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Improved Monte Carlo Algorithm for the Simulation of
-Doped AlInAs/GaInAs HEMT’s

Javier Mateos, Tomás González, Daniel Pardo, Virginie Hoel,
Henri Happy, and Alain Cappy

Abstract—A classical Monte Carlo (MC) device simulation has been
modified to locally introduce the effects of electron degeneracy and
nonequilibrium screening. Its validity in the case of AlInAs/GaInAs
HEMT’s has been checked through the comparison, first, with a quantum
Schrödinger–Poisson (SP) simulation in the case of a complicated layer
structure, which is actually used in the fabrication of real devices, and
second, with experimental results of static characteristics of recessed

-doped HEMT’s.

Index Terms—Degeneracy, HEMT, Monte Carlo, quantum effects, sim-
ulation.

I. INTRODUCTION

The reduction of the device dimensions down to the submicron
range originates many effects which are not well reproduced by
simple simulation techniques: hot carrier effects, velocity overshoot
in the channel, short-channel effects, surface charge, etc. Conse-
quently, the Monte Carlo (MC) method [1] is commonly used in
the modeling of such short devices, since the electron dynamics is
reproduced at a microscopic scale and all these effects can be taken
into account. However, the classical MC technique meets important
problems when simulating HEMT’s, since quantum effects such as
degeneracy, tunneling through barriers, and quantization of electron
energy in the channel are not taken into account. In particular, the
electron concentration is very high in the accumulation layer near
the heterojunction, and Pauli principle becomes important. The ideal
solution would be to solve self-consistently Poisson and Schrödinger
equations to calculate the energy subbands, the wave functions in the
channel and their two-dimensional (2-D) scattering rates. This kind
of calculation is feasible in simple structures with a one-dimensional
(1-D) model, but in the case of HEMT’s a 2-D simulation is required,
with the problem that all this computational effort would lead to
unaffordable simulation times. Therefore, it becomes necessary to
include these quantum effects in the MC simulation in a way as simple
as possible, thus allowing the microscopic simulation of HEMT’s
to be made in reasonably short times, of the order of classical MC
simulations. Nevertheless, it has been demonstrated that the effect of
the 2-DEG is less important when the electric field increases [2]–[4],
which are the usual working conditions in real transistors, and so just
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the consideration of Pauli principle could be enough to obtain correct
results.

In order to improve the performance of heterostructure devices, the
confinement of the electrons in the channel is optimized by increasing
the energy barrier imposed by the heterojunction. As a consequence
AlInAs/GaInAs HEMT’s lattice matched on InP are receiving much
attention as compared to those made of AlGaAs/GaAs, since they take
advantage of the large heterojunction discontinuity and also of the
better conduction properties of In alloys. However the importance of
quantum effects also increases with the height of the potential barrier,
and so, the validity of the assumptions made above must be checked
in this kind of HEMT’s.

In this paper we present a Monte Carlo method with an improved im-
plementation of carrier degeneracy which accounts for the local varia-
tion of the Fermi level and impurity scattering screening due to the local
electron temperature and concentration. The electron temperature, the
Fermi level and the probability of impurity scattering are calculated
locally and consistently during the simulation by using the technique
proposed in [5] for bulk material. The results of the MC simulation in a
complicated 1-D structure (which is the real layer structure of the wafer
used in the fabrication of the transistors that will be employed for the
validation of the results) will be compared with those obtained from
a coupled Schrödinger–Poisson (SP) simulation at equilibrium condi-
tions. The agreement found between quantum and MC simulations is
quite reasonable, the discrepancies are mainly due to the energy quan-
tization in the 2-DEG. In any case, we will show that our “modified”
semi-classical MC simulation is able to reproduce the behavior of real
AlInAs/GaInAs HEMT’s, since under high field conditions the macro-
scopic behavior of these devices is not much affected by the quantiza-
tion.

