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Los Alamos National Laboratory, MS H825
Los Alamos, New Mexico 87544

ABSTRACT

We discuss basic Relativistic Klystron Amplifier physics. We show that in the intense space-charge regime
the maximum power extraction does not coincide with the maximum harmonic bunching. In addition, we show that
as the beam is bunched, the additional power stored in the Coulomb fields docs not add significantly to the overall
power extraction. BDecause of these effects, the power extraction av 1.3 Gliz for a 500 kV, 5kA beam with reasonable
beam-to-wall spacing is limited to around 35%.

1. INTRODUCTION

We will review basic Relativistic Klystron Amplifier (RKA) theory, with emphasis on effects due to intense
space charge. In addition, we will include numerical simulations done with a sell-consistent particle-in-cell (PIC)
code to demonstrate these eflects. In particular, we want to astudy the physics of harmonic bunching of the beam
current and power extraction of the clectron beam into microwaves at 1.3 GHz for our 500 kV, 5 kA beam. We will
see Lhat the ability to both bunch and extract power will degrade as the space charge is increased. The harmernic
current can be somewhat increased by inductively tuning the idler cavity, with a loss of tube gain. Often, though,
maximumn power extraction will occur at the lesser harmonic current. Since only the beam’s kinetic energy can
contribute to the rf power, we want to maximize the difference between the beam’s initial kinetic energy and the
minimum valuc it can be. For a given injection voltage Vin;, a8 the beam current I, is increased, its potential energy
must also increase, thereby reducing its kinetic energy. As a result, there is a trade-ofl between harmonic current
and extraction of kinctic energy. This can be seen in the simple expression for beam cnergy to microwave eflicier cy

formula,
_ m.c’f A-y!h x
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where m, is the el -tron rest mass, Ay is the maximum decreasc in the relativistic factor as the electrons are
decelerated, /) is the fundamental hartnonic current, and & is related Lo the efficiency of extraction, usually better
than 0.9. We will see that as we try to increase Iy, Ay will Cecrease (nonlinearly), providing a distinet optimum
operation condition. If the space charge is too high, the potential energy ficlds can contain moat of the initial beam
energy. Unfortunately, usually only a few pereent of the potential energy in in the mode we want. ‘The rest is in
higher order modes, and that energy is useless,

We will break this paper into five parts. First, we will discuss thie basic RKA physies, ineluding the definition
of harmonie eurrent and power extraction, Next, we will review the banie physies of intense space-charge heas,
einphasizing the partitioning of energy due Lo the space charge. ‘Then we will diseuss the generation of the heam
harmonic eurrent in bhoth the space-charge dominnted nnd ballistic regines. In the fourth secdion, we will explicitly
show the made distribution of the potentinl-energy fiekls for typical beam bunching. ‘Fhe lnst section will include PIC
sitcalations, demonstrating these intense space-chinege ~lects, There will be noseries of runs showing, the dependence
of havmonie eurrent on beann euerent and idler cavity tuning. Other runs will show the efleet of anonresonant oninut
cavity, as well as low the extracted microwave power depetnds on the harmonie eureent,

2. NKA MICROWAVE PHYSLCS

To Fyo 1owe mee aonchicmintie of an RIKA - An sinular, intense (O kKA), mildly relativistie (000 ke V') electron
Besinn prasse s thironph theee canaties “Fhe first eavity s externally doven and anpresses o asial iomentnm variaton



on the initially uniform beam. Current modulation grows as the beam travels, as the momentum variation causes
variations in the beam’s axial density. We can describe the beam current in terms of its Fourier components

I{t,2) = I + I (z)cos(wt + ¢ ) + Ia(2)cos(2wt + ¢a) + . .. (1N

The product IV, is often referred to as the beam f power, where V, is the beamn kinctic voltage. The fundamental
current component, Iy, is typically on the order of 0.05], at the idler cavity. This cavity is driven by ihe harmonic
current, modeled in Fig. 2. We sce ihat the cavity's gap voltage is given by

