)

Fig. 1 shows how the backscatter coefficientfor normally in-
cident electrons on a copper target varies with energy.

The preceding formulae are used to calculate the backscatter
coefficient for normally incident electrons. To include the an-
gular dependence of the backscatter coefficient we use the fol-
lowing formula [9]:

(15)

with a value of . is the backscatter coefficient for
normally incident electrons, andis the AOI, ranging from 0
(normal) to (grazing).

III. EMISSION PROPERTIES

After determining the yield, emission characteristics are de-
cided using the Monte Carlo approach. First, one determines
whether an electron (here, we use the term electron to speak of
rays or macroparticles that represent electrons) is to be treated as
a secondary electron or as a backscattered electron by using the
ratio, . The second step is to determine whether a backscat-
tered electron should be treated as elastically or inelastically
backscattered. We use the following scaling law for the fraction
of elastically backscattered electrons [9]:

(16)

Having decided upon an outgoing electrons type (true
secondary, inelastically backscattered, or elastically backscat-
tered), the next step is to allocate emission properties, namely,
emission angle and energy. We begin with a description of the
true secondary electrons. The probability distribution function
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describing the emission energy of the true secondary electrons
is the following:

(17)

where is the emission energy and is the work function
of the material. is the incident energy. This equation applies
for all values of less or equal than . For greater than

is uniformly equal to zero. The normalizing factor
is found to be

(18)

which is well approximated by in most cases. Equation (17)
is obtained from theoretical considerations of secondary elec-
tron emission [9] and, furthermore, has the desirable property
of leading to a very straightforward and computationally inex-
pensive means of establishing the emission energy. The angle of
emission is described by a simple cosine distribution

(19)

where is the emission angle.
The theoretical basis for probability density functions (PDFs)

describing the emission energy and angle of backscattered elec-
trons is not as sound as that for true secondary electrons. In this
case, we have introduced a function which gives a good descrip-
tion of the actual PDFs for the emission energy and a reasonable
approximation for the emission angle. It is the following:

(20)

This type of PDF is finite on the interval and
vanishes at the endpoints of that interval. The exponentis used
to determine the width of the distribution, while the parameter

determines the value ofat which the distribution peaks

(21)

In (21), one must, of course, exclude the value . In
fact, one should limit the peak value to the range
to avoid complex values of. This does not limit practical use
of the distribution, since one may use symmetry by defining the
parameter, . One may then simply calculate using
a peak value of , where is the peak value in terms
of . Also, it should be noted that as approaches , the
distribution function remains well behaved. The normalization
constant is given by

(22)

where the forms of and vary depending on the value of.
For we have

(23)

(24)

Fig. 2. Sample angular distributions using a distribution of the type given by
(20). Here, the peak value is at� = �=12. We representn = 1 with a solid
line; n = 2 with a dashed line;n = 4 with a dash-dot line; andn = 8 with a
dotted line.

For we have

(25)

(26)

For we have

(27)

(28)

For we have

(29)

(30)

For the PDF of emission angles for backscattered electrons
we use in (20) and (21), and set the value of so
that it corresponds to specular reflection of the incident ray. We
have not yet accrued enough data to derive a useful formula re-
lating the exponent to the incident energy, target material, and
other possible factors (such as the AOI). For the moment, we
use a fixed value of . A property of this PDF is that it
closely approximates a cosine distribution when its most prob-
able value approaches . This holds for all suitable values
of the exponent . Fig. 2 shows how varying the exponentaf-
fects the distribution, while Fig. 3 shows the effects of varying
the peak value for a fixed value of. Fig. 4 shows a sample
comparison with some experimental data [9], where the AOI is
80 , and the exponent is equal to 3. We immediately see that
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Fig. 3. Sample angular distributions using a distribution of the type given by
(20). Here, the exponent is fixed atn = 4. We represent the different peak
valuesP in the following manner:P = �=2 with a solid line;P = �=3 with
a dashed line;P = �=4 with a dash-dot line; andP = �=6 with a dotted line.