II. M ONTE CARLO SIMULATION

The MC model is a semi-classical ensemble simulator self-consis-
tently coupled with a 2-D Poisson solver. Three nonparabolic spherical
valleys are considered:�; L, andX. Ionized impurity, alloy, polar, and
nonpolar optical phonon, acoustic phonon and intervalley scattering are
taken into account. The material parameters for the Al0:48In0:52As and
Ga0:47In0:53A s are reported in Table I. They have been obtained by
interpolating between the values of the corresponding binary materials
[4], [6]–[8]. The value of the alloy scattering potential for AlInAs has
been determined by taking it as an adjustable parameter to fit the ve-
locity-field characteristic. In order to model the effect of the low-tem-
perature growing of the buffer (which has many defects and, conse-
quently, exhibits a low electronic mobility), the alloy scattering poten-
tial for this layer has been increased to 3.0 eV instead of 1.50 eV, there-
fore reducing the mobility to 0.03 m2/Vs from the 0.1 m2/Vs value in
the perfect material which is used in the upper layers. The conduction
band discontinuity at the heterojunction is 0.51 eV. The simulation do-
main of the devices is divided into meshes 50 Å long and 10–100 Å
wide depending on the doping and the required resolution of the po-
tential along the structure. They are simulated at 300K during 20 000
time steps of 1 fs each. More details on the MC simulation can be found
elsewhere [9]–[11].

In the classical MC simulation the effect of degeneracy has been in-
troduced by using the classical rejection technique [12] modified in [5],
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TABLE I
PHYSICAL PARAMETERS OF Al0.48In0.52As

AND Ga0.47In0.53As

where the electron heating and nonequilibrium screening effects are
introduced by using the electron temperature. Degeneracy is not taken
into account in theL andX valleys (Maxwell–Boltzmann statistics are
assumed), since the density of states is much higher than in� valley
and their population is in principle lower. In our 2-D simulation the cal-
culation of the electron temperature in the� valley,Tel;�(r), and the
Fermi level,EF (r), is performed every 1000 time steps in each mesh of
the devices, taking as input data the kinetic energy,E�(r), and the con-
centration in this valley,n�(r), both averaged over the previous 1000
iterations of the simulation. So, we have a system of two equations with
two unknowns which will be solved using a simple Newton–Raphson
method. The first equation is the expression ofTel;�(r) as a function of
E�(r) andEF (r), and the second that ofn�(r) as a function ofEF (r)
andTel; �(r) both within a Fermi–Dirac distribution function. A first
order approximation is used to include the effect of the nonparabol-
icity [13], and Fermi–Dirac integrals are calculated with the analytic
approximation given by Aymerich-Humetet al. [14]. The dependence
on r means that these calculations are performed in every mesh of the
device, therefore taking into account Pauli principle and screening ef-
fects locally and self-consistently.

The rejection technique is applied when a scattering event occurs in
the� valley by comparing with the occupancy factor

f(E; r) =
1

1 + exp
E � EF (r)

KBTel;�(r)

(1)

KB being the Boltmann constant andE the final energy of the scat-
tering mechanism. This rejection technique is applied not only when
a scattering mechanism takes place, but also when an electron crosses
a heterojunction (real space transfer event). In this case electrons can

Fig. 1. Electron concentration at equilibrium as a function of the vertical
position in the wafer obtained by MC (circles, dotted line) and by SP
simulations (full line).

move from an almost depleted region to a very populated one, where a
lot of energy states are occupied, and therefore Pauli principle must be
considered. If a real space transfer is rejected the electrons are reflected
at the heterojunction.

The electronic temperature ofL andX valleys are computed using
the classical Maxwell–Boltzmann statistics, and the total electronic
temperature,Tel(r), is the average of the temperatures in each valley
weighted by his population. The kinetic energy and concentration inL

andX valleys are also averaged during the previous 1000 time steps of
the simulation. The screening factor of impurity scattering,�(r), de-
pends onTel(r) andEF (r) in this way

�(r) =�0
F
�1=2(�(r))

F1=2(�(r))

with

�0 =
q2ND

"iKBTel(r)

and

�(r) =
EF (r)

KBTel;�(r)
(2)

where "i is the permitivity of the materiali; q the absolute value
of the electron charge,ND the doping concentration andFn=2 the
Fermi–Dirac integrals of ordern/2. Equation (2) means that both
degeneracy and electron heating decrease the screening factor.

