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We report the results of a recent beam dynamics study, motivated by the need to redesign 
the LCLS photoinjector, that led to the discovery of a new effective working point for a split 
RF photoinjector. The HOMDYN code, the main simulation tool adopted in this work is 
described together with its recent improvements. The new working point and its LCLS 
application is discussed. Validation tests of the HOMDYN model and low emittance 
predictions, 0.3 mm-mrad for a 1 nC flat top bunch, are performed with respect to the muiti- 
particle tracking codes ITACA and PARMELA. 

1 Introduction 

The Linac Coherent Light Source (LCLS) is an X-ray Free Electron Laser (FEL) 
proposal that will use the final 15 GeV of the SLAC 3-km linac for the drive beam. 
The performance of the LCLS in the 1.5 Angstrom regime is predicated on the 
availability of a 1-nC, 100-A beam at the 150-MeV point with normalised rms 
transverse emittance of -1 mm-mrad. An experimental program is underway at the 
Gun Test Facility (GTF) at SLAC to demonstrate a high-brightness beam meeting 
the LCLS requirements using an rf photoinjector [ 11. The design of high-brightness 
rf photoinjectors today is based on the development over the past decade of a rather 
complete theoretical understanding of how the beam properties initially evolve 
under the infhtence of the rf acceleration and a focusing solenoid field [2]. In a 
typical rf photoinjector design in fact, the electron source is embedded in a high- 
gradient tf accelerating cavity surrounded by a solenoid to compensate for the 
defocusing spacecharge effects. A post accelerator (booster) is then necessary to 
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drive the beam out of the space charge dominated regime. Post acceleration can be 
accomplished by additional cavities, separated from the gun by a drift (split 
photoinjector) or directly integrated in the gun (integrated photoinjector). 

The GTF experiment uses a 1.6cell S-band rf gun developed jointly with BNL 
and UCLA [3] surrounded by a solenoid just after the gun exit. After a short drift it 
is followed by a standard SLAC 3-m accelerating section. A transverse normalised 
rms emittance of 2.4 mm-mrad for a 0.9 nC pulse with lo-ps FWHM Gaussian 
pulse length has been measured at BNL using a similar configuration [4]. 

Figure 1. The off-axis empty “injector” vault, recently rediscovered at the 2/3 point of the SLAC 
linac, now available for the LCLS injector. 

Earlier simulation studies using the multi-particle code PARMELA predicted a 
transverse normalised emittance of -1 mm-mrad - thermal emittance [5] not 
included - for the LCLS photoinjector if a uniform (or even a tnmcated Gaussian) 
temporal charge distribution is used [6]. While this result technically meets the 
LCLS requirements, it leaves no headroom for errors or practical difficulties. 
Consequently simulation studies have continued with the goal of finding a 
photoinjector design for the LCLS that would predict a transverse emittance of no 
more than 0.8 mm-mrad with the thermal emittance included. In addition, an elf- 
axis empty “injector” vault, shown in Fig. 1, was recently rediscovered at the 2/3 
point of the SLAC linac that is available for the LCLS injector. (The off-axis vault 
was first noticed in spring 1999, by the LCLS Project Engineer L. Klaisner while 
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inspecting 30-year old drawings of the accelerator housing.) The axial space 
available in this vault is only about 10 m. Since the beam must be accelerated to 
-150 MeV to eliminate any space charge effects when in the dog leg to the main 
linac, a new injector design that will be compatible with high-gradient acceleration 
has become highly desirable. 

During the redesign work, as will be reported in this paper, a new e&ctive 
working point for a split RP photoinjector has been discovered. In fact by a proper 
choice of RF gun and solenoid parameters, the emittance evolution shows a double 
minimum behaviour in the drifting region [7]. If the booster is located where the 
relative emittance maximum and the envelope waist occur, the second emittance 
minimum can be shifted to the booster exit and frozen at a very low level [S], 0.3 
mm-mrad for a 1 nC flat top bunch, to the extent that the invariant envelope 
matching conditions are satisfied [2]. Travelling wave (TW) structures embedded in 
a long solenoid or alternatively standing wave (SW) structures are both candidates 
as booster linac. 