Vgap = Zeawlind (2)

where Z,4, is the cavity impedance and I;n4, the induced current, is the harmonic current times a coupiing factor
close to one. The gap voltage induced in the idler cavity is typically near the beam kinetic voltage. This high gain
results from the large harmonic current (2560 A or s0). The idler cavity rf ficids further modulate the beam moimnentum
and provide harmonic current at the output cavity close to the DC beam current. The maximum harmonic current
possible, for a delta function bunch of current, is twice the DC current. The harmonic current is typically around
14 1, for conventional klystrons. For an RKA, the harmonic content is usually <1.0. The output cavity is tuned
resonantly, so the rf fields induced in it decelerate the beam. Ramo's theorem! gives the microwave power which is
extracted from the beam,

P(t) = /v Jt71y - B(F,1)dv (3)

where J is the bean current density and £ is the rf electric field. We sce from Eq. (3) that only the beam's kinetic
energy can be extracted; and since & ~ e/**, we can only extract power from the fundamental harmonic component.
It is clear that we must simultancously maximize I; and extract the maxitnum kinetic energy from the beam in order
Lo have the highest microwave power.

For our 2.5 GW beam, our goal is 40% extraction, modest by conveniional klystron standards. We will see
that this is very aggressive for an intense RKA; 35% is about the best we can hope for with our nominal parameters.
We might be able to reach 40% if we increase the heam voltage to 700 L7/, lower the current to 3 kA, or have some
combination of higher voltage and less current.

In Fig. 2, we see the oulput cavity model, where the cavity driven by the induced current

fy J Edv

ln =
ind V'ﬂ,.

In order ta keep the rf fields low enough not to stop the beam completely and form a virtual eathode, the
cavity iy must be kept low. Unfortunately, since eavity @ is related Lo R, it also has a tendency to hecome amall.
If it beeotes too small, the cavity is no longer resonant, nnd much of the power extricted is in unwanted modes, For
practical purposes, we require ¢ 722 and want it as high as possible, ginee the energy lost in the unwanted modes is
inversely proportional to eavity Q.

The desieed beany indueed eavity voltage is o by, where o is the modulation parameter, typieally 1.2, and V,
is the besun Kinetie voltage, For harmonie eurrents of 3 kA and indueed eurrents of two thirds that, we need a shunt
impedance of about 300 QA convenient. way of miatehing the cavity design ta this total shunt impedaned is hy
caleulating the geometrieal gquantity

Koo ([ Flr_0):)
o weo [ |2V
aned the Loanded cavity Q Gneluded the port to s ontpat wavepnide), oy For o fixed cavity peometey, the ratio ol

|”, b e for varons output wavepimde couplings T Fig 3 we see aceavity witls (': 100 Q. whicl: matehes the
dvsared whunt vnpedanee when the ontput coupling, s adjusted for o loaded cavity () of



3. ANTENSE-SPACE CHARGE BEAM PHYSICS

The maximum extraction power is largely dominated by the space-charge physics. The aniount of kinetic
cnergy that can be extracted is given by the depressed kinetic voltage of the bunched beam due to its space charge
depression minus the minimum voltage required o transport the bunched current.

For a given injection diode voltage, the voltage associated with an annular beam's kinetic cnergy is less since
some potential energy is required to set up the Coulomb fields within the cylindrical pipe. The potential of an
annular beam injected at a radius ry with initial gamma v,,; into a conducting cylinder of radius r,, must satisfy?