III. RESULTS

The layer structure of the wafer that has been fabricated and
analyzed using MC and SP methods consists of an InP substrate, a
3000 Å Al0.48In0.52As buffer followed by a 250 Å thick Ga0.47In0.53As
channel, three layers of Al0.48In0.52As (a 50 Å spacer, a 5 × 1012 cm�2

�-doped layer modeled as a 50 Å layer doped atND = 1019 cm�3

and a 100 Å Schottky layer) and finally a 100 Å thick Ga0.47In0.53As
cap layer (ND = 5 � 1018 cm�3). This wafer is the base for the
realization of the real recessed�-doped HEMT whose characteristics
will be presented afterwards. The SP simulation uses the traditional
method of solving self-consistently both Schrödinger and Poisson
equations [15], therefore taking into account all the quantum effects
appearing in the structure. This SP simulation is only possible in the
case of equilibrium conditions, since a simple 1-D model is enough
to represent this situation (2-D SP simulations would need too much
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computer time). The MC simulation will be carried out in 2-D with
horizontal contacts and the vertical profile in the central part of the
structure will be compared with the results of the 1-D SP simulation.

In order to model the effect of the surface potential in the MC sim-
ulation, a static charge is placed at the top of the structure [9], thus
fixing the value of the vertical electric field (which is assumed to be
null outside the device). The value of the static charge has been ad-
justed to reproduce the experimental value of the square resistance of
the wafer [16], which is approximately 180
/ at room temperature.
The surface charge density,Qs, has been taken to be 6.2 × 1012 cm�2,
corresponding to an ideal surface potential of−0.5 V for bulk material.
It has been checked that in these conditions, as expected, the Fermi
level is placed close to the middle of the gap. In the case of the SP
simulation, the boundary conditions at the top are somewhat different:
the potential is fixed and it is supposed that all wave functions are null
at that point, as if a gate electrode were placed there. The value of the
potential that provides a good agreement with the MC results is−0.4V,
which also pins the Fermi level near the middle of the gap.

Fig. 1 presents the comparison of the electron concentration at equi-
librium obtained with MC and SP simulations. It can be noticed that the
agreement between both simulations is quite acceptable. Even if MC
overestimate the accumulation near the heterojunctions, the concentra-
tion in the channel is well reproduced: the sheet carrier concentration
is found to be 2.2 × 1012 cm�2 with MC and 2.7 × 1012 cm�2 with
SP. The discrepancy in the accumulation region is due to the absence
of quantization of the electronic energy levels in the quantum wells in
the MC simulation. This quantization makes the total electron energy
increase over the classical value of 3/2KBT . The rejection technique
used in the MC calculations is not able to increase the carrier energy so
much. At high levels of degeneracy the rejection of scattering mecha-
nisms taking place only in a very short region does not increase suffi-
ciently the electron energy. A higher energy would allow the electrons
to jump over the barrier and the accumulation to decrease, so attaining
a charge distribution more similar to that of the quantum simulation.
This underestimation of the average electron energy has been already
pointed out in [17], where the rejection technique is modified for the
simulation of bulk material by using ak space mesh. In our 2-D sim-
ulation it would be necessary to use a localk mesh for every cell of
real space, which is impossible to implement since such a huge matrix
would largely exceed the computer memory.

Therefore, although the charge distribution given by the MC simu-
lation is quite satisfactory, quantum effects lead to some degree of dis-
crepancy at equilibrium conditions. However, it is well known that the
higher is the electric field, the lower is the influence of the 2-DEG on
the channel conduction properties [2]–[4], since the lower (and quan-
tized) energy states become depleted. Consequently, it is expected that
the differences found at equilibrium will vanish under high electric
field conditions, which are the typical operating conditions of usual
HEMT’s. In the following we investigate to what extent these quantum
effects affect the behavior of the devices by comparing the results ob-
tained with the semi-classical MC simulation with experimental mea-
surements under far-from-equilibrium conditions.

The geometry of the simulated recessed�-doped HEMT, Fig. 2(a), is
practically identical to that of the real one. In particular, the layer struc-
ture corresponds to that previously analyzed. To diminish the number
of simulated particles the only simplifications introduced in the simula-
tion are: 1) the contacts are placed vertically; therefore, nonuniform po-
tential and concentration profiles must be considered along these con-
tacts: those that would be obtained if real top electrodes were simulated
(obtained from a previous simulation) [10], [11] and 2) the source-re-
cess distance has been decreased from 0.5 to 0.2µm. This ohmic region

(a)

(b)

Fig. 2. (a) Geometry of the simulated AlInAs/GaInAs recessed�-doped
HEMT and (b)I , andg as a function ofV for V = 1:0 V obtained
experimentally (thick full line) and through MC simulation with (full circles,
dotted line) and without (open circles, dotted line) considering degeneracy and
screening effects.