In section two of this paper we recall the main results of the invariant envelope 
theory and the derived matching conditions for a split photoinjector. This theory, 
describing the space charge dominated regime under the multi-slice envelope 
equations approximation, explains the rms normalised emittance oscillations as due 
to cold-plasma like oscillations in the beam envelope and represents an excellent 
tool for a first choice of the injector parameters. The code HOMDYN [9], the main 
simulation tool adopted in this work, is based on a similar semi-analytical model 
and it is described in section three together with its recent enhancements. Validation 
tests of the HOMDYN model are discussed in section four with respect to a multi- 
particle tracking code: ITACA. In section five we discuss the new working point for 
a split photoinjector in the framework of an S-band design. The applications to the 
LCLS injector design are described in section six and an inspection of non- 
linearities contribution is performed by means of PARMELA simulations, and 
reported in section seven. 

2 The theory of invariant envelope and derived matching conditions 

It has been by now understood [2] that the optimisation of a photo-injector 
corresponds to accelerating and propagating the beam through the device as close as 
possible to two beam equilibrium: a laminar Brillouin flow in drifts and the so- 
called invariant envelope in accelerating sections, which is a genemlisation d 
Brillouin flow for an accelerated beam. In this case the beam undergoes cold plasma 
oscillations, in which the space charge collective force is largely dominant over the 
emittance pressure. The frequency of the plasma oscillations, due to mismatches 
between the space charge force and the external focusing gradient, is to first order 
independent of the current while the betatron motion (trajectory cross-over) is 
almost absent (lam&r flow). In fact it is the frequency independence that leads to 
reversible normalised emittance oscillations: accelerating the beam on the invariant 
envelope damps these oscillations like the square root of the beam energy, so that 
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the normalised emittance at the injector exit reduces to a steady state minimum 
when the oscillations are properly tuned. 

It has been shown that the rms projected normalised emittance 

E” = (PY)Jqqq oscillates with a tiequency J2K, at an amplitude 

A&,, 0~ 
47 

i y whenever a bunched beam is rms matched into a focusing channel cf 

gradient K, , i.e. on a Brillouin flow equilibrium: 

(1) 

where o is the rms beam spot size, eventually slice dependent, [ = z -fir + z, is 
the slice position, i is the peak current and IO=17 kA the Alfven current. In a 
similar way accelerating on the invariant envelope: 

2 i(r) 
d)=y7 31,y 

J- 
(2) 

eEacc where y’=--= 
mec2 

Wm 3 E,, is the accelerating field, which is a particular exact 

solution of the rms envelope equation in the laminar flow regime, leads to damped 
oscillations of the emittance. 

The basic point in the design of a photoinjector is therefore to match properly 
the beam at injection into any accelerating section, according to these criteria: 

CJ’ = 0 (3) 
implying a laminar waist at injection and 

i 
i y’=’ - 

w 3ZoY 
(41 

or 

giving an rms match on the invariant envelope for a SW or TW accelerating field 
respectively. 

The laminar regime extends up to an energy given by: 

$ 
1 

y= 81 
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where q,, is the thermal emittance. With the expected LCLS parameters, i =lOO 
A, E,, =25 MV/m and an estimated [5] thermal emittance of 0.3 mm-mrad for a 
Cu cathode with UV excitation, the transition occurs at 160 MeV. For this mason 
the emittance compensation process of the LCLS injector has to be optimised up to 
the exit of the booster linac, before injecting the beam in the main linac through the 
dog leg magnet system. 

3 The HOMDYN model 

Single bunch simulations of the beam dynamics performed from the photo-cathode 
surface up to the tmdulator injection at the linac exit are at the t%r limit of multi- 
particle codes like PARMELA, because CPU times of several hours are typically 
required. Due to the non-linearity of the problem, based on longitudinal space 
charge correlations within the bunch standard rms linear space charge description as 
performed by matrix-based transport codes like TRACE3D are not able to describe 
the associated emittance. In cases where multi-bunch effects must be taken into 
account, because of the high repetition rate in the train and, as well, because cf 
fluctuations in the pulse intensity and timing jitter of the laser driving the photo- 
cathode, a multi-particle simulation would be unatTordable. For this reason we 
recently enhanced the capability of the code HOMDYN, developed originally to 
describe multi-bunch effects in linacs, to model the beam generation at the photo- 
cathode in a photo-injector RF cavity. Higher mode excitation below cutoff as well 
as non-relativistic beam dynamics were already being modelled by the code, as 
reported in Ref. [9] 

The basic approximation in the description of beam dynamics lies in the 
assumption that each bunch is described by a uniformly charged cylinder, whose 
length and radius can vary under a self-similar time evolution, keeping anyway 
uniform the charge distribution inside the bunch. By slicing the bunch in an array cf 
cylinders (Multi-Slices Approximation), each one subject to the local field, one 
obtains also the energy spread and the emittance degradation due to phase 
correlation of RF and space charge effects. 

