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Abstract

The RF photoinjector in the Neptune advanced accelerator laboratory. along with associated beam diagnostics,
transport and phase-space manipulation techniques are described. This versatile injector has been designed to produce
short-pulse electron beams for a variety of uses: ultra-short bunches for injection into a next-generation plasma beatwave
acceleration experiment,” space-charge dominated beam physics studies, plasma wake-field acceleration driver, plasma
lensing, and free-electron laser microbunching techniques. The component parts of the photoinjector. the RF gun,
photocathode drive laser systems, booster linac, RF system, chicane compressor, beam diagnostic systems, and control
system, are discussed. The present status of photoinjector commissioning at Neptune is reviewed, and proposed
experiments are detailed. : 1998 Published by Elsevier Science B.V. All rights reserved.

1. Overview

The RF photoinjector at the Neptune advanced
accelerator laboratory, located in the UCLA De-
partment of Electrical Engineering is one of the
major components in the laboratory, the other be-
ing the high-power, short-pulse, two-frequency
Mars CO, laser [1]. The main goal of the Neptune
initiative, which is a joint program led by Profs.
Joshi, Pellegrini and Rosenzweig, is the acceler-
ation to over 100 MeV of a high-quality injected
relativistic electron beam in a plasma beatwave
accelerator (PBWA) driven by the Mars laser, while
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preserving the phase-space density of the ac-
celerated beam [2]. To this end, a versatile, state-
of-the-art photoinjector, based on the Saturnus
photoinjector previously located in a separate la-
boratory in the UCLA Department of Physics and
Astronomy, is being constructed and will soon be
commissioned in the Neptune laboratory. The
PBWA experiment, from the injector point of
view, can be divided into two phases, with Phase
[ having two components: (a) injection of a moder-
ate charge and normalized emittance (Q=1 nC,
&, =2 mm mrad) beam covering over a wavelength
of the PBWA plasma wave (see Fig. 2 below),
and (b) a shorter, low charge and emittance
(Q < 50 pC, &, < 0.1 mm mrad) which allows load-
ing of only one cycle of the PBWA (see Fig. §
below), as well as providing a more sensitive test
of emittance preservation. In Phase II, a low-
charge beam much shorter than the PBWA is to be
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injected into the plasma wave. Possible methods for
creating these electron pulses are discussed below.

The Saturnus injector was an initial successful
attempt at constructing a facility which could be
used for high-gradient accelerator, high-brightness
electron beam physics. Significant experimental ac-
complishments in emittance [3] and ultra-fast diag-
nostic development [4], self-amplified spontaneous
emission free-electron laser (SASE FEL) physics
[5], focusing and adiabatic damping in high-stand-
ing linacs [6], and plasma lensing [7] arose from
this project. The addition of the Mars laser, as well
as the upgrades made to the photoinjector and
other laser systems, promises that the Neptune
laboratory will be even more productive.

While the primary goal of the Neptune project is
the PBWA experiment, the photoinjector and CO,
laser facilities will provide other opportunities in
advanced accelerator research. The photoinjector is
the electron source of choice for producing high-
brightness electron beams, but these beams come in
many different guises. The Neptune photoinjector
has been designed to produce optimized, emit-
tance-compensated [8,9] performance over range
of charges, expanding the potential of the laborat-
ory beyond the PBWA experiments. This optimiza-
tion over a wide range of running conditions has
been performed with the aid of a powerful method
of charge scaling we have developed for photoinjec-
tors [10], and recently extended to other classes of
advanced accelerators [11]. In addition to the
photoinjector itself, a chicane compressor has been
added to the facility, which will allow the produc-
tion of short pulses, again over a range of possible
charges.

