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ABSTRACT

Electron beam halo formation is studied as a potential mechanism for eectron beam losses in high-
power periodic permanent magnet focusng klystron amplifiers. In particular, a two-dimensond sdf-
congstent dectrogtatic modd is used to andyze equilibrium beam transport in a periodic magnetic
focusing fied in the absence of radio-frequency signd, and the behavior of a high-intensity eectron
beam under a current-oscillation-induced mismatch between the beam and the periodic magnetic
focusing fidd. Detailed smulation results are presented for choices of system parameters corresponding
to the 50 MW, 11.4 GHz periodic permanent magnet (PPM) focusing klystron experiment performed
a the Stanford Linear Accderator Center (SLAC). It is found from the self-consstent smulations that
gzable hados appear after the beam envelope undergoes severd oscillations, and that the residua
magnetic field a the cathode plays an important role in delaying the hao formation process.
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[.INTRODUCTION

One of the main thrugts in high-power microwave (HPM) research is to overcome the problem of
radio-frequency (RF) pulse shortening [1,2]. Severd mechanisms of RF pulse shortening have been
proposed [3], ranging from plasma formation at various locations in the device to nonlinear effects at the
RF output section [4-7]. However, few of them have been fully verified in terms of theory, smulation
and experiment. In this paper, we discuss halos around high-intengity electron beams as a mechanism by
which electron beam loss and subsequent plasma formation may occur in high-power klystron
amplifiers

From the point of view of beam trangport in a periodic or uniform solenoidd focusing fidd, there are
two main processes for hao formation in high-intensity electron beams. One process is caused by a
mismatch in the root-mean-square (rms) beam envelope [8], and the other is due to a mismatch in the
electron phase-space didtribution [9]. Both processes can occur when the beam intensity is sufficiently
high so that the eectron beam becomes space-charge-dominated. The purpose of this paper isto show
that the former is respongible for eectron beam haosin high-power klystron amplifiers.

For a periodic solenoidd focusing channd with periodicity length S and vacuum phase advance

S ,, aspace-charge-dominated el ectron beam satisfies the condition [8]
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where K =2€’N, / gb?mc’ is the normalized sdf-field perveance, |, is the electron beam current in
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amperes, €, = g,b,€e is the normdized rms emittance in meter-radians, and S is in meters. In the
expressions for the sef-field perveanceK and the normdized rms emittance €, N, is the number of
electrons per unit axid length, m and - e are the eectron rest mass and charge, respectively, c isthe
goeed of light in vacuo, and g, = (1- bj)'llzis the characteridic rddivisic mess factor for the

eectrons. The emittance is essentidly the beam radius times a measure of randomness in the transverse

eectron motion. For a uniform densty beam with radius a and temperature T, the normalized rms

emittance e, isgiven by



112

aag,ksT,0

en:gbbbe:2 mne &

2

where k; isthe Boltzmann congant.

In particular, we study equilibrium beam transport in a periodic magnetic focusing fidd in the
absence of RF sgna and the behavior of a high-intendty eectron beam under a current-oscillation
induced mismatch between the beam and the periodic magnetic focusing field, usng a two-dimensiond
sdf-conggtent dectrogtatic modd. Detailled smulation results are presented for choices of system
parameters corresponding to the 50 MW, 11.4 GHz periodic permanent magnet (PPM) focusing
klystron experiment [10] performed at the Stanford Linear Accelerator Center (SLAC). It isfound from
the sdf-condggtent smulations that sizable haos gppear after the beam envelope undergoes severd
ocillations, and that the resdua magnetic fied a the cathode plays an important role in delaying the
halo formation process.

The paper is organized as follows. In Section Il, a two-dimensond sdf-consgtent modd is
presented for transverse dectrodatic interactions in a high-intendty reatividic dectron beam
propagating in a periodic focusng magnetic fied. In Section 111, the equilibrium dtate for intense eectron
beam propagation through a PPM focusing fidd is discussed, the equilibrium (well-matched) beam
envelope is determined, and self-consstent smulations of equilibrium beam transport are performed. In
Section 1V, the effects of large-amplitude charge-dendty and current oscillations on inducing
mismatched beam envelope oscillations are discussed, and use is made of the modd presented in
Section 11 to study the process of hao formation in a high-intendty dectron beam. The reaults are
compared with the SLAC PPM focusing klystron amplifier experiment. In Section V, conclusons are

given.