The longitudinal space charge field on axis, inside and outside the bunch, at a 
distance c, = z, - Z, of the 8 slice from the bunch tail located at z, , is given by: 

H(r,,A,,)=~~-~~--Il--~/LIfIrs/~ (8) 

and Q is the bunch charge, L the bunch length, R, the slice radius and 
A 3 R,/(Y, L) is the slice rest frame aspect ratio. r.s 
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Figure 2. Longitudinal (red line) and Transverse (blue line) space charge field in a bunch just 
extracted from the cathode, image charges switched off. 

Esc @MmD 

Figure 3. Longitudinal (red line) and Transverse (blue line) space charge field in a bunch just 
extracted from the cathode, image charges switched on. 

The radial space charge fields on the slice envelope: 

Es”(L) = 4zEQR L G(6-s+%s) 
0 s 

(9) 
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is obtained as a linear expansion off axis of the longitudinal component of the field 
(8) and represents at present the main limitation of the model. The non-linear 
transverse space charge contribution, in fact, may be responsible of an inner bunch 
charge redistribution that may lead to emittance dilution. 

The equations for the longitudinal motion for each slice are: 

i, = p,c (11) 

where the last term accounts for the contribution of the bunch image charges on the 
cathode, modeled by a counterpropagating bunch from the same origin, the cathode, 
with opposite charge, located at a distance I$, = z, + zheod from the s-slice. 

In Figs. 2 and 3 the on axis longitudinal space charge field (red line) and the on 
envelope radial space charge field (blue line) are shown, for a bunch just born with 
the tail still on the cathode surface. In Fig. 2 image charges are switched off, while 
they are taken in to account in Fig. 3. The distortion of the field produced by image 
charges, results during the subsequent evolution in an elongation of the bunch and a 
lower defocusing action on the bunch tail. The bunch is shown as a black cylinder 
with 1 nC charge, 0.7 mm long and 1 mm radius, i. e., with an aspect ratio G = 
1.4, resulting in a non linear radial space charge profile along the bunch 

The evolution of each slice radius Rs is described in the time-domain according 
to an envelope equation, including damping due to acceleration (second term), 
solenoid focusing (third), RF-focusing (fourth), space charge effects (fifth), image 
charges from the cathode surface (sixth) and thermal emittance pressure (seventh): 

it, + &y,2j,Zis + (K;’ + K;)R, = 

(13) 

The dots indicate the derivation with respect to time, and 

is the solenoid focusing gradient. The RF focusing gradient is: 

(14) 

(15) 
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expressed through the linear expansion off-axis of the accelerating field 
E, = E,(O, z, t) The beam perveance is: 

(16) 

and sth is the rms normalised thermal beam emittance. 
In order to evaluate the degradation of the rms emittance produced by 

longitudinal correlation in space charge and transverse external forces, we use the 
following expression for the correlated emittance: 

&,COrP : j/(R2)((a@‘,2) - (RjW)2 (17) 

WhelC R’ = $ R and the average ( ) = -!$z, is performed over the N slices. 

The total rms emittance will be given by a quadratic summation of the thermal 
emittance and the correlated emittance: 

An effective description of the bunch generation from the cathode surface has 
been added to the code to properly simulate RF photoinjectors. For a given laser 
pulse time length A a neutral bunch ( Q = 0 ) of initial energy of some eV and initial 
length ~~ = fiA is generated behind the cathode location zc , where the 
accelerating field is zero, with the center located at ,Q, = Z, - L, /2 At t=O the 
bunch starts moving according to the equation of motion and slice by slice 
enters in to the RF gun cavity where each slice is activated in the envelope 
equation sharing an increasing bunch charge: 

