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Abstract

The purpose of this study is to simulate and to have a better understanding of the experimental limitation of
the transmission in the CTF2 drive beam in function of the beam charge. In this note, the low energy part of the beam
line is studied with the particle-tracking program PARMELA from the gun to the first 30 GHz section. Assuming the
beam loading and space charge at 10nC/bunch, the settings of the magnetic components in Nov 98 configuration are
discussed and slight modification have to be proposed to obtain a good matching and total transmission until the first
30GHz section. The possible limitation of transmission in the HCS for bigger beam size generation on the cathode is
pointed out. Some particularities of the bunch compressor are shown as well as the effect of the bunch correlation
quality, the deflection angle limitation and the phase shift induced in the train. Finally, transverse results are resumed
and the simulated total transmission is validated by experiments. Beam parameters will be used by A. Riche [5] to
study the wake-fields and the beam transmission in the downstream 30GHz sections.
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l. Introduction

The behaviour of the CTF2 drive beam [1] is studied from the RF electron gun to the 30GHz power extracting
structures. The purpose is to create a numerical model for the beam loading in the 3GHz HCS sections and the effects
of the space charge of the 10nC bunches. The beam transmission through the overall line is simulated to compare the
results with CTF2 measurements on November 1998.

In this note, only the 3GHz part of the drive beam line is studied. The particle tracking program PARMELA
{2] simulates the beam dynamics through the RF sections, magnetic elements and bunch compressor from the gun4 to
the entrance of the first PETS (Power Extraction and Transfer Section at 30GHz).

First, the exact configuration of Nov. 98 is simulated. The inputs used in PARMELA are described and the
results are quickly reported. Secondly, the settings of some magnetic elements are slightly modified to optimise the
simulated beam transmission until the first PETS. The beam characteristics at the HCS sections and the first PETS are
then discussed. The influence of a variation of divergence at the HCS exit is calculated. The effects of the bunch
compressor are also verified as a function of its field magnitude and particle distribution.

II. Nov. 98 settings for the 3GHz part of the drive beam

In this paragraph, the 3GHz part of the drive beam line is presented in its exact Nov. 98 configuration. The
main characteristics of the elements used in PARMELA are given. The emplacement and the settings of the
components are recapitulated in the figure 1 and tables 1 and 2. Then, the simulations are summarised in figure 2 and
table 3 and briefly discussed.
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Figure 1: Schematic layout of the CTF2 components for the Nov. 98 configuration
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z-Position * Length Experimental Modified
(cm) (cm) Settiﬂs settinEs
Photo-cathode 0.0 / & laser of | lmm @ laser of 1 1lmm
Gun 4 5.6 / 100MV/m 100MV/m
laser 30° of RF crest | laser 30° of RF crest
Solenoid 1 17.4 5.26 3100G (90A) 3580G (105A)
Solenoid 2 47.4 7.73 1170G (50A) 1170G (50A)
HCS1 section 75.0 81.2 35MV/m 35MV/m
-60° of RF crest -60° of RF crest
HCS2 section 181.5 81.5 35MV/m 35MV/m
+25° of RF crest +25° of RF crest
QFN 130 270.0 22.0 84G/cm 77G/cm
QFN 131 299.8 22.0 167G/cm 167G/cm
QFN132 329.6 22.0 104G/cm 96G/cm
QFN140 524.3 12.4 54G/cm 54G/cm
QFN141 549.3 22.0 53G/cm 53G/cm
QFN142 574.3 12.4 54G/cm 54G/cm
BHZ E150 602.1 22.3 625G 625G
BHZ C151 689.1 44.6 750G 750G
BHZ E152 776.1 22.3 625G 625G
QFN160 808.7 22.0 91G/cm 77G/cm
QFN161 838.5 22.0 137G/cm 129G/cm
QFN162 868.3 22.0 81G/cm 77G/cm
QFN170 1130.2 22.0 92G/cm 106G/cm
QFN171 1160.0 22.0 163G/cm 167G/cm
QFN172 1189.8 22.0 82G/cm 95G/cm
7Z=0 PARMELA 2.4 /

Table 1: Position and settings of the components for the exact and slightly modified Nov. 98 configuration.
*The positions are given from the photo-cathode to the middle of the element except for the HCSI and HCS2
sections where the reference is the middle of the input wave guide. T The corresponding element is not
integrated in the PARMELA simulation.