[1. MODEL AND ASSUMPTIONS
We congder a high-intensity relativigtic electron beam propagating with axid velocity b, cé, through

the periodic focusng megnetic field

B*(x,y,s) = B,(98, - %Bza(s)(xéX + yéy), ©)



where s=z is the axid coordinate, xg + Y€, is the transverse displacement from the z-axis,
B,(s+9S) =B,(9, S isthe fundamenta periodicity length of the focusing field, and the prime denotes
derivative with repect to s.

In the present two-dimensiona andysis, we treat only the transverse eectrodatic interactions in the
electron beam. The effects of longitudind charge-density and current oscillations in the eectron beam,
which are treated using the rdativigtic Lorentz equation and full Maxwell equations, will be consdered in
Section V. For present purposes, we make the usua thin-beam approximation, assuming that (a) the
Budker parameter is smdll, i.e, €°N,/ g,mc® << 1, (b) the beam is thin compared with the lattice
period S, and (c) the dectron motion in the transverse direction is nonrelivigtic.

Under the thin beam approximation, the salf-consstent el ectrogtetic interactionsin the eectron beam
can be described by a two-dimendond mode involving N ; macroparticles (i.e., charged rods). In the

Larmor frame, the transverse dynamics of the macroparticlesis governed by [8,11]
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where i=1,2,...,N, , and the focusing parameter k(9 and sdif-field potential f°(x,y,.5) are
defined by
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respectively. Here, W,(9) is the (locd) reativigtic cydlotron frequency associated with the axid
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megnetic fidd B,(s), and r, © ()g2 + yﬁ) . The beam is assumed b propagate inside a perfectly
conducting cylindrical tube of radius r,,, such that the salf-field potentia satisfies the boundary condition

f°(r, =r,,s) = 0. Detailed derivations of Egs. (4)-(7) can befoundin[8] for r, ® ¥ .



The two-dimensond sdf-consstent model described by Egs. (4) and (5) will be used to smulate
equilibrium beam transport in a PPM focusing fidd in the absence of RF signal (Section 111) and eectron
beam hdo formaion in the transverse direction induced by large-amplitude longitudind current
ocillations (Section 1V).

1. EQUILIBRIUM BEAM TRANSPORT
In the absence of RF sgnd, the rdativigtic eectron beam propagates through the focusing field in an
equilibrium gate. In this section, we discuss important properties of the equilibrium beam transport, and
present results of our andyss and sdf-condstent smulations of periodicdly focused intense eectron
beam equiilibria for choices of system parameters corresponding to those used in the SLAC 50 MW,
11.4 GHz PPM focusing klystron experiment [10].

A. Beam Envelope Equation for a Rigid-Rotor Vlasov Equilibrium

It has been shown previoudy [12,13] that one of the equilibrium sates for the system described by
Egs (4) and (5) is a rigid rotor Vlasov equilibrium in which the beam densty is uniform
transverse to the direction of beam propagation. The outermost beam radius r.(s) =r,(s+ S obeys

the envelope equation [12]
A\ 2
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where gbbbmo< F§1> = condant is the macroscopic canonica angular momentum of the beam at

r= rb(s) , and € isthe unnormdized rms emittance associated with the random motion of the eectrons.

If there is no magnetic field & the cathode, then <I%> = 0. Any residud magnetic fidd a the cathode
will leedto (B, ) * 0.