Fig. 4. Comparison of experimental data from [9] to distribution function of
type given in (20). The experimental data is for 30-keV electrons hitting a gold
target with an 80 AOI. Here, the exponent is fixed atn = 3 and specular
reflection is assumed (i.e., peak value at 80). We represent the experimental
data with a open circles, and the calculated curve with a solid line.

the assumption of the peak of the distribution being at an angle
corresponding to specular reflection is not as useful as desired.
Fig. 5 shows the same data except that the peak location of the
fitted curve has been moved to coincide with that of the empir-
ical curve. The fit is reasonably good in this case, but it should
be mentioned that there are cases where the angular distribution
has two lobes—showing both specular, and antispecular reflec-
tion, in which case one might have to resort to a superposition
of distributions. Such investigations are outside the scope of this
paper.

To describe the emission energy of the inelastically backscat-
tered electrons, we use a normalized variablewhich is simply

Fig. 5. Comparison of experimental data from [9] to distribution function of
type given in (20). The experimental data is for 30-keV electrons hitting a gold
target with an 80 AOI. Here, the exponent is fixed atn = 3 and the peak is set
equal to that of the experimental data (i.e., peak value at 83). We represent the
experimental data with a open circles, and the calculated curve with a solid line.

Fig. 6. Comparison of PDF of type given by (20) (solid and dashed lines) to
PDF for multiple scattering derived by Werner (open circles).

the emission energy of the backscattered electron divided by
the impact energy of the primary electron. Namely

(31)

Here, we set . In this case, we have more data to work
with and have been able to obtain very favorable fits using a
distribution of the type given in (20). This becomes quite clear
when we compare the PDFs of that type to the more complex
and computationally difficult PDF derived by Werner [15], as
can be seen in Fig. 6. As an example, we note that using a peak
value of, , and exponent, we obtain a pretty
good PDF for the normalized emission energy of electrons in-
elastically backscattered off of a copper target. Of course, the
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Fig. 7. Variation of the peak location of the emission energy PDF, for
inelastically backscattered electrons, with atomic number.

elastically backscattered electrons are assumed to have the same
energy as the incident electrons.

It should be emphasized that (20) is phenomenologically
obtained, and that it is necessary to obtain good laws describing
how the parameters and behave under various circum-
stances. This is where data obtained from experiment and
simulation becomes important. Using the data,we can obtain
laws describing how those parameters are affected by such
things as target material, incident energy, etc. As an example,
we show in Fig. 7 how the peak location of the normalized
emission energy for inelastically backscattered electrons varies
with the atomic number of the target. This data was obtained
by comparing results from (20) to the formula given by Werner
for the energy spectrum for backscattered electrons having
undergone multiple inelastic scattering. A similar comparison
has yielded data on how the exponent varies as a function of
the atomic number of the target.

IV. CONCLUSION

We have described some improvements made to the modeling
aspect of the BSCAT code, used for the design of depressed col-
lectors. Some of the models introduced into the code are already
well known, while we have also modified existing models or
developed new ones. The main thrust of our modeling efforts
has been to develop simple, and phenomenologically accurate
PDFs that are computationally well suited to a host of situa-
tions. This is best exemplified by the PDF of the type given in
(20). Governing laws for the parametersand can be continu-
ally refined, to match better experimental and simulational data,
without having to radically change the model used by the code.
It should be stressed there is much room for improvement here.

A quick survey of the advantages and drawbacks of the present
state of the physical model used in the BSCAT code is now in
order. The models used for calculating the yield coefficients have
been improved. Emissionspectra for the truesecondaryelectrons
have been improved (although this is not a critical point, in the
case of design of collectors at elevated potentials, since the ef-

fect of the initial velocity of the secondary electrons is negligible
when compared with the effects of the applied fields). The model
for thedistributionbetweenelasticallyand inelasticallybackscat-
tered electrons has been improved (although the reference points
used with the scaling need to be determined better). The models
governingtheangulardistributionofbackscatteredelectrons,and
energy distribution of the inelastically bacscattered are greatly
improved. There is much room for improvement in regard to the
last item. First of all, the governing equations forand must
be improved. Furthermore, the current assumption that the two
distributions, with respect to energy and angle, are independent
is only a convenient intermediate step. Correction of these two
points calls for considerable data acquisition through both simu-
lations and experiments, which is beyond the scope of this paper.
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