4.4 Injector Linear Accelerator

100 MeV S-band lineaaccelerator based on the quunents already built for the S-Band
Linear Collider Test Facility at DESY [1, 2] will be used as ardtgr for the @NDLE
booster ring. The linac design and layout will fulfill the following basic requirements:

« Single, multi-bunch and top-up @gtion operation modes;
* Nominal repetition rate 2 Hz;

» Energy spread in single pulse 0.5%;

* Pulse-to-pulse energy spread of 0.25%;

* The current irgction rate aL00 MeV — 400 mA/min;

e Minimum beam losses.

The general scheme of injector complex is shown in Fig. 4.4.1.

90 kV SPB SWB TWB ACC
Gun 500 MHz 1GHz 3 GHz Section 3 GHz

Fig. 4.4.1. The schematic layout of injector linac.

The maximum duration of the single bunch at thextebn gun exit is 1ns with 1.6 nC
charge (~18 electrons, peak current 2.2 A), while the maximum duration of the bunch
train for multi-bunch operation mode is 600 nsec with maximum total charge of 6 nC (10
mA pulse current).

An electron pulse from the gun modtdd by 500 MHz amplifier is captured by
sequentially locateB00 MHz sub-harmonic pre-buncher (SPB), 1 GHz pre-buncher cavity
and 3 GHz traveling wave (TW) structure. The result is the 500 MHz pulse structure with
more than 90% of beam captured i 803 GHz phase duration.

In multi-bunch operation mode, a 480 ns loreg#&ion pulse from the linac will fill the 240

RF buckets of the booster, out of possible 320 (at 499.476 MHz). This will leave 160 nsec
for the inpction kicker field to decay Iere the beam reaches theeitiion point on its
second pass. The egtion energy ttooster of 100 MeV corresponds to areatjon field

of 24 mT in the booster, and is high enough to reduce the difficulties due to tune change
during the booster ramp.

The whole linac (Fig. 4.4.1) consists of gun equipment (0.7 m), drift (0.43m), 500 MHz
buncher, the second drift (~0.15m), the 1 GHz buncher (~0.1 m), third drift (~0.1 m), a 3
GHz TW buncher (0.08 m). After 0.6 m of drift, the beam enters to the 6 m accelerating
section with the gradient of 17 MeV/m. The drift spaces are equipped witlotteeton

coils, focusing solenoids, beam position monitors (BPM) and the screens (or wires) for
beam profile dtection.
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4.4.1 Electron Gun

The gun is the standard triode gun, matledl by500 MHz amplifier, which tches the

beam pulse structure already at the gun to the booster and storage ring RF-bucket structure
avoiding the beam losses at high energy in the booster ring. The result is a gun pulse with a
length of ~ 1 nsec.

The voltage between the gun cathode and anode is 90 kV. Two operating modes are
considered with the pulse length of 1ns (single bunch mode) and 200-600ns (multi-bunch
mode) according to linac speciition. In the single bunch mode tbathode is pulsed with
respect to grid. In the muiunch mode the grid is modcuéd ats00 MHz with respct to

the cathode. The cathode is a standard EIMAC YU-171 with the radius of 5.6 mm and
emission surface of ~1 énThe main characteristics of the gunfpemance are given in

Table 4.4.1.

Table 4.4.1. The main charaetistics of 90kV triode gun for CANDLE.

Parameters Single bunch mode Multi bunch mode
Cathode (YU-171) radius (mm) 5.6 5.6
Cathode-anode distance (mm) 35 35
Electron bunch length (ns) 1 200-600
Transverse beamsize at gun exit (mm 6.6 4.8
Emittance at gun ex#, ..(mm-mrad) 10 10.25m
Maximum electron current (mA) 1500 15
Electron energy (keV) 90 90
Average Current Density (mAu/ m2) 20 0.3

The electron emission frowathode has been siratéd by E-GUN cod¢3]. Fig. 4.4.2

shows the current flow in the gumction for the maximum ettron current of 1.5 A
(single bunch mode) and 15 mA (multi-bunch mode). The normalizetiaeces of the
electron beam at the gun exit are 10 and 1@r2bmCmrad for single and multi-bunch
operation modes respectively.