will be included in the model in a post-processing stage through an “ex-
trinsic” resistance which is added to that of the contacts (whose values
are determined experimentally). The value of the surface charge is not
constant in the whole surface, since in the bottom of the recess the in-
terface material is AlInAs, while in the rest it is GaInAs. In this case it
is not possible to use the value of the square resistance of the wafer to
obtain the surface charge to be placed in the bottom of the recess (the
experimental value is not known). The criterion we have used is that
the Fermi level must lay in the middle of the gap. According to this,
the density of surface charge resulted to beQs = 4:3� 10

12 cm�2.
Fig. 2(b) shows the drain current,Id, and the transconductance,gm,

as a function of the gate potential,Vgs, (considering the gate built-in
potential,Vb = 0:75 V), for both the real and simulated HEMT’s with
Vds = 1:0 V. For comparison, we also plot the results of the simulation
when neither degeneracy nor screening effects are taken into account.
The dispersion of the results in different devices of the same wafer is
about 10%, while in the MC simulation the uncertainty is about 5%
in the current and 10% in the transconductance. We can observe that
the local implementation of degeneracy and screening effects in the
MC simulation leads to a very good agreement with the experimental
measurements, while in the absence of these effects the discrepancies
are significant. Important parameters as the value and position of the
transconductance peak are nicely reproduced by the simulation, even if
the overestimation of the concentration in the channel leads to a higher
value of the transconductance. So we can extract two important infor-
mations: 1) it is not possible to neglect these effects since they greatly
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influence the results and 2) quantum effects are not so important in the
high field behavior of the HEMT and our approach is enough for the
semi-classical MC simulation to reproduce accurately the experimental
results.

IV. CONCLUSIONS

In this work, we have checked the validity of a “modified” semi-
classical MC simulation to reproduce the behavior of AlInAs/GaInAs
HEMT’s, where quantum effects in the channel are expected to be
important. To this aim, degeneracy and nonequilibrium screening ef-
fects have been self-consistently introduced in the model. First, we
have confirmed the reasonable agreement of the charge distribution
obtained from the MC simulation with that calculated from a totally
quantum SP simulation in a complicated layer structure at equilibrium
conditions. Thereafter, the MC method has been applied to the sim-
ulation of a real AlInAs/GaInAs recessed�-doped HEMT for which
experimental measurements are available, showing a very good agree-
ment with the experimental results of current and transconductance
under far-from-equilibrium conditions. This fact demonstrates that, as
expected, quantum effects vanish under high electric field conditions
(which are those present typically inside the transistors) and the only
consideration of degeneracy effects (whose influence is very important)
allows a semi-classical MC simulation to reproduce accurately exper-
imental results of real HEMT’s.
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Computational Investigation of Helical Traveling Wave
Tube Transverse RF Field Forces

Carol L. Kory and James A. Dayton, Jr.

Abstract—Electron beam focusing structures are typically designed
using beam optics codes primarily based on balancing radial space
charge forces from the electron beam, neglecting RF field forces from the
slow-wave circuit. The RF field forces of a helical traveling wave tube
(TWT) have been calculated using an accurate three-dimensional (3-D)
cold-test (no electron beam present) circuit model [1] and compared to
radial space charge forces to determine their relative significance on
electron beam behavior. The forces due to radial, azimuthal and axial RF
electric fields at the tube output reach 61, 26, and 132% of radial space
charge forces, respectively, at 26 GHz for the device studied. This effect is
expected to increase with increased frequency and beam diameter. These
results indicate that the RF fields are comparable in magnitude to the
focusing fields and have a significant effect on electron beam behavior;
their implementation into the beam-focusing design could significantly
improve beam transmission near the output of the tube.

Index Terms—Helix, MAFIA, RF defocusing, TWT.

I. INTRODUCTION

A critically important component in helical traveling wave tubes
(TWT’s) is the focusing structure which keeps the electron beam from
diverging and intercepting the slow-wave circuit. Interception between
electron beam and RF circuit can result in excessive circuit heating and
decreased efficiency, while excessive growth in the beam diameter can
lead to backward wave oscillations and premature saturation, implying
a serious reduction in tube performance. Beam focusing structures are
typically designed using electron optics codes based on balancing di-
verging forces due to electron beam space charge fields, rotation, and
transverse velocity components due to thermal effects at the cathode
and scattering from the electron gun grid. RF field defocusing forces
generated by the helical slow-wave circuit are neglected, and until re-
cently it was impossible to accurately represent these helical fields be-
cause of the complexity of the circuit [2], [3].
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It has been demonstrated in [1] that using the simulation code,
MAFIA (solution of MAxwell’s equations by the Finite-Integra-
tion-Algorithm) [4], [5], cold-test helical structures can be accurately
modeled with actual tape width and thickness, dielectric support
rod geometry, and materials. Of the nine modules included in the
MAFIA code, results of this report were calculated using the M (mesh
generator), E (eigenmode solver), and P (postprocessor).