Il.1 Beam representation

The train of the drive beam is constituted of 48 bunches at a repetition rate of 2998.55MHz. In the
PARMELA program, each bunch is generated and simulated separately. Only the 1%, 24™ and 48" bunches are
calculated to sample the energies in the train with y equal to 14., 13. and 12. respectively.

From MAFIA simulations of the gund4 by M. Dehler [3], the main characteristics of the beam are extrapolated
and transposed in PARMELA simulations [4] in the case of a laser spot of about 11mm, a laser phase of 30° and a gun
electric field of 100MV/m. The source of particle is then located on a virtual cathode at 100mm in front of the first
solenoid and outside the magnetic field. For each bunch of 10nC, 700 macro-particles are generated. They are spread
in the transverse phase space (x, x’) and (y, y’) according a Gaussian distribution in the phase ellipse. In the
longitudinal phase space, they are generated uniformly in the ellipse (z, Energy) with a rms length of about 1mm. The
table 2 resumes the input beam data used in PARMELA code.

Then, the macro particles are tracked through the different RF and magnetic components of the line with
space charge assumed but no wake-field.



Nov 98 run
Virtual cathode

bunch n° 1 24 48
Xmax=Ymax mm 3.85 3.99 4.14
X max=Y ’max mrad 26.74 28.14 30.38

€Xrms = E¥rms mm.mrad 48. 49. 51.
AZps mm 0.99 1.02 1.05
<y> 14.0 13.1 12.1
AYemdy % 1.3 1.5 1.7

Table 2: Input beam characteristics for the PARMELA simulation of the
3GHz part of the beam line

1.2 RF accelerating structures HCS

Along the drive beam, the bunches are accelerated until 45MeV by the two RF sections HCS1 and HCS2. A
realistic model of these structures was defined and validated in the report [4]. This pattern is used in the present
simulations: the two input and output couplers are represented by fully standing wave cavities. The 13 cells between
the couplers are described by travelling waves operating with a phase advance of 117/12 per cell.

The average accelerating fields in the section is of about 35MV/m and the attenuation along the structure is
neglected. The beam loading in the train is calculated analytically and introduced in PARMELA for each bunch by the
means of lower accelerating gradients. These two structures have also their RF frequency shifted by +7.41MHz from
the bunch repetition rate of 2998.55MHz. By a judicious choice of the bunch phase in the HCS sections, the energy
spread of the train induced by the beam loading is decreased and an intra-bunch correlation necessary to the following
bunch compression is created. In this simulations, the first bunch arrives with a phase of -60° and +25° from the RF
crest of respectively HCS1 and HCS2.

1.3 Magnetic elements and bunch compressor

In addition to the RF structures (gun and HCS), the transverse optics of the line are realised by classical
magnetic elements: two solenoids immediately after the gund and four triplets of quadrupoles between the HCS and
PETS sections. These solenoids are represented ideally in PARMELA by their effective length and their gradient
extracted from their measured fields (for their individual location and characteristics see table 1).

Between the triplets, the magnetic bunch compressor is simulated in. It consists of three rectangular dipoles.
Their effective length and magnetic field are chosen to generate symmetrical deflections in the horizontal x plane (also
see table 1 for their values). The fringe fields of the short dipoles induce a strong quadrupolar focusing force, which is
simulated perfectly by PARMELA.

1.4 PARMELA results in exact Nov. 98 configuration

According to the layout previously described, PARMELA simulations were run for the three bunches 1, 24
and 48 of the train. The variations of x and y envelopes along the z axis are presented on figure 2. The rms values of
the main beam characteristics Az, y,Ay/y, X, x’ and emittance for a choice of z positions are also reported in the table 3.
Here, some properties of the beam dynamics along the 3GHz line are pointed out.

At the entrance of the HCS structures, the two solenoids focus the transverse envelopes of the train below a
radius of 13mm, just 2mm smaller than the HCS radius aperture of 15mm. Due to the energy spread of about IMeV at
the gun exit, the different bunches arrive in HCS with a spread of radius and divergence up to £1.5mm and 32.3mrad
respectively.
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Figure 2: x, y, x’ and y’ variations along the Nov 98 layout simulated with 700 macro-particles. The numbers 1, 24
and 48 (and the red, green and blue colours) refer to the 17, 24" and 48" bunches respectively. Rms values are drawn
by solid lines, maxima by dashed lines.

As demonstrated in note [4], there is a strong focusing in the RF input coupler of HCS1.There is a beam
crossing in the transverse planes x and y in the HCS2 section. Then, at the exit of the accelerating section the beam is
really divergent with a maximum of 4.5mrad for a radius of 4.2mm. The first triplet and the following ones must
obviously refocus the beam in the two planes.