In multi-bunch operation mode at the gun exit the 90 keétedn beam has a natural
emittance of 1671 mmimrad. With the transverse beam siz&() of 4.8 mm this
corresponds to the Twiss paraters o =0, 8 =14.4cm. The output pulse full width is
expected to be 1.2 ns with about 90% of particleatled in FWHM length of 1 n3he 90

keV gun pulse is guided by the 40 Gauss solenoidal magnetic field along the distance of
0.7 m. This sction is also equipped bymrection coils, beam position maomit valve and
pumping port. Fig. 4.4.3 shows the current density at the cathode surface and Fig. 4.4.4
shows the transverse beam phase space of the beam ahtike @aitput.
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Fig. 4.4.2 Theelectrons flow in the gun with cathode radius of 5.6mm.
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Fig. 4.4.3 Curent density at cathode surface.
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Fig. 4.4.4 The beam phase space in cylindal coordinates at gun exit.
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4.4.2 Bunching Section

The bunchingesction of the pre-injector consists 0660 MHz sub-harmonic pre-buncher
cavity (SPB), 1 GHz pre-buncher cavity (16 keV) and 3 GHz travelling wave structure.
The SPB that is similar to buncher cavity designed for the SBLC test facilityatebtb at

the distance of 0.43 m behind the gun and compresses the 1 ns gun pulse to smaller rms
length. In order to perform an efftive velocity mdulation along the pulse, the SPB
cavity voltage is optimised to 30 kV across the buncher gap. The g@rahst of the
buncher cavity is given in Table 4.4.2.

Table 4.4.2 Parameter list of SPB cavity.

Gap aperture diameter (mm) 34
Gap length (mm) 40
Overall length (mm) 200
Diameter of cavity (mm) 350
Material Stainless steel
RF wavelength (cm) 60
Shunt impedance R (€) 0.27

Q - value 2700
Voltage (kV) 30

The 6 dimensional phase space of the beam has been tracked albngdhiag system.

Fig. 4.4.5 shows the beam distribution at the gun exit that is taken as an input for
PARMELA code simulation [4]. The initial beam shape is given by the elliptical
distribution in three directions: longitudin&lbprizontal and vertical. The longitudinal phase

is expanded within the —600+600 degree of 3 GHz structure that corresponds to particle
longitudinal distribution of 1.2 nsec. The SPB izdted at the distance 43 cm and
performs the bunching of theeetron beam. Fig. 4.4.5 shows the beam distribution at the
500 MHz buncher entrance.
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Fig. 4.4.5 Particle distributions at the 500 MHz SPB entrance a) x vs phase, b) y vs
phase, ¢) number of particles vs phase, d) energy spread vs phase.
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The optimal bunching performance [5] of the beam is achieved at the distance of

2n3,,3
Lbunching = /\RF meC 'B y ’ (441)
2 el eu

where A is the cavity RF wavelengthm.c®is the rest energy of electron8,=v/c, yis
the particle Lorentz factog is the electron chargél ., is the peak cavity gap voltage.

With given parameter®r the gun and SPB the optimal bunching is achieved at a distance
of about 35 cm following a 500 MHz buncher. This ascomplished by having a
significant proper velocity modulation with the positive energy-phase correlation of the
particles so that the head particles are slower and the tail particles are faster. At the optimal
bunching position, the energy-phase correlation still should have the positive slope
therefore the optimal distance after the buncher has been found to be 29 cm. Fig. 4.4.6
presents the longitudinal beam distribution just after the buncher and at the distance of 29
cm after beam passes the buncher cavity.
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Fig. 4.4.6 The beam longitudinal distribution at the 500MHz buncher exit (top) and at
the distance 29 cm after the buncher @tom).

