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ABSTRACT

We present a brief overview of the formalism used, and some simulation

results for transverse and longitudinal motion of a bunch of particles moving

through a cavity (e.g., the Brookhaven National Laboratory high brightness

photocathode gun), including effects of the accelerating field, space charge

forces (e.g., due to self field of the bunch), and the wake field (e.g., arising

from the interaction of the cavity surface and the self field of the bunch).
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I. INTRODUCTION:

The formalism used to study the behavior of the field and the
dynamics of a highly charged bunch of particles in an
accelerating structure, (cavity), is briefly discussed in
section - II. Some of the results obtained for the particles
moving through a high brightness source, e.g. the Brookhaven
National Laboratory (BNL), photocathode gun including the
effects of the accelerating field, space charge forces (due
to self field of the bunch), and the wake fields (e.g. arising
from the interaction of the cavity surface and the self field
of the bunch) are given in section III. (For more detailed
discussions of the formalism used and simulation results for
the BNL photocathode gun see the References).

The high brightness laser driven radio frequency (RF) cavities
(Guns), are potential sources of high current, low emittance
and short bunch beams of electrons, required for new methods
of acceleration, such as FEL (free electron Lasers), IFEL
(inverse free electron lasers); and the future development
of linear colliders.' At BNL, to achieve high brightness and
rapid acceleration, a radio frequency gun operating at 2.856
GH, with 1-1/2 cell, pi mode resonant, disc loaded structure
(with cathode placed at the start of the first 1/2 cell) , is
designed and operating-as the injector for the two S — bend
LINAC sections, at BNL Accelerator Test Facility (ATF).

II. FORMALISM

In this section we present a brief overview of the formalism
used to study the interaction of highly charged particle
bunches with the fields inside the accelerating structures,
high brightness sources, e. g. the BNL photocathode gxm
(illustrated in section III).

-» -»
Assuming that the fields E = E(r,z,t) and H = H(r,z,t); and
the source J = J(r,z,t), and » = p(r,z,t) are axisymmetrical,
then the wave equations can be expressed as two uncoupled
sets the TM - like mode (Ho, Br, Ez) and TE - like mode*.
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The general TM field can be expanded as a sum of infinite
TMonc) modes of a resonant cavity, and the general TE field can
be expanded as a sum of infinite TEQniJ modes of a resonance

caviry where, J. and J2 are the driving current for the TM field
and J^ is the driving current for the TE field.



Thus a charged panicle q moving with a velocity

: L

inside: I) a TM field is. subjecr to a force

and gives rise to a current

J^J^J,"? (5)

U) inside a TE field, is subject co a force

and gives rise to a current

Then for an initial driving current of ihe type;

( 8 )

in presence of a TM-Field, the sub-system of wave equations
for the TM Field

V 2 H--r—7- = - VxJ ( y)
c" 3r

plus the Relativistic equations for the charged panicles motion
in the TM-Field

dt

v h e r e ^ = (v
r»

vz), is a "self-consistant" system of equations.
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In this case; the beam-cavity interaction can be com-
pletely described, from the point of view of the field propaga-
tions, by means of one scalar equation:

z r

-3 r — ( n )

(t) = rH^ (pseudo scalar potential) ( i 2)

where H^ = H^r^ t ) , J. = L(r,z,t) and Jz = Jz(f,z,r) and

d2 d2 Id

dzr dr r c?r

This is a hyperbolic equation and gives the time evolution
of the fields from some initial time t=O (knowing the driving
current).

The driving current is due to the motion of the bunch of
particles around the axis of cavity, and since the deriving
current must be axisymmetrical the particles (of the bunch)
can only move in the r - z plane; (so their charge density
and current are the same as those produced by "rings of
charge" centered on - axis); can move axially or expand
radially.

There are various ways of solving these aquations, one way
is to use the standard Finite Difference Method (FDM) that
allows the transform of the differential problems into the
algebraic ones, via the dicretiaation of the operators (L )
and functions (<£, Jr, Jz) , over a mesh. In that one solves
simultaneously equations, for the field propagation and the
equation of motion for the particles. Where, in eq. (14 ) ?
knowing the field H<p at each mesh point at present and at
next integration time the equation is integrated with
respect to the standard R. K. methode . Thus the effects of
the e.m. interactions on the beam dynamics properties, such
as emittances, energy spreads,... can be obtained:

14

For numerical studies of the effects of the e. m. fields and
interactions with the high charged e - beam in a cavity, it
may be suited to use this methode, e.g. a particle in cell
code that (in a self - consistent model it ) integrates the
wave - equation for monopole axisymmetric fields coupled



to the Newton-Lorentz equations for the motion, from which
one can extract the the effects of the e .-n. interactions on
the beam dynamics. (See next section for numerical :.iius.)

where one obtains a charge distribution which is given by:

ci5)

where 0j,r;,2i are the charge and coordinates of the i-th parncie:
I" I" •

or,az are the gaussian width of the distribution and X s —-.
07

The corresponding current densities distributions are:

