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GYROTRON GUN STUDY PROGRAM

I. INTRODUCTION
This final report describes the results of a gyrotron gun study performed
" by B-K Dynamics for the Naval Research Laboratory under Contract No. NOO173-

]
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~

5 79-C-0312.
A .

The purpose of the program was to explore new gyrotron gun configurations and
to design a Tow velocity spread replacement gun for the NRL 35 GHz gyro-TWT.
The specific beam forming techniques which were studied were magnetic field
reversal, transverse magnetic field kicker, and single anode (diode-1ike)
Magnetron Injection Guns (MIGs). This report contains a summary of our work
tn each of these areas as well as a description of the new MIG design for

the gyro-TNT,

Gyrotron oscillators and amplifiers require an entirely different type of
electron gun design than those normally used in conventional tube designs.

) The ideal beam must not only have the proper geometry to maximize the rf )
interaction with the selected waveguide circuit mode, but also, for maximum g
efficiency, there are two additional requirements: 1) the transverse velocity 3
of the electrons must exceed the longitudinal velocity by a typical factor i
of 1.5 to 2 (intermixed helical electron trajectories are allowed); and 2)
the spread in the longitudinal velocities must be small (on the order of |
10-20% for oscillators, 2-5% for amplifiers). . X

Several methods for producing gyrotron beams have been investigated, and
most likely different approaches will be necessary for differing power
levels and velocity spread requircu-qts.

- 1. . 41.; .'..”_ ;




1.1 RISTORY OF GYROTRON GUN DESIGN

Historically, several beam formation schemes were proposed and tried by
researchers investigating cyclotron wave interactions in the 1960's. In

-tlle U.S., Chow and Pantell (1960) first used a magnetically shielded,

off-axis Plerce gun to produce a beam with helical electron trajectories.
They also used a ring cathode version of the same approach. Wingerson
(1961) proposiad the use of a bifilar helix to act as a transverse parametric
pump 6n an axial pencil beam with subsequent magnetic compression to achieve
high transverse velocities. Hirshfield, et al. (1965) used this technique
tn some of the first truly definitive gyrotron experiments. -

Both of these beam generation schemes, as well as a related tilted-Pierce-
gun scheme described bj Korolev and Kurin (U.S.S.R. 1970), are based on
magnetically-shielded, space-charge 1imited guns with the subsequent addition
of the transverse velocity component in the baam. There has been a renewed
interest racently in this gineral approach due to the desire to find ways to
utilize standard gun technology and to achieve lower longitudinal velocity
spreads.*

The high power gyrotron successes to date, however, have been achieved
with modified magnetron injection guns (MIGs). These guns were first
tried experimentally in the U.S. by Dickerson and Johnson (1964) and
were used by Schriever and Johnson (1966) te produce a relatively high
power cyclotron wave m Gapanov, et al. (1965) first reported the
use of this type gwn 1n the Soviet Unfon and subsequent work by Soviet
resesrchers during the last ducade hes besn extenstve (see Appendix A).
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1.2 CURRENT GUN DESIGN APPROACHES AND PROBLEMS

Typical design practice is to generate hollow electron beams using temper-

ature limited MIGs in which the transverse velocities are deliberately

~enhanced and controlled. (This design approach differs sharply from the

early space-charge limited MIGs described by Kino and Taylor (1962) and
Dryden (1962) in which one of the design goals was the elimination of
transverse velocities.) Control of the longitudinal velocity spread in

the beam is one of the difficult problems in the design of gyrotron guns.

The three primary sources of velocity spread (both transverse and longitud-
inal) in a MIG-type, temperature-limited gyrotron gun are: 1) electron
ray optics, 2) cathode thermal velocities, and 3) cathode roughness. In
the ray optics case, longitudinal velocity spread arises from the spatial
differences in the electron ray trajectories which originate at different
points along the cathode. This includes trajectory space-charge effects

in the beam. In the other two cases, velocity spread is the result of a

spread in the inftial velocities at the cathode.
1.3 REPORT OUTLINE

The order of presentation in this report is as follows. Section II gives a
description of a new set of adiabatic MIG design trade-off equations which
can be used with highly tilted cathodes to obtain a starting point for com-
puter simulation and optimization. Section [II then provides the details of
the new single anode MIG design for the NRL 35 GHz gyro-TWT. Section IV gives

the results of magnetic field reversal studies and some new analysis on a
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transverse magnetic field kicker scheme which looks very promising for low
velocity spread, variable velocity ratio experiments. Finally, Section V
presents conclusions and recommendations resulting from this gun design

study.

Three appendices are included which give: (A) a very illuminating over-

view of Soviet MIG research in the past fifteen years, (B) the derivation
and application of gun design equations related to conservation of angular

momentum, and (C) a detailed discussion of the derivation of the gun design

trade-of f equations in Section II.
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SECTION II
EXPANDED THEORY OF NAGNETRON INJECTION GUNS (MIGS)
. _ FOR GYROTRON APPLICATIONS
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11. EXPANDED THEORY OF MAGNETRON INJECTION GUNS (MIGS) FOR GYROTON
APPLICATIONS

Previous reports* have dealt with many aspects of the theory of adiabatic

~ MIG design. In this report, we present an expanded view of this subject with

two important additions. The first is an approximate theory which permits
design trade-off calculations on guns with large cathode tilt angles. The
second i§ the addition of equations which give an estimate of the velocity

spreading in the beam due to cathode temperature and surface roughness.

8y way of introduction, we reemphasize here that present-day gyrotron gun
design procedure relies heavily on accurate computer simulation of the
helical trajectories in the relative compliex electron beam. The design
optimization procedure is one of synthesis-by-computer-analysis, i.e.,

an iterative “cut and try” approach in which one hopes to be able to con-
verge from an initial “"test" design to a final optimized design which
meets desired performance specifications. The computer simulations them-
selves, however, give very 1ittle insight into the basic physical principles
of MIG design., Lack of a clear phenomenological model! can result in

slow convergence and great inefficiency and frustration in the design
process unless one is able to determine a suitable initial gun design from
which optimization can proceed via simulation. The adiabatic design trade-
of f equations developed here provide a physical basis for selecting an
fnitial gun design provided the resulting beam flow is reasonably adfabatic
They are derived from the basic equations of motion of spiraling electrons
in static electric and magnetic fields under the assumption of adiabatic
beam flow from the cathode to the rf interaction region.

* Baird and Amboss, 1978, and Baird and Attard, 1981




In practice, it has been found that the adiabatic assumption is sufficiently
Justified for most gun designs to provide a reasonable starting point for
computer simulations. The final optimal gun design resulting from the
simulation -- which includes both adiabatic and non-adiabatic processes --

" may or may not be adiabatic. In some cases it may even be advantageous to
use non-adiabatic effects to enhance transverse beam velocities. At the
present stage of theoretical development, however, we know of no comprehen-
sive analytical theory which permits direct design using weakly non-adia-
batic effects, and therefore those effects are not included in the design

trade-off equations presented here.

Another factor which can also have significant effects on the final MIG
design, and which is also not included explicitly in the design trade-off
equations, is space charge. Although the equations do provide an estimate
of when space charge effects become serious, space charge effects are

most easily determined by'accurate computer simulation.

The remainder of this Section gives a discussion of the background and use
of the design trade-off equations, which are summarized in Table I(a) with
the definition of terms in Table I(b). A more comprehensive derivation of
the equations is given in Appendices B and C.

2.1 DESIGN TRADE-OFF EQUATIONS

When adiabatic beam flow is assumed throughout the beamforming system (1.e.,
the magnetic moment of the spiraling electrons is conserved), it has been
found that most of the design parameters in the cathode region of the gun

can be written as a simple power function of the cathode radius times a
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) Design Trade-off Equations for Adiabatic Gyrotron MIGs
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TABLE Ib
Definition of Table Ia Variables (mks units)
rec = Mean cathode radius
Bze = Longitudinal magnetic field at the cathode
-Bo = Magnetic field in rf interaction region
bo = Final beam guiding center radius (central electrons)
a, = Final cyclotron radius of electrons = v;q4/we
E. = Surface electric field at midpoint of cathode
Yo = Final beam relativistic mass ratio = m/my
Vio = Final beam transverse velocity a
. = Cathode angle with respect to axis (positive)
‘Vi 98 = l;:g?:gic field angle WRT axis at cathode (negative for converging
.1' : d = Cathode-anode spacing measured normal to cathode
4 = Number of Larmour radii across cathode-anode gap (can be adjusted
for any desired anode voltage)
w v; = First anode voltage
s Io = Total beam current
[ (1o/1L) = Ratio of beam current to space-charge limited Langmuir current
Je = (Cathode surface current density
L 82 = Cylindrical diode geometry function (tabulated in Agpendix C.
Table CII). The argument of this function is (1 + Cq coséc).
(avy/vy)_ = Standard deviation of transverse velocity spread in beam due to
T {nitial thermal velocities
. kTc/mg = Boltzmann's constant x cathode temperature/electron mass
(avi/vy) = Standard deviation of transverse velocity spread in beam due to
R cathode roughness
R = Characteristic roughness hefght of cathode (radius of hemispherical
. bump on cathode surface)
n = |e|/m = charge to mass ratfo of electrons.
(fg/rc) = Ratfo of slant length of cathode to mean radius
8-
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constant which depends only on selected design parameters. Once tlie con-
stants are calculated, therefore, a system of equations results which permits

a rapid determination of the alternative adiabatic gun configurations which

will produce the desired electron beam. The equations quickly indicate

the ranges of cathode radius re which, under adiabatic conditions, will

produce acceptable design values.

The primary physfcal limitations that constrain permissible values of r
have been found to result from equations 2 and 5 in Table I. Equation 2
gives a lower bound on r. due to the fact that the maximum permissible
electric field at the cathode, E.(max), must typically remain below 80 to
100 kV/.cm) to prevent arcing in the gun. Thus

re(min) = [(:E/Ec(lux)ll/3

Equation 5, on the other hand, gives a very sharply 1imited upper bound
rc(max) depending on the maximum acceptable value of (Io/I ). Thus

Fe(max) * [(1o/ lL)ux’cl.]u5

The 1/5 power exponent assures that rc(max) is relatively insensitive to most
numerical changes in the initial design parameters. Thus, it is of little
consequence that: a) the maximum value of C_ is only an estimate; and b) the
maximum permissible value of (I5/I ) is somewhat a matter of intuition

until computer simulations of the gun are carried out. The fixed upper

1imit on the cathode size becomes a severe problem for temperature-limited
MIGs in the high power, high voltage regime because r(min) can exceed

rc(mex) in which case no design region exists.




With these preliminary observations on the overall use of the equations,

. A e .

) we now focus on each equation individuvally to describe its meaning and

limitations.

: ) 1. Magnetic Field at the Cathode, B,
Of all the equations in Table I, Equat'lon 1
E Bt " B85 - ) =6y .
is unique because it is the one major equation in the table which does not
rely on the adiabatic assumption, and therefore has fundamental importance
| ¢ in a wide variety of gyrotron beam synthesis work. The equation comes
from the conservation of angular momentum and to our knowledge was first
‘j . published in this form* by Baird and Amboss (1978). Appendix B of this ;
report gfves a new derivation of this equation which provides additional :
insight into its meaning and applications. The derivation relies only on
the assumptions that the static electric and magnetic fields in the beam
11 forming system are azimuthally symmetric, that thermal velocities can be . '
neglected, and that the magnetic field can be represented by ' ‘
. Il
‘ ¢ | B s Vx i'-(!:;‘;-:-. Bz>§ ('r’ Bz) é ’
Although this latter approximation is usually thought of as an axial one in :
t which Bp << Bz, 1t cun be shown (see Appendix B) that the equation also applies : A
in the 1imit where B; has a sharp step functioning variation corresponding to
a narrow cusp function (or delta function) in B.. Equation 1, therefore,
[ § by

* The initial publication contained a factor of Y which was in error. B E




is valid for a wide range of gyrotron gun problems including the non-adfabatic
cases where stepped magnetic fields are used to generate transverse velocity
in the beam.

For example, if Byc = -Bzo and rc = 3y, Equation 1 gives the field reversal

%
3
&
;
£

* becomes a hollow rotating beam which is spiraling uniformly about the z axis.

» “conditions under which a thin annular beam with no transverse velocity

Also note that if Bz = o (1.e., a magnetically shielded cathode with a sub-
[ sequent application of a magnetic field), then Equation 1 requires by = a,
so that all of the cyclotron orbits pass through the r = o axis, {.e., z axis.

This is one mechanism which produces scalloping in conventional focused beams.

e - =

For ring cathodes in a magnetic field such as those used i{n gyrotron

MIGs, Equation 1 gives an extremely simple and important design relationship
between cathode radius and cathode magnetic field. This equation holds

for cylindrically symmetric beam forming systems regardless of beam acceler-
ation xnd compression, and regardless of non-adiabatic effects. Note that
the relationship between r. and Byc is fixed once the desired beam geometry
and magnetic field in the rf interaction region are fixed. Thus Equation 1
can be used as a design trade-off relationship in determining the size of
the cathode required. The right hand side of Equation 1 {s designated as ’

the dasign constent Cg as shown.

‘ It should be noted here that even though the correct values for B, and r

! s are utilized in a given gun design, Equation 1 does not quarantee that the

’ desired values of by and ag will be attained. Once By, ¢, and By are
fixed, there fs & l1inear relationship between by and ag which satisfies

¢ the equation. The exact values of by and 8y achieved will depend on how
the beam is formed at the cathode and transmitted to the interectica region.

i (] -1l-
!




Equation 1 does guarantee, however, that if the wrong values of B,. and r
are used in a gun design, then the desired values of b, and a5 will not

be simultaneously achievable.