\ Lo / 
The description of the accelerating field in a SW structure is simply obtained 

by a superposition of normal modes as computed by a standard electromagnetic 
solver like SUPERFISH [lo]. When single- or multi-bunch beam loading elkts 
[ 1 l] are negligible, only the fundamental accelerating field pattern can be taken into 
account. The situation is more complicated when TW structures are considered. 
Boundary conditions indeed require that the field in the input and output half cells 
of a TW structure oscillates with SW pattern [12], and in the simulations it has to 
be smoothly matched to the TW field pattern of the inner cells. In addition the 
different focusing properties of SW and TW structure [ 131 are very important in the 
beam dynamics and have to be taken correctly into account. 
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Figure 4. One period of a S-band 2rd3 mode as computed by SUPERFISH, together with the input and 
output half-cell patterns and their fringing fields in the beam tubes. 
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Figure 5. Accelerating field seen by the beam in a 12 cells long structure The behaviour of the beam 
envelope is also shown for a relativistic low charge beam. 
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HOMDYN has been recently improved to include TW structures by 
representing the accelerating field as superposition of two standing wave patterns 
[14]. The on axis field for any TW mode is given simply by: 

Ezm(z,f)= EfW(z)sin(ti+& +kd)-E~W(z+d)siu(wt+&,) (20) 

with the normalisation Es”(z) = Esw (z) 
sin(kd) 

, where Esw (z) is the corresponding SW 

mode pattern as computed by SUPERFISH, d is the periodicity of the structure, 

namely the cell length, and k = w. 

One wave length (&,, = 3:) o au S-band 2rc/3 mode E,sw(z), is shown in f 
Fig. 4 together with the input and output half-cell patterns and their fringing field in 
the beam tubes. By applying eq (20) the code computes the accelerating field seen 
by the beam as shown, for example, in Fig. 5 for a 12 cell long structure. The 
behaviour of the beam envelope is also shown for a relativistic low charge beam. 
Clearly visible are the first order input and output kicks, generated by the SW 
oscillation of the extreme half cells, over the weak second order focusing e&t of the 
pure TW field, as discussed in [13]. 

4 The HOMDYN model validation 

The validation of the HOMDYN model has been done with respect to a completely 
different code: ITACA [15], a multi-particle tracking code based on a selfconsistent 
description of fields by a Cloud In Cell method [ 161. From now on any emittance 
quoted is considered to be rms normalised with the thermal contribution set to zero. 

The RF gun taken into consideration is a 1+1/2 cell gun operated at 1.3 GHz, 
producing a 1 nC bunch charge at 80 A peak current with the typical bunch 
parameters of the TIF-FEL [17] experiment. The peak RF field at the cathode is 50 
MV/m with a laser spot size (hard edge) of 1.5 mm. Applying a 1.8 kG peak 
solenoid field, the resulting beam envelope is plotted in Fig. 6 versus the beam 
propagation distance z, from the cathode surface (z==O) down through the gun (175 
mm long) and the following drift section. Clearly visible is the strongly space 
charge dominated behaviour of the envelope going through a gentle laminar waist in 
the drift. The rms normalised transverse emittance is also plotted, clearly showing 
the emittance correction process. 

The agreement between the two codes is so remarkable that it clearly proves the 
validity of an envelope equation based description for this specific beam physics 
case. Nevertheless a significant difference in the evaluation of the absolute emittance 
minimum is evident from the plot. A possible explanation is reported elsewhere in 
these proceedings [16]. We recall here the main conclusion. Cylindrical bunches 
with uniform charge distribution and short rise time are modelled by multi-particle 
codes with an outer Gaussian halo at the edge of the bunch due to the finite size cf 
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particles and clouds interacting with space charge fields interpolated on the mesh. 
The transverse space charge field will have a non-linear behaviour around the bunch 
edge, resulting in numerically induced emittance growth. A high-resolution radial 
mesh size is required to overcome this effect. In addition the maximum longitudinal 
mesh step size has to be of the order of the laser pulse rise time. For example, in the 
case of a 1 ps rise time, the mesh step size has to be lower than 100 pm. Radial and 
longitudinal high-resolution results in increasing CPU time and when a flat top 
bunch is considered it becomes u&fordable. The finite mesh size adopted in the 
ITACA run (150 pm) could explain the disagreement shown in Fig. 6. HOMDYN 
is not affected by numerically induced non linear space charge fields because the self- 
field is computed analytically for a perfectly uniform slice, allowing also a very 
short CPU time. The drawback of this model as already mantioned is that the 
present version of HOMDYN is not yet able to describe uniform distributions with 
Gaussian tails and doesn’t include the radial non-linear space charge field. 

