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Numerical and theoretical analyses show that stable, two-plane focusing of finite width, elliptical
cross section, sheet electron beams with high space cllameoltage, high current densitgan

be accomplished using periodically cusped-magnéBCM) fields. Magnetic field strength
requirements for focusing high-space-charge sheet beams are within technological capabilities of
modern permanent magnet technology. Both an offset-pole PCM stack and a PCM stack combined
with a periodic quadrupole magn@QM) edge array are shown to be effective for two-plane sheet
beam confinement. The PCM-PQM hybrid configuration offers inherent advantages for independent
adjustment of confinement fields to achieve beam matchimgimum ripple in both transverse
dimensions. The offset-pole configuration offers the advantage of open-side access for applications
such as vacuum electronic microwave devices. It is also shown that PCM-focused sheet beam
envelope stability obeys criteria equivalent to that previously identified for round-cross-section
electron beams in periodic permanent magnet focusing.1989 American Institute of Physics.
[S0021-897€09)03809-9

I. INTRODUCTION space-charge electric field aBds the longitudinal magnetic
field. Now referred to as the diocotron instability, the phe-

The use of extended beam configurations, especiallyjomena largely discouraged the investigation of sheet elec-
sheet electron beams, has the potential to greatly advance then beams in microwave devices until relatively recently.
state of the art for vacuum microwave devices. Particularly  Periodic focusing, rather than a uniform guide field, was
as the current trend towards the high-frequency millimeterproposed as a possible method to avoid filamentation. Early
wave band continues, where device dimensions tend to dgoncepts investigated electrostatic periodic focusing of sheet
crease with wavelength, there is a need to overcome limitabeams>*? but Sturrock pointed out that magnetic periodic
tions inherent in conventional round beam devices. Sheefbcusing had the potential to focus higher current beams for
electron beams have the advantage that the total amount g§asonable magnet field strengthalthough Sturrock con-
beam current in a single device, and therefore the total outpwiders beam “stability” in this work(and in a companion
power, may be increased without inordinate increases in therticle on a general theory of sheet beams in periodic figlds
beam space-charge density. Therefore a sheet-beam micrgre stability criterion thus developed is actually a condition
wave tube can largely avoid both direct currddt) and  for effective single-particle transport of the beam through the
alternating currentag defocusing problems due to beam focusing stack. Although later analyses, mainly based on the
space charge and subsequent efficiency loss. Similarly, thelasma fluid equations;***have investigated the issue of
extended type of radio frequen@y) interaction circuit com-  sheet beams in uniform focusing under a variety of condi-
patible with sheet beams allows for increased total rf powetions, few investigations of sheet-beam stability in periodic
capacity without electric breakdown. fields have been undertaken.

The advantages of using sheet electron beams for the One notable exception is recent work done at the Uni-
transport of high current through microwave circuits wereversity of Maryland as part of a sheet-beam free-electron
appreciated at least as early as the mid-1950'sSoon  |aser experimeni This work investigated the stability of
thereafter experimental investigations of the transport otheet beam transport thrdug 1 cm, five-period, 800—1600
sheet beams in uniform axial magnetic fields showed they planar wiggler array. The “sheet” beam actually begins as
existence of an instability which led to beam kink anda planar multiple beamlet array produced by seventeen 1.0
filamentatiom>~’ It was recognized that the driving mecha- mm holes drilled into an anode plate approximately 3.0 mm
nism behind that instability was linked to the coupling of the apart. However, by the end of the transport chariBetm),
radial motion of the beam, induced by space charge, with théne beamlets merge into a continuous sheet approximately
focusing provided by the longitudinal magnetic fiélln 3 mmx30mm in extent. The beam used in this experiment
the later work, it was shown that the driving mechanism wasyas relativistic—100 and 400 kV beam voltages—and pro-
indeed due to arEXB velocity shear across the top and duced by a field-emissioffcold” ) cathode for short<100
bottom of the electron beaf!! whereE is the transverse ns pulses. About 26 A of current was present in the beam
after scraping at the anode plate. Hence, the experimental

aCurrent address: Northrop Grumman Corporation, Rolling Meadows, IL. Parameters used in this StUdy. are in the relativigtigh-
YElectronic mail: booske@engr.wisc.edu voltage, low-space-charge regime—a fact bolstered by the
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relatively good agreement of the actual beam transport with
single-particle codes mentioned in the article.