In practice, if Equation 1 is satisfied and if the diameter is sufficiently
- large that b('2 » 32, then the desired value of b, will be attained to a close i
approximation regardless of the value of aj. However, the velocity ratfo

(@= v, /v2) which depends on the value of ap, can have a wide variation.
Control of the velocity ratio and, in particular, the spread in the velocities,
(Av/v), ts the principal challenge in gyrotron gun design.

2. Electric Field at the Cathode, E.

k Equation 2 in Table I f
£3/2 ;

3 Yo'io & _ (2)

Ere * 72 = g |

'o cos(¢c+ea) i

. is the direct result of the application of the adiabatic invariance of the |

magnetic moment. If one specifies that the 1'n1tm transverse velocity at
the cathoded is given by E sinGpp/B., which comes fron ('E. X ?)IBZ; then

J the equztion shown results from equating the value of the magnetic moment ,
at the cathode to its value in the rf interaction region. |

In equation 2, we have used the constant Cg (Equation 1) to eliminate B, to

' v !
get a trade-off relationship between E. and rc. The angles shown in the : |
equation are § which is the positive angle between the cathode and the R
’ axis (i.e., the cathode tilt angle), and the magnetic field angle Og ‘ ; ‘
(assumed small) which {s the signed angle between the magnetic flux at the ! '
cathode and the gun axis. In this formulation, a negative angle represents
") a magnetic field converging toward the rf interaction region. ;
|
!
|
<
«12-
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Equation 2 shows that for a specified beam geometry (cg = constant), that
the effect of increasing the cathode radfus is a rapid reduction in the
required electric field at the cathode (Ec~—rc'3). As will be seen, this
strong functional relationship gives the primary contribution to the absolute
~upper limit of r. which was previously described and which becomes evident

ifn Equation 5. Equatfon 2 is the basis for the lower bound on the cathode
radius. If we insert the maximum permissible cathode field E.yax into the

equation and solve for the cathode radius, the result is
rc(Min) = [cE/Ec(Nax{]1/3

Any attempt to reduce i)e cathode radius below this value will result in
excessive cathode fields. Alternately, once the cathode radius if fixed, any
attempt to reduce the ele&tric field at the cathode»(for example by lowering
the first anode voltage) will result in a low value for the transverse veloc-
ity 1n.the interaction regfon. The exception to the above constraints is
the case of a aon-adiabatic gun in which the beam transverse velocity is
changed (either increased or decreased with respect to the adiabatic value)
as the beam passes through the non-adiabatic region(s) of the gun. As
previously noted, such non-adiabatic design cases do exist and need to be
further explored in order to find a systematic method for taking advantage of
these effects to permit greater flexibility in design than allowed by the
adiabatic desfgn conditions.

3. Anode-Cathode Ga ing, d

Equation 3 in Table I relates the anode-cathode gap spacing d to the design
geometry of the beam through the use of an arbitrary design factor { .

-13-
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(85 - a5)/*

Basically, this equation arises from the recognitfon that the gap spacing
must be at least twice the radius of the cyclotron radius a; at the cathode,
.since 2 ac 1s approximately the height that the beam rises above the cathode,
(estimated from plannar geometry relationships). We have therefore elected
to make the gap spacing proportional to‘tm.cyclotm radius at tue cathode
"with { as the proportionality éous‘taat selected by the designer (d = La.).
When this is evaluated ustng 3 = v, /e and Equations 1 and 2 are used to
eliminate B, and €., the result s a simple scaling of the anode-cathode gap
1n proportion to the cathode radius. '

In practice, one can use the arbitrary design parameter % to adjust the volt-
age on the first anode to any desired level. Practical values of { usually
1ie betwsen 3 and 10 although Targer values can occur for stngle anode
destgns n which the full beas voltage s applied to the first enode.

In general MIG destgns utilize conically tapered cathode and electrode sur-
faces. The conical shape providus the axial component of the electric field
Which accelerates the beam owt of the Cathode regien of the gun. When

the cathode “t1it" aagle (i) with respect to the 2 axis is small, it

ts sufficient to wse coaxfal electrode theory to determine the anode radfus
and voltage which provides the desired electric field at the cathode.

There are other considerations having to do with velocity spresd, Mowever,
which mekes 1t destrable to use larger cathode tilt angles. Tstmring (1977)
ond Menutlov and Tainring (1979) have shown that by tiliting the cathede to
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a sufficiently large angle, l1aminar flow behavior can be achieved in gyro-
tron guns. Laminar flow has the important effect of causing cancellation
of velocity spreading forces due to space charge in the highly rippled
beam formed by the MIG. Thus, cathode tilt angles of 15° to 45° can be

| beneficial in high space-charge gun designs. For the designer, this creates
a new problem of estimating the anode voltage which will provide the required
electric field at the cathode of the highly tilted conical electrode system.

To assist in estimating the anode voltage, we have put some effort into
devising a method for including the effects of the cathode tilt angle into
the MIG design trade-off equations. The method discovered is surprisingly
simple, and, to date, has given results which are within a few percent of
values taken from computer simulations. Because the equations involved

are asymptotically correct at cathode angles of 0 and 90 degrees, we believe
that the resulting design trade-off equations can be used effectively to
synthesize first order MIG designs (at any cathode tilt angle) which are
suitable for the purpose of initializing a design simulation.

The solution to the problem was found by assuming that the electric field ‘ F
at any point on the cathode is primarily determined by the surface curva-

ture of the cathode and by the approximate spacing to the nearest point on

EREPY

the anode (assumed to occur at a point normal to the cathode surface). With
some effort it is possible to show that the radius of curvature on the
¢ surface of a cone (measured with respect to the surface normal) is simply

the distance from the surface of the cone to the axis, as measured along

the direction normal to the surface. Thus, the effective radius of curvature
‘ ¢ of a cathode with a tilt angle ¢ 1s given simply by r¢ = r¢/cosg
as showmn in Figure 1.

«15-
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We continue the analysis by assuming that the first anode is formed by an
identical coaxial cone which is shifted along the axis sufficiently to make
the separation between the cathode and anode surface equal to d (again in

the direction normal to the cathode surface). Then, based on the original

_assumption, the voltage on this anode is given approximately by coaxial

field theory in which the effective curvature of the cathode ré is used as

the inner radius and (ré + d) as the outer radius of the electrodes.

The results of this procedure have proven to be accurate within a few per-
cent in predicting the relationship between the anode V, and the cathode
electric field Ec in computer simulations of MIGs. The comparison has

been made at several cathode angles between 30 and 70 degrees i1d at various
cathode radii. Further evidence of the validity of the approximation over
a wide range of angles is the fact (noted above) that in the two limits

§c = 0 and ¢ = 90 degrees, the equations relating voltage and electric
field approach the respective 1imiting equations for uniform coaxial

electrodes and planar electrodes.

Figure 1

Mode] for Effective Cathode Radius r! and Anode Spacing d for
MIGS with Large Cathode Angle Tilts ::

016-




The resulting design trade-off equation for first anode voltage V, is given by

C. tn{1+C cosé )
v rz E d”" " 'c

|
ac cosé,

% Cy (4)

" To obtain this equation, we have used the two radii r. and (r¢ + d) in the

coaxial equation relating Ec and V5. We then used Equations 2 and 3 to
eliminate E; and d and obtain the design trade-off equation shown.

In MIG design, it is not necessary to make the first anode voltage V,

equal to the final beam voltage. Many gyrotron MIG designs use two anodes
so that V, is at some intermediate.voltage. In this case, the first anode
can be used as a control electrode to trim the beam performance or to modu-
late the beam. The minimum design voltage which can be used on the first
anode is that which begins to cause beam interception because the spacing

is too small,

When V, is less than the final beam voltage V,, 2 second acceleration gap
must be designed into the gun. This second gap can sometimes produce
serfous non-adiabatic effects in the beam flow and cause velocity spread
problems. These problems are most 1ikely to occur when V, is much lower
than V, or when strong lens effects are associated with the second accel-
eration gap. The best way to determine the magnitude of these effects is

through computer simulation.

5. Beam Current as a Fraction of the Limiting Langmuir Current (1o/1))
Equation 5 in Table I is basically intended to provide a measure of the

space-charge effects in a MIG design. The trade-off equation provides an
estimate of the temperature limited beam current I, as a fraction of the

-17-
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space-charge limited current I| which would exist in the absence of the

magnetic field. The quantity (Io/IL) is given by '
{2 5 2 (14cgcose sl
"c = - ) = cl. (5)
L 14.66(107°)¢,  “cosy,

where the function B2 (described in Appendix C, Table CII) has the argument
(1#C4cos ¢c). To obtain this equation, we have used coaxial diode theory

in which we have again substituted the values of ré and (re + d) as the
inner and outer radii. We have been able to show (see Appendix C) that
when the cathode tilt angle is increased to 90 degrees that the resulting
equation is equivalent to the plannar diode case. It therefore appears
probable that the technique given here provides a reasonable estimate

for the Langmuir 1imiting current for all cathode tilt angles, although

this has never been verified by computer simulations.

The strong functional dependence (IO/IL}~rc5 comes about because I; varies

directly with v,3/2 and approximately inversly with d2. The result if

IL~V‘3/2 d‘z~rc'3 rc‘2 = rc's. 5
This strong dependence makes (Io/I}) very sensitive to increasing values of
rc and produces a sharply defined practical upper 1imit for rc, beyond which

severe space change effects are encountered.

At best, the value of (15/I1) obtained from this method is only a rough esti-
mate. This is not only true because the magnetic field is neglected, but also
because only a narrow strip cathode is utilized in the gun. Experience

has shown, however, that the value obtained by Equation 5 does give a rather
effective indicator of the onset of space-charge problems in MIG design.

-18-
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Once ro is sufficiently large to make 1,/1; as large as 10-30%, no further
increase is possible without encountering severe space charge problems. As

previously noted, we can invert equation 5 to give the maximum r. as
rc(max) = [(IO/XL)max/cLllls

Thus ro(max) fs very insensitive to adjustments in the numerical value of
(1o/1L)max- To avoid space-~charge problems, therefore, one should select

a cathode radius size smaller than r¢(max) if possible.

Two space-charge effects in adiabatic gyrotron MIGs force the maximum
permissible beam current to remain well below the space charge limit.

The first effect is one which is described by Gol'enberg and Fatelim (1973)
in which the transverse velocity spread at the output of the gun increases
linearly with current. The effect is a direct result of electron trajec-
tories which cross and recross each other due to a2 low cathode angle. The
effect has been measured by Avdoshin, et al. (1973) and shows that beam
currents as low as 10 to 20% of I} can produce excessive velocity spreads.
Computer simulations of such beams also demonstrate this effect, (Baird
and Amboss, 1978). When a given MIG design uses a high angle cathode and
a laminar flow beam within the gun accelerator region, this space-charge

effect 1s greatly reduced.

The second space-charge effect 1s simply the depression of the electric
field at the cathode as the beam current begins to exceed 20 to 30% of the
Langmuir limit. Gyrotron MIGs operating at currents approaching 50% I, and
above require an entirely different design approach in which the self-con-
sistent space-charge flow equations are utilized and the gun electrode

~19-
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geometries which support the beam flow are synthesized in a self consistent

‘ manner. As discussed in Appendix A, Manuilov and Tsimring (1979) have

-n described this procedure for temperature-limited gyrotron MIG design. The

I theory is an extensfon of that developed by Harker (1960-63) for space-charge
_limited MIG design. Tsimring (1977) indicates that gyrotron MIG designs

have been built and tested in which the electric field at the cathode is

depressed (by space charge) to 50% of the field intensity in the absence of

space charge. There appears to be no reason why current levels approaching

the Langmuir 1imit cannot be achieved while still maintaining adequate
control of velocity spread for many applications. Computer codes which
will accomplish this type of gun synthesis are scheduled for development
at NRL in FY-82. For the present design trade-off analysis, however,
experience thus far has indicated that it is necessary for (1o/1)

ey e

to remain below 20-30%.

6. Velocity Spread Resulting from Cathode Temperature and Surface Roughness

Equations 6 and 7 from Table I are as follows:

(6)

™

.

Equatfons 6 and 7 are derived from equations gtven by Tsimring (1972) for the
initial transverse velocities at the cathode. Equation 6 pertains to the

initial transverse velocity arising from the cathode.

i
|
4
!
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temperature and equation 7 is derived from an analysis of transverse
velocities resulting from a sm_m hemispherical bump on the cathode surface
(2pproximating surface roughness). Using these initial transverse velocities
as Av, ¢ and using the value of v, = EcsinOgg/Bc, we formed the ratio

(v, /v, c) at the cathode. Under adiabatic flow conditions, this ratio

is a constant and therefore, these same transverse velocity spread ratios

are transmitted into the rf interaction region.

To use equations 6 and 7, one simply evaluates the design constants Ct and
Cr: when a suitable value for r; is determined, the equations give estimates
of the transverse velocity spread components resulting from temperature

Tc (degrees Kelvin) and cathode roughness R. These velocity spread sources
are statistically independent from the velocity spread resulting from
electron ray optics (Av_L/vL )o which can be determined from the computer
simulations of the beam (including space-charge). Because they are statis-

tically independent, the statistical varfances add and the three sources

of velocity spread combine as an RMS average to provide the following
total standard deviation of perpendicular velocity in the interaction
region. '

2 2 2 ‘ i
¢ (Bv, /v, deotar = LAVL/v, )g + (Bvy/v )y ¢ (Avg/\rl)"]l/z |

! To get the final longitudinal velocity spread one uses the relationship

Avy/vy = aZ By fy,

which results from the equation voz = vzz + v_l_z when the total electron

velocity v, is a constant. The vartablexis the average transverse to ‘ 5

Tongitudinal velocity ratio.
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7. Cathode Current 1, and Slant Length fs

Equations 8 in Table I simply state that 1,/J. = cathode area; the key
parameter determining power and current capacity of the gun design and also
a key parameter in controlling velocity spread of emitted electrons due to

the finite width of the cathode.

