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Tlmory anrl modeling of a Rdativistic Klystron Amplifier
with high Rpacc charge for micromxx-md npplicntions

D. E. Carlstcn, M. V. Fazio, R. J. F~clll, T. J. Kwtm,
D. G. I&kel, and R. M. Striugfkld

LOISAlamos National Laboratory, MS H825
Los Alamos, Ncw Mexico 87544

AJ3STRACT

Wc discuss basic Relativistic Klystron Amplifier physics. We show that in (J1c intcnae spscc-charge regime
the maximum power extraction does not coincide with the maximum harmonic bunching. In addition, we show thal

aa the beam is bunched, the additional power stored in the Coulomb Iiclds dms not add eignilicantl y to the overall
power extraction. Ilecause of these effects, the power extraction aL 1.3 (311z for a 500 kV, 5kA beam with rewmable
beam-to-wall spacing is limited to around 35%.

1. INTR.43DUCTION

We will review basic Xe!ativiatic Klystron Amplifier (llKA) Lheory, with emphasis cm effects due to intense
space charge, in addition, we will include numerical simulations done witJ~ a scl[-consistent parliclc-in-cell (PIC)
codr to demonstrate these effects. In particular, we want to sludy the physics of harmonic bunching of the beam
current and power extraction of the electron beam into !nicrowaves ~t 1.3 GIIz for our 500 kV, 6 kA benm. Wc will
We thal the abilily to both bunch and extract power will degrade as th apace charge is increased. The harmonic
currenl cmi bc somewhat increased by inductively tuning the idler cavity, wilh a loss of tube gain. Often, though,
maximum powrr cxtrmction will occur at the lcmcr harmonic currcnl, Since only Lhc beam’s kinetic energy can
contribute to lhe rf power, we want to maximize the difference between t.hc beam’~ initinl kinetic energy and the

nliuimum value it can bc. For a given injection voltage Vimj, as the beam currcnl 10 ia incrc~d, it~ potenti~ energy
must nlso illcrrmac, thr?rcby reducing its kinetic energy. As a result, there is a trade-ofl between harmonic current
and cxt ractirm of kiuctic energy, This can be seen in the simple cxprcsaion for beam energy to rnicrowavc elT’cicr cy
frmlmlln,
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on the initially uniform beam. Current modulation grows as the beam travels, M Lhc mornenlu]ll varialion
variations ill the beam’s axial density. \W can drscrihc the l)cam current in terms of its Fourier m-ml])onrn[s

I(f,:) = 10 + ll(:)cas(ut + f#Jl) + 12(z) cos(2ut + #?) + . . .

causes

(1)

‘lh product 11VO is often referred LO,aa tlic hcmn rf power, where k’, is the hewn kin,t.ic vdlag(’. ‘1’lw (undamenlid

current componenl, ]1, is typically on Lh? order of 0.05]0 al the idler cavily. This cavit,y is driven by the harmonic
current, modeled in Fig. 2. WC scc i,hat the cavity’s gap voltage is given by

where ZCaU is the cavity impedance and Iind, tllc 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 (250 A or so). The idler cavity rf ficidE further rnodulatc the beam molncntum
and provide Il,armonic currenl at tlw outpul cavity CIOSCto the DC beam curren t.. Tlw maximum h,nrmonic cl~rrm:t
possitdc, for a delta function hunch of currcl,t, is twice the DC current. The harmonic currtwl is Lypically around

1.4 10 for conventional klystrons. Far an IIKA, the harmonic conlent is usually ~ 1.0. ‘Me output cnvity is Lund
resonantly, so the rf fields induced in it decclcratc the beam. 11.amo’n thcorcml gives the microwave power which is

cxlractcd from the beam,

where J- is the beam current density and 1: is tlm rf electric field. We rwc from Eq. (3) t,hml only lhc bcain’s kinetic
IWi wc can only cxtraci jower from the fundnnlcnta] Ilarmollic cornpo,lent,energy can bc cxtracled; and since L’ u e ,

It is chmr that wc must simultancoudy nlaxinlizo 11 rd cxlracl Lhc maximum kinetic energy fronl Lhc hcam in order
10 Ilavc the highesl nlicrowave power.