The accurate three–dimensional (3-D) helical cold-test model was
used to investigate standard approximations in the analysis of helical
traveling-wave tube measured interaction impedance by Lagerstrom
[6]. The most prominent approximations in his analysis were addressed
and it was found that several are in significant error [3]. In particular,
it was found that in the vicinity of the electron beam, helical RF trans-
verse electric fields have significant amplitudes relative to the longitu-
dinal component. The forces due to these transverse fields may signifi-
cantly affect beam behavior. This is especially a concern near the output
of the tube where RF fields have grown substantially due to transfer of
energy from the electron beam. To investigate the significance of RF
field forces on electron beam behavior, an analysis was completed and
is reported on here comparing these RF forces to radial space charge
forces near the TWT output.

The TWT used as a model is a 40 W, 18–40 GHz TWT for the
millimeter-wave power module (MMPM) [7]. The experimental helix
slow-wave circuit includes rectangular, tungsten, helical tape supported
by T-shaped BeO rods inside a conducting barrel, as shown for the
end view in Fig. 1. The operating parameters for the tube are shown in
Table I. The specific results presented here apply only to the mentioned
TWT; however, these results can serve as a general guide for similar de-
vices, and the computational techniques are readily applicable to other
TWT’s.

The concept of RF defocusing fields is not new and has been ob-
served by several investigators [8]–[13]. However, previous work has
been based on greatly simplified models or limited experimental mea-
surements. To obtain unrestricted information regarding transverse RF
fields, an accurate 3-D helical model is necessary, and this has not been
available until recently.

II. SIMULATION AND ANALYSIS

The helical circuit is simulated using MAFIA by modeling one he-
lical turn with resolution of 36 × 115 × 48 mesh units in the radial, az-
imuthal and axial directions, respectively. The quasiperiodic boundary
condition is applied at the longitudinal ends, permitting the user to
choose a fixed phase advance per turn in the axial direction and al-
lowing the frequency to be obtained at any axial phase shift. The az-
imuthal electric field amplitudes at half of the helix average radius
(r = b), and� = 0, obtained using MAFIA and normalized to the
maximum value of longitudinal electric field (atr = b) are plotted in
Fig. 2versus longitudinal distance for the Hughes MMPM helical TWT
slow-wave circuit. (This radius is commensurate with the beam radius.)
From the plot, it can be seen thatE� is nontrivial, amounting to about
16% ofEzmax at�L = 30

� (8.75 GHz) and about 28% at�L = 150
�

(42.26 GHz).
The radial field amplitudes atr = b and� = 0, normalized to the

maximum value of longitudinal electric field are plotted inFig. 3versus
longitudinal distance. From the plot, it can be seen thatEr is nontrivial,
amounting to about 30% ofEzmax at�L = 30

� (8.75 GHz) and about
68% at�L = 150

� (42.26 GHz). The longitudinal electric fields at
r = b and� = 0 are plotted inFig. 4.

As an estimate of the effect that the azimuthal and radial electric
fields have on defocusing the electron beam, a comparison of RF trans-
verse field forces to radial space charge forces has been completed. The

Fig. 1. Hughes MMPM helical slow-wave circuit.

TABLE I
OPERATING PARAMETERS FOR THE

HUGHES8916H HELICAL TWT

Fig. 2. Simulated azimuthal electric field amplitude normalized to the
maximum value of longitudinal electric field as a function ofz at r = b and
� = 0.

eigenmode solver of MAFIA uses an arbitrary excitation level; thus,
electric fields inFigs. 2and3 must be scaled to the TWT operating
parameters of interest. The defocusing effect of RF fields at the input
of the tube will be negligible, thus we focus on the output. The scale
factors between simulated and actual RF fields at the tube output are
derived as follows.