, (8a)
] alternative
equations
(Is) . m_ £C
Fe/ € c | . (8b)

give alternate expressions for the relationships among cathode current, 1,
cathode slant length [, and cathode surface current density Jc. The cath-
ode radius r. in this cise is assumed to be the mean radius of an annular
conical strip cathode. The slant length fg 1s the surface width of the
annular cathode. We have elected to normalize the slant length of the
cathode to the cathode radius so that their relative geometries are preserved
tn the gun as cathode radius is changed in the design trade-off. Thus,

l,lrc is treated as 2 single quantity. This choice may not be the most
desirable in some cases (for example when a constant width cathode is
desired) but one is free to rewrite equations 8 in alternative forms without

effecting the foregoing equations in Table I.

Equation 8(a) is written in a form which allows an estimation of the maximum
power achievable in a MIG when the maximum cathode width (f5/rc)max 18




specified. Although large widths permit large currents and power, very
wide cathodes also increase velocity spread due to electron ray optics
(i.e., large differences in the path trajectories of electrons emanating
from different points along fg). Therefore one usually attempts to keep

" (fs/rc) small, if possible, typically'?’b.3. Equation 8(b), alternatively,
is useful when one is designing to a specified power level and needs to
know the slant width of the cathode which will produce the desired value

of beam current. In each case, the desired value of cathode current density

is a specified constant of the destgn.

This concludes the description of the MIG design trade-off equations given
in Table I. Additional details on the derivation of the equations are given
in Appendices B and C. In the next section we describe the design of a
single anode MIG which started with the design trade-off equations and
proceeded through computer simulation and optimization to a final design.




SECTION III

DESIGN OF A LOW VELOCITY SPREAD MIG
FOR THE MRL 35 GHZ GYRO-TWT
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I11. DESIGN OF A LOW VELOCITY SPREAD MIG FOR THE NRL 35 GHZ GYRO-TNT

NRL has conducted several experiments on 35 GHz TEp) mode gyro-TWT amplifiers

A W
R il it L “Wmm

over the past four years. Results were reported first by Seftor, et.al.

(1979) and most recently by Barnett, et.al. (1979-1981). The efficiencies
’  of these amplifiers have rang§d from a few percent to a high of 8%; the

shorter, lower gain amplifiers give the best efficiency performance.

A1l of these experiments utilized the same type MIG gun which was designed
by Seftor, Drobot, and Chu, (1979) at NRL. This gun has provided excellent
performance in gyronotron oscillators but, thus far, has not performed

well in amplifiers. Computer simulations indicate that the Seftor gun has
a velocity spread on the order of + 8%, but experimental rf results seem
to indicate a posstbility of up to twice this value. Only a small amount
of direct measurement data has as yet been taken on the beam produced by
this gun and the results seem to indicate a very cdmplex veloéity spread
distribution with possibly two velocity components of widely differing

velocity spreads.”

i In any case, it has become evident in the past fwo years that a new gun
design with a2 Tower velocity spread is needed for gyro-TWT applications.
;8 One of the purposes of this gun study program has been to provide such a
gun design and we report the results of this work in this section.

The major constraint on the new gun design was that it be a direct re-
placement for the existing Seftor gun. This will permit several of the I
gyro-TNT experiments previously performed to be repeated in an effort to '
document the anticipated efficiency improvements resulting from the use
of a Tower velocity spread MIG.

* private commmication with Dr. Larry Barnett, MRL. f !
N | -24- !
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The beam design parameters for the Seftor gun are given in Table II along :
) with the changes/improvements which pertain to the low velocity spread MIG

R e

design described in this sectior.

g Table 11
10 ' Seftor Design New Design
: Parameters Values Values
Beam Voltage Vo =70 kv Same
Current Io = 9A Same
s Velocity Ratio v /vz = 1.5 Same
Guiding Center Radius bo = 0.252 cm Same
Larmor Radius 3g = 0.052 cm Same
Interaction Mag. Field By = 12.96 kG Same
0 Cathode Mag. Field B = 1860 G Same
‘ Cathode Current Density Jo = 4 Afcm? 10 A/cm?
; Cathode Angle - 10° a0°
! First Anode Voltage Vy = 35 kV No Intermediate Anode
¢ Long. Velocity Spread  Avp/vy = + 8% + 2.5 % Goal

As shown in Table II, the velocity spread goal for the new gun design was
s + 2.5 percent standard deviation. To accomplish this, the cathode of the new
gun was tilted to 40° to obtain a laminar fiow beam, 2 single anode was used
to provide direct acceleration to full beam potential, and a narrower strip
s cathode was utilized. A1l of these changes lead to diminished velocity

spread related to electron ray optics and space-charge effects. The negative
aspect of the design changes is the increased cathode current density which
s was not deemed excessive for an experimental device and therefore a worth-

while price to pay for a low velocity spread performance.

The design proceeded by utilizing the adiatatic MIG trade-off equations given
in the previous Section 11 to determine the constants of design, and then the

» «25-
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values of the gun variables were determined by setting the cathode radius
to 0.65 cm (same as the Seftor Gun). The position of the anode with respect
to the cathode was adjusted to provide 70 kV (the full beam voltage) on

the first (and only) anode. The results of the new electrode shapes with

- the Seftor gun electrode shapes superimposed, are shown in Figure 2.

The final electrode shapes shown in Fig 2 were determined by repeated
computer simulations of the electron trajectories (using the Hermannsfeldt
Code’) while successively making small changes in the anode and cathode
shapes. More than 50 computer simulation runs were required for this
procedure before a final design was achieved. The final electrode adjust-
ments were made to the radius of curJ;ture on the cathode which had the
effect of changing the value of v, o = E.sin@pp/Bc across the length

of the cathode. Plots of (@= v, /v;) versus ray number in the final
compressed beam were used as the primary analysis tool for determining

the effects of changes.

The final results of this cut-and-try optimization procedure are shown in
Figures 3 and 4 which show an 8-ray beam simulation of the new gun and itsa
plot. The final velocity spread in the longitudinal direction taken from
Figure 111-3 1s less than + 0.5%. This is the electron ray optics contri-
bution to the total velocity spread and it includes the space-charge effects
of a 9 ampere beam current. When the beam current is reduced to smailer

values, very 1ittle change in the velocity spread occurs.

In Figure &4, we have inciuded the results from two non-optimized gun simu-

lations to illustrate the optimization process. One shows the fcsults

* Nermannsfelt (1973)
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obtained on the first simulation using the adiabatic design values. One

of the rays in this “first try" was reflected (a=w ), but the central

ray was close to the desired design value. The other plot shows an inter-
mediate result which was obtained prior to achieving the optimum design.
Note that 5 electron rays were used during the optimization process and that

the number of rays was increased to determine final beam performance.

Simulation of the temperature-limited gun was implemented by launching the
electron rays normal to the cathode surface with each ray carrying a current
proportional to the area on the cathode represented by the ray. Rays from
the two edges carried approximately 1/2 current. This procedure gives an
accurate simulation so long as there is a minimal depression of the electric

field at the cathode due to space charge; i.e., so long as (Io/I) is small.

Note in Figure 3 that a plot of the magnetic field is superimposed over the

gun simulation. The cathode is placed in a flat magnetic field region designed
into the superconducting solenoid at NRL. A trim coil in the solenoid permits
the magnetic field in the cathode(region to be adjusted experimentally.

Determination of the sensitivities of the gun to: (a) the axial position

of the cathode with respect to the magnetic field and (b) to the adjustment

of the fiald in the cathode region are of primary importance for experi-

mental purposes. These sensitivities were obtained by computer simulation

as shown in Figure 5. Note that the permitted variation in longitudinal
position of the cathode 1s about 0.5 cm, over which distance reasonably

low velocity spreads and the proper velocity ratio are maintained. The
vertical bars in the plots show the extent of the spread for the simulation
run, and the dots and the numerical percentages give the average velocity ratio

and the longitudinal velocity spread respectively.
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The data in Figure 5 can be re-plotted as a function of the cathode
magnetic field to reveal more clearly the sensitivity of velocity ratio

to this experimental parameter. The result is shown fn Figure 6.

When da/dB, 1s calculated from adiabatic beam flow, the slopes of the theo-

. retical sensitivity lines shown in Figure 6 are obtained. The simulation

results show a good fit to adiabatic theory.

The final experimental parameter sensitivity which needs to be determined is
that of beam voltage. Figure 7 gives the results of a plot of versus
voltage. An adiabatic, non-relativistic theoretical sensitivity is shown

in this figure also. The theoretical result fits the data reasonably well.
Note that voltage and magnetic field adjustments can make substantial changes

in  without introducing excessive velocity spread.

EFFECTS OF CATHODE TEMPERATURE AND SURFACE ROUGHNESS

As the foregoing Computer simulations show, the velocity spregd due to
electron ray optics (path differences) has been virtually eliminated in
this gun design. Assuming that the simulation js correct®, the major
contributions to velocity spread will come from the cathode temperature,
Tc, and cathode surface roughness, R. The variable R in this case is the
radius of a hemfspherical bump on the cathode surface which is used to
model the roughness. (See Appendix C.) In practice, it seems probable
that using the characteristic surface roughness (or RMS roughness) for R
will provide a reasonable estimate of the resulting velocity spread.

* Temperature-limited MIG simulations in the U.S.A. have mot yet been
experimentally verified by direct measuresment on electron beams.
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The equations which provide estimates of velocity spread taken from

Section II are

(o) e [ e,

W Cecos (¢ + 8p) B
0.4 Cy/2nR

-A-!L- rllz = 4 =+C

(VJ- )R ¢ - CEI;zcos(d'c-l-eB) - R

where the definition of the variables are given in Table Ib. For the gun
design shown with T.= 1200°K and R = 0.5 um, these expressions can be
evaluated to give

(AVZIVZ)TC = 1 0.64% H (AVZ/Vz)R = :_ 2.5%

When these two components of velocity spread are combined with the 0.5% spread
due to ray optics, the RMS average velocity spread is + 2.6%. This is the
predicted total velocity spread assuming that a cathode roughness of 0.5 um
can actually be attained.

For a dispenser-type cathode, the surface roughness for commercial grade
Type-B cathodes is on the order of 0.8 um. We therefore anticipate that
some special cathodes will have to be made to attain the desired + 2,5%
spread performance. For the commercial grade cathodes with the best poss-
ible polish, we anticipate an overall velocity spread closer to + 3%,

This is still a significant fmprovement over the previous available gun
which had greater than + 8% spread.
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’ STEPPED MAGNETIC FIELD FOR GYROTRON
BEAM GENERATION
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IV. STEPPED MAGNETIC FIELD FOR GYROTRON BEAM GENERATION

In this section, we first review the results of beam simulations using
magnetic reversal and then give the results of some new work which shows
that one of the oldest techniques used in gyrotron gdns -~ the variable
tnhsverse magnetic field kicker -- may have excellent properties for beam
control which have not been previously illuminated and should be researched

more thoroughly.

4.1 REVIEW OF FIELD REVERSAL

The interim report* on this program gave the details of a study exploring the
use of field reversal as a means for implementing gyrotron guns. In that
report 1t was concluded that the fundamental velocity spreading mechanism in
the absence of space-charge arises from the spread in the tnitial radii of the
electrons as they are emitted from the cathode. We repeat here the following
three figures: Figure 8, the concept of field reversal used to generate a
beam spiraling around the axis; Figure 9 the typical output of computer
simulations of this mechanism, and Figure 10, a summary of final \velocity

ratio @ versus initial radius for several cases simulated.

The results show that the fundamental velocity spreading mechanism is strong
when largeais required. The first order theory for this spread is given
by

Avy/v, = o Br i, (9)

which shows that the longitudinal velocity spread resulting from an idea)
(infinitely sharp) field reversal s equal to the spread in the initial
radii of the electrons emftted from the cathode sulitiplied by the square of

* gatrd and Attard, 1990
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a. Thus ifa= 2, Avy/v; = 8Ar./rc which makes it very difficult to get
spreads on the order of a few percent. Figure 10 shows that in realistic
cases of finite length field reversal, the spread gets slightly worse.

~ Schemes in which one begins with a small magnetic field and a large annular
cathode ring and subsequently compresses the beam do not alter the first order
theory for spread -- one simply uses the final a of the compressed beam in the
calculation. Such schemes greatly improve the possibilities for attaining
low velocity spread because Ar¢/rc can be made smaller; but, it still Tooks
difficult to reach values of (Avz/vz) on the order of 1 or 2% as desired

for amplifier applications.

We previously concluded in the interim study report that although field

reversal beam generation may have applications in gyromonotron oscillators,

it Tooked doubtful for amplifier applications because of the ultra-low veloc-
ity spreads required in these long devices. Since the time of our interim
report, it has been suggested that the inclusion of significant amounts of space-
charge in the beam may alter the above results significantly in a manner

which will change the velocity spreading mechanism in favorable ways. No
additional computer simulations have been carried out during this study pro-
gram to either confirm or refute this idea. This idea should be explored in

any future studies of the field reversal mechanism for gyrotron applications.

It 1s noted that a new study by Scheitrum (1981) shows that shaping of the
field reversal by adding perturbing pole-pieces on either side of the field
reversing pole can significantly alter and virtually eliminate the ripple

on the generated spiraling beam. No investigation was made of the resulting
effects on the basic velocity spreading mechenism, but this also should be
explored in any future work.




4.2 THE VARIABLE TRANSVERSE MAGNETIC FIELD KICKER FOR GYROTRON BEAM
GENERATION AND CONTROL

There is still a strong need in gyro-TWT applications for a small spiraling
beam with low velocity spread. One example where such a beam is desirable

’ " is the fundamental mode TEj; gyrotron in which the waveguide circuit is

| considerably smaller than any circular mode gyrotron and in which the electric

vector extends across the waveguide. This type of gyrotron will be useful

in radar amplifier applications because: (1) its gain per unit length is

the highest of all possible modes, (2) velocity spread will be less damaging

‘ because the tube will be shorter for a fixed value of gain, (3) wide band

; ' coupling into the fundamental mode circuit is simplified, and (4) a circ-

$
2
§: ularly polarized wave can be amplified.

