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Abstract infinitely extends in free space and tends to an equilib-

rium configuration in confining fields. At the equilibrium
An analytic model for emittance growth in the roundconfiguration, the total electric field counterbalances ex-
beam transported in arbitrary electrostatic channel is practly heat motion of beam particles and is entirely absent
sented to reproduce the main features of the beam df-the cold beam. Such equilibrium configurations can be
namics in real, nonlinear fields. The model bases on ti§@mputed [2]. In practice, the space charge distribution
set of equations for adiabatic transport of single-flui@scillates about equilibrium one due to excess of energy
plasma which can be reduced to the equations with réree energy). A change in the confining field as well as
spect to the coefficients of aberration representation fife free energy conversation into emittance growth will
the beam flow lines. The first equation closes to enveloggodify the equilibrium configuration. Hence, actual
equation for K-V beam. The second equation define@mittance growth is determined by the details of the dy-
disturbance caused by field nonlinearity and the othdl@mical process, the simplest model for that is described
effects in the beam interior. Simple combination of theipelow. The model employs the concept of beam flow
solutions gives so-called fluid part of rms emittance reines. Tangent to the flow line specifies direction of the
sponsible for beam phase-ellipse crooking. If the soluiparticle average velocity at the point of tangency. In ordi-
tions are within some limits the beam distortion will stayhary case, the phase coordinates of the flow lines corre-
reversible. Otherwise beam appears as a multi-streamstond to axis of the ellipse which presents the beam in
turbulence flow, entropy of which grows due to multival-the phase space (Fig.1).
uedness of stream velocity.

2 ABERRATION MODEL FOR

1 INTRODUCTION INTENSE BEAM

A tendency to consider halo formation in LiouvillianIn the general case a beam of charged particles is charac-
beams as a randomization process or chaotic behaviortefized by the distribution functionsy ¢). Transfer of

the single particles is observed, although emittance j§ass is handled with the local charge density
statistical parameter. Furthermore these particles are CORF 1) =gn ;¢ ) and local average velocity referred

sidered as the test ones, and their migration does ncit . )
. . also to mass-flow or directed one and defined as follows .
change the beam field. Halo formation appears as escap-

+00
ing particles from the beam core so is transfer of mass V(T,1) = j\;f £Vt (e )
and driven by the mass flow velocity. If beam collision-
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less is true, phase space projection area may grow only -

because of coupling between degrees of freedom. An n(.t) = If C

affective area may rise due to filamentation in nonlinear _ B o

fields. A single particle velocity at the poirit is assumed to be

Much used now the idea of relating emittancé random value with the expectatidhand specified by
growth to an expected redistribution of space charge a#fef matrix of the second moments or covariance matrix

to the beam field energy released in this process allows an iy e ]
i T . Tps = -V ~Vs J(EV ¢t t
asymptotic estimation only [1]. The reason is lack of an a ps -[(Vp pJle —ve) v v p(T)
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priory information on the real beam profile at given seCyich js often referred as a temperature tensor too. Rela-
tion. In evolution process, a beam, like charged plasma,
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tionships between mass-flow velocity, charge density artthg 7,, = 0, and
temperature tensor are known as the equations for transfer )
of mass, momentum and heat [4,6], and derived by inte2(rz) ~ Zﬁcpo(z) 142 J0.2) _ %(2)
grating the Vlasov equation over the velocity space. The m 4ey\|D3(2)2q/m 4dy(2)

equations for the temperature tensor involves the thirlgieen assumed (details see [9]). The most important mac-

moments of the distribution funquon,_ vyh|ch in turn 'n'roscopic quantities can be expressed in the termsRof
clude the fourth ones, and so on indefinitely. andy as follows: the current density

In the model, charge particle flow is considered R2(0 2
neglecting the third moments and nondiagonal terms of Jrz)~J (0 o)(){“ 2r {Pz_z X(Z)},

temperature tensor. Physical sense of the limitation will R(2 R(2Po R32
discuss later on. For these assumptions the set of transphg effective temperature
equations for axisymmetric beam with no magnetic field RZ(O) r2 %(2)
fO”OWS [4] TRR(,"Z) zT RF(OO) R’Z(g 1+ RZ(a 1+2 R(a ’
%:1@_1M+@_h, RZ(O) r2 (Z)
da maor p or r r Too(rz) =T ¢0(Q0) 2 {1+ = {1_2 X }}
v, _qov 13pTyz) ATz _ ,p Vg, (2 (L  R3
dt  moz p 0z at 22 5z the fluid part of rms emittance (definition see [5], Fig.1)
- 2 ar, Vv, 2 (RU- Ry’
(e B
;T d gf/ €0 d - (the factork closes to unity, being slowly dependent on
d’t"R = —2Trp— R, F? +pdi v = 0 the transverse beam profile). The consideragign= y' R
r . . . . .
The equations above give the well-known integrals alon:§ ob'vlous'ly required for the phr_:lse. ellipse tp appear with
flow lines: 0 dlstortlon_. The raticR = -3y indicates origin of so-.
Tool? =oong . T,V2, = cong. Tra/%p= cong . called fold with two-stream character of the local velocity