I, r
r)= log— n<rr
é(r) 27€q g grw b v
Ia Tw
r)y=-— log— r<r
é(r) 2meq g g ™ =T
wlicre the beam velocity is
¢
Vg =

-2

1- ('7-'",' - '—,,;ﬂf;‘}l)

The beam potential at r = ry must thus satisfly (¢s = ¢(rs))

2
e | _._eqh = ¢ Ilor—w- lo lor1
hec? Ting moc? T 9xegmocd ° gr. = B5kA B rs

The left-hand side of the al sve equation is commonly known as F(¢,). We can define a convenient normalized
threshold current 7, to he

_ 2meomyc® _ 8.5kA

[ = - 3
clogLa l()grﬂ:

The conservation of energy becomes (where the small circles denote the DC beam encrgy)

lo
1:/3e

Yinj = Yo +

The function F(éy) is largest (and also the benm current I, is largest) for a beam potentinl energy increase and
kinetic energy decrease (recall we defined the pipe wall to be at. ground) of

('I,.', =4 (-’i"l 73‘)’) ”lof‘.',
and the correspondimg largest. current permissable is then

{ 3
Pregmge! (7m) | l)
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Weree that the Kinetic energy drop s not the injection voltape and that there is residoal kinetie energy One wonll
ok that sinee some kinetie energy remains, additional current ean be pushed through the evhinder  Hloweve
temovad of any adiitional ket enerpy drops the bean veloenty vy which in tuen inereases the charge densaty anl
requires more anereased potential enerpy from the bemn than was given by the dreopoan the kinete energy 1
nonfiear slowing of the buneh as it forms mds ats prowth 10 the beam eaerent s near the Cheeshold ourien 1.,
aneb e peased sty acsagaticant reduction i the heam's kinetie enerpy (and veloeity) i poealile



The ratio of beam kinetic energy Lo potential energy is also worth calculating. As the beam is bunched, some
amount of the DC potential energy is converted to rf potential energy. The beam’s kinetic energy at the thresheld
current is N

KE = (-yl.’,u- - 1) m,c?

and the potential energy is
4
PE = (Yinj = Tin; ) moc

For all vinj > 1, KE < PE. In Fig. 4, we sce the ratio H as a function of the injection cnergy, vinj. We see that
for practical values of the injection voltage (7in; around 2), the beam’s potential energy is three times the kinetic
cnergy (and three quarters the total energy). In Fig. 5 we see the partitioning of the total energy into kinetic and
poiential energy parts as a function of the injection gamma, ¥;n;, and A

’.ll
A more useful version of Eq. (4) for space-charge limited current can tell us the maximum amount of kinetic
energy we can extract. Solving for the minimuin potential and kinetic energy we get

§ — PE+ RE i - Ieeah Ty §
Tmin = ( ,.nocz ) - (BSI(AIOS-;:) +1 . (5)

For a given peak current, Jp.qai, the difference between vin; and ymin i8 the available xinctic energy for conversion
to microwaves. The maximurn power extraction is

1
Paut,ma: = Ell(sllkv)('ﬁn,’ - 'Tmin) .

In Table 1, we list 4n;n and the available kinetic voltage as a function of beam current and radius for an injection
voltage of 500 kV.

Table 1

Tmin AKEuair(kV) Ipear(kA) ry(cm) ro
10

1.47 260 3.2 3.65
1.80 90 10 3.2 4.26
1.67 165 10 34 4.2hH
1.28 350 5 3.2 3.65
1.18 4110 5 3.4 3.05

We would expeet an effective wail radios of 4.25 em when the beam is at the center of the 2 em cavity gap.
Although these formulas are strictly only for DC beams, they give us qualitative eriteria. Also, depending on the
potential depression, the cavity fringe fields can extraet useful ndditional power, without the hemmn seeing the Inrge
cavity aperare,

We can write the mnximum extraction elliciency in termw of the maximum available Kinetie energy, Vagp:

LI Vare
T2y VY

Frotn Pable 10 we see that decreasing the beam to wall spacing deastically inereases the available Kinetie energy.
4. HARMONIC BDUNCHING

The growth of the beam parmonie current enn either be space ehiappe dominated or hallistie, dependimg, on
the current. the eatio ol the wall endine ta the beam piodins, and the madalation valtage  For simall momentnm



modulation, the bunching is the effect of space-charge compression waves initiated by the cavity. The current
modulation from this effect is well known? and is given by

eVigpM 1 sin zwbayt
m,c? ﬂo')’eaﬂ Yo

o=

where M is the transit time factor,

for a gap of length d and

and

The maximum harmonic modulation occurs at an axial distance from the cavity of

oo Tl
* T wbap

The modulation decreases as we increase the potential depression, although the bunching distance becomes shorter.