Because magnetic field reversal appears to be prone to large velocity spreads,
| other techniques to achieve low velocity spread are being explored. We
report here a more detailed study of one of the early guns utilized by Chow

: f ¢ and Pantell (1960) for cyclotron device research. The analysis technique

utilized 1s again the stepped magnetic field approach which producec
surprisingly accurate results in the field reversal analysis. The results

: ¢ on the Chow and Pantell gun show that velocity spread can most 1ikely be ;
reduced to the range of a few percent and this appears to have been verified .
by Chow and Pantell. Their report indicated that full beam transmission was

¢ achieved ata= 8, This would require a velocity spread on the order of 1X%.

The basic configuration of the gun is {llustrated in Figure 11. The ring
cathode is shielded from the magnetic field by a magnetic envolbpe which _ ;
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has a iagnetic pole piece running up through the center of the cathode.
' The electrons are focused alectrostatically intc a thin annular beam which
exits from a2 ciriular s1it in the face of the magnetic pole piece extending
perpendicular to the beam axis. This latter pole piece carries magnetic | ;
’ " flux from two solenofds: (1) from the main solenoid to the right of the gun
which produces a uniform wmagnetic field mniting to the right of the pole
face, and (2) from an auxiliary flux coil which is inside the gun shield and
o produces a variable transverse flux across the gap where the beam enters the
magnetic field. This auxiliary flux is the key to launching a beam which
rotates uniformly about the axis of the device. As will be seen, it also

o provides control of the & in the beam.

4.2.1 Beam Geometry Analysis

_ s We begin the analysis by looking at the transverse and longitudinal fields
in the pole piece gap where the beam exists fi‘om the gun. To use the stepped
magnetic field approach, we make the approximation that the width of the
output pole piece is negligible so that all of the radial flux in the gap
occurs at the single position z = 0. This corresponds tc a stepped function
in the magnetic potential at z = 0 and we utiliae the Heaviside unit step

¢ function u(z) for this purpose”. f
0 fforz<o
u(z) = 1/2{for 20 (10) ._ :
e 1 {forz>0 ' »
[ ]
* N, Aoremewits and 1. A. » Nendbook of Mathematical Functions,

U.5. Govermmat Printing » 1988, p. 1000,




In terms of this function the magnetic potential which supports both the

main magnetic field and the added flux in the gap produced by the auxiltary
coil 1s given by

Ao = rBau(z)/2 + Yyu(z)/2er (11)
(. ] i
!
: Here, the first term applies to the main field which exists only for z > 0
:i and the second term applies to the auxiliary field which, insofar as the
5 ¢ beam is concerned only exists as a transverse flux ¥, at the position
g Z=0. To see that Equation 11 gives the correct results one simply applies
> -+ > >
5 B= VXA to obtain the magnetic flux density and = f B-ds to get the
* s
8 magnetic flux passing through a pole surface s. |
' Using the relationships i
o du/dz = }(z) = Dirac delta function®
Io.f(zn (2)dz = £(0) (12)
R ’og(:)o(z)d: = u(0) = 1/2
one gets for the magnetic field S
i 'f'
- - - '
P Be- (n,l/z . O.;l!w) P ()2, )
where © and Z are wnit vectors, and for the transverse magaetic flux in the 98p |
¢ Vo) = -wrls, - g (14) o
The first flux term en the R.H.5. of equation 14 13 the radfal flux which |
supports the main field inside the gap redivs rg. The second term is
¢
* J. 0. Jacksen, Classtical Electredynamics, Jobn Wilay & Sems, Inc.
Now York, 1968, pp. 3-4. ’ B




simply flux from the auxiliary coil. Note that both fluxes have the same
sign so that a positive ¥, is in a direction which aids the gap flux due

to the main solenoid.

" We now use conservation of angular momentum to determine the effects of the

magnetic field on the beam. Putting Ag from equation 11 fnto

[r20 - (e/m,)rAg] = 0 (15)

(which assumes that both 5 and Ay are zero at z =~ 0°,) we can rearrange

terms and evaluate the expression for z > 0 to get

egy/2m, = Y120 - eB,r?/2m, (16)

Then, the R.H.S. of Equation 16 can be re-written in terms of the beam geometry
parameters (see Appendix B) to get.

v fr = B, (2,2 - b.2) (17)

Where a, 1s the cyclotron radfus and by, 1s the guiding center of the electrons
evaluated at the position z = 0 > 0.

Note from Equation 17 that 1f ¥, = O then a, = b, and the electrons rotate
through r = 0 (1.e., the z axis). This {s very undesirable because the
resulting high space charge would produce severe velocity spreading effects.
Note aiso, that if ¢ 1s positive, then &, > by and the bem circles the
Z axis. If ¥y s negative, by > &y and an aanular Beam such as that produced

by NiGs is achieved.




To determine the relative sizes of a, and b,, we go to the z equation of
[ motion obtained from the Lagrangian for relativistic electron motion in
cyclindrical static fields. (See Appendix B.)

I+ (e/ngY) rd ahg/az = 0 (18)
8
Using Equations 11 and 15 this becomes
£ = - (efym))2 [rB,/2 + ¥a/(2er)]2 u(2) B(2)
[
which upon substitution of £ = (1/2)d(2)2/dz can be integrated through ;
s thegapfrc-z-(rtoz-o*toggt ;
| é
Vie = V3. = - 1/4 (e/ no)z r(o)s, + hlrr(o)]z (19)
. .

where r(0) is the electron radius at the position z = 0. Equation 19 gives

the change in the z velocity as the beam enters the magnetic field through the
(4 gap. Note that the velocity change depends on two field factors B, and ¥,

with ¥, being experimentally variable. f ?

T

To proceed with the analysis, we now re-write equation 19 in the form

¢ |
|
2.2 - vt e v (20)
.
where
. vl = (1/4) 22 (o) (1oFy)? (1)
-
’ :
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) .
and Fp is the magnetic flux ratio in the gap
)
Fp = %/(wr2(0)8,) (22)
i
Rewriting Equation 20 in terms of perpendicular velocities gives S
. . X
j "43 «v, 24 vg . (23)
This is the desired relationship giving the increase in transverse velocity :
i as a result of the beam passing through the gap. |
i It must be recognized in Equation (23) that the maximum value for perpendic-
: . ular velocity is v 4=vo. If one tries to make v, , too large, reflection
will occur. It should also be noted that V,. can only be a velocity component
in the radial direction since the analysis has proceeded on the assumption ‘ &
¢ that 5(2 = 0~)= 0. It is therefore permissible in the analysis for the beam ‘
to enter the gap at a converging angle with respect to the axis so long as
no O motion is involved. |
' 1
i
¢ For a quasi-longitudinally directed beam in which ,’2 » vj_.z. we can neglect |
Z v, and immediately determine the geometry of the output beam from Equatfons , !
1 21 and 23. f
¢ N
| & = v shug = (r(0)/2) (1 + Fp) (24) :
i
" i
1o Then from Equation 17 and after some algebra |
| ,.
1 by = (r(0)/2)(1 - Fp) (28)
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These equations can be inverted for design purposes to give

FRr = (a4 = be)/(as + by) (26)

r(o) = a, + b, . (27)

From these two equations it is evident that the conditions which give a

beam circling the axis (i.e., by = 0) are FR = 1 and r(o) = a,. Thus,

the auxilfary flux must equal the main solenofd flux in the gap (1.e., double
the radial field) and the beam radfus in the gap must equal the desired
Larmour radius in the main field at the position z = 0*.

Once a gun of this type is fabricated, it is interesting to contemplate the j
effect of changing the auxiliary flux during operation. Since r(o) is fixed,
Equations 24 and 25 show that a, and b, change directly with FR. Since the
transverse velocity v, 4 = Wcay, the result is a direct change in beama.

The sensitivity to this change has been calculated to be

Aafa = (82 + 1) [Fp/(1 + Fp)] AFp/Fy (28)

At e= 1.5 and Fg = 1, this equation says that a 108 changs in auxiliary t’
flux will produce a 165 change ina. The chenge in vz would be 113. !
This type control could be a significant factor in improving the flextbility
of 6:..r1mtal optimization of gyrotron devices.

An even more surprising fact is that the overall besm size which {s given
by (a, + b,) 1s independent of Fy. This says thet while & 13 changing the
overall besm size remaings the same.




2. Velocity Spread Analysis

If we differentiate Equation 23 to determine the sensitivity of the perpen-

dicular velocity spread to the gun parameters in the gap region, we get
' (assuming again vsz » vl_z)

Av“/vl_,:(wl_/vs)2 By _1v,) + Agly (29)
Equation 29 immediately reveals that the velocity spread ( Avl-lvl-)
associated with the beam converging into the magnetic gap has negligible

effect on the output velocity spread because of the multiplying factor of
("1-/"3)2' Thus, the matin contribution will most 1ikely come from A"a"a*

Differentiating Equation 21 with respect to r(o) we get

Avg/w= Ar(0)/r(0)

v3/% (0)/r(o (30)
So that finally

Av o/vs *ario)/e(o) (31)

This 1s tdentica) with the velocity spread equation for the field reversal
case with one netable enception. The radius "r(0)" in equation 31 is the
radius of the beam in the gep wheress previously it was the radius at the
enitting cathods. Since the present scheme can take advantage of electro-
static fecusing to meke [ Ar(e)/r(o)] very small, 1t appsars that low
veluss of velecity spresd sheuld be achievable.

The sources of velecity spread which have been neglected in this analysis are

those due to fringing fields, a fiatte gup length, cathede tempersture, and

e




space change. These will most easily be determined by computer simulations
which have not been carried out for this gun during this study program.
Because the fundamental velocity spreading mechanisms appears to be favorable,

however, there is reason to be optimistic that low velocity spreads could be

" achieved.

4.2.3 Alternate Gun Geometry

Equation 23 shows that it is possible to achieve the desired transverse
velocity v+ byusing v _ alone. This would require that VB 0

(f.e., Fp = -1.). In this case the auxiliary coil is used to reduce the
flux in the gap to zero so that the transverse velocity of the beam passing ‘
through the gap 1s unchanged. Such a beam would be designed to pass through ~
the gap with a convergence angle sufffciently large to give the desired V4.

One important advantage of this concept is the extra room that it gives in
the cathode area to provide a high voltage standoff between the cathode and
the central magnetic pole piece. Voltage breakdown in this area was the
failure mode of the original Chow and Pantell gun.

One of the disadvantages is the fact that the output velocity spread is no

Tonger insensitive to the spread in convergence angle of the electrons enter-
ing the gep. In fact,

By o/v, o=, /) (be/tande)0le [ de (32)

Where §g is the axial angle of the slectrons entering the gap. . This cevld
be 2 severs drawbeck n seme design cases.

- —-




Overall, it appears that there could be a design regime in which the best
of both schemes could be used. A convergent beam in the gap may be possible
while still maintaining vy2 >> v, 2.

" In any case, it appears to be important to use a converging electron beam
in the gun in order to get high voltage standoff. The velocity spread may
deteriorate somewhat, but the ability to experimentally change @ using the
auxiliary coil would still be retained in any such design.

It should be understood that the beam design parameters in the gui region
of the foregoing discussion (z = 0*) may or may not be the desired rf inter-
action values. For millimeter wave tubes where large magnetic fields are

needed, one would be required to utilize an adtabatic beam compression

region to transform the beam baruetcrs at the output of the gun into those
desired for rf interaction.
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V. CONCLUSIONS AND RECOMMENDATIONS

Conclusions

We conclude this final report on the gyrotron gun study program by providing

the follow1ﬁg summary of accomplishments:

1.

2.

3.

A complete review and analysis of the magnetron injection gun
(MIG) type gyrotron was carried out including a review of the

extensive Soviet literature.

Design trade-off equations were developed which provide initial
design points for MIG computer simulations. These equations,
which are based on adiabatic beam flow, have been extended to
include arbitrary cathode tilt angle. Without these initial
design calculations, computer simulations become very difficult

to implement because of the complexity of the beam flow.

The design was completed for a single-anode Hlé-type gyrotron gun
to be used in the NRL 35 GHz gyro-TWT experiments. Computer
simulations of this gun indicate that it will have éignificantly
reduced velocity spead. This gun is now in the final stages of
assembly and will be used as a direct replacement for the
existing ML gun to improve efficiency in the gyro-TWT. The
anticipated velocity spread is + 2.5% which 1s a factor of

3 to 5 Tess than the existing gun.




4. A stepped magnetic field theory has been utilized for analysis

of the fundamental velocity spreading mechanisms in transverse

magnetic field "kicker"” approaches to gyrotron beam formation.
Using this technique we have identified the basic spreading

mechanisms for the field reversal and the shielded cathode

o ‘va:kuc;‘w Y
-

schemes. In both cases, this spreading mechanism is propor-
tional to the spread in the radial position of the electrons
at key points along the beam. It was shown that the shielded
cathode approach holds promise for applications requiring Tow
velocity spread because 't permits electro#tatic beam
focusing which can significantly reduce the radial spread

) at the key point of magnetic field entry.

¢ In addition, a shielded gun with an auxiliary field coil has
been shown to provide very attractive properties for experi-
mental control of the beam. In this case, the velocity

1 4 ratio can be varied over a wide range while the beam size

remains constant.

The details of these accomplishments are contained in Section 1I through 1V
of this report with additional backup material in the three appendices pro-
vided. We have endeavored to make this a self contained report by incorpor-

ating pertinent data and materials from the interim report (Baird and
Attard, 1980).
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Recommendations

A number of interesting avenues for further research in the general area of
gyrotron beam formation are evident as a result of this study program.

