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Abstract. High brightness sources are the basic ingredients in the new accel-
erator developments suca as Free-Electron Laser experiments. The effects of the
interactions between the highly charged particles and the fields in the accelerating
structure, e.g. R.F., Space charge and Wake fields can be detrimental to the beam
and the experiments. We present and discuss the formmlation used, some simu-
lation and results for the Brookhaven National Laboratory high brightness beam
that illustrates 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).

I. Introduction

The high brightness laser driven radio frequency (RF) cavities (Guns), are potential
sources of high current, low emittance and short bunch beams of ziectrons, required for new
methods of acceleration, such as (FEL) free electron Lasers. To achieve high brightness
and rapid acceleration, a radio frequency gun operating at 2.856 GH, with 1 1/2 cell, =
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 the
BNL Accelerator Test Facility (ATF). This presentation includes, (in Section II), beam
dynamics analysis of a high brightness beam of photoelectrons, with the RF, self-field and
wake field effects on the particles in the cavity (e.g. BNL photo cathode gun). Formulation
is discussed in Section IIL.
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I1. Beam Analysis

The BNL gun consists of a 1 1/2 cell 7-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 mm
(where the Ist cell length = 2.625 cm, and the 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).

With laser spot size oy = 1.25 mm, laser pulse width o, = 2Ps (.6 mm), charge of
0.9 nC, Eo = 100 MV /m, when (initial phase) wg = 50° we obtain the max energy (4.21
MeV) and minimum transverse emittance (611! = 9.8 r-mm-mrad) at the gun exdt (Z ~ 98
mm). The bunch RMS length is 1.077 mm, RMS radius is 3.17 mm, longitudmal emittance
() is 4.55 mm-mrad and peak current is 188A. After magnetic compression, the bunch
RMS length reduces to .967 mm and peak current increases to 212A. Variation in the
exit parameters for the gun with respect tochangsintheinitialphaseeboisgivenin
Figures 1-3. Figure 4 shows a schematic of the BNL photocathode gun, and Figures 5-12,
the behavior of the beam (including RF, the space charge and wake-field effects) are shown
at various points along the cavity.

Figures 1 show a)variations in the bunch RMS length; b) RMS radius; ¢) normalized
transverse ; and d) normalized longitudinal emittance respectively, with respect to variation
in the initial phase angle. '

Figures 2 (a—d), show a) variation in peak current, b) bunch RMS length after magnetic
compression, d) bunch average kinetic energy with variations in initial phase angle.

Figures 3 (a-b), show a) % RMS &v/v, and b) shows the RMS Divergence with variation
in phase angle.

Figure 4 shows a sketch of the BNL photocathode gun. Since lowest emittance and
highest momentum occurs when the initial phase angel is 50°, in Figures 5-12, we illustrate
effects of wake and self field on the beam.

Figure 5 shows the effect of the wake and bunch self field.

Figure 6 shows the propagation of self-field.



Figure 7 shows H, field with respect to R.

Figure 8 is plot of J, and J; distributions as functions of z.

Figure 9 shows constant field lines around the bunch.

Figure 10 shows the transverse phase space plot of z — z’ (at z = 98 mm).
Figure 11 shows the phase space plot of P; vs z at z = 98 mm.

Figure 12 shows variations of the charge density-divE with respect to Z and R.

III. 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, e.g.,
the BNL photocathode gun (illustrated in Section II).

An initial driving current T = (Jr(r,z,t), J(r, 2,1)) in presence of a TM-Field, (Ho,
Er, Ez), form a “gelf-consistent” set of equations:

g LPE_ 5,7
V‘H 252 - VxJ (1)
and =

7 = (vr,v:), the fields E = E(r,z,t) H = H(r,zt); and the source J = J(r,z,t) and
7 = p(r,z,t) are axisymmetrical. Where the scalar equation Lo = 217%; - r%{,& - -r%’-;t
gives the time evolution of the fields, L = a%; + gfa-zg - %g;, and the pseudo scalar potential
6 =rHy; Hy = Hy(r, 2, 1)-

The driving current is due to the motion of the bunch of particles around the axis of
cavity, and since the deriving current must he 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 equations, 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 discretization of the operators (L) and functions (¢, Jr, Jz), over
a mesh. In that one solves simultaneously the equations for the field propagation and the

equation of motion for the particles.




Thus the effects of the e.m. interactions on the beam dynamics properties, such as
emittances, energy spreads, etc. can be obtained (4], knowing the field Hy at each mesh
point at present and at next integration time, the equation is integrated with respect to
the standard R. K. method. with the charge distribution

_=g? gt ( )
pi(r,ri,Z,Z{)-——c 203

. o (3)
gy = - Io ( )
(2:‘r)3/2 oo, o}

the corresponding current densities are:

J: = .Bﬁame'(""'):}'-’vge(—r’—rg)/‘kg "
Jr = B‘;Lalic-("“")z/zvze(—rz-r'.:)fg,z (5)

which satisfy the continuity equation, guarantees gauge invariance (V o E- pfe =0) and
minimizes the unphysical fluctuation in the driving current.

In equations (3-3), or, 0 are the charge and coordinates of the i-th particle; 31; and By
are the radial and axial components of the i-th particle beta respectively; Iy and I} are the
0-th and lst-order modified Bessel function of the first kind; and ay; = (—2;;39);—,?;; L(Z%)-
(For detailed formulation see references.)

On Fmittance: For clarity, we note the following emittance definitions are used in this
analysis: Normalized Transverse Emittance = V7% — (= p2)?, (¢f ) and RMS Transverse

Emittance = 1/ z2z'° — (z z*), (for discussion of emittance including higher order momeunts
see [5]).

IV. Summary

We illustrated the interaction between the self-field and wake field induced in the cavity
for the BNL RF gun photoelectron beam. We used og = 1.25 mm, (a smaller radius than
the designed value of 3.00 mm ) to reduce the beam loss at the gun exit. This smaller
o g value was also indicated by the preliminary measured data at ATF. Our studies show,
the initial phase pg = 50° results n the optimum values for the beam exit parameters.
Additional information is given in References [1-7], e.g. the effects of variation in laser
pulse length is given in Ref. 6], our analysis with PARMELA in Ref. (3], some of the
preliminary data from ATF is also given in this proceeding.
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Figure Captions

Figures 1 a) Variations in the bunch RMS length; b) RMS radius: ¢) normalized trans-
verse; and d) normalized longitudinal emittance respectively, with respect to variation in
the initial phase angle.

Figures 2 a) Variation in peak current; b) bunch RMS length after magnetic compression;
d) bunch average kinetic energy with variations in initial phase angle.

Figures 3 a) % RMS 6v/~; and b) shows the RMS Divergence with variation in phase
angle.

Figure 4 Sketch of the BNL photocathode gun. Since lowest emittance and highest
momentum occurs when the initial phase angel is 50°, in Figures 5-12, we illustrate effects
of wake and self field on the beam.

Figure 5 Effect of the wake and bunch self field.

Figure 6 Propagation of self-field.

Figure 7 H, field with respect to R.

Figure 8 Plot of J, and J; distributions as functions of z.

Figure 9 Constant field lines around the bunch.

Figure 10 Transverse phase space plot of z — z' (at z = 98 mm).

Figure 11 Phase space plot of P; vs z at z = 98 mm.

Figure 12 Variations of the charge density-divE with respect to Z and R.
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