With the actual Nov. 98 settings in the triplets, the evolution of the radius in PARMELA has completely
different behaviour in each transverse plane. In the horizontal plane x, there is a cross-over between the two last
triplets. In the vertical plane y, the maximum radius grows up to 15mm and is focused just by the last triplet with a
large divergence of 8.1mrad. Thus the y cross-over occurs in the PETS. In addition, at the entrance of the 30 GHz
sections, the maximum radius reaches 11.2mm and 9.1mm for x and y planes respectively. They are larger than the
PETS aperture of 7mm radius and some particles must be lost at the PETS input.

According to these remarks, the use of Nov. 98 configuration in the inputs of PARMELA gives full
transmission of the beam until the first PETS, but not after. The results in x and y directions are asymmetric and the
diameter and divergence of the beam at the PETS entrance are too large. All theses points are not acceptable for the
downstream line and may not correspond to the real trajectory and measurements with full transmissions in the shielded
PETS at 10nC/bunch. In the next paragraph, slight variations on magnetic settings in PARMELA are proposed to
obtain better transmission and a well adapted beam to the 30GHz PETS line.
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Ill. Modified Nov. 98 settings for the 3GHz part of the drive beam

From the preceding case (Section II), several PARMELA simulations were done with small variations on the
current of the first solenoid and the triplets. Each of the three simulated bunches of the train reacts differently in the
transverse plane according to their different transverse sizes and energies. Moreover, the strong space charge for 10nC
must be calculated with the 700 macro-particles of each run. For each modification, the three bunches and space charge
must be simulated and the optimisation of the line is time consuming. Finally, the setting presented in table 1 is chosen
as a good compromise between limited field variations from the experimental values, a beam well adapted to the PETS
line and saved time.

The corresponding PARMELA results are reported in the figures 3, 4 and tables 4, 5. The beam dynamic is
briefly commented in the following section. In the second section, the simulation and the effects of the magnetic bunch
compressor are analysed.

/ll.1 PARMELA results for the modified Nov. 98 configuration

The magnetic field in the first solenoid is increased by 15% from 3100Gauss to 3500Gauss. The transverse
beam is now more convergent at the input of the HCS1 section with a maximal radius below 10mm and a rms
divergence divided by 2 from 4.2mrad to 2.1mrad. Then, the waist in x and y directions is displaced by 50cm towards
the solenoids and located at the exit of HCS1 section. At the output of HCS2, the transverse beam dimensions are
increased by 30% up to an rms radius of 1.7mm. But, the rms divergence is reduced from 2.6mrad to 1.6mrad and it is
then less difficult to focuse the beam with the following first triplet.

The fields in the two extreme quadrupoles of the first triplet T1 are decreased by 10% from the experimental
configuration, the settings of the second triplet T2 staying identical. The beam envelope is then more symmetrical
between the two transverse planes. The over-increase of the y coordinate is avoided and the maxima are of 9mm in the
two planes instead of 15mm in y direction and 9mm in x direction previously.

The variations of 5% to 15% introduced in the following triplets T3 and T4 give a convergent beam at the
input of the 30GHz PETS line. At the entrance of the first PETS, the maximum radius varies only between 3mm and
4.5mm for a PETS section radius of 7mm. The rms divergence is below lmrad with a dispersion of 0.5mrad.
Moreover, the normalised rms transverse emittances &, and &, stay between the acceptable values of 70 to 75mm.mrad.
As the figure 4 shows, the modified settings of the 3GHz line appear adapted to transmit all the beam without particles
lost until the PETS. The corresponding results in the transverse plane will be used as input values for the study by A.
Riche of the beam dynamics and transmission in the 30GHz line, wake-fields included.[5]

In the longitudinal plane (see table 4), the energy reaches 42.9+1.4MeV in the train with a rms dispersion in
each bunch of about 1.6% or +0.7MeV. The variations on the energy along the line are mainly induced by the settings
of the two HCS sections.

On the phase delay, it is important to notice the following points. Due to the beam loading effects in the gun4,
a phase delay of 6.3° between the first and last bunch is introduced at the beginning of the beam line. The magnetic
bunch compressor adds different delays of flight time as a function of the bunch energy and deflection angle. In the
present case, the phase dispersion in the train at the PETS entrance is of about 7° at 3 GHz or 70° at 30GHz for the last
bunches. This value is high for the 30GHz section and a decrease of the power extraction may occur. Moreover, the
bunch lengths at the PETS input are also lower or equal to 1mm rms. But this result obtained with the nominal phasing
-60° and 25°0of the HCS may be optimised in the simulations (and are effectively modified in the experiments), in order
to both increase the longitudinal bunch compression and reduce the phase shift in the train.