We andyze the beam envelope for equilibrium beam transport in the SLAC 50 MW, 114 GHz
PPM focusing klystron experiment [10]. The system parameters of the experiment are shown in Table
1. To examine the influence of smdl resdud negnetic field on the beam transport, we andyze two
different cases shown in Table 2. In Case |, we assume no residud magnetic field at the cathode, such



that gbbbmc<lf;> =0. In Case Il, however, aresdud field of 6.86 G is assumed, corresponding to a
beam with a finite canonicd angular momentum given by gbbbmc<lfg> =45 10% Kgm?/s. The
following dimensionless parameters are derived from Table 2 S% ,(s) =[1.04" sin(2ps/ S)]? (with

S=2lcm), s,=423 =0738, K/4s,e=101, ad (R )/4e=00 in Cae | ad
(P,)/4e =693 inCasell.

Figure 1 shows plots of the axid magnetic fidd B,(s) and outermost beam radius r,(s) versusthe

propagation distance s for Cases | and Il. In both cases, the amplitude of well-maiched (equilibrium)
envelope oscillations about the average beam radius is only about 0.005 mm, as seen in Figs. 1(b) and
1(c).

B. Self-Congstent Smulation of Equilibrium Beam Transport

SHf-consstent smulations based on the model described in Sec. 1l are performed to further
investigate the equilibrium beam transport. In the smulations, 4096 macroparticles are used. The
macroparticles are loaded according to the rigid-rotor Vlasov didribution [12] with an initid beam
radius equd to the equilibrium (matched) beam radiusa s= 0 [see Figs. 1(b) and 1(c) for Cases| and
1, respectively].

Figure 2 shows, respectively, the initid and find phase-space digtributions & s=0.0 cm and
s=42.0 cm for Case |. Comparing the phase-space plots shown in Figs. 2(€) and 2(f) with the initid
phase-space plots in Figs. 2(b) and 2(c), we find an increase in the emittance (randomness) in the
transverse dectron momentum. The emittance growth is a result of numericd noise in the amulation.
However, since the beam dynamics is mostly dictated by space-charge forces for the parameter regime
consdered here, the emittance growth has little effect on the beam transport properties. In fact, the
digribution in the configuration space shown in Fg. 2(d) agrees very wel with the initid digtribution
shown in Fig. 2(a). Moreover, the effective beam radius obtained from the smulation agrees with that
obtained from Eq. (8) within 0.2%. In the smulation, no beam lossis detected.

Figure 3 shows, respectively, the initid and find phase-space didtributions & s =0.0 cm and
S=42.0 cmfor Case Il. The final digtributions shown in Figs. 3(d), 3(€), and 3(f) agree very well with



the initid digributions shown in Figs. 3(a), 3(b), and 3(c). In this case, the effects of numerica-noise-
induced emittance growth are less pronounced than in Case | (Fig. 2) because the momentum
digribution is primarily determined by the finite angular momentum but not by thermd effects. The
effective beam radius agrees with Eq. (8) within 0.5%, and no beam lossis detected in the smulation.

C. Phase Space Structure

It is known that the phase space Structure for a matched intense beam in aperiodic focusing system
exhibits nonlinear resonances and chaotic behavior [14]. To determine how sengtive the equilibrium
beam trangport is agangt smal perturbations for the parameter region of interest, we examine test-
paticle dynamics subject to the fidd configuration conssting of the applied focusng fidd and the
equilibrium sdf-eectric and sdf-magnetic fidds. We make use of the Poincaré surface-of-section
method to analyze the phase-space structure of test particles. The results are shown in Fg. 4(a) for
Case | with P, /4e =0, and in Fig. 4(b) for Case Il with P, /4e =-0.99. In Fig. 4, the successive
intersections of 15 test-particle trgjectories with the phase space (r, P ) are plotted every period of the
focusng field for 1000 periods. One test particle is initidized a the phase-space boundary of the
equilibrium digtribution, and the corresponding test- particle orbit is represented by the inner curved arc
in Fg. 4(a) and by the innermost contour in Fig. 4(b). The remaining test particles are initidized outsde
the beam. For both cases shown in Fig. 4, the vaues of I% are chosen such that the boundary of the
equilibrium didribution extends to r =r,. Although the space-charge force outsde the beam is
nonlinear, the phase space is dmos entirdly regular. The same results showing regularity in phase space

A

dructure are obtained for different values of Ff] for Cases| and I1.