Four of these are enumerated afﬁ?ollous:

1. The fact that gun simulation codes are mandatory in the analysis

and optimization of gyrotron guns raises the many questions about

the utility of these codes and accuracy of the simulations achieved.

We recommend that a coordinated program to develop interactive,
graphics-orfented codes in conjimction with a demountable beam
test facility be started immediately. These tools would permit

a coordinated effort between gun simulations and physical
measurements which would be extremely beneficial in the R&D effort
to produce high performance and high power gyrotron guns. The
demountable beam test facility should provide for scaling the test
guns in both voltage and size so that the performance of high
power beams and physically small beams can be measured.

2. AMdditional computer simulation work should be carried out on
the MRL single anode MIG design to evaluate two properties
of the gun which need to be further investigated. First, it
would be very valuable to determine the thermal velocity spread
in the gun by direct simulation. This can be accomplished
be adding additional electron rays to the simulation which
have initial transverse energies equal to the mean thermal
velocity. Such a simulattion would help provide verification
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of the expected velocity spread performance of this gun
which 1s predicted to be almost totally due to initial
transverse velocities at the cathode (due to thermal effects

and cathode roughness).

The second design feature of the NRL MIG which needs to be investi-
gated through computer simulation is the effects of a modulation
anode placed along an equipotential line near the cathode. Such
an anode would be extremely useful in systems applications to pro-
vide beam current modulation. It should be possible to determine
the major effects of such an anode on the beam performance through

computer simulation.

The properties of the shielded cathode gun with a transverse mag-
netic field “kicker" described in Section IV B needs further
investigation. The first order analysis given in this report
shows excellent promise that this type gun can provide both
exceptional beam control and low velocfty spread. It is
recommended that designs which employ a slightly converging
electron beam (decreasing beam radius at the magnetic pole piece)
be investigated because this configuration will produce the
lowest possible velocity spread while still giving some

relief to the high volitage standoff portion problem inherent

in this type gun. A computer simulation should be utilized which
can give a good simulation of the fringing magnetic fields at

beam exit point (lens effects) as well as simulate thermal
velocities in the beam.




1
i

4. The Soviet literature survey given in Appendix A demonstrates

!’ the importance of the high power MIG synthesis approach utilized
by Tsimring (1977) and Manuelov and Tsimring (1979). In this
’ approach, varying amounts of space-charge up to the space-charge | '
limit are included in the analysis of an oscillating laminar
flow beam which is accelerated away from the cathode. The gun
electrodes which support this flow are then synthesized as
¢ equipotential surfaces outside of the beam. It is recommended
that the computer codes required to perform this high power
. MIG synthesis be written and that they be utilized in conjunction
with MIG computer simulations to investigate the high power
Timits of these type guns. :
L
¢ f
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APPENDIX A
CHRONOLOGICAL REVIEW OF SOVIET GYROTRON GUN DEVELOPMENT

This review was first published in essentfally the same form in the Gyrotron
Gun Study Program Interim Report (Baird and Attard, 1980). It fs fncluded
here because the body of 1iterature encompassed contains valuable insights
into the theory, measurement, and synthesis of gyrotron beams resulting from
the intensive R&D effort in the U.S.S.R. over the past fifteen years. The
much newer U.S. RE&D effort can greatly benefit from a thorough review of

the Soviet work. A number of desfign considerations and techniques are
revealed which go beyond any work yet done in the U.S. and which need to

be explored further.

The first detailed Soviet gun design and measurement studfes started to appear
in print in 1972, although crude versions of the MIG (magnetron injection gun)
were used in the mid 1960's. (Figure A-l(ag shows a conceptual drawing of

an early gun used by Gaponov, et al., 1965.

1. Electron Trajectory Analysis

Two companion papers by Lygin and Tsimring in 1972 give the first analysis

of Soviet MIGs for gyrotron application. Figures from the first paper are
reproduced in Figure A-1. Figure A-1(b) shows the basic configuration of

the type of gun analyzed, which has a strip cathode on an inclined inner elec-
trode and 2 single anode which forms a quasi-coaxial magnetron type gun region.
Figures A-1(c) through (d) show two versions of this gun, each with two differ-
ent angles on the cathode electrode with respect to the symmetry axis. The
first version uses an anode whose profile has a sharp corner; the second uses
& smoothly varying profile. The equipotential surfaces shown were calculated
by assuming a rectangular geometry approximation and using analytic techniques.

The second paper, vhose figures are reproduced in Figure A-2, uses the calcu-
lated electrostatic fields and the magnetic fields of an atr core solenoid to
determine the electron trajectories from varfous assumed cathode positions.

In this paper, the velocity spread between pairs of trajectories representing
emission from the two extreme edges of a cathode was compared both by adiabatic
analysis and direct numerical fnt tion. It was determined that large dif-
ferences exist in the degree to which adisbatic theory holds (f.e., the adi-
abaticity of the field configurations) and that "systems with smooth electrode
configurations permit significant reduction in the spread of oscillatory
velocities.” Arrangements such as those presented in Figure A-2(c) were shown
to have a particularly targe velocity spread.

It 1s stated in the second paper that tiiting the cathode at & large angle
has the benefictal effect of creating a laminar flow beam which s less
sensitive to the velocity spreading effects due to spece-charge, and that
the strip cathode can be placed over a wide ronge of pesitions along the
contral electrode surface previded that the magnetic field at the cathods s
:Ju’t: .:c':o;i:‘nty. It 1s alee g:td that »» d:l:i:‘ul mc::'ao in the

] 8 sone ;un dowmtrom or requi ~”
on the specific spplication. nnn:fm?{fam Tongitudinal
acceleration gap (second sneds) is wsed, 1t will sdditional wnspect-
fied beam spread depending on 1ts psition and witage ¢f ffarence.
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2. Velocity Spread Analysis and Measurement

Tsimring, 1972, made a complete list of the variables which enter into
» velocity spread in MIG guns as follows:

1. Spread of the initial electron velocities.
2. Roughnesses of the emitting surface.

» 3. violations of axial symmetry of the electric and magnetic fieids.
4. The presence of nonuniform axisymmetric fields on the cathode,

which are determined by the geometry of the gun electrodes and
- of the magnetic system.

| . 5. Nonadiabatic fields in the intermediate region between the cathode
and the second anode.

6. The space-charge field of the beam.

8 Of these variables, he states that in practice the only two whose effects
cannot be reduced to arbitrarily small values (assuming small space-charge
effects) are the first two. He then gives an analysis of the effects of
tnitial electron thermal velocity spread and cathode surface roughness.
These effects are described by the following two equations giving &v,,, the
fractional transverse velocity spread due to initial velocitg spread at the

K cathode; and & v? » that due to cathode surface roughness. (Sv) 1s defined

as Z(V_Lz - V.I.1) Vj.z + V‘Ll))

i 2 g |
8vpy = 3.6n (3%-:-—) [% (1+ ;—tlnz,)] (1)

Svy = 1.6n [_;g (1+ }Eunzgs)]" | | (2) 4

Mere, n is a velocity spread reduction factor due to mtmeption of some
fraction of the beam current on the anode.

ne1-1.25 (Ip/1,)* (3) b

¢ . where IA/I is the ratio of the anode to cathode current and is restricted
to <.2. The remaining varisbles are as follows: T 1s the cathode
re?m in degree mm. V, is the anode voltage in volts; d is the
eetlnde.to-em separation, r 83 the cathade radius of a i
smal1 hewisphere on the surfacl), h 1s the height of the #1rst elactron
e ordbit, and @ is the angle betwsen the Cathode surface and mugnetic field -

* This function 13 an tmation to Tafaring's plotted function when . _ !
ntercepted current on the first anod is smell. Py

£ At M 0 A S R A




at the cathode. This angle is restricted to <15° in the equations given.
Note that the spread due to surface roughness {s 1ndepende”zof gnode
voltage whereas that due to initial velocity varfes as V,™°/%,

Based on equations (1) and (2), Tsimring concludes that the minimum trans-
verse velocity spread due to cathode temperature alone for a 1000°K emftter
temperature and a 10 kV anode voltage is approximately 1%. It 1s claimed,
however, that a substantial additional velocity spread can occur due to the
inherent surface physics of various types of cathode materfals. Specifi-
cally, oxide cathodes are claimed to have inftfal energies up to 10 eV (Russian
reference cited) which would produce up to 14% transverse velocity spread in

a 10 kV gun and up to 5% spread in 2 70 kV gun. For low velocity spread guns,
this is a factor which needs to be evaluated. :

Equatton (2) sbove comes from Tsimring's analysis of the velocity spreading
effects of a small hemispherical bump on the cathode surface. By direct
analytic solutfon for the electric field distributfon in the vicinity of
the hemisphere and analysis of the spread in velocities of electrons which
start with zero velocity on its surface, he concludes that a surface rough-
ness of 2 um can produce a transverse velocity spread of up to 5% independent
of the beam voltage. This 1s a substantial factor and is the reason for the
surface smoothness specification applied to NRL gun procurements.

It appears that an important part of any U.S. program to produce very low
velocity spread guns for gyro-TWT applications must include direct measure-
ments of the velocity spread produced by the cathode effects described above
as well as the effects of other varizbles given in the previous 1ist. A tech-
nique used extensively in the U.S.S.R. for velocity spread measurements was
introduced and analyzed by Tsimring and 1s 1llustrated in Figure A-3. Its
principle of operation is to longitudinally decelerate the beam by a variable
retarding potential at the collector “5" which is placed in the working (peak
magnetic field) region of the tube, and is used to measure the collected
current as a function of retarding potential. Figure A-3(b) 11lustrates how
;’n c:llocted current is related to the longitudinal welocity distribution
unction.

The actual implementation and test results of a retarded potential beam
analyzer are given in a pair of papers by Avdoshin et al. (April 1973) and
Avdoshin and Gol'denberg (Octodber 1973). Figure A-4 from the first paper
shows the added electrodes required to implement the beam tester. The
structure labeled 6" 1n Figure A-4(a) 1s the same as structure "1" in (b).
This element is an “iris with sectional slits" and has the stated purpose
of collecting the electrons which ere reflected fram the retarded potential
on the collector. Collection takes place because the reflécted electrons
tend to be rotated fn azimuth angle due to the cressed electric and magnetic
field and therefore are collected by the blocked pertions of the sectorial
iris. If the electric field due to space-charge in the collector region
1s not sufficient to accomplish this rotation, an electron which returns
to the gun acceleration region will be rotated and subsequently will have
a high probadility of interception as i1t 1s apin accelersted tomrd the
collector. The purpose of this electrode, then, s to prevent a large

buildup of spacecharge which wivld disturd the masured bemm.
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Diagram of the magnetron-injector adiabatic electron gun.

a) 1 1{s the cathode; 2 1s an emitting strip; 3 is the first anode;
4 is the second anode; 5 1s the collector which has a variadble
retarding potential.

Deaa .

b) Distribution function over the oscillator velocities, and the
collector-current cutoff curve for J,/J, 7 0.

FIGRE A-3 - FIRST DESCRIPTION W VELOCITY SMAEAD NEASUNENINT TRCHNIQUES,
TSIMING, 1972 | |
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The second added electrode is the “antidynatron grid" shown as structure
*8" in Figure A-4(a) and "2" in (b). This mesh grid serves as the primary
retarding element in the device and 1s swept in voltage as shown in the
1llustration of the oscilloscope test setup. Its major function is to
prevent an erroneous measurement of collector current due to secondary
emission of electrons which, without the grid, would be accelerated back
toward the gun. Because the electron yield in secondary emission nomally
exceeds 100%,* for a metal collector and energies over 200 eV, it is con-
ceivable that a reverse current flow or "dynatron effect” could result. The
actual collector (structure "7") is held at a near ground potential in the
measurement system so that all beam electrons which have sufficient velocity
to pass through the retarding grid are accelerated toward the collector.
Note in Figure A-4(b) that the collector "3" has also been sectioned to cor-
respond with the iris. This permits independent measurements on the sampled
p::t;:n of the beam and gives a gross indicatfon of azimuthal uniformity in
t am.

It is interesting to note that the transverse velocity spread can be cal-
culated to a good approximation directly from the electrode voltages in
Figure A-4(a). For small spreads and weakly relativistic beams, the velocity
spread is given by.

Avl _ ng - VQI

V.L 2(v° - VQ)

where v,/v; is the fractional velocity spread in the transverse velocity,

v ‘ and Vg1 are the retarding grid voltages at selected critical points

wR ch def?ne the desired spread measurement (the Soviets use the 90% and

10% collector current points), Vo is the beam voltage, and Vg 15 the mean

voltage at which collector current cutoff occurs. It s reldtively easy

toznﬂq thatzthis equation is true by substituting the appropriate

V& = vy = vy € for the different voltages in the equation and reducing

tk result to sv 1 = vi2)/v,. The velocity spread measurement is thus

n:ﬂy accamplis by mnitoring the collector current and electrode s

The primary results of the tests described by Avdoshin, et al., April 1973,
are susmarized in Table A-1. Five different cathode types with varying P
surface roughness were measured. Table A-1(a) shows that tota)l welocity /
spreads in the range of 9 to 17X were obtained. Table A-1(b) gives 2 .
detafled description of the cathodes used including information on the
materials and the construction technique. Cathode #5 1s similar to the
type-8 matrix cathode used in the U.S.

The seperate components of velocity spread due to surface roughness v
and 1nr:nl velocity spread 8v 4 8 8 in Table A-1(a) wre ca‘lcuhf:d

from equations 1 and 2, Because 3v,y is the only component which depends 4o
on anode voltage, 1t is possible to experimentally verify the contribution o
of this component by measuring the reduction in Sv; with increasing snode ¥

voltage.