As an indication of the increasing interest in and appre-
ciation of sheet beams for use in microwave devices, a recent
paper design study compares a sheet beam klystron to round
beam klystrons at 11.4 GHz for accelerator applicatins. beam
Due to the high beam current, pnly moderate beam VOItageI§IG. 1. Simplified illustration of semi-infinitéuniform and infinite along),
(400 kV) are necessary to provide the same output POWer agjanar, periodically cusped magnetRCM) field configuration for focusing
highly relativistic (3000 kV) klystrons. In addition, an effi- of sheet electron beams in their narrow transverse dimension.
ciency enhancemeiiby a factor of 2—4is deemed possible
through the reduced space charge in the sheet beam. Sole-
noidal focusing is envisioned for this device. This work wasshown with analytical expressions and numerical analyses
based on an earlier paper design stddsing a planar mag- that the magnetic fields required in these configurations for
netic wiggler for beam focusing. Although these designs apsheet beam focusing are within the capabilities of modern
pear to provide marked improvement in the state of the art oP€rmanent magnet technology.
high-power klystrons, the experimental demonstration has
yet to be made and, furthermore, basic questions of sheel: PCM-FOCUSED SEMI-INFINITE SHEET BEAM
beam stability and transport need to be addressed. ENVELOPE STABILITY

A particular type of focusing configuration—the offset-

pole periodically cusped-magnéPCM) array—has been and infinite alongx) similar to that shown in Fig. 1. In the

identified which provides stable focusing in both transversemagnet gap, the magnetic fields can be approximately repre-
dimensions of the beam and the low transverse VeIOCitie§ented b§78 '

compatible with linear beam microwave tubes. Recent ar-

ticles have shown that space-charge-dominated, infinitely By m(Y,2)~—Bgsinh(kyy)cogky,2), (1)

wide sheet electron beams can be stabilized in periodically _ :

varying magnetic field configurations based on the PCM Bzm(y:2)~+Bo costtkmy)sin(km?), @

array8-20 where By is the on-axis magnitude of the field,,
This article describes the results of advanced theoreticatr 27/\r,, and\, is the spatial period of the magnet array.

and computational studies of the focusing and transport ofor a thin beam with half thicknesg <y, (wherey, is the

sheet electron beams in planar PCM fields. The beam dyralf height of the magnet gapone can simplify

Consider a semi-infinite PCM configuratiomniform

hamics are examined using analytic methods, numerlcal So- By.m(Y,2)~ — Bokny cogkp2), 3
lutions of the transverse beam envelope equations, and de- _
tailed particle simulations. To facilitate the calculations and B, m(2)~+Bgsin(ky2). (4)

simulations, it is assumed that the magnet periods are relame ime-dependent equations of motion for an electron of
tively short and therefora,y<z~uo, whereuo is the (ap-  charge—e, massm, under the influence of the above mag-

proximately constantbeam velocity component along tae  pgyic fields and a self-space-charge electric fieyd can be
axis. This, in turn, is used to justify use of the paraxial ray,itten as ’

approximation d/dt—uyd/dz and the transformationt

~7/up in all analyses. The theoretical analyses of Secs. I, X= ~wcA2)Y+ wcy(Y.Z)Uo, 6)
I C, and IllI D also assume uniform beam density and lami- e
nar beam transpordinear space charge forgeswhile this y=- EEy'SJr weA2)X, (6)

assumption is naturally relaxed in the numerical particle

simulations of Secs. llIE and IV. It is further noted that all where w.,=€B, n(y,2)/m, w.,=eB,n(z)/m, and for a

formulas and calculations assume nonrelativistic beamssemi-infinite sheet beam the self-electric field in ¥direc-

Generalization to relativistic expressions is illustrated for in-tion is taken as approximately zero. To further facilitate the

finitely wide sheet beams in Ref. 20. analysis, we consider a uniform beam density &nd lami-
This work complements prior wotk on PCM focusing  nar beam transport for which

of semi-infinite sheet beam@.e., focusing in the narrow E, ~—(m/e)w? )

transverse dimension onlypy comparing the envelope sta- ¥.s ®poYbo:

bility of the PCM-focused sheet beam with previous analysesvhere wgozezn(O)/meo is the usual beam plasma fre-

of PCM-focused round beams. More importantly, this workquency,eq is the permittivity of free space, and0) andyyq

addresses the issue of beam edge confinement for finitewe the beam density and beam half thickness, respectively,

width sheet beams. For the latter issue, two complementarst z=0.

magnet configurations are investigatéd) the offset-pole The coupled equations of motig®) and (6) were nu-