To summarize the results of this section briefly, we find from salf-congstent smulations and detailed
phase space andysis that in the absence of RF sgnd, the equilibrium beam trangport in the PPM
focusing klystron is robust and no beam loss is expected. These results are in good agreement with the
experimenta observation [10] of 99.9% beam transmisson in the absence of RF sgndl.

IV.HALOSINDUCED BY MISMATCHED ENVELOPE OSCILLATIONS



Microwave generdion in a klysron is due to the coupling of large-amplitude charge-density and
current oscillations in the dectron beam with the output RF cavity. The charge-dendity and current
oscillations result from the beating of the fast- and dlow-space- charge waves on the eectron beam, and
are primarily longitudind. From the point of view of beam transport, the charge-density and current
oscillations perturb the equilibrium beam envelope discussed in Sec. 1ll. Although a quantitative
underganding of the effects of such large-amplitude charge-density and current oscillations on the
dynamics of the eectron beam is not available at present, especidly in the transverse direction, a
quditative sudy of such effects is presented in this section. In the present andysis, use is made of the
standard one-dimensond cold-fluid mode to estimate the amplitude of the envelope mismatch induced
by longitudina current oscillations, and the two-dimensiond eectrostatic model described in Sec. |l is
used to explore the process of eectron beam hao formation in the transverse phase space of the
electron beam.

A. Edgimation of the Mismatch Amplitude

It follows from the linearized continuity equation that the current perturbation (dl b)f . is related to

the axial velocity perturbation c(db,), _ by [15,16]

(dlb)f,s w (dbb)f,s
I w- bk, by

: 9)

where subscripts f and s denotes the fast- and dow-space-charge waves, respectively, and w and
k;  ae the frequency and wave numbers of the perturbations, respectively. Making the long-

wave ength approximation for a thin beam, it can be shown that the disperson rdations for the fast- and

dow- space-charge waves can be expressed as [15]
(10)

where Kk, assumes plus sign, and k; assumes minus sgn. In Eq. (10), e, is the longitudinal space-
charge coupling parameter. The effective vaue of e, is estimated to be e, = 0.012 for the SLAC

PPM focusing klystron [10]. In the klystron, the tota current oscillations are the sum of fast- and dow-



space-charge waves with a phase difference of ~180°. Asareault, the total current oscillations and the
tota velocity oscillations are out of phase by ~180°. Therefore, the amplitude of the totd current

oxcillations is given by

(dl b)total ngbﬁ (dbb )total .

In «/g bb

This has the important consequence that the perveance of the eectron beam varies dramaticaly aong

(11)

the beam. From the definition of the perveance in Eq. (1), it is readily shown that the amplitude of

perveance varidion is given by

b\/—o( )total
” @gl e (12)

For the SLAC PPM focusing klystron [10], Eq. (12) yidlds dK /K =1.45" (dI, )

/1,. At the RF

total

output section, dK/ K exceeds unity considerably because dI, / 1, » 1. (Note that the current
ostillations in the RF output section are highly nonlinear and the maximum current exceeds 2I,.) From
the beam envelope equation (8), the relative amplitude of beam envelope mismatich is estimated to be
dr, /1, =056, where 1, is the equilibrium beam radius and dI, / I, =1 is assumed. In the sdf-
congstent smulations presented below, we use dr, / r, =1.0 in order to take into account the fact that

the instantaneous current exceeds 21, during high-power operation of the klystron.

B. Self-Consistent Simulation of Electron Beam Halo Formation

The process of hdo formation in intense eectron beams is sudied using the two-dimensond sHf-
congstent modd described in Sec. I1. Reaults of the smulations are summarized in Figs. 5-10 for Cases
| and Il. In the smulations, 4096 macroparticles are used, and the macroparticles are loaded according
to the rigid-rotor Vlasov distribution [5] with an initid beam radius of 2r, (0), where r,(0) isthe

equilibrium beamradiusat s= 0 [see Figs. 1(b) and 1(c) for Cases | and I1, respectively]. The effect of
current oscillation build up in the PPM focusing klystron, which reguires three-dimensond modding, is
not included in the present two-dimensond smulation.