Experiments using uncompressed beams in the
ultra-low charge and emittance mode include the
PBWA Phase I(b) as well as direct laser acceler-
ation. The class of experiments made possible with
moderate charge and emittance beams of the type
obtained at Saturnus, however, includes free-clec-
tron laser (FEL) microbunching for injection into
the PBWA (a Phase 11 option), underdense plasma
focusing [11-13], and the PBWA Phase I(a) experi-
ments. If one adds a compressor, the possibilities
expand again, with two clearly identified experi-
ments being PBWA Phase I at low charge and
ultra-short bunch length, and plasma wake-field
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Fig. 1. Layout of Neptune RF photoinjector and compressor,
up to PBWA experimental area.

acceleration (PWFA) in the “blow-out” regime
[L1,14]. In addition to these applications of high-
brightness beams, we plan to study the physics of
the beams themselves. Notable measurements in
this regard include space-charge emittance com-
pensation, the effects of space charge on emittance
measurements, beam compressibility, and emit-
tance growth processes in bends.

The layout of the Neptune photoinjector beam-
line is shown in Fig. 1, up to the end of the PBWA
experimental interaction area. The rest of the Nep-
tune facility is described in detail in Ref. [2]. This
drawing displays the photoinjector gun and linac,
focusing optics, compressor, and beam diagnostics.
These items, and the design rationale behind their
implementation, will be explained further below.
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The organization of this paper is as follows. We
begin with a description of the beam optics, which
have been optimized for best-emittance perfor-
mance. The accelerator RF components, the gun
and linac, are described, as is the RF power system.
We then discuss the photocathode drive laser sys-
tem, beam diagnostics, and control and data ac-
quisition systems. After describing the system, we
then outline possible beam-based experiments at
Neptune, and give an account of the current status
of the photoinjector system.

2. Beam optics

The beam optics of the Neptune photoinjector
are based on two principles, the first being use of
space-charge compensation to minimize the emit-
tance in the device, and magnetic compression us-
ing a chicane system. These principles have some
interaction with each other in implementation, but
may be described separately. We begin by discuss-
ing emittance compensation. The phenomenon of
emittance minimization by space-charge compen-
sation was discovered in PARMELA simulations
c glataingectar geckamance Gy Cardstea (£, and
proven experimentally at LANL. Recently, an ana-
lytical theory of emittance compensation has been
deveéopeb)y). wmcnnas Sneb someNgrn onnow 1o
understand and optimize the process of compensa-
tion. We now discuss the relevant aspects of this
theory, as applied to the Neptune injector.

Compensation in a split (1.625 cell RF gun, plus
post-acceleration linac, both described in Sec-
tion 3) photoinjector proceeds in two steps, one
occurring before the linac, and one during acceler-
ation in the linac. Before the linac, each longitudi-
nal beam “slice” emitted from the cathode, having
different space-charge defocusing strengths (or
plasma frequencies) due to current (density) vari-
TN Wit Gne pulvs adupes @ diffaran pirase
space angle. These space-charge dowunated,
laminar slices therefore form a bow-tic configura-
tion in the total phase space of the beam, causing
the emittance of the full beam to rise. Judicious
choice of solenoidal focusing near the gun allows
the beam slices to maintain laminar flow while
being brought to a space-charge dominated
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Fig. 2. Evolution of r.m.s. beam sizes for @ = 1 nC case in intial
2.2 m of Neptune photoinjector, from PARMELA simulation.
Invariant envelope shown in PWT region for reference.
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Fig. 3. Evolution of transverse r.m.s. emittance for Q = | nC

case in intial 2.2 m of Neptune photoinjector. Emittance com-
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minimum where all the slices arrive to a waist at
nearly the same position in the beamline, which in
the split configuration is chosen to be the linac
entrance. In this case, the beam size oscillations for
different slices have different amplitudes but nearly
identical frequency, causing the slices to realign in
phase space at both the beam size maximum and
minimum. This behavior, in which the emittance
undergoes two emittance minima during one trans-
VESE GSUITATIOT, 1¥ STTOW it cieady ' nr Figs: 2 and’ 3,
which dugplays the tas. beam sizes and ewdttance
obtained from PARMELA simulation of 1nC
beam launched at the cathode with ¢, = 2 ps.