' J ^ Z 0 = K c P ( r ^ ^ i ) (16)

with [3 , • and {3,̂  are uhe radial and axial components of the i-m

panicle beta respectively.

i (X) ^J eX c o s ede,
(18)

where IQ(X) and I,(X) are the 0-ch order, Ist-order... modified

Bessel function of the first Sand-

Thus
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J = S1,
r

(21)

(22)
707

These sansfy the conrinuicy equation, guarantees gauge
mvanance (V»E - p/£ = 0) and minimizes the unphysical fluc-
ruanon m 'he drivins current.
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Fig. 1 Schematic plot of BNL Photocathode Gun



III. BNL Photocathode Gun: 7

The BNL gun consists of a 1 1/2 cell pi- mode cavity with
a metal photocathode at the midplane of its first cell, with
Inner diameter of 83.08 [mm], and total Length of 78.75 nun
(where the 1st cell length = 2.625 cm, and 2nd cell length
= 5.250 cm, with Radius of aperture of 1 cm.

The gun is powered by a (conventional type), SLAC klystron,
and is designed to produce a low emittance beam of 4.65 Mev
at the exit of the gun, with the 100 MV/m Field on cathode
(i.e. an average axial gradient of 66.6 MV/m), cavity shunt
impedance of 57 Mohm/m, cavity Q of 11.900, and the stored
energy of ~ 4 Joules [J]. Fig. 1 show the schematics of the
gun. The inital results are obtained by illuminating the
cathode with a Nd: YAG laser beam (266nm), where the
photoelectrons are injected to the LINAC via the transport
beamline.

In our calculations, the following definitions were used
for emittance: the ''transv. emittance" is the actual rms
beam emittance = sqrt (<x 2><x' 2>-<x*x? 9~ ) , where
x'=atan(px/pz). The "normalized transv. emittance" is the
normalized rms beam emittance = sqrt(<x ><px^>—<x*px> ). For
a mono—energetic beam the two quantities are correlated by
the factor beta*gamma, which is, at 4.5 MeV, around 10.
For a beam which has a strongly correlated energy
distribution (with respect to the particle z—position) the
relationship emittance=norm.emitt./(beta*gamma) is no more
strictly true. The rms radius is sqrt(2)*sigma-r.

The standard BNL gun, has a field of 100 [MV/m] on the
cathode where the Laser spot size (sigmR) is 3 mm and the
Laser pulse width is taken as 2 [psec], (i.e. 0.6mm).
In Figures 2-5, the behavior of the beam (including RF,
the space charge and wake-field effects) are shown at various
points along the cavity. Fig. 3 show the effect of the cavity
surface around the cathode onto the bunch self field. Fig. 4
show the propagation of the bunch self - field, Fig. 5 show
the effect of wake and the bunch self-field. In this figure,
the solid lines, has a long negative tail produced by the
interaction between the bunch charge and current with the
cathode surface; (i.e. by the image charge and current). The
peak in the radial electric field (dashed lines) is such that
the axial position of the peak is decreasing with increasing
radius. That is due to the interaction with the cavity surface
in the iris region (i.e. due to wake - field effect; (Some of
these and additional figures are given in references e.g.
[1,2]). The kinetic energy of the particles generated on the
cathode surface is 0.2 eV. The normalized emittance
(transverse) is 1.28e-6 m*rad. The particles are distributed
uniformly in radial divergence and their charge follow
a Maxwellian distribution in radius in order to get a
gaussian distribution for the bunch charge density.

Fig. 6, shows plot of the magnetic field lines for 1 nC case,
Fig. 7 show the transverse phase space x - x' (after 360
(elapsed RF) degrees, at z 98mm). The Jr and Jz
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distributions as functions of z are given in Fig. 8,
transverse emittance at various z positions are shown in
Fig. 9, longitudinal emittance as function of z are shown
in Fig. 10. Average kinetic energy and length of the bunch
as functions of z are given in Figures 11 and 12.
Additional, results for various fields, initial phase angles
etc., for the BNL Gun are available and given elsewhere, e.g
see References.

SUMMARY: We have presented a methode that can be used to
study the effects of the interactions between the highly
charged particles and the accelerating fields of a cavity,
including Radio Frequency, space charge and wake - fields.
These interactions were illustrated in Figs. 2-6, at various
points along the Z - axis for BNL photocathode gun (cavity)
For completeness, Figures 7 - 12, show the effects of these
interactions on the beam dynamics, at z " 98 ™™ (~ Gun exit).
The increase in these effects can be seen if the initial
field on the cathode is decreased, or the charge is
increased. For detailed analysis and our results for the BNL
gun as well as our results with PARMELA and ITACA (both are
being tested), see Refs.
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Fig. 4 Show the propagation of the bunch
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Fig. 6 Shows plot of the magnetic field
(constant lines ) for 1 nC case,
showing the position of the bunch
(at ~ exit of the gun).
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Fig. 10 Plot of the longitudinal emittance
as function of z

Fig.. 11. Average kinetic energy vs z
position of the bunch.
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