We firg discuss the results of the self-consistent smulation for Casel. In Fig. 5, the effective beam
core radius is plotted as a function of the propagation distance s. The solid curve is obtained from the
sf-congstent smulation, and the dotted curve is obtained by numericaly solving the envelope equation
(8) with the emittance cdculated in the salf-consstent smulation. As expected, results from the sdf-
conggtent smulation and envelope equation are in excdlent agreement. Although the core radius
oxtillations are not exactly periodic due to emittance growth, the core radius oscillates with an
gpproximate period of 11.5 cm, such that the envelope typically executes four periods of oscillationsin
the entire PPM focusing section of the SLAC PPM focusing klystron which is 42 cm long.

Figure 6 shows the phase-gpace digtributions of the dectrons at severd axid distances during the
fourth period of the beam core radius oscillation for Case I. In contrast to the equilibrium phase-space
digribution (Fig. 3), dgnificant halos gppear at s=34.7, 37.8, 42.0, 44.1, and 46.2 cm. In the
configuration space plots shown in Figs. 6(a) to 6(€) we observe a large variation in the beam core
radius during the mismatched envelope ostillation period. The hdo particles reach a maximum radius of

r, =6.4mma s=42.0 cm, where the beam core radius is a minimum and the traveing-wave RF

output section is located. Around 1.5% of the eectrons are found in the halo at that axia postion.
Because the maximum hao radius of r, =6.4mm is grester than the actud beam tunnd radius

r; =4.7625 mm, these hao eectrons are lost to the waveguide wall. Therefore, the amulaion results

show that there will be 1.5% beam electron loss. In terms of beam power loss, 1.5% beam eectron
loss in the Smulation corresponds to 0.2% beam power loss because the logt dectrons have given up
88% of ther kinetic energies (or have dowed down by about afactor of 2 in their axid veocities). The
gmulation results agree quditatively with 0.8% beam power loss observed in the experiment [10]. The
discrepancy between the smulation and experimenta measurements may be caused by nonlinearitiesin
the applied magnetic fidds which are not included the present smulation.

As the beam propagates in the focusing field, its distribution rotates clockwise in the (x, dx/ds)
phase space, as shown in Figs. 6(f) to 6(j). The particles are initidly dragged into the hao at the edges
of the phase space digtribution, where a chagtic region is formed around an unstable periodic orbit that
is located just outside the beam digtribution [17]. The unstable periodic orbit is a result of a resonance
between the mismatched core envelope oscillations and the particles dynamics. As the hao particles

10



move away from the beam core, the influence of space charge forces decreases and these hao particles
dart rotating faster than the core particles, creating the S-shaped distributions observed in Figs. 6(f) to
6()).

The halo formation is also observed in the (x, dy/ ds) phase space digtributions shown in Figs. 6(k)

to 6(0). Although the macroscopic (average) canonica angular momentum <I5q> is congant in the

smulation, the distributions presented in Figs. 6(k) to 6(0) indicate that the distribution of single particle
canonical angular momenta induces spread in the (x, dy/ ds) phase space.

Shown in Fg. 7 are the hao radius, i.e,, the maximum radius achieved by dl of the macroparticlesin
the sdf-conggtent smulation, and the effective beam core radius as a function of the propagation
distance for Case l. It is gpparent in Fig. 7 that the hao formation process takes place essentidly during
the first 4 periods of the envelope oscillations. After reaching r, =6.4mma s=42.0 cm, the hdo

radius saturates. It is interesting to note that once the hao is developed, the hdo radius and core
envelope radius ostillate in oppodte phase, with the former being maximum when the latter is minimum
[as seen in Fig. 6(c)] and vice versa.