PCM configuratiort®?° and (2) a hybrid periodic scheme merically solved within the paraxial ray approximation and

combining a planar PCM array for bulk beam confinementthe assumptions of Eq7). A plot of the resulting electron

with periodic-quadrupole-magneti®QM) fields for beam motion is shown in Fig. 2, and illustrates several expected

edge focusing. With either approach, robust side focusing ifeatures of electron motion in periodic fields. This simulation

observed for remarkably high-space-charge beams. It is alde for a 10 kV beam with an initial current density of 12
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FIG. 2. Plots of the normalized electron posititolid curveg and veloci- G, 3. Matched beam transport f8,=507 G for the configuration indi-

ties (dashed curvesys axial position(normalized to the magnet peripih cated in Fig. 2. Note the absence of betatron oscillations. Again, the solid

the semi-infinite PCM arrayta) Normalized position and velocity in the  cyryves represent normalized position and the dashed curves the normalized
narrow (or y) transverse dimension. The position is normalized with reSpeCtvelocity. Normalizations are the same as those in Fig. 2.

to initial minor radius,y,, and the velocity is normalized with respect to

injection velocity, initial minor radius, and magnet periodY,/dZ,

=(dy/dt)Am/Ugyp. (b) Normalized position and velocity in the wider x) . . . .

transverse dimension. The position is normalized with respect to initial maparameters of Fig. 2, this criteria givég,=507 G for a

jor radius, x,, and the velocity is normalized with respect to injection matched condition; Fig. 3 shows the resulting elimination of
velzc):(i/té/,t )\i”/i“a' ’I‘rir?mh, rf]a]f“US' and _’ITl‘i_gnet PeriOdidé(nt/dtﬁn the betatron motion. The remaining oscillation is solely due
rio(dicity Z)f ?héj(;;(g.gnetg, \Al/?lilert?l?l?)C\?—%SéSLr?cly(/)r(])sscﬁlcl);ie()snpsogorrgsp(fnzetoto th?_ PCM fields and this represents the minimum ripple
betatron oscillations for the unmatched beam. condition on the beam.
As the magnet period increases, the beating of the bi-
harmonic motion of the beam comprised of betatron and
Alcm?, focused by a PCM field having a 3.75 mm period andPCM oscillations can lead to a condition where the PCM
a field amplitude of 700 G. In Fig. 2, the axis has been oscillation period is comparable to the betatron period, or
normalized to the magnet period {(=z/\,,) and the trans- harmonics of the betatron period. Constructive interference
verse coordinates have been normalized to the initial bearbetween the two oscillations creates large amplitude, or com-
half-thicknesgY,=y/y,, X,=X/yp). The motion in thex-Z pletely unconfined, orbits which lead to beam loss to the
plane is a combination of a line&x B drift with the high-  transport channel. This situation is similar to the case for
frequency wiggle motion due to the PCM. Also occuring areround beams in permanent periodic mag@&®M) focusing
slow time-scale oscillations at the betatron frequengy  treated by Mendeét al?! In Ref. 21, the radial equation of
=eBy/v2m. The oscillations are more readily apparent inmotion for edge electrons in a round beam was recast in the
theY-Z plane and can be seen to have a period of roughly 12orm of Matthieu’s equation. Tabulated solutions for Mat-
magnet periods. thieu’s equation showed the existence of a series of pass-
Betatron oscillations in the sheet beam lead to a breattbands and stopbands as the PPM period was increased cor-
ing, or ripple effect of the beam thickness, since for a sotesponding to transport of the beam through the focusing
called “cold” beam with negligible transverse emittance, thestack or loss of the beam to the channel walls. Similarly, for
electrons oscillate in phase. It is desirable to minimize thighe semi-infinite sheet beam case, the numerical solutions for
effect through “matching” of the beam betatron oscillations the trajectory of electrons at the beam edegevelope calcu-
with plasma oscillations due to space-charge. For a semlations also show the existence of higher order passbands
infinite sheet beam, the condition for beam matching is giverwhich correlate very well with the Matthieu’s solutions.
by wpo~we/V2=wg, Wherewo=eBy/m. For the beam Mathematically, this can be seen if we transform Egsand
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(6) into the time domain using—ugt, consistent with the \: top view
paraxial approximation. Further advantage comes from sepa-

rating time scales under the assumption that betatron motions |
and space-charge-induced motions evolve on a slow time 'Sl
scale relative to the motion due to the oscillating magnetic
field in the short period PCM array. Writing= x; + X and
y=VY;+Ys (Wheref ands subscripts represent fast and slow
time-scale motions, respectivélysubstituting into the equa- [ | N1
tions of motion, separating the fast and slow time scales, and 'S I
performing various mathematical manipulations yields the |

approximate resuft? i a

-X m +Xm

[

[~

(/;Z(I)sz

. € 2
Vs~ = Ey st oo coL(wmt)Ys. (8

This can be rewritten using the relation §@8=1/21
—cos(¥)]:

. e wgo
yS%_mEva—’— 7[1_C032wmt)]ysl (9) /7

which is of the same form as the Matthieu’s equation given N
in Ref. 21. | S
The numerically calculated envelope trajectory simula-
tions and calculations based on Ef) (using the tabulated f x
values from Ref. 2lagree quite well on predicting the po- .
sitions of the pass and stop bands. For the beam parameters Y :
used in Fig. 2, the first stopband occursh\g=35 mm and el—> x
the second passband occurs between 60 and 80 mm. The [ N |
relatively poor focusing available in the higher passbands,
leading to larger amplitude electron orbits, probably over-
comes any technological advantage to be gained by using threG. 4. Schematic of the basic configuration of the offset-pole PCM array.
easier-to-fabricate longer magnet periods. In contrast to planar wigglers used for free electron laser experiments, the
It should also be noted that, besides the similarities of M has the same magnet polarity across the midplane. An offset in the
' - .__magnets produces side focusing in the wide dimension of the beam.
the pass and stop bands for beam envelope stability, the simi-
larities between planar PCM and round-beam-PPM focusing
systems carries over into the basic scalings required to
achieve beam focusing. In general, the magnet pexigd mension of the beam in this configuration should be provided
must be smaller than the scale length associated with plasni®y the fringe fields of this arra}® Some support for this
oscillations, Ap=2mug/w,, in order to focus the beam hypothesis can be based on experimental studies of offset-
against space charge. Typically, in PPM systems, a ratio gbole planar wiggler focusing of high-voltage sheet beams
Am/\,<0.33 is desirabfé and our envelope simulations in- with very low space charg@,* but investigations of offset-
dicate that a comparable scaling is required in planar PCMpole planar PCM confinement of low-voltage, high-space-
focusing of sheet beams. In addition, the magnet periogdharge beams have never been reported. Analytic expres-
should be smaller than the betatron scale lengtlh, sions for the fringe fields of offset-pole configurations can be
=2mug/wg, in order to avoid large amplitude oscillation obtained by replacing the offset-pole regions with semi-
and beam current loss. Consideration of the point at whiclinfinite sheets of “surface magnetic charge” as discussed in
the first stopband occurs for planar-PCM-focused sheeRef. 18. The side fields are thus calculated as integrals over
beams gives the scaling,/\ ;<0.25, essentially the same the surface charge:
as that for PPM-focused round beafhs.

front view

_ (X=x) :
Bx,s(x!y)_cbf Pm [(X_X/)2+(y_y/)2] dx ’ (10)

Ill. OFFSET-POLE PCM FOR BEAM EDGE FOCUSING

(y—y")

A. Analytic magnetic field expressions B. (x.y)=C f q 11
X1 = I ! ,1
Y,S y b| Pm [(X_X )2+(y_y )2] y

Consider the offset-pole configuration previously pro-

posed in Refs. 18, 20 and iII}Jst_rated in Fig. 4. Ne_ar theWherer is a dimensioning constant. The equivalent mag-
center of the array the magnetic fields can be apprommatelxetic surface charge density,,, can be written as
represented by Eq$l) and (2) and these field components m

provide diocotron-instability-free focusing of semi-infinite s TPl 8y —ym) =68y +ym)] for x>0,
sheet-electron beams for short PCM periods, as demor®n(X"Y") = +pol (Y —Ym) — (Y +ym)] for x<O.
strated in Ref. 19. Side focusing in the larger transverse di- (12
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FIG. 5. Plot of the normalized side field3{ =B, (7/Bso and By%"
=B, ¢7/Bs for several aspect ratiog, /Xy, . The horizontal axis is th&
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FIG. 6. Predicted,  side fields for the offset-pole PCM array as a function
of the transverse dimensiox, The iron-core array model corresponds to an
L . . . illustrative coil excitationlmmf) of 1000 amp-turns. The air-core coil model
SUbSt'tu“ng qulz) Into Eqs.(lO) a.nd(ll) and Integrating results and the analytic model were scaled to yield the same field at
over all magnetic charge sheets gives =2.6cm as the iron-core coil model. Good agreement with the analytic
model for permanent magnets is obtained with the simulated air-core nu-

BSO . . . e . . .
. _ 2 21 _ 2 merical computations, justifying the use of the analytic model in subsequent
Bx,s_ A {In[(x Xm)“+ (Y +Ym)*] = IN[(X—Xm) particle simulations.