One way to increase the harmonic current is Lo raise the gap voltage. For large voltages, the space charge
forces can be ignored, and the motion is ballistic with faster particles overtaking slower ones. Ballistic motion is well
known for the short-gap, nonrelativistic limit!. For a relativistic beam without space charge, the harmonic current
in the limit of small gap voltages is

I =210y (x)

and
M V!.nc w
= it 2
moc?y(y? ~ 1) v,
The harmonic current has o maximum of 1.164 I, at y =: 1.84,

In Fig. 6, we gee the current modulation for a relativistic, intense heam ns a function of the gap voltage. \We
see as the space charge increases, the maximuin harsionie current deereases. ‘The maximum harmonie current never
reaches 1164 1y beeause of space charge and beenuse the gap hns finite length, As the space charge is inereased, the
gap voltage must be inereased Lo reach the maximum harmonie current. "'his reduces the distanee to the maximonm
bunching and makes the gap appear relatively longer. Eventually, n space charge is reached at which the required
gap voltage is greater than the available kinetie voltnge,

From the definition of 1,, we see that vhe easiest. way Lo inerease the harmonie current in the space charge
dominated repime is to reduee the beam to wall spaeing,

5 POTENTIAL FIELD MODE DISTRIBDUTION

We will shiow in this section that the power i the patential ficlds stored in tae fundiimental mode sy e ally
very sl only o few percent or less of the DE poswer A simple ontpuat cavity structure eannot hoth tesonant
extract power Trom the particles” Kinetie enerpy and exteact the potential fields. Therefore, ol power =t e d
from the kinetic energy to these fiekls o canpot be exteacted 1 the fields did have st of the notal DO power
the tundamental made, they eonld e simply stopped o the heam and Seansported down nn extraction wane sinds



We will consider & case with heavy potential depression from space charge. lor the space-charge limiting
current at y;,;=2, Fig. 4 indicates that 75% of the total beam energy is in the Coulomb ficlds. Since ry, —ry € .'-':"_:'
we can use Gauss’ law to describe the TEM field pattern. Lel us also assume we have bunched the beam to a
thickness §, with no current between bunches. We want to find out what the mode distribution is as a function of §.
The electric ficld between the beam and wall is now

E. = Ieeak

T Oxeor
at the bunch location and zero eclsewhere. The stored energy between the bunch and the wall per unit length is
e=I12A2
where the constants have been collected in A. The power in the fields is

€
Ppg = —
Vo

We wish to wrile the ficlds in a Fourier decomposition,
E. = Epc + Ejcos(wt+0,) + . . .

where

E, = 23:—1_ -/_' Icos(wnt)dt

s .
= QB-{L_--/_QI,..gcos(unt)d(ut) .

The constant B is geometrically related to A. The peak current is

I 2x
Ipui = °6
and we got
in (2
ain
E. = 2—7%2—)1.3 :
2
The total rf power is
po [ leB2m s
total = I3 27
The ratio of power stored inany given mode Lo the total power is
I sin2é

ZRMTIEE

The tatio for Ey is a maximom at £ 1166 nnd is

2
'| .l’
(5) L om
l"" hrat Ar

owe assimme we Qe G050 of the agection energy in the potential fields, then 184 of the imtial enerey s in the
felarental et

»

Howeser who & 000 (the Tength of a typoeal bonel, shown e P 12 through 17, then Teas than 29 ol
the et cnerey oan the tanelaneental ode



Let us also calculate the field power if the current has a sinusoidal distribution,
I = I(1 +cos(wt)) .
The radial electric field distribution is also approximately
E = E,(1 + cos(wt?))

and the ratio of field power in the fundamental mode to the total power is

-

In this case, less of the injection energy is on average in the potential fields, and there is less than 10% of the DC
power in the fundamental mode.