Second, we discuss the self-consstent simulation results for Case |1 and the role of small resdud
magnetic field a the cathode in the halo formation process. Figure 8 shows a plot of the effective beam
core radius as a function of the propagation distance s. In Fig. 8, an excdlent agreement is found
between the envelope obtained from the sdf-consstent smulation (solid curve) and the envelope
obtained by numericdly solving the envelope equation (8) with the emittance caculated in the sdf-
congstent smulation (dotted curve). One of the effects of the resdud magnetic fidd at the cathode isto
decrease the period of the envelope oscillations. The period for case 1l is 10.5 cm, dightly shorter than
the period found in Case | (Fig. 5). The envelope executes four periods of oscillations in the entire PPM
focusing section of the SLAC klystron.

Figure 9 shows the phase-space digtributions of the dectrons at severd axid distances during the
fourth period of the beam core radius oscillations for Case II. The configuration space ditributions
shown in Figs. 9(a) to 9(e) do not exhibit Szable hdos. In particular, comparing Figs. 9(a)-9(e) with the
configuration space digtributions for Case |, shown in Figs. 6(a)-6(e), it is clear that the halos are much
more pronounced in Case |. Analyzing Figs. 9(d) and 9(e) in more detail we observe hollow regionsin

11



the interior of the beam and that the existing hdos gppear in the form of vortices. Because the beam
rotation period is caculated to be approximately 3 times the envelope oscillation period, the hollow
regions and associated vortex structure might be a result of a diocotron ingtability process driven by a
resonance between the envel ope oscillations and the beam rotation.

The properties of the phase space digtributions shown in Figs. 9(f) to 9(0) resemble the properties
discussed in Case | with regard to the rotation in the (x, dx/ ds) phase space and the spread in the
(x,dy/ds) phase space. In comparison with Case |, the main difference is that the phase space

digributionsin Case |1 exhibit vortex structures.

Figure 10 shows the hdo radius and effective beam core radius as a function of the propagation
distance for Case Il. Although szable haos arise in the smulation after many periods of envelope
oscillations, it is evident that the halo formation process is dower in Case Il than in Case | (see Fg. 7).
In particular, despite thet the initid beam radius in Case |l is larger than in Case |, the hdo radius in
Case | is greater than that in Case Il at the output section (s =42 cm) of the PPM focusing klystron.
Because the hao radius a s=40cm is 5.3 mm and is Hill grester than the beam tunne radius, the
electrons in the hdo are logt to the waveguide wal. Nevertheless, these results indicate that a small
resdua magnetic fidd at the cathode plays an important role in delaying the halo formation process and
might be used to prevent eectron beam loss in future experiments.

V. CONCLUSIONS

We have studied equilibrium beam trangport in a periodic magnetic focusing fidd in the absence of
RF dgnd, and the behavior of a high-intengty dectron beam under a current-oscillation-induced
mismatch between the beam and the magnetic focusing field. Detailed smulation results were presented
for choices of system parameters corresponding to the 50 MW, 11.4 GHz periodic permanent magnetic
(PPM) focusing klystron experiment performed at the Stanford Linear Accelerator Center (SLAC).

From sdf-consstent smulations and detailed phase space andys's, we found that in the absence of
RF sgndl, the equilibrium beam transport is robust, and thet there is no beam loss, which isin agreement
with experimentd measurements. During the high-power operation of the klystron, however, we found
that the current-oscillation-induced mismaich between the beam and the magnetic focusing fidd

12



produces large amplitude envelope oscillations. We estimated the amplitude of envelope oscillations
using a one-dimensona cold-fluid modd. From sdf-congstent smulations we found that for amismatch
amplitude equd to the beam equilibrium radius, the hao reaches 0.64 cm in sSize and contains about
1.5% of total beam dectrons at the RF output section for a beam generated with a zero magnetic field
a the cathode. Because the hdo radius is greater than the actua beam tunne radius, these hao
electrons are logt to the waveguide wall, yidding 0.2% beam power loss. The smulation results agree
quditatively with 0.8% beam power loss observed in the experiment [10]. The discrepancy between the
gmulation and experimental measurements may be caused by nonlinearitiesin the applied magnetic fields
which are not included the present smulation.