* Witer K. Kohl, Electron Tubes, Retnhold Pub, Co., New Yerk, 1960, p. 160.
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Height of | §v,
Roughnesses,| exp [8v,p. |[OVi{, Comments
Cathode Type Fos it % % %
la | Yttrium oxide 20 17+2 1 11 4 | Grain size of the
, ¢ spongy material 204
1b | Yttrium oxide 25 17 + 2 12 4 | Grain size of the
spongy material 404
1c | Yttrium oxide 10 14 + 2 8 4 Spongy material
smoot hed
2 | “Kerite" cathode 5 9+1 5.5 4 | Cathode ground
3 | Oxide 5 17 + 2 11 3
4 | Pressed oxide 5 9+1 5.5 3
§ | Tungstate 5 9+1 5.5 3
(a)
1) An Yttrium Oxide Cathode. The working temperature was 1400-1600°C. The

2)

3)

4)

5)

core material was molyhdenum. A spongy material consisting of tantalum

powder having a grain sfze of up to 40 was sintered with the core. After
sintering an yttrium oxide Y203 powder was deposited on the spongy material.
The samples of yttrium oxide emitters that were used had roughness dimensions
of 20 to 25 and 10p (in the latter case special mechanical treatment was used).

A Pressed Yttrium Oxide Cathode (a "Kerite" Cathode). The working tempera-
ure was er was presse shape of a washer consisting
of a mixture of W (941) and Y20 (61) The grain size of the ¥ was 2 to 3,
and it was sintered at t = 2000°C. The height of the roughnesses was 5u.

A Sintered Barium Oxide Cathode. The working temperature was 1000-1200°C. The
Surface space was approximately the same as it was for the yttrium oxide cathode.

A Pressed Oxide Cathode. The working temperature was 1100°C. The composition
was 90% NT and 10X basic barium-strontfum~calcium carbonate. Ihe plasticizer
was polyvinyl alcohol; the molding pressure was 6 to 8 tons/cm Sintering was
carried out at t = 1200°c. The height of the roughnesses of the cathode sur-

face was ~5u.
A Tungstate Cathode. The working temperature was 1300°C. The composition was
90X W, 9% barium-calcium tungstate and 1% Al with an admixture of paraffin

as a plasticizer. The molding pressure was 10 to 20 tons/ The sintering
temperature was ~1800°C. The height of the roughnesses was ~5n..

(v)

TABLE A-1. Summary of Measured Velocity Spreads for Several Different
Type Cathodes; Avdoshin, et al., April 1973.

A-9
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An example of such a measurement for the "kerite” cathode 1s shown in Figure
A-5(a). This measurement was carried out in an operating mode in which the
first orbits of the electrons were very close to the anode. This conditfon
was mafntained by keeping the ratio of the anode voltage to the square of
the magnetic field at the cathode (V,/BT) constant.

The figure shows the measured velocity spread as a function of V, (i.e., Up(V)
in the figure). The authors state that the velocity spread components are
statistically independent and therefore additive,* and utilizing equation (1),
this data gives a cathode temperature of 1800-2000°K and component values of
8vip = 5.5% and dv;; = 4%, Tue consistency of the results with the total
measured velocity spread is excellent. _
Figure A-5(b) shows the measured dependence of the transverse velocity spread
on the intercepted anode current. This measurement was made by slightly chang-
ing the magnetic field at the cathode which changes the initial trajectories
of the electron orbits, resulting in a change in the intercepted beam current.
It is interesting to note that a rapid drop in the velocity spread occurs for
a small amount of intercepted current. Avdoshin, et al. (April 1973) noted
that these results are "evidence of the expediency of using precritical oper-
ating modes of the gun® in which that portion of the beam with excess trans-
verse velocities is collected on the first anode.

Although a significant velocity spread reduction of several percent was
achieved for an anode intercepted current of only 2% (as shown in Figure
A-5(b)), the merits of this approach are open to question and need further
investigation. For example, the change in velocity spread is strongly depen-
dent on the definition of the spread. In the case shown, apparently only a
very small portion of the beam was involved in the excess spread and therefore
it conceivably would have very little effect on the rf interaction anyway.

The general idea of using mechanical filtering techniques for velocity spread
reduction, however, deserves further investigation. For example, it may be
possible to use a selective aperture to eliminate undesirable portfons of

an electron beam which have divergent characteristics due to space-charge or
fringing fields. Such an aperture could conceivably be at a low potential
with respect to the cathode (thus 1imiting the power dissipation) and could
serve a duval role as a modulating electrode.

The final velocity spread measurements reported by Avdoshin et al. (April
1973) and Avdoshin and Gol'denberg (October 1973) are shown in Figure A-6.
The first two figures, A-6(a) and (b), show the measured velocity spread
dependence on beam current (expressed as a fraction of the theoretical space-
charge limited current in Figure A-6(a). Data from four different type
cathodes are shown, and in all cases, the velocity spread {s an increasing
linear function of the cathode current.

This 1inear increase in velocity spread with beam current was derived
theoretically by Gol'denberg and Petelin (1973) for adiabatic MiGs. The
cathode configurations used in this analysis are shown in Figure A-7 and

* Ne questfon this since standard deviations usually are squared and added
(1.e., the variances are additive).

A-10
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Dependence of the spread of the oscillator velocities on
em{:sion current: 1) yttrium oxide cathode; 2) "kerite"
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Dependences of the scatter of the oscillator velocities of
the electrons on emission current: 1) scintered cathode;
2) pressed cathode.

¢) Avdoshin and
601 ‘denberg,
October, 1973
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Dependences of the scatter of the oscillator velocities:

of the electrons on the rotation radius of the electron

in the injector for guns differing in the magnitude of

gndgapad between the anode end cathode; 1) d = 3.5 mm;
= 8 mm.

FIGURE A-6 - MEASUREMENTS OF TRANSYERSE VELOCITY SPREAD AS A FUNCTION
OF BEAM CURRENT AND CATHODE FIELOS WITH OIFFERING CATHODE
TYPES AND ELECTRODE SPACING.
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their results are claimed to be applicable for either narrow or wide emit-
ting strips in the gun. One of their conclusions s that due to increasing
velocity spread, a Timiting current exists for these type MIGs and that
its value is the same for efther narrow or wide cathodes. This is a sur-
prising result, but it must be kept in mind that it applies only for an
adhllnt:c gun, and non-adiabatic trajectories may greatly change thi
conclusion. :

For the purpose of low-velocity-spread design work, the measurement shown
in Figure A-6(c) re-emphasizes the fact that the detailed shape of the
electron orbits in the vicinity of the cathode can have dramatic effects
on the velocity spread, and that the velocity spread can have a "t"vﬂ
minimum with respect to the first orbit radfus, ry (r) varfes as V, /8.
at the cathode). The figure also shows that the spread is not a function
of the distance to the first anode, although if the distance fs too short,
it may not be possible to reach the minimumn due to anode interception.

The explanation given for this behavior is that the variation of r; at the
cathode carries the electron trajectories through different parts of the
cathode "fringing field" (i.e., the transition region where the electric
field changes from predominantly transverse to longitudinal in direction).
The conclusion is that “electron-optic systems in which the electrons travel!
in the fringing field of the cathode with approximately identical rotatfon
phases along trajectories that are furthest from the end of the cathode

are preferable.” In other words, if possible, it is best to form a beam in
which 811 of the electrons have the same spatial phase and follow the most
adiabatic path through the transition region of the gun.

The sharpness of the velocity spread minimum in Figure A-6(c) indicates
another important fact for experimentally adjusting a MIG gun. It shows
that values of VV,/B. at the cathode should be thoroughly and carefully
explored for any given gun configuration to make sure that operation at the
velocity spread minimum has been achieved.

In 1975 Antakov, et al., published the results of extended velocity spread
measurements on a 16 kV two-electrode gun using the decelerating field method
described above. No diagram of the gun configuration was given but the gun
ws described as having a narrow cathode emitting strip (surface area =

2 cmt) whose width was much less than the 0.8 cm cathode-anode spacing.

Also, the cathode electrode was mounted so that the electrode could be

wmoved both Tongitudinally and transverse to the gun axis to measure the

eof fects of misalignments. The measurement results are shown in Figure A-8.

Figure A-8(a) shows both the velocity spread 8v, and the transverse to
longftudinal velocity ratio "g," = v,‘/v‘ as functions of the beam current
nomalized to the space-charge limited “Langawir® current, kl‘{{ (1p= 20A).
The peramster "a” shown in the f1 is the ratio of the interaction mag-
netic field to the cathode magnetic field (%). Note that the transverse
velocity spread is the same for all values of By/B. as required by the theory

* To maintain consistency with Figure 8 and following figures in this Appendix,
which have been reproduced from a prior report, the symbol for the Langmuir
current s "Ip", not "IL" as in the body of the main text.
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Measured values of g, and dv, and comparison of experimental distribution i
functions for transverse velocities (solid curve) with an approximating '

Gaussian function (daéhed-dot curve). fora= 4.25 (1 is for Ioﬂz- 2.5'10’2.
2 is for 10/11'. 5:107¢),
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e) Comparison of the theoretical (dashed-dot) and experfmental (split) curves for
the dependence of gg on the magnitude of the magnetic reversal a. The dashed
curve was obtained by extrapolating the experimental data into the region of
Tow currents (Icll-,‘,o).

f) Distribution of electron v,locmes for various positions of the cathode
(o = 4,25, 1o/1, = 2.5°10°¢; the solid curve i3 for the optimal cathode position
the dashed cirvk is for displacement of the Cathode by 0.1 d in the radial
plane; the dashed-dot curve is for displacement of the cathode along the gun
IR‘S; 1) T = 1.5"‘, 2) = ’louc)o

FIGURE A-8 - BEAM MEASUREMENTS ON A MAGNETRON INJECTION GUN BY ANTAKOV, ET. AL.,
(1975). DEFINITIONS:a = v /'9; g?s;u; /vg,0% B lﬁﬁu'

-vg1)/%;, f (a) = VELDCI on 108 1,/1ee
%&tm&,ﬁ'é&n. SEE TEXT FOR DETAILED g




of adiabatic guns. Two of the corresponding velocity spread distribution
functions (fgy) obtained by differentiating the measured current shut-off

characteristics are shown in Figure A-8(b). These two curves (solid lines)
are functions of "y" = v, /fvq and were taken for g_:‘ﬂ = 4,25 and two cur-
rents: (1) Io/Ip = 0.025 and (2) 1o/ = 0.05. The deshed-dot curves
represent Gaussian distribution functions which are fit to the two measured
distribution functions. Note that the distributions in this case are fairly
well represented by Gaussian curves except in the low transverse velocity
region. In this region where measurements require that most of the beam be
reflected, the authors state that some difficulties were encountered with the
measurement system because of the increased space-charge of the reflected
beam. The actual existence of the long tail of high longitudinal velocity
electrons is therefore questionable.

Figures A-8(c) and (d) give parametric variations of the transverse velocfity
distribution functions. Figure A-8(c) shows the variation with magnetic
compression B,/8. when 12/11 = 0,025, and Figure A-8(d) shows the variation
with 1o/lp when 8o/B. = 8.2. In both cases, the peaks of the distribution
functions shifted; but only in the case of increasing 1,/1p did they get
wider (more spread). :

Figure A-8(e) shows the variation of vi/vy versus B,/B. with I,/Ip as a
parameter. The fairly strong discrepancy between tge measured curves and
the theoretical dash-dot curve is explained on the basis of space-charge
depression in the cathode region due to reflection of the high transverse
velocity tail from the magnetic mirror when By/B. > 4.15 (see Figure A-8(c))
or due to high current 15/1p 5 0.025. The theory and experiment in this case
only agree for 1,/1g = 0 Bo/Bc € 4.0 (v, /vz < 2). The significance for
gun design purposes is that when vi/vz > 2, one must begin to expect strong
space-charge effects in the gun due to current in the tail of the velocity
distribution function being reflected from the magnetic mirror.

The last figure, A-8(f), shows the effects on velocity distribution due to
errors in the cathode electrode position. The solid curve is the distribu-
tion function for optimal placement, the dash-dot curves (1) and (2) resulted
when the cathode was pushed forward and backward by 1.5 cathode widths,
respectively, and the dashed curve resulted from a transverse shift of 10%
of the anode-cathode gap. A1l of these displacements are rather severe in
terms of mechanical errors, but they do emphasize the need to understand
displacement tolerances in these guns. The transverse misalignment appears
not only to be the most critical, bt the most Yikely to occur considering
that the cathoda electrode requires a cantilevered construction and 2 large
temperature differential. This is especially true for very small guns
required at short millimeter wavelengths.

Owerall, the series of Figures A-8(a) through (f) represent the kind of data
which needs to be obtained on M1Gs mow being used in the U.S. The lack of
such mpasured data has not only made the results of rf rimsnts hard to
interpret, but has precluded an accurate calibration of the cemputer simu-
Jation tools used for gun design {n this country.

L
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3. Synthesis of High Power Gyrotron Guns

Probably the most sfgnificant Soviet work to date with respect to high power

rotron guns is published in a pair of relatively recent papers by Tsimring
?{977) and Manuflov and Tsimring (1979). In these two papers, Tsimring and
Manuilov have extended the theory of the planar MIG (Kino and Taylor, 1962)
and the cylindrical MIG (Dryden, 1962; and Harker, 1960/62/63) to include
the effects of temperature limited operation and beams with large transverse
energy. This extended theory was required because the original MIG theorfes
were aimed at producing laminar flowing beams from space-charge Timited
cathodes. A new space-charge parameter is defined by Tsimring as

. J
e ePcEc

where jo is the cathode current density, Ec is the electric field at the
cathode, andw. and ¢, are the cyclotron frequency at the cathode and the
pemittivity o? free space, respectively. The parameter “Y* then varies
{v"::t::;o (no space charge) to infinity (E. = 0 or fully space-charge

Samples of the electron trajectories obtained from integrating Tsimring's

equations of motion in a rectangular (normalized) cathode coordinate system

are shown in Figure A-9(a). Tsimring points out that in order to achieve an

analytical solutfon for the beam flow, it is necessary that the electron

trajectorfes do not cross but maintain a laminar-1ike flow such as shown in

the figure. This stipulation of laminar-beam-flow leads directly to a

critical relationship between the angle ¢ of the magnetic field with respect

to the cathode (see Figure A-9(b)) and the space-charge parameter defined :
sbove. This critical relationship is shown in Figure A-9(c). For values §
of ¢ above the line, laminar flow 1s obtained and for values below the line, §
the electron trajectories begin crossing. !