+ (Y= Ym) 2] = IN[(X+ X)) 2+ (Y= Ym)?]

net PCM assumed in the analytic calculation of the side
+IN[(X+ X2+ (Y + Y 2T}, (13 Y

fields leading to Eq9.13) and(14). Instead, air-core electro-

Bso|. [ X—Xm [ X Xm magnet models were used as an approximation to a magnet
By,szz_ tan 7| ————|—tan Vv, array constructed from high-remanance permanent magnet
T m YTYm . : . . .
materials and compared with the predicted fields for an iron-
[ X Xm [ Xt Xm 14 core magnet array. In the latter case, ByeH curve for iron
+tan Y—VYm —tan Y+Ym/ |’ (14 polepieces was taken from the 1010 steel table used in the

POISSON/PANDIRA® set of two-dimensional2D) magnet

LY design codes. For illustration, the array width and height and
>Xn. Plots of Egs.(13) and (14) are shown in Fig. 5 for the gmagnet period were chosen tg/ hie=2.0.cm, 3m

several magnet array aspect ratigs (X). These plots help =0.75cm, and\ ,= 3.0 cm, respectively. Individual magnet

in understandin.g the .dynamics .Of side focusing in the Oﬁsetbores were selected to have dimensiomsx(hXxt) of 5.0
pole PCM configuration. Focusing of the beam in the wide
transverse dimensiofin x) is provided by theu,B, s force,

whereu is the beam drift velocity along The linear region

where Bs,=Cppq is the limiting magnitude oB, s for x

X 1.75X0.5cm. The inner spacing between cores alang
was taken as 2.0 cm. Each magnet coil was offset 0.75 cm
. . from the array midplane with rectangular cross-section di-
of Bys near thex=0 midplane provides a force balance mensions WX h) of 0.75x 1.25 cm. The inner transverse di-

between magnetic _foc_usmg and th_e approximately IIneaFnensions of the coil were chosen to be the same as the width
space-charge electric field and, as discussed below, theoreghd thickness of the cores

cally provides for beam matching in the wide transverse di-
rection. TheB, 4 component is zero along the midplane but
off the midplane the polarity dB, ¢ is such that particles are
pushed awaydefocused along they direction. However,
these adverse effects of tha  components can be over-
come for very thin beamsy(<x,<x;,) where particles are
close to the axis all along the midplane, and especially fo
highly elliptic sheet beams where the tapering of the beam
the edge reduces defocusing.

The calculatedB, side fields from these simulations,
sampled along thg=0 midplane at a fixed position, are
plotted in Fig. 6, along with a scaled version of the analytic
result of Eq.(14). The critical issue to compare is the degree
to which the numerically simulated arrays producB gjqe
field component that varies approximately linearly wittas
heeded for force balancing in this dimension, and consistent
3kith the expectation derived from the analytic formula, Eq.
(14). Hence, having calculated th&, g field for the iron-
core array with an illustrative choice of coil mmf of 1000
amp-turns, the air-core simulation’s amp-turns were adjusted
until it produced the same peak fieldxat 2.6 cm. Similarly,

The three dimension#BD) finite element magnetostatic the analytic model of Eq.14) was scaled until also produc-
code TOSCA® was used to model the offset-pole PCM anding the same value at=2.6 cm. Fairly good agreement is
check the analytic expressions for the side fields. The availebserved between the analytic model and the air-core model
able version of TOSCA could not model the permanent magef the permanent magnet array, especially, for the central

B. Three-dimensional magnet simulations of the
offset-pole PCM
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region wherex<<1.4cm. However, it is apparent that the AY
iron-core electromagnet suffers from a fairly weak fiétd
weak focusing forcenearx=0, and has an abrupt, nonlinear

increase starting at about=1.0cm. As a result, the agree- v 8,
ment between the iron-core array model and the analytic  — >~
model of Eq.(14) is relatively poor, especially in the central & X

region nearx=0. The reason for these observations is that

within the air-core coil the flux is more evenly distributed

(for a long, thin coi} than is the case for iron. Hence, the

air-core case more closely resembles the permanent magnet ) ) ) ) )

configuration and the assumptions used in the derivation I((:3M7f.o$;)iisg-sectlonal illustration of beam tilt that can occur in offset-pole

Eq. (14) are better modeled with an air-core magnet. This '

justifies the use of the analytic model in subsequent particle

simulations, described below. magnetic field is zero. In other words, since the axially uni-
Since magnet tunability may be desirable in some caseform side field component changes polarity acrossxtad

(e.g., laboratory experimentsand the presence of a high- plane, yet the center PCM fields are symmetric, the beam

material such as iron greatly enhances the achieved field faxill settle into an equilibrium around the null field axis. Us-

a given applied current, it still may be beneficial to use iron-ing the linear approximation to the sid  field in Eq.(15)

core arrays. However, it should be noted that, recalling thend noting that the period average of Efy) is k,yBy/v2

discussion in the previous section, beam matching will benear the midplane, we have the following expression for

more difficult to achieve without a lined,  field region to  lines of constant magnetic field:

balance linear space-charge forces alongxtexis of the

1 2
beam and magnet array. By(%,Y~0) | consar= — BokmY — Bso Ym . 1n
V2 szm

C. Sheet beam matching with offset-pole PCM . . .
confinement The null field axis occurs at an angle given by

2v2  ym By

As noted, theB, ; side field of Eq(14) is approximately Ym
K Xm Xm Bo

linear around the poink=0. For points near the midplane
(y=0), assuming a very wide magnet array with, /X,
<1, and using the expansion &V +e)~m/2— 1 (1
—¢e/P), one can obtain