The emittance at the entrance to the linac is not
quite a minimum, but is driven down further by
the physics of the propagation in the linac. The
preferred mode of space-charge dominated beam
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propagation in an RF linac is termed the invariant
envelope [9], which is analogous to Brillouin flow
of a coasting beam in a longitudinal magnetic field,
in the sense that it is a particular solution to the
laminar flow envelope equation. This envelope is
given, for a standing wave accelerator such as the
linac at Neptune,

2 I
Sy I
Glnv ’}‘/ 310.” ( )

where 7' = { — eE,>/m.? is the normalized aver-

age accelerating gradient. This trajectory has the
interesting property that the phase-space angle of
a slice ¢'/o = 7'/2y is not a function of current. This
implies that if all slices are on their invariant envel-
opes, the emittance from the bow-tie effect will
vanish, and will stay in that state.

As it is not possible to match all of the slices of
the beam to an invariant envelope simultaneously,
the emittance cannot vanish in practice. The spread
in phase-space points (o, ') forms a Liouvillian
{conserved area) phase-space centered on the nom-
inal invariant envelope. The orientation of this “of-
fset” phase-space rotates at approximately the
transverse plasma frequency, leading to emittance
oscillations. Also, since the invariant envelope di-
minishes in size as 7~ '"%, the full-beam emittance.
which is proportional to the beam size, experiences
secular damping as 7~ ''? [9]. Note in Figs. 2 and
3 that the emittance is driven down further by
slightly overshooting the invariant envelope, mak-
ing the beam smaller after the linac, and driving the
emittance even lower than in the case where the
invariant envelope is followed.

The major tools used in analyzing beam transport
at Neptune are TRACE 3D, a three-dimensional
envelope integrator used to find approximate
settings of optical elements, and PARMELA, which
uses these settings as an nitial starting point. PAR-
MELA gives nominally self-consistent (space
charge is calculated in the electrostatic approxima-
tion, and wake fields are included in impulses at the
ends of elements) multi-particle simulations. As an
example of this analysis, a PARMELA simulation
of the beam propagation all the way through the
final focus to the Phase I(b) PBWA experiment is
shown in Fig. 4. The beam in this Q =40 pC,
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Fig. 4 PARMELA simulation of beam transport in Phase 1(b)
case up to PBWA experimental focus.

o, = | ps case must remain well focused after the
linac to pass through a hole in the large final mirror
in the Mars laser transport line at z = 2.8 m from
the cathode. The electron beam then expands in
order to be strongly focused by the final focus
quadrupoles, with a simultaneous focus of ¢,
a,=20 um, which is much smaller than the beat-
wave radius. The simulation particle phase space
for this case was also dumped 10 cm from the focus
to analyze the expected trajectories of particles as
they interact with the electromagnetic beatwave of
the incoming laser, as well as with the PBWA itself
[2].

The two cases given so far, in which the charge is
varied by a factor of 25, while maintaining good
emittance compensation, are intimately related by
the principle of charge scaling. The beam dynamics
of two beams in an RF photoinjector of identical
accelerating field amplitude and phase, as well as
external focusing strength will be roughly self-sim-
ilar if the beam plasma frequency is kept constant
[10]. This prescription holds well only for beams in
which wake-field effects and thermal effects are
small compared to space-charge effects, which is
the case for all the modes of interest in Neptune.
Because the electron beam is a finite nonneutral
plasma, the aspect ratio of the beam should be
preserved as well as the density to give the best-
scaled design, ie., all the beam dimensions a; x Q3.
The aspect ratio was not preserved in going from the
I nC to the 40 pC case due to minimum laser pulse
length limits, however, and so the form of the beam
envelopes changes slightly. while still giving good
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emittance compensation. Finally, we note that the
principle of scaling has also been successfully ap-
plied to moving optimized emittance compensated
photoinjector designs from one RF frequency to
another [9], by simply scaling all the frequencies,
including the plasma frequency with the RF fre-
quency {all tne dimensions scale Inversely witn Tnis
quantiryy. The scaling of puise compressors used i
COMLNENON WD PHRUIDMPECIDIS. DSNE THe Same
rules, has also been developed [15].