Laminar flow {s important in M?h density electron beams for another reason L
which #us previously described (Gol'denberg and Petelin, 1973) and which Ly
Manuitev and Tsimring re-emphasize. When the electron trajectories cross -
and re-cross in an ordered set of intersections, the net result due to f
space-charge forces in the beam is to produce increasing velocity disparity ;
between electrons emanating from opposite edges of the cathode. This results "
in a large velocity spread when the cathode electric field is depressed by .
as little as 10% from 1ts zero space-charge value. When laminar flow is

mintained, however, Tsimring states that depressfon of the cathode electric

field can be as Targe as 50X without excessive velocity spread. This trans-

lates into greatly increased beam powers for gyrotron applications.

The principal effect of space-charge in laminar fiow beams 1s to reduce the g
valwe of v, /v, as beam current density 1s increased. This effect, however, !

unlike severe velocity spreading, does not preclude use of the beam in -

otron applicatfons. For example, a 30 k¥, 70 A (2.1 MW) gun design cited ;

y Tsimring had a value of ulv¥ = 0.9 which 1s considerably Tower than any 3

h |

|

the U,S. thus far.

To proceed with the synthesis of intense beam MIGs, Tsimring and Nanuilov
use the sam techniques described in the cited planar and xliudriul NIG
design literature. First, they solve the “internal® besm flow problem

used in experimental gyrotrons
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a) Electron trajectories in a plane with
Y= 0.5 and ¢= 15°,

o
b) Electric field and magnetic field at the cathode
of a planar magnetron-injection gun.

c) Dependence of the critical inclination angle of
the magnetic field to the plane of the cathode
on the parameter Y.

d)

d) Equipotential 1ines and trajectories in electron.
beams with various parameters: a)Y= 0
b)Y= 0.1,$= 25°% ¢c) y= 0.3, $= 20°;
¢ 15°; e;‘h 1.0, = 10° ( 9 are the anode
potentials).

FIGURE A-9 - DESIGN SYNTMESIS OF DENSE GYROTRON BEAMS FROM TS!M”B. 1977,
LAMINAR FLOW (a) IS ACHIEVED FOR MAGNETIC FIELD ANGLES GGREATER
IN (¢

THAR ¢c (b and c). THE EFFECT OF INCREASING THE SPACE-CHARGE
. PMTE‘S xgm )




based on the differential equations of motion for an extended beam. They
then find the potential along the two trajectories representing the two :
cathode edges, and through a conformal mapping of these trajectories to the
axes o© transformed coordinate system and an analytic continuation of

the pot...tial functions, they are able to determine the shape and position
of the equipotentials outside of the beam. This is termed a solution to
the "external® problem. Some typical results for rectangular MIGs are
shown in Figure A-9(d).

The procedure required to utilize the solutions shown in Figure A-9(d) for
MIG design 1s to set the cathode off axis at the required design radius,

and to tilt 1t such that the slope of the magnetic field lines is zero or
slightly downward. An equipotential line is then selected as the anode
shape and at the point where the beam intercepts this equipotential, the
anode shape is smoothly changed to prevent interceptfon. This is 1llustrated
in Figure A-10 (a, b and c). Figure A-10(b) 1s the result for low space-
charge and (c) shows electrode shapes for moderately heavy space-charge,

The deviation of the anode shape from the calculated equipotential line is
stated to have only a smail perturbing effect if it occurs well away from
the cathode so that the cathode electric field is undisturbed, and if it is
done smoothly enough to preserve adiabatic flow. Tsimring notes that, in
any case, this synthests process must be backed up and verified and perhaps
optimized by a computer simulation which includes the effects of space-
charge. The synthesis procedure thus provides the starting point for the
computer analysis-optimization procedures.

The most recent paper by Manuilov and Tsimring (1979) describes what appears
to be very fmportant gun desiogn tools which should be understood, verified, -
and utflfzed fn the U.S. gyrotron program. In this paper, the MIG beam is
described in terms of a modified Dryden flow (Dryden, 1962) in cylindrical
geomatry. The solutions for the laminar trajectories and the internal and
external potentials are carried out simultaneously using a computer code

in which the conformal mapping and analytic continuation procedures have
been completely automsted.

In order to extend the theory to cylindrical geometry, a new “cylindricity"
paramster u s q«iud as

Ee
!Bﬁ re

whera E. and B, are the electric and magnetic fields at the cathode and r
is the cathode radius. The constant 3 is the charge to mass ratic for
electrons. The parameter u is essentially just the ratio of the Larwor
radius to the cathode radius and when it approaches zero, the trajectories
from a cylindrical cathode are very close to those from a rectangular
geometry cathode with the same cross-sectional dimensiens. In fact, the
Cylindrical theory given spproaches Tsimring's rectangular theory as p
approaches 2ero.

pe=




Correction of the electrodes in an electron gun with a
weak shape-charge: a) original shape; b) final shape.

; (
¢ ‘
i .
! I
¢ ‘
E‘lcc:;.ode configuration in an electron gun with y= 0.5 and
= L]

et et m

FIGURE A-10 - MIG ELECTRODE SHAPES FROM TSIMRING, 1977.
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There are two important differences between the cylindrical MIG theory and
the rectangular theory. First, the critical magnetic field angle which
separates Taminar flow from crossed trajectory flow becomes a function of
both the space-charge parameter “Y" and the cylindricity parameter u. This
1s shown in Figure A-11(a) (compare Figure A-9(c)). Note that determining
a value for the magnetic field angle is much more complicated in the cylin-
drical case. In general, Manuilov and Tsimring suggest that small angles
are best because this leads to larger rotational velocities (larger v,/vz)
and sm2ller positional velocity spread (i.e., spread caused by widely sepa-
rated cathode trajectorfes). With respect to the latter advantage, they
point out that for an adiabatic gun, the velocity spread between electrons
leaving opposite edges of the cathode is given by

Sv = fg sin ¢,

vhere ls is the cathode slant length and ¢, is the magnetic field angle with
respect to the cathode. ‘

The second important difference is that in the cylindrical case, the beam
reaches a maximum potential when u is greater than 0.05. An example of this
is shown in Figure A-11(b). The importance of this fact is that an anode
potential can be selected above the maximum potential {n the beam and the
resulting anode shape does not have to be arbitrarily altered to prevent beam
interception. The result should be a much closer correspondence between the
theory and experiment in guns with this characteristic. Note in the figure
that dashed curves showing the corresponding beam and equipotential from the
rectangular geometry theory are shown for camparison.

In summary, over 2 period of more than 15 years, the Soviets appear to have
done a rather thorough job of examining the theory and techniques required
to design and build MIG type guns for gyrotron devices. Most of the design
criteria used in the U.S. has beer picked up from this 11terature in a some-
vhat piecemeal manner as needed Successes in U.S. gun designs have been

~mainly the result of using large-scale gun simulation camputer codes to

refine and optimize designs based on simple adiabatic design criterfa. It

1s now evident that additional work {is needed to understand and implement
design theory and analysis similar to that published by Tsimring and Manuilov.
This type of theoretical insight and understanding will be required as the
demand for higher beam powers and lower velocity spreads continves. It is
also evident that direct measurements of gyrotron beam parameters and

velocity spread such as those carried out by the Soviets will be required

to establish the effectiveness of our design tools.
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a) Dependence of the critical cathode angle on the space-charge ' Z

parameter. :
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¢
b) Shape of electrodes and trajectories in a system with o
%= 0.10. Dashed-planar model (u= 0). S
L }- b
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oy FIGURE A-11 - CYLINDRICAL MIG DESIGM: (a) CRITERIA FOR LANINAR FLOW L
H {6 >¢.), and (b) ELECTRODE DESIGN FROM RANUILOV AND |
v il TSIMRING, 1979, i
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APPENDIX B
ELECTRON EQUATIONS OF MOTION AND BEAM GEOMETRY RELATIONSHIPS
]
The equations of motion for relativistic electrons traveling in time inde-
pendent electric and magnetic fields which are cylindrically symmetric can
¢ be obtained in cyclindrical coordinates (f. 9, z) from the Lagranian
function®
L = -moc? [1 - (R + 202 + 22)/c2]1/2 + o@- erlig (8-1)
LT ¢ where my is the rest mass of electrons, ¢ is the velocity of light, e is the
magnitude of the electronic charge,®(r,z) is the electric potential, and
Ag(r,z) is the magnetic potential. Dots are used to indicate the total
¢ derivative with respect to time, and mks units are used throughout.
The equations of motion are given by
; ¢ d/dt [aL/aq4] - aL/aq; = O (8-2)
For the three respective coordinates this gives
‘ d/dt(m,¥r) - myrd? - ea®/ar + b a(rAg)/ar = 0  (8-3)
25
d/dt(mYr<Q - erAg) = 0 (8-4) b
€ d/dt (mgY2) - ead/az + oOr Ag/dz = 0 (B-5) b
: i
]
i It is immediately evident from equation B4 that regardless of the presence o
c of an accelerating potential §(r,z) in a cyclindrical electron gun, the angular |
[ momentum 13 conserved so that i
] (mg7r28 - erAg) = constaat of motion ' (8-6)
: ¢
* N. Rindler, Spectal Relattvity, Interscience Publishers, Inc., New York,
1960, p. 106
[ | 8-1
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To write this equation in terms of the magnetic field B = Vx A, or
B (F/r)a(rAg)/a'i + (z/r)a(rAg)/or (8-7)

where r and z are unit vectors in their respective directions, we introduce

the near axis approximation

Ao:l‘Bz(Z)IZ (8-8)

where B,(z) is the value of the magnetic field on the axis of the system.
When Equation B8 is put into Equation B7, the result is

-> ' ~ ~ ~ "

B = (rsz/Z) r+ Bz zEBrr + Bz > 4 (8-9)
where B} = dB;/dz. The constant of notibn (Equation B6) is thus

Lyr2o - (eBz/Zmo)rZJ = constant ' (8-10)

Equation B10 provides a very useful relationship for gyrotrcn beam design if
we evaluate r and O in terms of the geometric parameters in the gyrotron _
beam cross section shown in Figure Bl. From the figure the vector relation-

ship F = B + 2 gives
r2 = b2+ a2+ 2ab cos ¢ (8-11)

If we divide the angle O in the Figure into constant and time varying.parts,

0(t) = 9 + 0y(t) - ‘ - (8-12)
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we see that G = O), where O can be obtained by differenttating

tan 01 = a sin ¢/(b + a cos ¢) (B-13)

with respect to time. The result is
51/cos201 - [(az + ba cos ¢)/(b + a cos ¢)2]; (8-14)

[ J
Then, using cos 01 = (b + a cos¢)/r and ¢ = w;, we get from Equations

B12 and Bl4

r26 = (a? + ba cos §)u, | (8-15)

Equations Bll and B15 then provide the means to evaluate the constant of

motion in Equation B10. The result is
[ %0 - (eBy/2mg)r%] = eB,/2mg (a? - 1) (B-16)

where the cyclotron frequency w. has been replaced by eBy/myY and B; is the
axial magnetic field at the position where the cross section chown in
Figure Bl pertains.

If we now evaluate the lefthand side of Equation B16 at the cathode where
% =1, By = Bygc, and = £, and the right hand side in the rf interaction
region, and 1f we assuse that & = O (assumes negligible transverse thermal
velocity at the cathode), we got

Bper? = 8,02 - ) | (8-17)




For ring cathodes such as those used in gyrotron Magnetron Injection Guns
(MIGs), Equation B17 gives an extremely simple and important design relation-
ship between cathode radius and cathode magnetic field. The equation holds
for cylindrically symmetric beam forming systems regardless of beam acceler-
ation and compression, and regardless of non-adiabatic effects. Note that
the relationship between ro and By, is fixed once the desired beam geometry
and field in the rf interaction region are fixed, and that Equation B17 can

»
be used as a design trade-off relationship in determining the size of the
cathode required.
[ Equation B16 can be used to demonstrate several additional properties of
cyclotron motion in beams. First, if the constant of motion is evaluated
at two ¢..-_rent points along a beam during magnetic compression we get
t 8 ,
B bz_.z =B bz_ 2 (8'18)
1b] - 8)) = Bp(b; - @)
which can be rearranged as
| ¢ 2 P 2 2
| B1b - Babz = Baaz - Bya) (8-19) |
It is easy to show that under adiabacic compression of the beam the right- {
¢ hand side of Equation B19 is zero since BaZ is proportional to y2vZ, /B which |
is conserved (conservation of magnetic moment). Thus,
. by/bz = a1/ay =\B2/8) (8-20)
§

where ./B7/8; 1{s the magnetic compression factor for 1inear dimensions.
This shows that a gyroton beam maintains 1ts relative cross-section geometry
'} under adisbatic magnetic compression.
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b A second interesting use for Equation Bl6 involves the non-adiabafic case of

stepped magnetic fields.