6. PIC SIMULATIONS

In this section, we will provide PIC simulations to illustrate the above physical eflects. We use the fully
relativistic, self-consistent Los Alamos PIC code ISIS. First, we will show the relative decrease in harmonic current
as the beam current is increased. Then we will show how it increases as the idler cavity is inductively tuned. Next,
a couple of simulations with various amounts of output cavity Q will be shown. Finally, the dependence on output
extraction on beam harmonic current for various beaimn current and beam-to-wall spacings will be presented.

6.1. Harmonic carreut versus beam current

In Fig. 7, we have plotted the decrease in {undamental harmonic current as the beam current is increased
for a nominal 500 keV, 5 kA electron beam with radius ry=3.2 cm. The input cavity drive was adjusted to have
the maximum harmonic current at the location of the output cavity for all cases. We see a strong reduction in the
harmonic current as the space charge depression is increased.

6.2. Harmonic current versus idler cavity tuning

In Fig. 8, we have plotted the harmonic current at the location of the output cavity as we have changed the
idler cavily tuning. We see that as the cavily becomer more inductive, we can increase the harmonic current from
70% to nearly 120%. The gain of the idler cavily decreases and is compensated by driving the input cavity harder.
This may in practice exeeed the maximum drive, in which case a second idler cavity could be used to restore the
gain.

6.3. Nourcsonant output cavity

In Fig. 9, we show a nonresonant output cavity and the fields in the extraction waveguide. In the wop figure
we show the device vz geometry and the beam i 1t at o snapshot in time. In the lower figure, we have plotted the
radial electrie field in the output waveguide as a function of time. A Fourier decomposition of tins field shows thiat
only 20% of the exteacted power is in the fundamental 1.3 GHz mode. Tn Fig. 10, we lowered the cavity & The
() has then been increased to mateh the cavity shunt impedance. We see that the field in the output wavegiide s
primarily in the fundamental mode; only 20% of the extracted power is now lost.,

6.1 Extraction versus harmonie current
In g 11 we plot extraction ellicieney as o linetion of hean fupdamentad Yarmome curreat for 5 kA ool

re Y e We see that the maxinunn extractlon, 20% ocenrs at o paltey fundanental carrent component of only
T o helow the aximm current we can generate



As we saw earlier, by inductively tuning the idler cavity, we can bunch the beam to harmonic contents of
around 1.0. In Fig. 12, we sce the beam profile and longitudinal phase space al a snapshol in time for 7,=3.2 cm.
Plotted is the axial momentum 53, for each particle followed. We see that the bunch before extraction has 743, ~1.0,
or only about 200 keV of available kinetic energy for extraction. This is confirmed in Fig. 13, where we sec the
bunch after extraction, with 8, ~0.5. This results in the low output power of 0.4 GW. Note the shape of the output
cavity leads to a low £ in order to maintain reasonable cavity resonance while not over modulating the output cavity.
Recall that the minimum gamma, 7, , included the required potential beam energy. The momentum in the figures
is just the kinetic motion and does not include the potential part. Therefore, we expect to see a lower minimum
energy than we predict for power extraction.

The optimum current modulation for ry=3.2 cm is about 0.65, resulting in a power output of about 0.55 GW.
In Fig. 14, we see appropriate bunch formation, with very little potential depression. The maximum theoretical
extraction possible is about

1
n= -2-(0.65)(0.75) =24% ,
close to the 22% calculated. In Fig. 15, we see the bunch’s kinetic energy after extraction, y8, ~1).25.

In the final configuration, Fig. 16, we move the beam closer to the wall to decrease the cllect of space charge,
ry=2.4 em. For this case, the optimum bunching is 0.75. We see better bunch formation, corresponding to a power
output of 0.70 GW (=28%). We expcct a maximum extraction of

n= -;-(0.75)(0.82) = 30% .