The bunch compressor is studied in more details in the next section.
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Figure 3: x, y, x” and y’ variations along z axis for the modified Nov 98 configuration simulated with 700 macro-
particles. The numbers 1, 24 and 48 (and the red, green and blue colours) refer to the 1, 24™ and 48" bunches
respectively. Rms values are drawn by solid lines, maxima by dashed lines.

(Note the change of scales compared with figure 2.)
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Figure 4: x and y coordinates of the 700 simulated macro-particles in function of z axis for the modified Nov 98

configuration.
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lll.2 On magnetic bunch compressor simulation

The influence of the magnetic bunch compressor is really important on the longitudinal beam dynamics before
the PETS sections. So, variations of bunch compression and phase delay in the train are studied in this paragraph. In
particular, variations with magnet current are shown. Both, the results of MATHCAD analytical calculations and
PARMELA simulations are used, the phenomena are related to the CTF2 drive beam configuration.

For all the results presented in figures S to 8, the train before the magnetic compressor is the one obtained from
the PARMELA simulations in the modified Nov. 98 configuration. So, 700 macro-particles are considered. The bunch
energies are of 41.5+0.58, 44.320.63 and 41.9+0.56 MeV for the 1%, 24" and 48" bunches respectively (average value
1 rms). In phase, the rms lengths are of £3.4°, £3.8° and +3.9° for the three bunches.

The figure 5 shows the bunch compression as a function of the magnet current for PARMELA and MATHCAD
calculations. In MATHAD model, the space charge effects are neglected because the energies are higher than 41MeV.
First, it appears that the variations have similar shapes for the two models and differences stay below 8%. Secondly, the
maximum bunch compression of about 70% is reached for a deflection angle of about 10-11°. For the nominal Nov 98
setting with 5.6°, the compression is only of 88% which corresponds to AQ/AE equal to 0.73°/MeV or 0.67ps/MeV. If
the intra- bunch energy spread was increased before the compressor thanks to optimisation of the HCS phases, the
bunch length could be more reduced than for this nominal configuration.

If the longitudinal emittance of the bunch is reduced by suppressing 10% of the macro-particles as on the figure
9, the energy spread is reduced by about 10% but the bunch lengths stay nearly the same with a phase-sigma 1% smaller.
Then, the maximum compression is reached for higher magnet field (see figure 6) but with an actually better
compression of 55%. At the nominal angle 5.6°, the compression is of 83% and AQ/AE is 0.96°/MeV or 0.89ps/MeV.
So, if experimentally bunches have no aberrant particle and better correlation behind the compressor, it allows to obtain
significant increase of the bunch compression.

An other phenomena occurs in the bunch compressor: the phase delay between the bunches as a function of
their average energies (see figure 7). The extreme bunches 1 and 48 have lower energy, their trajectories become longer
and they arrive later than the mid bunch 24. This corresponds to 0.96°/MeV for a deflection of 5.6° and increases non-
linearly with the bunch current to 4.6°/MeV for 11° deflection angle.

In the CTF2 line, the beam loading for 48x10nC bunches in the gun 4 induces a phase shift at its exit of about
6.3° between the first and last bunch. This shift is complemented by a linear decrease of the energy at the gun exit. Then,
in the drift tubes and the HCS sections, the phase shift continues to rise as a function of the relative gain of energy. The
maximal delay is of 7.4° for the 48" bunch at the entrance of the spectrometer magnet. The compressor adds its own
flight delay, so that the phase delay of the first bunches is decreased but the delay of the last bunches is increased
because of the varying bunch energy. Finally, the last bunches arrive with a delay of 7° at 3GHz. In the PETS sections,
the phase delay amounts to 70° at 30GHz and reduces the efficiency of the 30GHz power extraction to cos70°=34%. For
this reason, the deflection angle in the bunch compressor is experimentally restricted to about 7°.

