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For the initial radii of charged-particle beam in a coaxial magnetic undulator with partially shielded cathode we
formulate the equilibrium equations, which enforce the defocusing self-electric field compensation by the longitudi-

nal and azimuthal components of self-magnetic field of the electron beam and account for the undulator focusing
through the first (leading) harmonic of the undulator magnetic field. Numerical solutions of the equilibrium equa-

tions in a coaxial magnetic undulator with shielded and non-shielded cathode are analyzed and compared.
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INTRODUCTION

During last decades many authors study transporta-
tion and limiting currents of charged-particle beam
propagation in the conducting grounded drift tube in the
longitudinal homogeneous (guide) strong (infinite) or
finite magnetic fields [1 - 3]. The limiting current of
electron beam in the magnetostatic pump field of the
hybrid coaxial free electron laser/maser (FEL/FEM) is
discussed in papers [4, 5]. The limiting current of elec-
tron beam in the strong (infinite) longitudinal homoge-
neous magnetic field is estimated for a thin beam in
coaxial drift tube in papers [3, 6, 7]. The propagating
currents obtained in paper [8] turn out to be smaller than
those in the longitudinal homogeneous guide magnetic
field; also the currents achieved in the Strathclyde hy-
brid coaxial FEL [9] are smaller. On the comparison of
results received in papers [8, 9] and paper [10] we arrive
at the conclusion that the degree of cathode shielding
has a substantial influence on the charged-particle beam
propagation in the conducting grounded drift tube in the
hybrid external guide magnetic field.

The statement of problem and the expression for the
self-electric and self-magnetic fields of charged-particle
beam in a coaxial drift-tube including the longitudinal
component of the self-magnetic field are given in Sec-
tion 1. In Section 2 we numerically analyze the depend-
ence of equilibrium radii on the beam current, external
longitudinal and undulator magnetic fields and compare
solutions of equilibrium equations for shielded and non-
shielded cathodes.

1. PROBLEM SETUP

In the assumption of laminar flow we obtain the
equilibrium equations for the initial radii of electron
beam, which enforce the defocusing self-electric field
compensation by the undulator focusing force and the
longitudinal and azimuthal components of self-magnetic
field of electron beam taking into account the first (lead-
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ing) harmonic of the undulator magnetic field in a coax-
ial magnetic undulator with partially shielded cathode
under the assumptions stated below. We suppose that an
angular beam velocity @, is constant (“rigid rotor”

model @, =0,(r)/r =const, where o,(r)is the &-

component of beam velocity, r is the radial coordinate,
the overbar “~" denotes the averaging over spatial peri-

od I, of the periodic undulator magnetostatic system).

Also we consider charged-particle beams with the con-
stant beam density
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where r;, r, are the inner and outer beam radii, ny(r) is

the beam density averaged over the undulator period.
For receiving the analytical expression for the dimen-
sionless  @-component of beam  momentum

7o(p) = Pp(p) (MyC) we have to assume that the rela-

tivistic factor y =\/1+ (p? + pj + p2)/(mye)? is con-

stant i.e. y = yo =1+ p3 /(myC)® , where p,q is z-the

component of dimensionless initial moment, p,, py,
p, are r-, @-, z- the components of relativistic mo-

mentum; m, is the mass of particles (for electrons

my =m); ¢ is the light velocity in vacuum. Those as-

sumptions are natural for thin beams, which can be
proved by an expansion in the small parameter
Ar =1, —r; of the expression of self-electric and self-
magnetic fields [10, Egs. (9) - (11)] were obtained for
the general case. The equilibrium equations under those
assumptions have the form
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Here pj . Poq are the dimensionless equilibrium

inner and outer beam radii; z,(p)=p,(p)/(m,c) are
the dimensionless  z -components of ~momentum;
by =B (r,z)ar, (m,c?); B =(0,0,B%) is the
external homogeneous static magnetic field produced by
a solenoid; b (r,z) =B (r,z)x qr,/(m,c?);
B™(r,z) = (B®(r,z),0,B™(r,z)) is the periodic
undulator magnetostatic field produced by a system of
permanent magnets [8, 14, 15];
B (r,z) =B ZC2k+l x
=0 @
xsin((2k +1)(k,,z —%)) FD (2K + 1)k, r),

Bfn (r,z)=-BT ZCZK+1 X
=0 ©)

x cos((2K +1)(k, z —%)) FSO L ((2k +Dkyr),

where k,, =27z/1,; bl =BT (ar,/m,c?); B[ is the

value of longitudinal component of the magnetic induc-
tion on cylindrical surfaces of the permanent magnets of
the undulator (for simplicity we suppose that these sur-
faces are located at r=r; and r=r,); z is the longitu-

dinal coordinate;
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I5(-), 1;() are Bessel functions of 0- and 1-order;

Ko(), Ki(-) are modified Bessel functions of 0- and 1-

order; e = £ (r)(ar, / mc?), b =
=B (r)(ar, /myc?), b =B (r)(ar,/m,c?) are

the radial component of the dimensionless self-electric
and the ¢- and z-components of the dimensionless
self-magnetic fields of the beam, respectively;
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lo = qnov,e7(rZ —K2) is the beam current; q is the
charge of particles (for electrons q=-|e|, e is the
electron charge); v,o = p,o/(My7,) is the initial longi-
tudinal beam wvelocity; r,r, are the inner and outer

drift-tube radii;
2
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is the geometrical factor. Using the moment conserva-
tion law and the assumptions y =y, we can easy find

the following summands in the system (1):
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where iy =1,/1, is the dimensionless beam current
(1,=-17.05 KA for electrons);
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is yet another geometrical factor.