For our 2.5 GW bran], our god is 40% cxtrnclion, modest by conventional klyslron standmrds, WC will me
lhril this is very aggressive for nn inlcnsc llKA; 35% is about the best wc can hope for wilh our nonlinal prwanwlers.

\\’c lnighl br ahlr t.o rcarh 40% if wc incrcmc lhc hcam vollage to 700 L“;, lower lhc current 103 kA, or hnvc sollw
ronlhiuntion of higher voltage rmd lrw~ cllrrcnl.

III l:ig, 2, WCsee the cmt]~ull cuvily lnod(’1, where the cavity drivcll by the induced currcnll

,,,,, = JvJ Afv
v#flp



3. lNTENSE-SPACE CHARGE DEAM PHYSICS

‘11],, maximum cxtract,ion power is largely dominated by the space-charge physicx. Tllc anlount of kinctir
energy !Jlal can be exlract.cd is given by the deprmscd kinetic voltage of Lhc l~unchcd beam clue to its space cllargr
depression minlw the minimum, volt.agc required o transport the bunchrd current. ~

For a given injection diode vollage, the voltage associated with an annular LeanI’s kinct.ic energy is less since
some polcntial energy is required to set up the Coulomb fields within Lhc cylindrical pipe. The potential of all
annu]ar beam injcctcd at a radius rb with initial gamma ~inj inlo a conducting cylinder of radius rW must salkfy2

q$(r) = &lcg: Fb<r<rw
00

where the hcanl velocity is

“0=J* ‘

The beam potcnlinl at r = rb Illllsl thus satisfy (#b = ~(r~))

‘]’hr hifl-himd side of t.lIc RI wc equation is colnnlonly known u ~“(~b). \Vc call define n convcllimlt Ilorllln]iz(!{]

t.]lrrsilcdd curr(’nl /. to I)(!

~ _ 2m0111.c3 8,5kA
#- —,

c log: = logy

‘1’hr conw-rvnlirm rJf rncrgy brconlcs (where the smnll circles denote the DC I>canl cl)crgy)

10
7inj = 7. + —

l,~in

...
or

(4)
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‘1’he ratio of bean] kinetic energy t.o potential energy is also worth calculating. As the beam is bunched, some
amount of the DC potential energy is converted to rf polential energy. The beam’s kinetic energy at Lllc t.hrcshc!d
current is

“E= (y~,-’)m”c’

and lhe potential energy is

PE = (Yinj – ~~j
)

moe .

Fnr all 7inj > 1, I{E < PE. III Fig. 4, wc sce the ratio ~ as a function of the injection energy, ~inj. We see that
for practical values of the injeclion voltage (yinj around 2), the beam’~ polential energy is three limes lhc kinetic

energy (and three quarters the total energy). In Fig. 5 we see the partitioning of the total energy into kinetic rmd

potential energy parts as a function of the injection gamma, 7inj, and ~.

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

(5)

For a given peak current, ~p,~k, the difference between ~inj and Ymin is the available kinetic energy for conversion
to microwaves. The maximum power cxlraclion is

JJouf,mar = ~11(511kV)(~inj - Tmin) .

Ill Tab]e 1, we list ymi~ an d the availuble kinetic voltage as a function of beam currenl and radius for an injection
wdtagc of 500 kV.

Table 1

‘Ymin AKklaUdil(kV) fP@.k(kA) r}(cm)

1.47 260 10 3.2 3?5
1,80 WI 10 3,2 4.25
1.(I7 165 I(I 3.4 4.2!i

1,28 35(I 5 3.2 3.(35

1,1R 410 5 3,4 3,05

\\’l’ 1“:111
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modulation, the bunching is the effect of space-charge compression waves initiated by the cavity. The cllrrcnl.

modulation from this effect is well known3 and k given by

where M is the Lransit time factor,

for a gap of length d and

and

The Iuaxilnunl harmonic modulation occurs at an axial distance from the cavit,y of

‘Mc modulation dccrc,nscs x we incrcmw the potent.ird deprcssicm, rdtlmugh the bunctling dialancc bcm-mms Rlmr~(~r.