While RF photoinjectors are a flexible source
of high-brightness electron beams, the use of emit-
tance compensation, tends to require bunch dimen-
sions such that the r.m.s. bunch length after
acceleration o, is large compared to its r.m.s. radius
o, in order to linearize the transverse space-charge
fields of the beam [9,15]. For a given charge de-
manded by an application, this optimization of the
transverse phase space dynamics generally implies
a longer bunch length and therefore a lower peak
current. Additionally, because emittance compen-
SELGT NTPUES W NG DEEMT WM ESES Hne-1aly oF
a transverse plasma oscillation after being focused
using an external solenoid, the bunch must have
a large aspect ratio in its rest frame yo./0,>> 1 dur-
ing focusing, or the bunch will lengthen signifi-
cantly due to space charge, as the longitudinal
plasma frequency of the bunch will be nearly as
large as the tramsverse. The longitudinal forces,
unlike the transverse, have no strong restoring in
the split photoinjector, causes an enhancement of
the beam energy spread, and distortion of the longi-
tudinal beam profile. The Neptune photoinjector
design has a large aspect ratio, and relatively low
peak current, and sa these deletecious effects are
not fatally strong. Since we are interested in high-
current applications, however, we must consider
methods of shortening the bunch length after exit-
ing the accelerator.

The first approach to this problem to be imple-
mented at Neptune is the use of a chicane com-
pressor. {n this method a limear cocrefation (n
longnndina) phase space s mparied 1o the bonch
by cunning offmaximum phase i the Kunac. The
correlation is then removed, by traversal of a four-
tend dipale magnetic cliicane, (n which the gatk
lengih and vime of Pight are different for elecirons
cf diferent momenta. This design acigmated 4y

scaling from an L-band compressor designed for
use at the TESLA TEST Facility (TTF) [16], using
the scaling rules discussed above [15]. Given these
rules, we have found that the TTF compressor
design can also be simply scaled in size, propor-
tional to the ratio of the RF wavelengths, albeit
with major modifications of The excriation coils
needed 10 provide the smalier radius of carvatore in
Ype new S-pand bevite as Shown 1 FiE. .

An analytical theory of RF photoinjector-de-
rived electron pulse compression using chicanes
1s given in Ref. [15], along with computational
analysis of the problem using TRACE 3D and
PARMELA. These studies have shown that it is
more difficult to compress an already long beam,
because the RE curvature-dominated longitudinal
emittance ¢ o« o2. Also, longitudinal space charge
and wake fields were found to significantly oppose
the negative (2, p.) correfation imparied by off-crest
acceleration for shorter o. cases. The net effect of
these bunch-induced fields is to off-crest, reducing
e et energy oF e veam.

One effect has been addressed more seriously
since the original design work was performed, that
of handling the excess vertical focusing in the
chicane, which is analogous to planar undulator
vertical focusing [ 171, ln a simaple chicane with four
rectangular, parallel edge dipoles, the natural hori-
zontat path length focusing in the dipoles is exactly
cancelled by the vertically focusing interior edge
angle, and all of the expected path length focusing
strength is found in the vertical focusing. Because
the bend angle is large, in order to obtain a suffi-
ciently large Rs¢ = 0(8z)/¢(dp/p) {in TRANSPORT
{18] notationy, this focusiag is such that a ballistic
vertical focus is difficult 1o avoid in the chicane.