HOMDYNllTACA L-band gun 
3 

2.5 

2 

1.5 

1 

0.5 

0 
0 200 400 600 600 1000 1200 1400 

Figure 6. Envelope (solid lines) and emittance (dashed lines) along the TI’F injector beamline as 
computed by HOMDYN (red lines) and ITACA (black lines). 

To investigate in more details the influence of mesh size on the absolute 
emittance value, we recently conducted a more systematic study for a case that was 
under study in the framework of the FABRE [ 181 collaboration We considered an 
integrated S-band photoinjector 10 cells long and we compared HOMDYN results 
with ITACA runs by changing mesh size step. The bunch input parameters were: 
1nC charge, 8 ps long and 1 mm radius. The peak field on the cathode was 80 
MV/m. The comparison, Fig. 7, shows an increasing agreement between the two 
codes about the absolute emittance minimum evaluation as long as the mesh size 
is reduced down to 50 p. 
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Figure 7. Envelope and emittance along the FABRE injector beamline as computed by HOMDYN 
(red lines) and ITACA (black lines). 

0 
0 1 2 3 4 5 

Figure 8. Envelope and emittance along the FABRE injector beamline as computed by HOMDYN 
with increasing number of slices. 

In the lower part of the plot is shown the emittance of the core of the bunch, 
10% of particles, as computed by ITACA, clearly showing by comparison the 
strong contribution of the head and tail of the bunch to the emittance value. We 
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investigated also the origin of the disagreement close to the cathode by increasing 
the number of slices per bunch from 40 to 300 in the HOMDYN simulations. In 
this case the solenoid strength has been slightly reduced corresponding to the best 
emittance pelfomxince of this device. The results, see Fig. 8, show a tendency to 
reduce the emittance value close to the cathode while leaving almost unchanged the 
absolute minimum. 

We can conclude from these comparisons that HOMDYN is a reliable and f& 
tool to investigate a new injector conliguration and the parameter space as long as 
non linear space charge effects are negligible. A final cross check with a multi- 
particle code is anyway mandatory. 

5 The new working point for a split photoinjector 

In Fig. 9 the accelerating and the solenoid fields as designed for the GTF gun ate 
shown. It interesting to note that the peak solenoid field is located downstream the 
gun cavity exit, at z=O. 19 m. The solenoid is designed to have no magnetic field at 
the cathode location, without any bucking coil. 

BNLISLACIUCLA Gun field profiles 

Figure 9. Accelerating and solenoid fields as designed for the GTF split photoinjector experiment. 
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Figure 10. Beam envelope versus z for different solenoid strengths. 
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Figure 11. Beam emittance versus z for different solenoid strengths. 
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A detailed systematic PARMELA analysis of this gun and beam parameters can 
be found in [ 191. Good emittance performance s and high peak current at the exit d 
the device can be obtained with high peak field on the cathode (140 MV/m), 
extraction phase 35 deg and moderate solenoid field strength (0.3 T), for a 1 nC 
charge and 10 ps long bunch with 1 mm radius. In the following analysis we will 
take these parameters as a starting point. 

We adopted the code HOMDYN to extend the investigation to the booster 
matching condition, taking advantage of the fast running capability of the code to 
explore a wider range of parameters. The booster matching condition indeed requires 
the beam to be injected at a laminar waist, as discussed in section 2. The booster 
location and accelerating gradient depend in a complicated way on many gun 
parameters, in particular, for a given bunch charge and dimension, they depend on 
the gun peak field, extraction phase and solenoid strength. 

While investigating the envelope and emittance behaviour by scanning the 
solenoid field strength we noticed an interesting feature. By increasing the solenoid 
strength the emittance evolution shows a double minimum behaviour in the drifting 
region. For a given value of the solenoid strength (0.31 T) the envelope waist 
occurs (z = 1.5 m) where the emittance has its relative maximum as shown by the 
bolded red lines in Figs. 10 and 11. The new working points performazes rely on 
this feature of the emittance oscillation. The guess is that if we locate the booster 
entrance at z = 1.5 and we satisfy the matching condition, the second emittance 
minimum could be shifted at higher energy and frozen at a lower level, taking profit 
of the additional emittance compensation occurring in the booster. 