distribution (Fig.2). “Bifurcation point” corresponds such
o= oond. p _PVz  _oong.  Ethat (dr/dg)/(dr’/d¢)=0.The well-known causes of
’VRVZ \V TGGTRRTZZ \/TGGTRR - i I
the phenomenon are: first, nonlinear total transverse

The flow lines are governed by the equation-v g 7 force; second, nonlinear transverse pressure of particles:
and can be expanded in the terms of Lagrangian variallgird, spread in the longitudinal average speed across the
€ marking initial location of the flow lines in the phasebeam due to the field divergent property. They may be
plane. Discarding the higher terms in the expansion, i.elescribed as oscillation frequency dependence vs. ampli-
considering the lines of flow near axis, one may write  tude and interpreted as resonance overlap mechanism
re)=RE)+ ;;3X¢ ) o< £ <1 [3,8]. Hence, the aberration model gives reliable criterion
re)=R'e)+ee). for the most fast stage of the halo formation, scenario of
which sketched in Fig.2. For a particular case, the model
allows to describe analytically evolution of the space-
arge density shape and rms emittance. An optimal
ansport conditions are found to be in a special profile of

= oonst.

The coefficientsk and y can be found from the set of
equations disposed in frame at the bottom of the pa
where/ is the beam full current. In obtaining Egs. (1)-(2)tr
all longitudinal thermal effects have been ignored by put-

_ PR DR, Q E2 1_p2R2_4l
20y 4Dy 40PR @ R po R 1)-3)

o1 0 (00 20, 01) o fou, 000,
g )" M g

R =

u§  Uo U

R0) = R,(0), RO)= RO) x0)=x0)=0

O _®%, O _R _1®%R, 0, _1(af 1 o0 |,
Ui 2@, w R 2 @R 3 8loy 2 0)%R
03 _ o  Q [4pz_p6j+ B2 pa(, 21, P2R),
2 3/2
up RO, RGP0 Po) DR Po R po
2
wp_1f Q @ pl(ﬂ’émju Po_3[® | _ P 2R,
u 8lo¥’R @, po RUP R) U po 4ld,) 20, R
J(00)R?(0 T=0,0)R?(0
GDO(Z):CD(O,Z). Q:uy EZZL)(), Pizz%_l.
€0y2q/m q/m Po  J(00)nR?(0)

1143



beam and a certain phase shift per cell [10]. The modelwgth zero third moment [4,6]. From this viewpoint the
best suited to design optics with compensated aberratiapproximation used consists in replacing actual speed

by beam transverse profile control. distribution by a symmetric one.
On the other hand, it is known that entropy
3 DISCUSSION growth in adiabatic flows can result from irreversible

losses of the directed motion energy, when the losses are

The applied set of equations ignores dissipation procegscompanied by forming surfaces of discontinuity (jump)
and corresponds to an adiabatic plasma transport with temperature, pressure or density. Such a surface with
entropy conservation. Dissipation is always associatégoment flow through it is usually referred as a shock
with irreversibility of motion and entropy growth. So-wave [5,7]. Obviously, shock wave forming is followed
called viscosity process or internal friction, describe®y the fold with typical for it asymmetry in distribution
with nondiagonal elements of temperature tensor occufignction about local average velocity. For this reason and
only when the substance motion proceeds along the fld®quirement to conserve a certain ratio between solution
lines with different velocities. In this case there are mov0 the first approximation envelope equation (1) and its
ing of the flow parts relative to each other and interperturbationy , application of the model is limited
change energy of the directed motion by heat migratiowithin the ranger > 3jy|.

of beam particles [7]. In other words, viscosity takes ef- Forced elimination of the fold is made difficult
fect of the transfer of the directed motion energy fronby multivaluedness of the flow line phase curve, then by
place with higher flow velocity to that with lower one andhecessity for selected action on the group of particles
dissipation of the energy into beam heat, i.e., increasingcated at the same point of the configuration space. In
particle speed spread. Handling of the collisionless disshe absence of electric field an asymptotical straightening
pation requires the equation for nondiagonal terms @f the fold is possible always and associated with beam

temperature tensor, cooling on expanding, i.e., transformation of the particle
deR _ _TZR(aaVR N 5sz “ Ty, Vg _ TRR%' (3) heat energy into the work of pressure forces.
r 0z 0z or
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