1

Gpo=tan Y(y/x)=tan . (18

For most beams of interest, the small amount of tilt in-
curred is probably not significant. For example, anticipating
beam simulations in following sections, if we hayg/x,,

2Bs [ Ym =1/16,\,/xy=0.3/4, andB4,/By=1/2, then Eq(18) gives
By s(X,00~— Z 1% (19  g,~0.33mrad. A highly elliptic sheet electron beam with an
m

aspect ratio of,/y,=56 would thereby have its effective

If we further assume highly elliptic sheet-beam cross secthickness increased b§x,/y,, or about 2%. Only in cases
tions both for their analytically tractable self-fieltfsas well  of highly elliptic beams having extreme space charge, requir-
as their practical advantage of reduced beam density anglg large side magnetic fields for focusing, would beam tilt
defocusing forces at the beam edges, we can arrive at Ise expected to be problematic in pushing the beam edges far

force-balance condition for edge confinemé&nt: enough off-axis into the defocusiri,  field.
7”050 Yb/Xb . . . .
By~ m (16 E. Particle simulations with offset-pole PCM edge
2Up \Ym/Xm

confinement
From the above equation it is evident that the required side The 2-1/2-D particle-in-cellPIC) code MAGIC” was

maI\gnetlc f|g:jd ;rtr;]pllttt:ge tc;an be heldt 0 rsasqnably dsmalbsed to study sheet-beam focusing in offset-pole PCM fields.
values provided that the beam aspec raox, Is Made - as pefore, ther drift coordinate was transformed to the time
smgll. Fortungtely, this condition is the same as required Qomain usingz— Ut according to the paraxial approxima-
avoid defocusing effects from thi#, ; magnetic field term, . tion. The uniform(statig side magnetic fields given in Egs.

implying that high current densities can be transported 'rtl3) and (14) were superimposed upon the central PCM
highly elliptic beams using moderate side field magnitudes.fieIdS (for thin sheet beamwf Egs. (3) and (4)

For illustration purposes, the beam considered here is a
highly elliptical sheet beam with major and minor radii of

One other adverse effect of the addition(effectively) Xp=1.4cm andy,=0.025cm, respectively(note x,/yy
uniform (nonperiodig side-focusing fields to the periodic =56), with a total beam current of,=10A and a beam
center PCM fields is a resultant tilt in the beam midplane offenergy ofeV,=10keV. The current, space charge, and par-
of the magnet array midplane, as illustrated in Fig. 7. Thisticle densities of the beam correspond to 90.9 Aict5.5
can be understood by noting that the addition of uniform sidenC/n¥, and 9.7 10'*m™3, respectively. For the simulations
field components to the periodic center fields causes a rotdhe beam is initially loaded with a Gaussian velocity distri-
tion in the axis along which the tot@, component of the bution in all three velocity coordinates. The rms axial veloc-

D. Sheet beam tilt in offset-pole PCM focusing
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FIG. 8. Cross-sectional particle plots from PIC simulations of a high-space-charge density elliptical sheet electromitheggs 1.4 cm, y,=0.025 cm,
I,=10A, V,=10kV) in various magnetic field focusing configuratioria) An offset-pole PCM array. The magnet array has=3 mm, B;=1200 G,
Bs=534 G, X,=4.0 cm, andy,,=0.5 cm. (b) The same beam in a uniform magnetic field wigh= 1200 G. (c) The same beam in a hybrid PCM-PQM
array. The magnet array hag,=3 mm, B;=1200 G, B, /x,= 3500 G/cm,x,,=4.0 cm, andy,=0.5cm.