We dso sudied the influence of a smdl resdud magnetic field at the cathode on the equilibrium
beam transport and eectron beam hao formation during high-power operation of the klystron. We
found that the equilibrium beam radius increases with the resdua magnetic fidd. Although the hao
grows in sze to reach the waveguide wal the RF output section and a nonlinear vortex structure
develops in the dectron beam, we found that the onset of hao formeation is ddayed, which might be
used to prevent eectron beam loss in future experiments.

Although the results presented in this paper are based on a two-dimensiond eectrogtatic modd,
they give a good quditative description of the process of hdo formation in high-power PPM focusing
klystron amplifiers and suggest that halo formetion is a potentid mechanism for eectron beam lossesin

such devices.
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Table1l. SLAC 50 MW, 11.4 GHz, PPM Focusing Klystron Experiment

Beam Current 1,

Beam Voltage

Cathode Radius

Cathode Temperature T,
Beam Radius

Fipe Radius

Tota Tube Length

Focusing Field Period Length

RMS Axid Magnetic Feld

PPM Focusing Section Length

190 A

464 kV
2.86 cm
800°Ct
2.38 mm*
4.7625 mm
90.0cm
2.1cm
42.0cm
1.95 kG

T etimated

Table 2. System Parameters Used in the Simulation

BASIC PARAMETER
Beam Current |

Beam Voltage

Cathode Radius

Resdud Magnetic Fidd at Cathode
Cathode Temperature T,

Beam Radius

Pipe Radius

Totd Tube Length

Focusing Field Period Length
PPM Focusing Section Length
RMS Axiad Magnetic Fidd

CASE |
190 A

464 kV
2.86 cm
0.0G
800°C
205 mm
9.0mm
90.0cm
2.1cm
42.0cm
1.95kG

CASEII
190 A

464 kV
2.86 cm
6.86 G
800°C
2.38mm
9.0mm
90.0cm
21cm
42.0cm
1.95 kG
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FIGURE CAPTIONS

Figuel Plots of the axid magnetic fidd in (8 and outermost beam radius r,(s) versus the
propagation distance s for equilibrium beam propagation corresponding to Case | in (b) and Caselll in
(©. The dimensionless parameters are: S ,(s) =[1.04" sn(2ps/S)|2, s, =42.3 =0.738,

K /4s e =10.1, and <I5;>/4e =0.0 in (b) and <F}>/4e =6.93 in (0).

Figure2. Pots of theinitid and find particle digributions a < =0.0 and 42.0 cm for the equilibrium
beam corresponding to the parametersin Casell.

Figure3. Pots of theinitid and find particle digributions a < = 0.0 and 42.0 cm for the equilibrium
beam corresponding to the parametersin Case 1.

Figure4. Poincaré surface-of-section plots for 15 test particle trgectories under the influence of the
PPM focusng field shown in Fig 1(8) and the sdlf-dectric and self-magnetic forces of the equilibrium

beams. Shown in () isfor Case | with Sngle particle canonicad angular momentum I% =0,andin(b)

for Case I with single partidle canonical angular momentum P, /4e = - 0.99.

Figure5. Plot of the effective beam core radius r(s) versus the propagation distance s for

mismatched beam propagation corresponding to Case |. The solid curve is obtained from the sdlf-
congstent smulation, whereas the dotted curve is obtained by numericaly solving the envelope equation

(8) with the emittance caculated in the sdf-consstent smulation.

Figure6. Plots of particle distributions in phase space at < =34.7, 37.8, 42.0, 44.1, and 46.2 cm for

Casel.

Figure7. Plots of the hado radius (solid curve) and core radius (dashed curve) as a function of the

propagation distance s for Case .
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Figure8. Plot of the effective beam core radius r(s) versus the propagation distance s for

mismatched beam propagation corresponding to Case Il. The solid curve is obtained from the sdf-
congstent smulation, whereas the dotted curve is obtained by numericaly solving the envelope equation

(8) with the emittance caculated in the sdf-condstent smulation.

Figure9. Plotsof particle digtributions in phase space & < =31.5, 33.6, 36.8, 39.9, and 42.0 cm for

Casell.

Figure 10. Plots of the hdo radius (solid curve) and core radius (dashed curve) as a function of the
propagation distance s for Caselll.
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