In Fig. 17, we can confirm that the minimum kinetic energy is about 50 keV.

In the last two cases, we used the DC current and the beam wall size because wr get extraction extending
into the fringe fields in the beam pipe beyond the cavity gap.

7. CONCLUSION

We have reviewed basic RKA microwave and intense-beam physics. We have discovered that the overall beam
power to microwave efliciency depends on the combination of harmonic current content and how much kinetic energy
we can extract from the beam. We have also seen that the power in the potential energy ficlds is mostly lost; very
little of it 18 in the fundamental inode we desire.

In conventional klystrons, output cavities typically extract over 95% of the beam rf power. Ilowever, because
of differences in an RKA’s beamn, it is hard to exceed even 70% cxtraction efficiency. This is because of two effects.
First, due to the large harmonic current (3 to 5 kA) and the relatively small beam kinetic voltage (500 kV), the cavity
shunt impedance is limited to around 100 . Since cavily R/Q is a gcometrie constant, reducing R also tends Lo
reduce cavity Q. Il the Q is Loo low, the ficlds in the cavity are no longer resonant, and much of the extracted power
is lost in unwanfed modes. The other reason for poor extraction in an intense modulated electron heam is that in
order to maintain the Coulomb fields of the slower space charge, the beam kinetic energy is transferred to potential
cnergy as the bunch is decelerated. Since this transfer of energy from kinetic to potential is highly nonlinear when
the beam current is close to the space charge limit, this reduces the efliciency of the extraction both by reducing
the kinetic energy and by increasing the energy spread of the hunch. Some gain can be obiained by doing the final
extraction in the eavity fringe fields in the beam pipe and by letting the electrous debuneh,

The main conseqgnence of the above effeets is that the maxinnum conversion Lo microwaves does not oecur with
maxinmm beam harmonie bunching. Also, for reasonable beam-to-wall spacings, it is hard to exeeed 35% extraction
for & H kAL B00 keV electron e, Also, we have seen that the extraction can be improved most by moving, the
beam closer to the wall.,
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Figure Captions

. Nominal 500 kV, 5 kA RKA, with pipe radius 3.65 cm.

. Beam-cavity interaction model.

. 1.3 GHz cavity with R/Q=1009.

. Ratio of kinetic energy to potential energy ‘or maximum current transmission for diffcrent injection encrgies.
. Partitioning of injection energy for different injection energies and beam current.

. Maxir.um current modulation versus gap voltage for different beam currents.

. Harmonic current at the output cavity as a function of beamn current, for resonantly tunsd idler cavity.

. In- e in harmonic current at output cavity as idler cavity is inductively tuned.

. RKA geometry an.i electric field in output waveguide for nonresonant output cavity.

RKA geometry an{ electric field in output waveguide for resonant output cavity.

Extraction efficiency for a 500 kV, 5 kA RKA versus harmonic current with ";'::1.14. Bast extraction is for
65% harmonic current.

RKA geometry and axial momentum v/, at a snapshot in time with bunch before output cavity, for 100%
harmonic current and ry;=3.2 cm.

RKA geometry and axial momentum vf, at a snapshot in time with bunch after output cavity, for 100%
harmonic¢ current and r;=3.2 cm.

RKA geometry and axial momentum g, at a snapshot in time with bunch before output cavity, for 65%
harmonic current and ry=3.2 cm.

RKA geometry and axial momentum 78, at a spapshot in Lime with bunch after output cavity, for 65%
harmonic current and r3=3.2 cm.

RKA geometry and axial momentum ¥f, at a snapshot in time with bunch before output cavity, for 70%
harmonic current and ry=3.4 cm.

RKA geometry and axial momentum 7/, at a snapshot in time with bunch after output cavity, for 70%
harnonic current and r,=3.4 ci.
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