Onc way to incre- the harmonic current is to raise the gap voltage, For large voltages, tl~e apncc chnrgc

forces can be ignored, and the motion is ballistic willl fmtcr particlm cwcrtaking nlowcr ol; eo, llalliatic motion i~ WCII

known for the dort-gnp, nonrelativistic Iimitl. k’or A rc]ativistic bcnm without spncc c]largc, the harmonic currrnl

ill thr Iinlil of small gnp voltages is

/, = 2/oJ, (y)

‘[’11(. Il:wllwhir currrllt. h:w n Ill:utinmlll of 1 ,1(;4 /0 nt ~ =: I .IM,
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\Ve will consider 6 case with heavy potential depression from space charge. l’or the space-cllsrgc limiting

current aL yinj=2, Fig. ~ indicates that 75% of the total beam energy is in the Cou]ornh fic]ds. Since rW – rb < ~,
we can use Gauss’ law to describe the ‘IXM field pattern. Lel us also ~sume wc have lmnchcd the beam to a
thickness 6, with no current lMLwcrn hunches, We want to find out what Lhe mode distribution is w a function of 6.
The electric field between the beam and wall is now

at the bunch location and zero elsewhere. The stored energy between the bunch and the wall pcr unit length is

where the constants have been collected in A. The power in the fields is

~pE=:.

We wish to wrile the tichls in a Fourier dccompcmition,

E, = J%)C+~lCos(~t+aI)+. . .

where

‘1’hc conslnllt /l is gcmlwlrically rcli~l~d to A. The peak current is

f@2z
lp.a~ = ~

‘I’ll!’ rill III III’ lli)\w.r sllmul ill illIy giw’11 111111141III I.1111hJlrIl p[]wrr is

‘1’1111tnlb, I’flr I.’l IS N Ill:lxillllltll :11 j I .1(;[; 111111im
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Let us also calculate the field power if the current IIZS a sinusoidal distribution,

1 = l.(l +Cos(ut))

Tllc radial electric field distribution is also approximately

E = E,(1 + COS(Ut))

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

In this case, less of the injection el,ergy is on average in the potential fields, and there is less than 10% of Lhe DC

power in the fundamental mode.

G. PIC SIMULATIONS

In this section, we will provide PIC simulations to illustrate the above physical effects. We use the fully

relativistic, self-consistent Loa Alamca PIC code ISIS. First, we will show the relative decre= in harmonic current

as the beam current is incremed. 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 Learn harmonic current for various beam current and beam-to-wall spacings will be presented.

6.1. IImmouic c.(rre:lt versus beam current

III Fig. 7, we have plotted the decre~c in fuuda.mental harmonic current ~ the beam current is incrcasccl
for a Ilolllinal 500 keV, 5 kA electron beam wilh radius rb=~.~ cm. The input cavity drive W- adjusted to Ilavc

tllc nlaxilnum harmonic current at the location of the ouLpu L cavity for all cases. We see a strong reduction in lIIc

harlnonic current as the space charge deprwion is incrc=cd.

6.2. Iiarlnonic current versus idler cavity tuning

II) Fig. 8, wc have plotted t,he harmonic current at the location of the output cavity as we have cl)angcd tllc

i(llcr cavity tuning We sce that M the cavily beconlrw more inductive, wc can incrcasc t.hc harmonic current froni
70’X to nr[lrly I’20Y0. The gain of lhe idler cavily dccrc,ascs and is colnpcusntcd by driving the input

‘1’llis Ill:ly ill practico cxcccd llle rrmxilnum drive, ill wllicll c(asc a sccr)nd idler cavity could be usml

g;lill

6.:1. Nollr(lwnlnllt (Jlltl)tlt cnvity

cavity htirdcr.

trr rcsforr tllr



As we saw earlier, by inductively tuning the idler cavity, we can bunch k lmmn to Ilar]nmlic crmlcnls of
around 1.0. In Fig. 12, we SIX t.lw beam profile and longitudinal phase space al a snapshol ill lime for rb=3.2 CIII.
Plotted is the axial momcnlum ~~. for each particle followed. We see that the bunch Imforc extraction 11ss -Y~: *1.0,
or only about 200 keV of availrhle Iiinet.ic energy for extraction. This is confirmed in Fig. 13, where wc see t]m

bunch after extraction, with yfl. ~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 rcaaonable cavity regonance while not over modulating the output cavity.
Recall that the minimum gamma, ~~in, included the required potential beam energy. The momentum in the figurm
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 rh=3.2 cm is about 0.65, resulting in a power output of about 0.55 GW.
In Fig. 14, we see appropriate Lunch formation, with very little potential deprcaaion. The maximum theoretical
extraction pcmible is about

v = ~(0.65)(0.75) = 24% ,

close to the 22% calculated, In Fig. 15, we see the bunch’s kinetic energy after extraction, 7P. -(1.25.