Returning to Equations B8 and B9, it is easy to show that stepped fields also

3 d satisfy these relationships. A simple field step from By to By, for example,
% can be described by
:
i{' » B,(z) = By (1-u)+Bau B21
5 where *
§ 0 ;z<0
(0 u(z) = <1/2 ; 2~ 0 B22 ;
1 ;2>0 i
s is the Heaviside unit step function. Useful relationships involving the %
! derivative of u(z) are given by ' i
du/dz = §(z) = Dirac delta function** g
Jros(2ez = 1(0) |
4 ﬁl(z)a(z)dz «u(0) =1/2 e l
For the stepped magnetic field given in Equation B2l, it can be shown that
¢ the relationships between Ag and B, given by Equations B8 and B9 still f
hold true with B, being a delita function. When this is followed through
the derivation of equations B17 and B18, it is found that these equations are ;
s still valid. In equftion B17, {f there s no magnetic field at the cathode E
‘1 ¥
| j
¢ * M. Abramowitz and I. A, Mndbos 1
U. S. Government Printing ficn. 0%, P.
" J. 0. Jackson, Classical Electrodynamics, Jon Wiley & Soms, Inc., ’ )
Mew York, 1962, pp 3-4.
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so that B¢ = 0, then bg = ap and upon entering a stepped magnetic field
the electrons will oscillate through the z axis. Or, for field reversal
where By = -By and r. = a,, equation Bl7 gives by = 0 so that the beam
emerging from this field reversal spirais directly around the z axis

at constant radius a,.

The equations of motion can be put into a more useful form for beam analysis
by assuming that the constant angular momentum of an electron is defined at

its cathode origin by the equation
"o’c'icc - e"g"zc:/ 2=- "'oYc"zcﬂc ‘ (B24)

which gives
Q =opc/2 - O _ (B25)

where wcc is the cyclotron frequency at the cathode (w.. = eByc/mgY.). If
we then assume that the trajectory proceeds through an acceleration region
into a drift region where®= 0 and Ay 1s given by equations B8 in terms of
Bz and r, the result is .

F - ré? + (e/my)rdB, = 0 (26)
28 - 1/2 (e/m)28, = Rr 2 (27)
T+ /2 (e/mgy)orPB; = 0 (28)

where B3 = dB/dz. These equations held for any variation of the magnetic
fiald for which squation B8 Molds, including stepped fields (e.g.,
Equation 818).

e = e s et i o e v e
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A final useful form of the equations comes from eliminating 5 from

equations B26 and B28 using equation B27. After some algebra and use of the
relationship Z = v,dv,/dz = (1/2)d(v22)/dz we get

¥ = rlw/2)? -2 (re/r)h]
6 = wclz - ﬂc("c/")z
d(sz)/dz = (e/mc‘y)(n‘:r‘c2 - wch/Z)Bg

where the cyclotron frequency, given by w. = eB,/myY , carries the sign

and the z dependence of the axial magnetic field B,.

Note that equation B3l can be integrated to give

22 ' 22
vt - vl = (e/mgy)ir fl Bpdz - (1/2) far?83d2)
z 21

For the case of a stepped field (Equation B21) Equation B32 gives the following
velocity change across the z = 0 boundary (assuming that 0 = 0 in Equation B25)

V212 - vgo? = 1/8(e/mgr)? [r2(0)(B,? - B;2) - 2B.r.2(B,-B,)]

Here, r(o) is the radial position of the electron at z = 0. Note that the
change in the z velocity depends on both the rc and r(o). Thus, any

spread in the mml' positions of electrons at either the cathode source or
at the position of the field step causes a corresponding spread.in the

z velocities of the electrons. This has important repercussions in gyrotron

beam design.
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| APPENDIX C
DERIVATION OF ADIABATIC MIG DESIGN TRADE-OFF EQUATIONS

In this Appendix we provide additional details on the derivation of the
adiabatic MI6 mi_m trade-off equations given in Table I. For convenience
we repeat this Table as Table CI in this appendix. These equations are
written in a form to provide design values fér eight gun quantities as a
function of a single variable -- cathode radius, rc. The remaining design
constraints (parameters) are combined into 2 set of design constants desig-
nated as Cg, Cg, etc. The definitions of all variables are given in Part b
of the Table in the order of their appearance in the Table.

Equation 1: B, = Cyr.2

This equation 13 of such unique fmportance that its derivation has been
covered seperately in the previous Appendix B.

Equation 2: K, o cgrc'a

When 2 particle moves through a static magnetic fleld which varfes slowly
in space (compored to the ¢tmensfons assecistod with the cycletren erdit),
the flex 19aked by the particle’s arbit remstas constant. Therefers, Be?
15 an agtabatic Tavartent vhore %" s the radies of the cyciotren orit 1
the sagretic fisld 5. Turis retationshiy 15 refattvistically corvect.




TABLE C-1I(a)
Design Trade-off Equations for Adiabatic Gyrotron MIGs 1
' B T S CRE! =G
3_Y oVio cB3/2 =
2. E e " —1'77———_'— = cE
’ cos (4. +65)
-]l “o =
3. dr,. = 2372 EC
¢ by - ag) ‘
’
C. n(1+C cos¢.)
2 B M a0 =
4, Vv - cos0, Gy
. .
2
5. (Io),.-S . 2mJ, (14Ccos4, )8 :c,
T/7¢ " 14.66(10°%)c3 2cos’y,
‘ T
. 6. (&)1P1 GBQ‘ /oy Er G
“Wwne Cecos (4 + 6g)
‘ 7. AV‘_ '1/2 o.‘ c‘ E i CR
“ v € cos (¢, +85)
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rc .
Bzc -
B, -
bo .
2 -
Ec -
Yo ®
Vio =
L *
op -
d -
14 | =
v .
Io =
(Io/1) =
Je =
82 .

TABLE C-I(b)
Definition of Table Ia Variables (mks units)

Mean cathode radius

Longftudinal magnetic field at the cathode

Magnetic field in rf interaction region

Final beam guiding ;:mter radius {central electrons)
Final cyclotron radius of electrons = v)q/uc
Surface electric field at midpoint of cathode

Final beam relativistic mass ratio = m/my

Final beam transverse velocity

Cathode angle with respect to axis (positive)

lagt]n:sic field angle WRT axis at cathode (negative for converging
e

Cathode-anode spacing measured normal to cathode

Nusber of Larmour radii across cathode-anode gap (can be adjusted
for any desired anode voltage)

First anode voltage

Total beam current

Ratio of beam current to space-charge limited Langmuir current
Cathode surface current density

Cylindrical diode geometry function (tabulated in ndix C,.
Table CII). The argument of this function is (1 + C4 coséc).

Standard devfation of transverse velocity spread in beam due to
initial thermal velocities

Boltzmann‘s constant x cathode temperature/electron mass

Standard deviation of transverse velocity spread in beam due to
cathode roughness

Characteristic roughness height of cathode (redius of hemispherical
bump on cathode surface)

|e|/m = charge to mass ratfo of electroms.
Ratio of slant Tength of cathode to mean radius

C-3
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When the orbit radius is replaced by a = v, ki wherew: = (e/mg)B/Y, the
result is

¥2v,2/8 = constant of motion

Equation 2 results from evaluating this constant at the cathode and in the
rf interaction region and equating the two. Using v,c = EcsinOgg/B; and
% = 1, this-gives '

Ec = (B.3/2/51n0gg) (v, o/8,1/2)

which can be put into final form using B, = carc‘z and Opg = w/2-(§. + 0p)
where Cg, ¢c and Og are defined in table CI(b)

Equation 3: d = Cygr,

The Larmour radius of electrons leaving the cathode is given by ac = v, chaxc.
Using the definitions of v,c and w given above, this gives

2
& = )&Ec‘iﬂoan.c
which upon elimination of E. and B using equations 1 and 2 gives

o = aqrc/ 8y - 22

Equatfon 3 results from the introduction of the arbitrary parameter {= d/a.
which gives the cathode-anode gap length 1n units of Larmour radfus at the
cathode. Since { is arbitrary, it can be uweed as a mesns for selecting the
desired anode voltage since the constaat Cq enters into equatton 4.




Equation 4: V, = Cyr.~2

This equation comes from cylindrical electrode theory. The radial electric
field between two conducting coaxial cylinders of radif, r) and rp respectively
(r2 > r; > 0) 1s given by

Er = Vo/r In (r2/r)

where V, is the potential between the inner electrode and the outer electrode.
If we replace r in the equation with r; = re/cos ¢ and rp/ry with

1 + (d/rc)cos §c we get an equation which approximates the electric

field at the surface of a cathode on the conical ‘surface of an tnner

electrode with a similar conical surface a distance d away acting as the anode.
(A drawing of this configuration is given-in Figure C1). The resulting
equatfon is

Ec = Va cos ¢c/Lre 1n (1 + d cos ¢¢/re)]

The justification for this procedure is the fact that the curvature of a
contcal surface with respect to 2 plané passing through a line normal to the
surface and perpendicular to the r - z plane, is given by the distance

from the surface of the cone to the axis along the direction normal to

the surface (r; in the figure C1.) The curvature of this surface along
with the distence d acress the gap to the anode of the voltage V, gives a
good approximation for the electric field at the surface of the cone when
the distances favelved are inserted into cylindrical ohctroln theory.

The derivation of equation & requires only the additions) step of using
oquations 2 and 3 to eliwinate E; and d/rc.
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It is important to note that the asymptotic form of the cylindrical
electrode equation for E; as ¢—»%/2 is

Ec—+V,/d
which is the field of planar diode with electrode separation d. Thus the
equation appears valid for cathode angles from 0 to /2.

Equation 5: (I/1)) = C, r.d

To derive this equation for a conical electrode configuration it is necessary

to make some assumptions about the 1imiting Langmuir éumnt ir the tilted
cathode-anode geometry. When cathode tilt 1s zero, the cylindrical diode
P equations apply, and when cathode t{lt fs 90°, the planar dfode equatfons
must be used. As will be shown, the equations derived approach these two

h $ limiting forms. P

Ne have assumed 'agnn that the radius of curvature at the cathode and the
§ distance across the cathode gap are the dtuniniug factors of the space
charge limited current. This seems justified on the basis that the
virtual cathode which limits the current is formed very close to the cathode
\ surface and is therefore primarily a function of the electric field which

| exists at the cathode in the sbsence of space-charge. It 13 also jJustified
by the fact that a reasonable mrpximlu to the potential across the
cathode-anode gap can be obtained by replacing re in cyclindrical electrode
theory by r_ = rc/cosfc. This has been verified by comparing the resulting
potentials with those cbtained by computer solution of LaPlace’s equation
in several NIG configurations. Accordiagly, the Langmuir Timited curreat
for a tilted electrode system is 'ciuiali from the cyclindrical theory by

sinply replectng rc with rf = re/cosle.

(R
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The equation for the space charge 1imited current per unit length in a
coaxial diode 1s given by* "

Jy = 14.66(10-%)v,3/2/(r £2)

where r, = r. + d and g2 - Bz( ra/rc) 13 a geometry dependent function of
ra/Te 9iven in both series and tabulated forms in Table cI1*. In the
series expansion, the variablev';' is given by “t" = fn (rg/rc). To put the
cyclindrical and planar diode equations on a comparative basis we change

3 (amps/length) fnto J/ (amps/area) by the relationship

Jp = Jp/(2wre)
We then replace r. by r; to get
3 - 14.66(10°8)v,3/2cos%4 [2wr2(14d cosdc/re)p?(14d cosdc/rc)(emps/a?)
If we compare this with the current density limit in a planar diode Jp

Jp = 2.334(1075) v,3/2/a2 (amps/e?)
we find that
$—>"/2 linit (JL/J,) .1

where we use the limiting form for €< <1
20+ =8

Thus, J' has the proper Timiting forms for ¢ = 0 and §; = /2, and we
beliave that it provides a reasonsble measure of the limiting curreat for
all angles in between.

* 1. Langmuir and K. l. ﬂdrtt "Currents Linited by Space-Charge
» Phrsica) Reviey Serfes 2.
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The final design relationship 1s obtained by taking the ratio
(I/1) = (A = G r°

where C; {s determined by using equatfons 3 and 4 to eliminate V, and d from
the equation.

Equation 6: (Av,/v,) =% C.rc

This equation 1s derived utilizing the mean transverse thermal velocity at the
cathode given by Av,c = + (KTc/m)1/2 and the adiabatic conservation of the
transverse velocity spread (Alev,_). This latter conservation theorem can

be demonstrated by notinj that for adfabatic beam flow, transverse velocities
transform from magnetic field rsgion 1 to magnetic field region 2 according
to the relationship

nv, /812 - ’z';z/'zu 2

If v is the only variable in this expression, then forming the ratio Av,/v,
leads immediately to the result

o i) = (voh2)

An estimate of the velocity spread in the final beam is therefore obtained
by svaluating the spread at the cathode. The result

oy /v, )y = (KT/mg)12/(E, stndgy/m.)

can be put into fina) form by using equations 1 and 2 to eliminate B¢ and E
respactively. e refterate here that this trede-off equation only holds for




adiabatic flow through the a_ccolcution region of the gun. Experience thus

far with computer simulations shows that non-adfabatic effects can easily

produce a factor of 50% error in the estimate. llo physical measurements

exist except as described 1n the Soviet work in Appendix A. )

Emt'oﬂ 7: “vllvl)k b :_ Cll’c"l,z

The approach to the derivation of equation 7 is identical to that of equation
6 except that the transverse velocity at the cathode due to surface roughness
1s taken from an analysis by Tsimring (1972). Tsimring has analysed the 3
velocity ‘sprm in electrons emitted from the surface of a small hemispher- |
ical bump of radius R on the surface of & planar cathode.

The result is '

. By = 0.8 (29 ER)I2

vt

| where W= o/mg. Division of this equation by v, = EcsinOga/B. and elimin-
I ation of Ec and B gives the trade-off equation showw as equation 7 in

batween current 1g, current density Jc, amd the slant Tength of the cathode
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1, Equation 8: 1 = Cyrc2 or (f/rc) = Gpre2 | I
. y . . i
i These twe expressions sre simply alternative forms of the relatfonships i
|
_:

# The slant Tength 15 normalized to the cathode redius as a convenfence in {
¢ Geign trade-off, Other forms of the expression can de wsed withowt ]
offucting provieusly derived equations. |