In order to avoid a vertical focus, one can vary
the edge angles or employ a field gradient in the
chicane dipoles. Unfortunately, introduction of
a field gradient, or any change in the internal edge
angles destroys the powerful property that the mo-
meatum  dispecsion Ry, = d@x}A3p/pl at the
chcane ex)) )s zeyo Y15, n §acy, zero 10 %) proers n
the Taylor expaasionr of the trajectory wap @ the
absence of space charge). Thus, we have chosen to
make e @@l and Goal edges of the chicane
dipoles 10 have a hornzonialy focnsing angles equa)
ta the nawmdaal bead angle aleacth dipale ta raughly
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Table 1
Design characteristics of Neptune chicane compressor

Bend angle 22.5¢
Radius of curvature R 304 cm
Initial entrance/final exit angles 225

Linac phase angle 27 (21 for zero charge)
Design energy £ 15.9 MeV
Longitudinal dispersion R, 1.00 mm; %

Nominal compression ratio {1 nC} 5.5
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Fig. 5. Evolution of the r.ms. bunch length in the Neptune
compressor (@ = 17 pC).

equalize the horizontal and vertical focusing given
by the effective quadrupole triplet of the device. The
compressor characteristics with this redesign are
given in Table 1. The design of the chicane and
associated matching optics was optimized and the
performance of the entire system simulated using
PARMELA. In the 17 pC case displayed in Fig. 5,
a 1.2 ps (160 um) FWHM laser pulse is injected,
and the compressor, which produces an optimized
minimum r.m.s. bunch length of 41 um.

Perhaps the most impressive advantage that the
compressor adds for injection into far IR (e.g.
PBWA) to mm (e.g. PWFA) wavelength advanced
accelerators, as well as for long-pulse train devices
such as free-electron oscillators, is that it suppresses
injection jitter [15]. This may be a crucial advant-
age that compressor-based systems offer, and
occurs because the compressor maps the bunch
centroid to the same longitudinal position to first
order in injection phase errors. The r.m.s. injection

jitter due to the drive laser timing errors at Neptune
is expected to be slightly less than 1 ps. The com-
pressor has been simulated to give better than one
order of magnitude suppression in this jitter
{ < 0.1 ps), which is less than half of the bunch
length, and well smaller than the PBWA wave-
length at Neptune.

The suppression of injection jitter is, of course,
dependent on the stability of the RF phase and
amplitude in the accelerating structures. If care is
not taken to stabilize these quantities, a new source
of timing jitter at the compressor output will result.
As a final note, we point out that in order for this
effect to be useful for the beatwave acceleration
experiment at Neptune, the laser beat, as well as the
electron beam, must be phase locked to the RF
wave.

3. Accelerator components

The RF gun at Neptune is a product of the
BNL-SLAC-UCLA collaboration on high-bright-
ness beam development. It is a 1.625 cell =-mode
standing wave cavity, cell-to-cell on-axis coupled.
The nominal on-axis peak field is 100 MV/m, al-
though it is possible to obtain 115 MV/m with the
available power; the central launch phase of the
laser beam is 45” (90" corresponding to maximum
field). The nominal energy of the beam at gun exit is
4.6 MeV. The gun is coupled to the wave guide in
the full cell only, with a symmetrizing port located
opposite of the coupling slot to cancel dipole com-
ponents of the field which can lead to emittance
growth. The initial version of this gun has been
tested at BNL, and produced quite good emittances
at high acceleration gradient [19]. Another version
of the gun is presently being commissioned at
SLAC, as part of a FEL source development pro-
gram. The cathode region is now formed by a solid
Cu, demountable back-plane; in the future we plan
to embed other cathode materials in this structure.

The linac is a 7 + 2/2 cell n-mode standing wave
linac, which is the first fully operational version of
a new, novel linac structure, the plane-wave trans-
former (PWT). The design of this device are dis-
cussed in Ref. [20]; a short summary of the design
principles is given here. The structure appears