In Figs. 12 the longitudinal cross section of the bunch and the phase space are 
shown at five locations: at the very beginning after 10 ps (z = 0.0018 m), at the 
envelope maximum (z = 0.23891 m), at the first emittance minimum (z = 1.1778 
m), at the relative emittance maximum (z = 1.5 m) and at the second emittance 
minimum (z = 1.9463 m). 

Each slice is represented in the phase space as a straight line, radial non 
linearities being neglected connecting the axis origin with the slice envelope co- 
ordinates (R,, PJ,&). A s d’ iscussed in [20] the rms emittance is equivalent to the 

statistical mean area of all the triangles (0, R,, j$y.R:). In the first three couple cf 
plot is clearly visible the initial bunch blow up and emittance compensation process 
downstream the solenoid location while the full bunch is convergent. The 
compensation reaches the first minimum when the head and the tail of the bunch am 
very close to an emittance dominated waist, then a trajectory cross over the axis 
may occur leading to an emittance increase. 

When the main body of the bunch goes through the laminar waist (fourth 
couple of plots) the slices are all divergent and the corresponding triangles are more 
overlapped in the phase space, leading to the second emittance minimum (filth 
couple of plots). 

1613 1 



1713 1 



o.aM . . . . . . . . . . . . .,....,....,.... o.aM . . . . . . . . . . . . .,....,....,.... 
: : : : : 

0.0035 ____._..; . . . . . ..__. ___......; :>.. 
: : : 

j 

: : : : ; 
o.m.3 . . . . . . . . . j . . . . . .,i .j . . . . . . . ./. 

i : ; i : 
o,wz ________ i _________ j _______.. j .________ Jr _____.... / 

T 
j : 

B 

0.003 ........ : : / j j . ........ i ........ T ........ . ................ *I : : : : O.M25 ........ . ........ /. ....... . ........ ...... ........ . j.. 

Figure 12. Longitudinal bunch cross section (left column) and transverse phase space (right column) 
at five different locations.: at the very beginning after 10 ps (z = 0.0018 m) when the tail of the bunch 
is just extracted, at the envelope maximum (z = 0.23891 m) right after the solenoid center, at the first 
emittance minimum (z = 1.1778 m), at the relative emittance maximum (z = 1.5 m) corresponding to 
the laminar waist position and at the second emittance minimum (z = 1.9463 m). 
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It is interesting to note also in the longitudinal phase space the huge enera 
spread (3%) at the waist location and the corresponding current distribution within 
each slice, see Fig. 13. The question is now: what happens when post acceleration 
is taken in to account? 

*.a b, ZI-Zb ,nd 

Figure 13. Longitudinal phase space and current distribution within each slice at the waist location 
z=1.5 m. 

6 The LCLS case 

As a first natural choice for the booster linac we consider a 3 m long constant 
gradient S-band TW structure, in use at SLAC since the 1960s [21]. To satisfy the 
first matching condition, eq. (3), the booster should be located at z = 1.5 m, where 
the beam laminar waist occurs. Since the rms spot size is crX= 0.41 mm, the current 
averaged over the slices is 96 A and the average slice energy is 6.4 MeV, the 
matched accelerating gradient of the TW booster, eq. (5) is required to be 35 
MV/m. To drive the beam out of the space charge dominated regime we need two 
SLAC structures resulting in an energy of 216 MeV in an 8 m long injector line, 
taking a 0.5 m long drift in between the two structures. 

As expected the second emittance minimum, 0.5 mm-mrad, occurs now 
downstream the booster structures, see Fig. 14, at z = 10 m (we will take this 
location as a reference position to quote emittance at the injector exit). An injection 
into the booster 12 degrees off crest is sufficient to compensate for the energy spread, 
resulting in a residual rms energy spread at the exit of the booster of 0.2 % , see 
Fig. 15, as required for the LCLS specifications. The peak current is 96 A slightly 
below the expected value. Bunch cross section and corresponding phase space ate 
shown in Fig. 16 at the injector exit. 
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Figure 14. Beam envelope and emittance along the injector beam line. 
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Figure 15 - Peak current and rms energy spread along the injector beam line. 
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Figure 16 - Longitudinal bunch cross section (left) and transverse phase space (right) at the injector 
exit, z=lO m. 
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Figure 17. Cross scan of the gun solenoid strength and the booster accelerating field for TW sections. 
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Despite the good emittance resulting from this design, the necessary gradient to 
match the beam to the booster is exceeding the limit of a reliable performance of the 
SLAC strncture. We then started to look for a lower gradient solution. The first 
attempt was of course to cross scan the gun solenoid strength and the booster 
accelerating field around a more reasonable value: 25 MV/m. An inspection of Fig. 
17 shows a nice valley for the emittance minimum versus the accelerating field even 
if the width of the valley tends to became narrower as the accelerating field 
decreases. 
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Figure 18. Beam envelope and emittance along the injector beam line. 