In the figure 8, the transverse emittance simulated with PARMELA is shown as a function of the magnet
current. An upper limit also appears for about 7° if a reasonable horizontal emittance smaller than 80mm.mrad is
maintained. On the other hand, the emittance stays stable in the vertical plane.
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Figure 5:Variations of the rms length of the three bunches 1, 24 and 48 as functions of the bunch compressor strength
for 700 particles in each bunch. The solid line mark MATHCAD calculation, the dashed line PARMELA simulation.
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Figure 6: Variations of the rms length of the three bunches 1, 24 and 48 as functions of the bunch compressor strength.
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1.3 Effect of a deflection variation in HCS in the downstream line

In the previous sections, simulations with the modified Nov 98 settings show that transmission and adaptation
of the beam are realised at the PETS entrance. But, PARMELA simulations neglect the wake fields in HCS. In
PARMELA simulations, it is possible to stop the space charge in the HCS and to analyse the effects of the variation of
the HCS deflection on the beam in the downstream line. Then, it is possible to compare this deflection with the one
induced by the wake fields calculated separately.

Special PARMELA simulations have been made with space charge effects included from the cathode to the
entrance of HCS and without space charge from HCS to the end of the line. The inputs of the modified Nov 98
configuration are used. For the three bunches 1, 24 and 48, the vertical and horizontal trajectories of the 700 macro-
particles are traced along the beam axis on the figure 10.

Not very important modifications in the transverse plane are induced when the space charge is switched off
(compare to fig. 4). In HCS1 and 2, the horizontal waist between the triplet 3 and 4 is shifted by about 0.15m towards
the PETS. At the entrance of the PETS, the beam diameter is reduced by 0.5 to 2mm depending of the bunches energy.

An approximated calculation of the radial space charge forces in HCS1 was performed by R. Bossart [6] in the
case of the last bunch. It was found that the beam divergence due to the space charge is about 0.5mrad in our case.

For comparison, the deflection induced by the transverse wake field in HCS1 has also been calculated by R.
Bossart [7]. Here, a brief remark is given. Only the first dipole mode of HCS1 at 4120MHz is assumed. The phase
advance per bunch is 2a*4120/2991=1.37*2n.After three bunches the deflection voltage vector is nearly null. The
maximum deflection is given to bunches 2 and 3, 5 and 6 etc and is of the order of 0.28mrad for 1mm offset. This
periodicity of 3 bunches on the wake deflection significantly reduces the transverse effects. Otherwise, the periodicity 3
in the bunch displacement in the train may be the experimental signature of the presence of wake field in HCS.

As the predicted wake field deflection of 0.28mrad is actually lower than the space charge deflection of
0.5mrad, we can expect that the effects of HCS wakes on the downstream line will be lower than those induced by space
charge forces. The transmission and adaptation to PETS should then be possible by a slight optimisation of the triplets
and a correction of the beam size at the PETS entrance.

For verification and more precisions, the reader should refer to the wake field simulations in the HCS structure
performed by A. Riche and presented in [5].
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particles. The space charge is not included from the HCSI structure to the end of the line but considered before.
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Conclusion:

PARMELA particle-tracking program has allowed to successfully simulate the CTF2 drive beam along the
3GHz part of the line. From the actual Nov 98 settings, the triplet currents had to be slightly modified by 5% to 15%.
Then, the simulated beam transmission is well matched up to the entrance of the 30GHz PETS section. The beam is
focused with a waist common to all bunches and energies in the PETS. At the entrance of the first PETS, the beam size
reaches no more than 4.5mm radius with a divergence below 1mrad. All particles of the 10nC bunches are transmitted to
the PETS and the obtained transverse beam characteristics have been used for wake-field studies in the PETS line
carried by A. Riche [5].

Secondly, the simulated 10nC bunches generated by the laser spot of 5.5mm radius present a transverse size up
to 13mm radius at the entrance of HCS1. It shows that an enhancement in the laser spot size and bunch charge may be
dangerous and induce particle losses at the HCS1 input. Moreover, because of the strong focusing and the existence of a
waist in the accelerating HCS sections, the settings of the first triplet must be carefully tuned in order to rematch the
beam.

In the previous sections, according to the test with space charge suppressed, it is verified that the space charge
in the HCS sections do not disturb dangerously the beam in the compressor and the downstream line. It can therefore be
expected that the HCS wake-field effects will be of the same order or lower than the latter and not generate a source of
difficulties.

Finally, the model of the bunch compressor was verified. Some particularities of its behaviour were pointed
out. The magnitude but also the quality of the bunch correlation at the entrance of the compressor determine the
efficiency of the compression together with the magnet current. And the deflection angle must be limited to 7° in order
to keep the phase shift in the train and the emittance growth acceptable for the beam in the 30Ghz line downstream.
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