The 30 kV amplitude voltage of SPB cavity provides the capture of about 50% of particles
within 30° of 3GHz pulse structure. The power needed to create 30 kV voltage across the
gap is 1.6 kw.

After the 500 MHz SPB cavity, the compressed 90 keV energy beam with more than 70%
charge in one 3 GHz wavelength (10 cm) enters into 1 GHz buncévity with the peak
voltage of 16 kV. Actually, the second 1 GHz buncher constitutes the second harmonic of
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the optimal linear voltage needed for theeefive bunching. The buncher cavities do not
change the kinetic energy of the bunch, whichiisdefined by the gun voltage of 90 kV
that corresponds to velocitg =v/c=0. 52@s the direct acceleration of suchnan-

relativistic beam in3 = fihase velocity, the main S-Band structure leads to a large energy
spread of about 5%. One 3 GHz traveling wave (TW) structure is used facqekeration

and bunching purpose before beam enters into the main linac structure. The 3 GHz TW
section is located at the distance of 10 cm after 1 lakidzher cavity. This is ar2/3 mode
structure with a phase velocity of @&nd a length of 8 cm (4 cells). The input RF power

is 3 MW and the gradient 4 MV/m. Fig. 4.4.7 shows the beam longitudinal distribution
after the 1 GHz buncher cavity and at the 3 GHz TW structure entrance.
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Fig. 4.4.7 Longitudinal distribution after 1 GHz buncher cavity (top) and at the 3
GHz TW structure entrance (bottom).

The bunching system provides the capture of more than 90% particles by the main 3 GHz
linac section with the 17 MeV/m. The final stable longitudinal particle distribution in main
linac accelerating section is shown in Mg.8 (top), which contains more than 90% of
particles in about 18° of 3 GHz structure. Fig. 4.4.8 (bottom) gives the number of the
transmitted particles along thminching ection. From the initial 5600 tracked patrticles,
only 220 particles have been lost during the whole bunching anacpeteratin, which is

about 4% of the beam loss. The beam radizad rms transverse emittances along the pre-
injector are given in Fig. 4.4.9.
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Fig. 4.4.8 The stable longitudinal beam distribution in main ecelerating section(top)
and beam transmission versus beam position (bottom).
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Fig. 4.4.9 The beam normalized transverse rms emittances versus beam position.
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4.4.3 The 100 MeV Linac

The output current for 500 ns longeetron pulse is given by the demand to fill the
CANDLE storage ring within one minute to a mean current of 350 mA. Taking into
account the booster synchrotron repetitiate rof 2 Hz and the revolution time of 720 ns in
CANDLE storage ring one gets:

| = 350mALT20nsec
60sed2sec' BOMsec

Considering some losses in the wholedtjon chain, a linac outputirent of 15 mA will

be more than sufficient. With one standard 6 m langelerating seatn, developed for
SBLC Test Facility at DESY, the 100 MeV energyaached by beam loaded accelerating
gradient of about 17 MV/m. The structure is the constant gradient type. Theeparsof
the linac accelerating section are presented in Zabl8.

Table 4.4.3 Parameters of the SBLCa&elerating section.

= 4.2mA. (4.4.2)

Acc. Section Parameters SBLC
Section length, L (m) 6
Attenuation,r ( neper ) 0.55
Group velocity variation, % of c 4.1-1.3
Filling time, Tt (nsec) 790
Shunt impedance variation, R ((Wm) 45-61
Number of cells 180

The unloaded energy gain Wf a constant gradient semti ignoring the weak variation of
shunt impedance R along the structure, is given by:

V,> =RLR(1-€7), (4.4.3)

where R is the input power to the structure, is the attenuation parameter, R is the
average shunt impedance per unit length, L is the structure length.