ity spread(ratio of vy, ,/Ug Wherevy, , is the thermal veloc- beam perveance of 350 @40 kV)32=1.2 upervs. Since the
ity along 2) is taken to be 1%, which is consistent with, but perveance of the sheet beam configuration is obtained for
slightly larger than, the velocity spread typically produced inlow beam voltages, the possibility of realizing high-power,
Pierce-type linear beam sources. Equipartition of the velocityompact systems through high total current rather than with
distribution is assumed, i.e., the rms thermal spread in th@jgh voltage(and bulky high voltage power suppliebe-
transverse components is also taken to bgy/Uo  comes evident. Another point illustrated by the simulations is
=Uiny/Up=1%. Conducting wall boundary conditions are the robust stability of the sheet-beam confinement in offset-
invoked atx=+2 cm andy=+0.25 cm(laboratory frame, o6 PCM arrays, indicated by the long-term confinement
consistent with the nonrelativistic analysis (>40 magnet periodsFinally, beam matching appears to be
Figure 8a) illustrates the evolution of the beam cross g, janging to simultaneously achieve in both transverse di-
secjuon in offset-pole PCM focusing, i.e., the ma.gngtlc fo'mensions. For example, the beam of Figa)ds relatively
cusing fields of Eqs(3), (4)’. (13), an_d (14). Magfetlc field el matched in the thin transverse dimension. However, in
Eara:rgg;egvalu_eélcgmces 'nCIUE?)";BmT_hB%_ 12006, the other(wide) transverse plane the beam oscillates or
s0="534 G, xp=4.0cm, andy,,=0.5cm. The beam cross- breathes on a time scale that is slow compared to the PCM
section images are shown for simulation times correspondmﬁ Id odicity w1 (K 1 que t . tch of fo-
to (top-to-bottor) =0.0, 0.24, 0.48, 0.72, 0.95, 1.2, and 2.4 "'d periodicity, wy,™=(knlo) ~, due to a mismatch of fo
ns. Using thez—t transformation discussed previously, cusing and space-charge forces in this _plar_1e. Ach|_evmg an
acceptable force balance or beam matching in the wide trans-

these times correspond to axial locatiars 0.0, 1.4, 2.8, .
4.2, 5.6, 7.0, and 13.9 cm, or normalized axial locati@gs verse plane represents a remaining research challenge for

=27/\,,=0.0, 4.6, 9.3, 13.9, 18.6, 23.2, and 46.4 magnet pefos;et-pole PCM focusing of high-space-charge sheet beams.

riods, respectivelyas indicated in the inset frame labels in ~ FOr comparison purposes, Fig(b§ shows the same
Figs. §a) and 8b)]. beam in a static, uniform solenoidal magnetic field oriented

The particle plots of Fig. @ demonstrate several along thez axis (pointing out of the page The field magni-
points. First, relatively high-space-charge beams can be fdude,B is taken to equal the peak PCM magnetic field used
cused without instability with modest, and readily achiev-in Fig. 8, orB,,=1200 G. Recalling that the growth rate of
able, magnetic field magnitudes. Even more signficant is théhe diocotron instability scales as5/2w,, or as the ratio of
total, stably confined beam current realized for a given bearthe charge densityyg, to the magnetic field amplitudg,,
voltage. Here we note that the total beam perveance is we note that by using the peak PCM field rather than the rms
considerabléd,, /VZ?= 10 upervs. For comparison, the PPM- value of the sinusoidal PCM fieldi.e., By/v2) we are, in

b
focused 50 MW Klystron round beam of Ref. 28 has a totakffect, taking the “best case” condition of solenoidal focus-
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ing for this comparison. Still, Fig.(®) shows that the beam
begins to shear and tilt early on in the simulation and even
tually filaments and scrapes the transport channel walls ne¢ /
the end of the simulation. s
To further confirm the capability of the offset-pole PCM //////
array for focusing very high-perveance sheet beams, a cas N
was studied wherein the beam current was scaled by a factc ﬂ //
of 5 (to 50 A) for the same size beam as in Fig$a)8and
8(b). This corresponds to a beam with current density, spac/ N // -
charge, and particle densities of 455 Afm7.5 mC/i, and T 7
4.9x 10 m™3, respectively. Based on the scalings in Egs.
(6), (7), and(16), confinement of such a beam should require / N //
commensurately scaled increases in the peak magnetic fie s // N
parametersB, and B.;. This was indeed found to be the [ ]
case, and stably confined sheet beams were ob£érfed
choices ofB,=4000 G (considered to be the upper achiev-
able limit of current permanent magnet technolognd
Bs=2515G. The results look very similar to the lower- P N N
density, lower-field case of Fig.@onsistent with the scaling S
argumenty and are not displayed here. Again, however, '\
stable focusing is realized in both transverse planes leavin /
one with the rhetorical question of just how such a ultrahigh- N
space-charge beam might be generated. NAL N
While the above cases illustrate the physical capabilities
of offset-pole PCM focusing, the choice of the array period
(Amy=3 mm) may pose a fabrication challenge. To investi-
gate alternative choices, a simulation was conducted of th
beam of Fig. &) propagating in a offset-pole PCM magnet
array having\,,=1 cm, but retaining otherwise identical pa-
rameter choicedi.e., Bo=1200G, B,,=534G, etc. In