In the final configuration, Fig. 16, we move the beam closer to the wall to decrease the effect of space charge,
~b=~.4 cm. For this caae, the oplimum bunching is 0.75. We see better bunch formation, corresponding to a power
output of 0.70 CJW (=2896). We expect a maximum extraction of

o = ~(0-75)(0.82) = 30% .

In Fig. 17, wc 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 wo get extraction extending

into the fringe Iiclds in the beam pipe beyond lhe cavity gap,

7. CONCLUSION

We have reviewed basic ftKA microwave and intense-beam physics. We have discovered that the overall beam

power 10 microwave c~ciency depends on the combination of harmonic current content and how much kinclic energy
wc can exlract from the be~m. We have also seen that the power in the potential energy fields is mostly lost; very
little of it is in the fundamental mode we desire.

in conventional kly~hom, output, cavities t, pically extract over 95% of the beam rf power. llowc~’er, because
of differences in an RKA’s Iwaln, it is Ilard LOexceed even 70% extraction c~lciency. This is bccausc of two cffccls.
First, due to tlw Inrgo harnmnic currmt (3 to 5 kA) and the relatively small beam kinetic volhgc (500 kV), the cavity
shulit impcdanrr is Iin]itcd to aroun(l 100 Q. Since cavity it/Q is a gcomctrir constant, rrduring R :dso tcn[ls to

rrduco cn~’ily Q. If I Iw Q is hm low, III(! fiokls ill th cavity arc no longrr rmonanl,, iIIId t]lucll of tllc cxtr?wlml power
is Iosl. in llnwiIn~otl llvdos. ‘[’11(1otlwr rc,asoll for poor cxtr[tction in an intcnw nmll[latrd olrclron Iwnnt is thnt ill

~ml~.r 10 Illnilll;lill 1l]!, ( ‘(III I(HIIII Iil.ltls or tlw slowrr ~pacr cllargc, llN* Iwiul] killrtic chrrgy” is t r:lllsfmrful to pf)trlllial
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Figure CapLions

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

2. Beam-cavity interaction model

3. 1.3 GHz cavity with R/Q=100f1.

4. Ratio of kinetic energy to potential energy !or maximum current transmission for different injection energies.

5. Partitioning of injec tion energy for different injection energies ar,r! beam current.

6. Maxin:um current modulation versus gap voltage for different beam currents.

7. Harmonic current at the output cavity as a function of beam current, for resonantly tuned idler cavity.

8. In, se in harmonic current at output cavity as idler cavity is inductively tuned.

9. RKA geometry anl electric field in output waveguide for nonresonant output cavity.

10. RKA geometry and electric field in output waveguide for resonant output cavity.

11. Extraction efficiency for a 500 kV, 5 kA RKA versus harmonic current with ~=1. 14. Bed extraction is for

65% harmonic current.

12. RKA geometry and axial momentum y~. at a snapshot in time with bunch before output cavity, for 100%
harmonic current and rb=3.2 cm.

13. RKA geometry and axial momentum yfl. at a snapshot in time with bunch after output cavity, for 100%
harmonic current and rb=3.2 cm.

14. RKA geometry and axial momentum -y~. at a snapshot in time with bunch before output cavity, for 65%
harmonic current and rb=3.2 cm.

i5. RKA geometry and axial momentum y~. at a snapshot in lime with bunch after OULPIILcavity, for 6570

humonic current and rb=3,2 cm,

16. RKA geometry and axial momentum y~, at a snapshot in time with bunch before output cavity, for 70%
harmonic CUrrCIIt EIlld rb=~.’l Cm.

17. IIKA geometry and axial nlon~cntut]l yflz at a tmapsllot, in tilnc with I)llncll xft.cr oulput cavily, for 70%

harl~lol~ic c{lrr~lll fllld ?’1,=~.~ (_Ill,
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%-titionina of lniection Enemy for Different
Injectio; Ene;gies and Be6m Current
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Moximum Current Mduldiin versus Gap Wtage
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