The voltage Y, induced by the beam current efin the structure, results in the energy
loss by beam and is given by:

V, =I,RLJ05-e*(1-e?)"]. (4.4.4)

The net voltage gain in a beam-loaded structure is thew, cosf -V, , wheref is the

phase of the current bunches with exdpto the crest of the generappoduced wave.
Table 4.4.4 represents the RF power requirements for the linac.

Table 4.4.4 RF Power requements.

Parameters SBLC Structure
Average shunt impedance,RM Q) 53
Beam loading voltage, MMV) 1.9
Voltage gain in structure (MV) 100
Acceleration Gradient , U (MV/m) 17
Input power, B ( MW) 48
Power dissipated in the structure, (MW) 31
Power to beamgBMW) 5
Power at the output of the structuie(MW) 12
Efficiency R/Po (%) 10.4
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The accelerating section will be powered1B80 MW S-band klystron developed for the
SBLC project in collaoration of SLAC, TU-Darmstadt and DESY. The tube is complete,
and has been tested at DESY test facility. The klysteachedl50 MW at 3usec pulse
duration with repetition rate of 50 Ht50 MW S-band klystron paraters are given in

Table 4.4.5. Fig. 4.4.10 presents the longitudinal and transverse particle distributions at the
exit of 100 MeV ingctor linac.

Table 4.4.5 Klystron parameter

SBLC (Tube 2)
Power Out 150 MW
Pulse duration Jusec
Repetition rate 60 Hz
Average power 27 kW
Beam Voltage 508 kV
Beam current 652 A
Efficiency 45%
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Fig. 4.4.10 Longitudinal and transverse paitle distributions at the linac exit.

More than 90% of beam is transtad tirough the linac and captured in 15° of the 3 GHz
RF structure (Fig. 4.4.10, left). The number of tratt&diparticles along the whole linear
injector complex is given in Fig. 4.4.11. The transverse normalizeifaeoe evaluation
along the whole linac (top) and the phase plane distributioasaaflerated beafbottom)

are given in Fig. 4.4.12.
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Fig. 4.4.11 Particles transmission along the whole linac.
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4.4.4 Beam Diagnostics and Control

Beam diagnostics and control is one of the necessary systems to have good beam quality
and beam parameters, which wibrcespond to the demand on theotfon beam in the

main linac. Beam diagnostic system in linac structure consists of BPMs (Beam Position
Monitors (BPM), Faraday Cups (FC) and Optical Transition Radiation (O€R)ctbrs

(Fig. 4.4.13).

The first FC is located just after the gun equipment. The location of the first FC will allow
the beam current measurements at the gun exit, and to study the gun performance during
the machine commissioning. The locations of BPMs are dictated by the need of
information about beam position in the areas where the beam passes through one structure
to another. With the control of the beam position along the linac, the beam trajectory will
be corrected to meet design paedens of the beam amaling to linac specifiations.
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Fig. 4.4.13 Schematic layout of diagnostelements forl00MeV main linac.

Two OTR detectors will be used to determine the beam transverse shape and energy spread
before and after the main linear acceleratictisn. The dta acquired by the first OTR
detector will be used to tung the bunchingeston. The second OTRetctor will

perform the beam size measurements and in combination with the quadrupole doublet
current variation will allow transverse d@tance measurements. The OTR detector consists

of a thin Al-foil that is almost transparent for electron beam.

The special software programs implemented into the control system will do the
computation of transfer matrixes and the beamsize pictures analysis from the OTR
monitors for the feedback system. The quantity and the names of the overall diagnostic
devices used in linac are given in Table 4.4.6.

Table 4.4.6 The quantity of diagnostic dege for linear injector.

Device name Quantity
FC 2
OTR monitors 2
BPM 3

FS 20r3

The use of FS (Fluorescent Screens) mentioned in imblery optional. Their location
will be defined during the design or prototype tests. The FS provides information about the
beam image and can be useful for low beam current operation mode.
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