spite .Of the large magnet period, the bgam was observed t(9‘f:~:et-pole configuration of Fig. 4 are twofold. First, beam
remain robustly stabl& The only perceptible difference was matching is more easily achieved in both transverse planes

an enhgnced tilt in the beam midplr?me which, r,eca'"”g thE‘since adjustment of the side field gradient can be made
d|scu33|on of beam tilt and the .scallm'g @f~Am, IS to b_e .through the side magnet cant-angle or spacing independently
e.xpecte.d if only the magnet per!od is increased. Even in th'%f the central PCM array. The second advantage is the elimi-
simulation case, however, the tilt angl_e was less than a Tevﬁation of the beam tilt problem, which is especially impor-
degrees, V\./h'Ch could hz_ive t_)een considerably reduced e'th?a(nt for relatively “thick” beams where the combination of
by increasingB, or by widening the magnet array. beam tilt and uniformB, ¢ defocusing fieldgin the offset-
pole PCM configurationcan lead to loss of the beam. In
IV. HYBRID PCM-PQM SHEET BEAM FOCUSING coqtra;t, in thg hybrid array the side fields are alsp
periodically-varying so the period-averaged magnetic axis
A more flexible focusing scheme for sheet electronremains along the array midplane.
beams is a hybrid structure consisting of a PCM array in the  Assuming the usual linear superposition property of per-
center and cantedquadrupolay, periodically varying side manent magnets we can simply write down the side magnetic
arrays for beam edge focusing, hereafter referred to as PCMields of the PCM-PQM hybrid as
PQM focusing. This hybrid structure is illustrated in Fig. 9.
The basic mechanism for edge focusing is similar to the fo- g (y z)= Bq(l) sin(Kyz+ &), (19)
cusing mechanism in periodic quadrupole magnet arrays, as ’ Xm
discussed in Ref. 29, where a gradient in the side fields in
required to focus against beam space charge. By s(X,2)=Bq
The magnitude of the focusing force from canted peri-
odic quadrupole magnets at the beam edge may be written &here, againx,, andy,, are the PCM magnet array width
Fx~euoB§xb where B{,z&By/ax is the gradient in they and height andk,, has the same meaning as before. The
component of the field under the canted poles at the edgeuadrupole field at the center of the canted poles’ surface is
Since this edge focusing makes use of the dominant axi@, and ¢ is the phase difference between the PCM and
velocity componentiy and strong field gradients of 4 kG/cm quadrupole stacks.
are readily achievable with @0, or NdFeBo permanent The MAGIC PIC code was again used to study the fo-
magnet material®’ this type of edge focusing should be fea- cusing in the hybrid array using a superposition of the fields
sible even with very high-space-charge sheet beams. of Egs.(3), (4), (19), and(20) and the paraxial transforma-

IG. 9. Quadrupolar side magnetic fields for beam edge focusing are created
y tilting side magnet arrays as indicated.

The main advantages of this configuration over the

yi) sin(kyz-+ bo). 20
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tion k,z— wt/ug. In addition, a two-period magnetic field volving high beam densities and very large beam aspect ra-
entrance taper was applied to the side fields to reduce th#os (ratio of wide to narrow transverse dimensignin
initial tilt experienced by the laminar input beam at the en-comparison, the PCM-PQM hybrid magnetic focusing con-
trance to the array. The taper is implemented by increasinfiguration provides equally impressive focusing capability
the side-field amplitude b ./4 over each half period until (for high-space-charge beam$ut has the extra advantage
the full magnitude is reached at the beginning of the thirdof independent control over the magnetic field parameters
magnet period. Such field tapering is commonly done at theetermining narrow and wide transverse dimension focusing.
entrance of free electron laser wiggler magnets for similaiAs a result, as a practical matter, attainment of matched
reasons. beam equilibria appears to be far less problematic. In addi-
Figure &c) illustrates the effectiveness of the PCM- tion, the PCM-PQM hybrid focusing configuration is free of
PQM hybrid for stable, long-term focusing of high-space-any adverse beam tilt effects. The offset-pole configuration
charge sheet electron beams. Moreover, the beam is mostill retains one advantage over the PCM-PQM configura-
readily matched in the wide transverse dimension and th&on: open access via the sides of the beam, which may be
amplitude of radial oscillations is significantly redude@.,  attractive to some applications requiring injection or extrac-
compare with Fig. 8)]. This improved facility of matching tion of rf or microwave radiation.
is a consequence of the linearity of, and independent control
one has over the quadrupolar side fields. Another important
point is that the beam tilt with respect to the midplane had®CKNOWLEDGMENTS
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