Another possibility, as originally presented in [8], was to take advantages cf 
the lower gradient necessary to match the beam to a SW booster linac. In the 
Neptune laboratory at UCLA for example, one 0.5 m long SW structure of the 
Plane Wave Transformer type (PWT) [22] is currently working at 25 MV/m. In our 
case the optimum accelerating field would be 28 MV/m, eq. (4), and to reach the 
required energy at least 11 PWT cavities would be necessary. In the following test 
we considered the possibility of reducing the number to two PWT cavities 
operating at 28 MV/m followed by two TW SLAC structures. As required from the 
invariant envelope theory the bunch at the exit of any well matched accelerating 
structure should have an envelope parallel to axis. Our matching also satisfy this 
requirement as shown in Fig. 18. We can now compute the accelerating field to 
match the beam to the 2 TW structures. 
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Figure 19. RMS normalised emittance at the injector exit, versus long solenoid scan. 
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Figurk 20. Beam envelope and emittance along the injector beam line. 
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A possible location of the first TW structure is at z = 2.7 m, where the rms 
spot size is ox= 0.24 mm, the current averaged over the slices 95 A and the average 
slice energy 33.4 MeV. The matched accelerating gradient of the TW booster is 
required to be 26.6 MV/m. This result is very promising giving an output 
emittance down to 0.27 mm-mrad. In addition the length of the full injector by this 
design is approximately within the limit of the available room. 

We then decided to increase the focusing properties of the device without using 
the SW structures. This can be done by means of a long solenoid around the first 
TW structure, now located back at z = 1.5 m. The equivalent solenoid strength cf 

the backward component in a SW structure is given by: B - --& = 660 G for a 28 

MV/m accelerating field. Setting the desired accelerating field of the TW section to 
25 MV/m a scanning of the solenoid strength around the computed value showed a 
very good working point with B = 800 G as shown in Fig. 19. The simulation 
showed an incredibly low emittance value 0.2 mm mrad, see also Fig. 20, fulfilling 
at the same time the other LCLS requirements. 

7 PARMELA computations 

To inspect the contribution of the non-linear radial space charge field on the beam 
dynamics, we cross checked HOMDYN results with the code PARMELA. This 
version of PARMELA allows particle loading by Quiet Start and a high resolution 
mesh size as required to properly simulate a perfect cylindrical uniform beam. To 
limit CPU time we considered initially the Neptune like configuration using the 
gun plus 2 SW PWT cavities only, without additional acceleration The beam line 
considered in the following simulation is slightly different from the one described in 
the previous section, in particular the solenoid field considered is the one of the 
Neptune injector. Nevertheless the new working point requirements are fulfilled and 
the results confirm also the stability of this design. 

The pulse is uniform over ten picoseconds, has a radius of 1 mm and vanishes 
outside of these boundaries. The total charge injected is 1 nC, and the peak 
accelerating fields in the rf gtm and PWTs am 140 MV/m and 58 MV/m, 
respectively. The focusing solenoid is adjusted to produce a matched invariant 
envelope in the PWT post-acceleration sections, that in this case occurs at z = 1.6 
m. Fig. 21 shows the extremely good rms normalised emittance achieved (0.4 mm- 
mrad) in this design after a final drift to roughly 4 m from the cathode. It should be 
noted that the size of the beam on the cathode, and its size at the first compensation 
point (end of first beam size oscillation) are nearly identical in this optimised 
design. 
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Figure 21. Results of PARMELA simulation of uniform beam emitted at cathode in LCIS 
photoinjector design, with 1.6 cell rf gun followed by an emittance-compensating solenoid, and two 
PWT standing wave sections. 
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Figure 22. Bunch cross section at the end of PARMELA simulation shown in Fig. 21. 