2. NUMERICAL SOLUTIONS
OF EQUILIBRIUM EQUATION

Previously, it was shown [14, Fig. 2] that, in the ab-
sence of a longitudinal magnetic field over a wide range
of values of the longitudinal component of the magnetic
induction on the cylindrical surfaces of the permanent
magnets of the undulator, BY", and beam current, I,

there exists the solution to Eq. (15) from [14] corre-
sponding to the equilibrium values of inner and outer
radii of charged-particle beam in the coaxial geometry
of the drift tube.

In the Fig. 1 the dependence of the equilibrium radii
on the beam injection current for different values of the
longitudinal component of magnetic induction on cylin-
drical surface of permanent magnets is shown.
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Fig. 1. Dependence of the equilibrium radii on the beam
injection current for different values of the longitudinal
component of magnetic induction on cylindrical surface

of permanent magnets for By =1kG: Strathclyde

FEL/FEM [4, 9] (a) and ubitron considered in [14, 15] (b)

We see that with increasing of the beam injection
current the inner beam radius decreases and the outer
beam radius increases. Also we note that for the shield
cathode the acceptable values of injection current and
the inner and outer radii are smaller than for the non-
shield cathode.
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Fig. 2. Dependence of the equilibrium radii on the induc-
tion of longitudinal homogenous magnetic field for
different values of the cathode radius for B" =4 kG and

| 1 |= 3KA: Strathclyde FEL/FEM [4, 9] (a)
and ubitron considered in [14, 15] (b)
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In Figs. 2, 3 dependence of the equilibrium radii on
the induction of longitudinal homogenous magnetic
field for different values of the cathode radius is present-
ed. By choosing the radius r. of the non-shield cathode
and the value of longitudinal guide magnetic field we
can control the position of equilibrium radii of electron
beam in a drift tube so that one can transport the elec-
tron beam in any suitable position. Therefore the elec-
tron beam can amplify efficiently arbitrary mode of the
coaxial drift tube.
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tudinal component of magnetic induction on cylindrical
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of the beam injection current for BS =1kG: Strathclyde
FEL/FEM [4, 9] (a) and ubitron considered in [14, 15] (b)
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PABHOBECHUE CUJBHOTOYHOTI'O IYYKA 9JIEKTPOHOB B KOAKCHUAJIBHOM OHAYJISITOPE
C YACTUYHO SKPAHUPOBAHHBIM KATOJAOM B BEAYIIEM OJJHOPOAHOM MATHUTHOM IIOJIE
K. Hnvenxo, T. Ayenxo, A.A. Koponoesckuii, C.A. Kypxkun

ChopMynupoBaHbl ypaBHCHHUs PaBHOBECHS [UIsl HAYaJIbHBIX PaJyCOB 3JIEKTPOHHOIO Iy4Ka, Ha KOTOPBIX Ae(OKyCHpYoLIee
BJIMSIHHE COOCTBEHHOTO 3JICKTPHYECKOrO IOJsS KOMIICHCHPYETCS (OKYCHPYIOIIMMH CHJIAMH OHIYISATOPa W TNPOAOJBHOH M
A3UMYTANBHOM KOMIIOHEHT COOCTBEHHOTO MArHHTHOTO TIONS DIICKTPOHHOrO IydKa C yYeTOM TIepBOH (IOMHHHpYIOIIEH)
TapPMOHHUKH OHAYJISATOPHOIO MarHUTHOTO IOJISl B KOAKCHAIBHOM MarHUTHOM OHAYJISATOPE C YaCTHYHO SKPAHHPOBAHHBIM KaTOIOM.
CpaBHUBAIOTCS YUCIICHHBIC PELICHHS YPaBHCHUII paBHOBECHs B KOAKCHAJbHOM MAarHUTHOM OHAYJIATOPE C SKPAHHPOBAHHBIM U
HEIKPaHHPOBAHHBIM KAaTOIAMH.

PIBHOBAT' A CWJIBHOCTPYMOBOI'O ITYYKA EJIEKTPOHIB Y KOAKCIAJIBHOMY OHAYJIATOPI
3 YACTKOBO EKPAHOBAHHUM KATOJAOM Y BEAYYOMY OJHOPITHOMY MATHITHOMY IOJII
K. Invenko, T. Auenko, A.A. Koponoscekuii, C.A. Kypkin
CctopmymoBaHi piBHSIHHS pIBHOBArd IS TIOYaTKOBHX PajiyciB €IEKTPOHHOTO Iydka, Ha SKHMX Ie()OKyCyIOunii BIIUB BIIac-
HOTO €JIeKTPUYHOTO IOJISI KOMIIEHCYEThCS (POKYCYIOUNMH CHJIAMH OHAYJISATOPA Ta IMO3J0BXKHBOI 1 a3MMYTaIbHOI KOMIIOHEHT BIIa-
CHOTO MAarHITHOTO IOJIsI IEKTPOHHOTO IMydKa 3 ypaxXyBaHHSM MEpIIoi (TOMiHYIOUOIi) TapMOHIKH OHIYISTOPHOTO MAarHiTHOTO
HOJISL B KOAKC1aJIbHOMY MAarHITHOMY OHAYJISTOPI 3 YaCTKOBO €KPAHOBAHUM KaTOHOM. I1opiBHIOIOThCS UMCENBHI PIIeHHS PiBHSIHD
PIBHOBaru B KOAKCiaJIbHOMY MarHITHOMY OHIYJISITOPi 3 €KPAHOBAHNM Ta HEEKPAHOBAHUM KaTOAAMH.
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