The relationships for actual and simulated time averaged RF power
flow Pout andPMAF, respectively, can be expressed as

Pout =woutvg

PMAF =wMAFvg (1)

wherevg is group velocity andwout andwMAF are time averaged
stored electromagnetic energy per unit length for the actual tube and
the simulated circuit, respectively. Assuming a constant pitch to sim-
plify the calculations, thevg will be the same at a certain frequency for
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Fig. 3. Simulated radial electric field amplitude normalized to the maximum
value of longitudinal electric field as a function ofz at r = b and� = 0.

Fig. 4. Simulated longitudinal electric field as a function ofz at r = b and
� = 0.

the simulated circuit and at the output of the actual tube. The change
in pitch when a velocity taper is implemented will causevg to vary
slightly, but we neglect this variation here.PMAF andwMAF can be
calculated directly using the code, and thus,vg is determined from(1).
Knowing the group velocity, the energy at the output of the tubewout
can be calculated from(1)usingPout given inTable I. We define a scale
factorA relating actual and simulated stored energy as

A =
wout

wMAF
: (2)

To derive a relationship between the simulated and actual electric fields
we recognize that the stored electromagnetic energy per unit length
is proportional to the electric field squared integrated over the circuit
volume, or

wout � "
vol

E
2

out dv

wMAF � "
vol

E
2

MAF dv (3)

whereEout andEMAF designate total RF electric field at the output of
the tube and for the simulated circuit, respectively. If the energy differs
by a scale factor this leads to

E
2

out = AE
2

MAF: (4)

So that

Eout =

p
AEMAF: (5)

TABLE II
SCALED MAFIA RF ELECTRIC FIELD VALUES AT 26 GHzAND r = b

Thus, the magnitude of electric fields obtained using MAFIA can easily
be scaled to be commensurate with values that are present at the output
of the experimental tube. Using appropriate values from the experi-
mental tube listed inTable I, electric field values at 26 GHz andr = b

were calculated for the output of the MMPM TWT as shown inTable
II . It should be noted that the simulated fields are calculated in the ab-
sence of a beam, but the electron beam will have a relative permittivity
of approximately 0.994 [14], thus perturbation on actual RF fields due
to the beam will be minimal.

In order to compare the forces due to the RF electric fields at the
output of the tube to space charge forces, the radial space charge field
is calculated at the boundary of a beam having a circular cross section
and radiusb as [15]

Ersc = �
Io

2�b"ouo
(6)

whereIo is the beam current,"o is the free space permittivity anduo is
the electron beam velocity. Assuming a beam radius to helical average
radius ratio of 0.5, the scaled values of the electric field at the output
are normalized to this value of space charge field inTable II. Radial,
azimuthal and axial electric fields at the output reach 61, 26, and 132%
of the space charge field, respectively. Since the force on a chargeq

to an electric field E can be expressed asF = �qE, the forces from
the RF fields will amount to the same percentages compared to space
charge forces.

The significance of these forces indicates the importance of
including these fields in the helical TWT beam focusing design
process. FromFigs. 2and3, it can be seen that radial and azimuthal
components of electric field become stronger with respect to the
longitudinal component as the frequency is increased. Thus, the effect
of RF fields on beam optical properties will be more significant with
increasing frequency. Additionally, it is well known that the strength
of transverse RF components in a helical circuit increases with radius
(see for example, [16]) indicating more of an effect with larger beam
radius as well.

III. CONCLUSION

The advent of an accurate 3-D helical TWT slow-wave circuit model
allowed for calculation of RF field forces within the tube. Near the
output these are found to be comparable in magnitude to radial space
charge forces. The forces due to radial, azimuthal and axial electric
fields at the tube output reach 61, 26, and 132% of space charge forces,
respectively, at 26 GHz for the device studied. This effect will increase
with frequency and beam diameter. These results can be generalized to
indicate that implementation of RF field effects in the beam focusing
design process could provide meaningful insight allowing improved
beam-focusing designs by reducing beam-circuit interception, partic-
ularly near the output of the tube. In addition, most TWT interaction
codes such as [17] neglect the azimuthal component of RF electric field,
and often spent beam data from these interaction codes are used as the
basis of collector design. Existence of the azimuthal electric field com-
ponent, however, will increase the transverse energy of the electron
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beam and modify this spent beam behavior. Thus, including transverse
RF field effects could aid in optimal multistage depressed collector de-
sign.

A more quantitative study is being completed using the 3-D par-
ticle-in-cell solver of MAFIA to determine how RF fields affect beam
characteristics such as radius, scallop, ripple, percent transmission, and
current density as a function of length and frequency.
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