2513 1 



: ‘. 
-0.10 ” ” ” “ ” ’ ‘. ” ” ’ * * 

-0.1 -0.05 0 0.05 0.1 

Y (4 

Figure 23 (a). Spatial (x,y) distribution at the end of PARMELA simulation shown in figure 21. 
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Figure 23 @). Spatial (x,y) distribution at the end of PARMELA simulation shown in figure 21, with 
cut made on the distribution at & = fO.l mm, to remove longitudinal tails. 
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Figure 24 (a). Phase space distribution at the end of PARMELA simulation shown in figure 21. 
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Figure 24 0). Phase space distribution at the end of PARMELA simulation shown in figure 21, with 
cut ma’de on the distribution at 6~ = +O. 1 mm, to remove longitudinal tails. 
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This fact points to the close relationship that interslice (linear) and intraslice 
(nonlinear) emittance oscillations have with each other, as discussed in [23]. The 
(x,z) spatial profile of the 10,000 simulation particles at the z= 4 m point is shown 
in Fig. 22. It can be seen that, while the core of the beam is well behaved in terms 
of the different z-slices, ending up in the same conliguration, the leading and trailing 
beam edges display very diBem.nt behaviours. This is due to the fact that the 
transverse space-charge forces drop dramatically in these longitudinal “tail” regions, 
and the particles in these slices do not focus to spacecharge dominated waists, but 
in fact cross the beam axis, as observed also in [24] for a different case. This is 
clearly nonlaminar flow, and as a result, the total transverse phase space bifurcates 
into two populations. One population is composed of slices which have essentially 
no wave-breaking associated with them and another in which beam particles wave- 
break near the origin. These populations can also be observed in the (XJ) spatial 
distribution shown in Fig. 23(a), and the phase space distribution displayed in Fig. 
24(a). In Fig. 23(a), the bifurcated population, i. e., the population that experience 
axis cross over, produces a slight beam halo, while in Fig. 24(a), one can directly 
see the bifurcation as distinct lengths of the slices in phase space. 

Figure 25. Envelope (red line) and Emittance (blue lines) along the beam line computed with two 
different space charge mesh size 

These points are emphasised by Figs. 23(b) and 24(b), in which the (XJ) 
spatial and phase space distributions are shown for the beam population located 
only within Sz = fO.l mm from the beam longitudinal center. In Fig. 23(b), the 
beam halo essentially disappears when this cut is made. In Fig. 24(b), one sees a 
very interesting situation - even though the longitudinal tails have gone 
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biturcated, they are realigned in phase space with the beam cores. The ditTii 
between the bifurcated and unbifurcated populations is simply that the length in 
phase space is larger for the bifurcated population in the longitudinal tails. 

We report in conclusion a very interesting PARMELA result concerning the 
fit solution considered for the LCLS: the gun followed by two TW SLAC 
structures. With a standard mesh point number of 20x400, (i.e, the space charge 
field is computed over a matrix composed by 20 radial rows and 400 1ongitudinaJ 
columns) the cross check with HOMDYN results, see Fig. 14, was quite 
discouraging. As shown in Fig. 25, the computed emittance never went below 1 
mm-mrad. However, by increasing the mesh points from 20x400 to 50x400, the 
agreement is much better, with a rms normalised emittance predicted by 
PARMELA of 0.8 mmmrad. A more systematic comparison between HOMDYN 
and PARMELA computations can be found in [25]. 

8 Conclusions 

By investigating a new design for the LCLS injector, a new stable working point 
for a split photoinjector has been found. 

Three different injector options have been analysed: 
1. Gun + Drift + 2 TW SLAC structures 
2. Gun + Drift + 2 SW PWT structures + 2 TW SLAC structures 
3. Gun + Drift + 2 TW SLAC structures the first one embedded a Long 

Solenoid. 
Option # 3 fully satisfies the LCLS requirements with reasonable accelerating 

fields. 
A more detailed analysis has to be done with a more realistic beam i. e., 

taking in to account Gaussian tails. Nevertheless the results of section 7 allow one 
to think that the contribution of the tails can be kept under control. At the same 
time an experimental program is under way at the SLAC GTF facility, in order to 
measure the double emittance feature along the beam line [26] and to determine 
experimentally the proper location for the booster linac. 
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