PROTON LINAC

Introduction  

The proton synchrotron needs about 20 mA beam current from its injector linac for proton beam power of 100 kW at its output at 1 GeV. For charge exchange injection into the synchrotron, H- ions will be accelerated instead of protons in the linac. Table–I lists brief parameters of the ISNS RC synchrotron. Table–II gives the required parameters of the injector linac. A considerable fraction of the injected beam will be lost during injection process due to finite rise time of the injection kicker magnets. Also during the acceleration process, part of the injected beam is lost due to limited height of the RF bucket at both of its ends. This fraction of the 100 MeV H- beam will deposit considerable heat where the beam hits the vacuum chamber and can cause radio-activation of the vacuum chamber and its components. In order to reduce this beam loss during injection and acceleration, the beam will be chopped at synchrotron frequency preferably at lower energy and will be injected directly into the RF buckets. The required chopping will be realized partly before injection in to the RFQ and partly after RFQ in MEBT.

Table-I : Brief parameters of the ISNS Synchrotron

	1. 
	Injection energy
	100
	MeV

	2. 
	Extraction energy
	1.0
	GeV

	3. 
	Repetition rate
	25
	Hz

	4. 
	Beam power
	100
	KW

	5. 
	Average current
	100 
	( A

	6. 
	Average beam power
	100 
	KW

	7. 
	Repetition rate
	25 
	Hz

	8. 
	Number of protons in ring
	~2.4 ( 1013  (1.2( 1013  p+/ bunch)
	

	9. 
	Harmonic No.
	2 
	

	10. 
	Circumference
	212.4 
	M

	11. 
	Revolution Time @100 MeV

                            @1 GeV
	1.65 

0.81 
	(s

(s

	12. 
	(RF
	1.21 – 2.47
	MHz

	13. 
	((RF 
	1.26 
	MHz


Table-II Required parameters of the injector linac

	1. 
	Output energy
	100
	MeV

	2. 
	Particles
	H–
	

	3. 
	Pulse current
	20
	mA

	4. 
	Pulse length
	500
	(s

	5. 
	Repetition rate
	25
	Hz


The beam loss control is considered to be the main issue while the linac configuration and the operating parameters are optimized. To have maximum injection efficiency in the synchrotron, the beam at the output of the linac should have smaller emittance and smaller energy spread. A special care is therefore  required to be taken especially during the design of the low energy part of the linac or the linac front end. A mismatch between the beam and the focusing channel may lead to production of beam halo, which is considered to be the main cause of particle loss at higher energies. Therefore the linac front end must deliver a high quality beam for low beam losses at higher energies where the effects of beam losses are more dangerous.

At present the injection energy of the synchrotron is decided to be 100 MeV. The space charge forces which are dominant at lower energies put a limit on the current that can be accumulated in the synchrotron at lower injection energies such as 100 MeV in the present case. More current can be accumulated if the injection energy is increased (may be to about 200 MeV). With the anticipated increased demand on the power of the spallation neutrons in future, the linac along with its injector part is designed for 50 mA instead of required 25 mA. Two RFQ designs have been worked out, one at 25 mA and another at 50 mA. The following drift tube linac is designed for 50 mA. The 25 mA design of the RFQ will be built first which will serve as common injector for both the linacs (for the present injector linac and for the high duty factor SC linac). In the first phase where the synchrotron injection energy is 100 MeV, the linac will be injected by 25 mA RFQ and will accelerate this current. In the event of increased demand on the power from SNS, the 25 mA RFQ can be replaced by 50 mA RFQ which may be easier to build after we build the first 25 mA RFQ. Therefore both, 25 mA and 50 mA designs of RFQ and 50 mA design of the following Drift Tube Linac (DTL) is presented here.  Transmission of the 50 mA and 25 mA beam from RFQ through the DTL is presented. 
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Figure 1. General schematics of the 100 MeV linac

Figure 1 shows the general schematics of the 100 MeV linac. This consists of an ion source at 50 keV followed by LEBT, a 4.5 MeV RFQ followed by MEBT and 100 MeV DTL. The major part of the required beam chopping will be achieved in LEBT and a small part of it can be done in MEBT if required. 

RF driven multicusp H- Ion Source 

The RF driven multicusp produced/Transformer Coupled Plasma (TCP) plasma will be produced by RF induction discharge. The plasma will be contained in a cylindrical chamber surrounded with permanent dipole magnets that form cusps and fields to confine the electrons of different energies. The rear/outer region of the chamber contained the filament/RF antenna. The RF power fed to antenna to create fast electrons of sufficient energy (E>5eV and maximum 100-200eV) to excite hydrogen molecules to high vibrational states (v”>6) and are enhanced relative to attachment to ground state molecules. The increasing in population of high vibrational states hydrogen molecules [H2 (v”> 6)] undergoes into dissociative attachment of low energy electrons and will give rise to a significant production of H- ions in the plasma. The design specifications of the RF driven multicusp H- source are presented in Table III.

Table III :  Ion Source Specifications

	System parameters
	Design parameters

	Beam energy
	65keV H- Pulsed

	Beam current (H-)
	50mA

	Frequency
	13.56MHz

	RF power
	>30kW

	Magnetic field (at wall)
	2500gauss

	Operating pressure
	( 10mtorr

	Pulse width (PW)
	500(sec.

	Pulse repetition rate
(PRF)
	25Hz

	Emittance (RMS Normalized)
	0.14( mm-mrad



Low Energy Beam Transport (LEBT)

This is a phase space matching section between ion source and the 4.5 MeV RFQ with additional provision of beam chopping as discussed above. LEBT will consists of solenoids, electrostatic deflectors, slits, steerers and drift spaces. The 25 mA beam from ion source is matched to the input of RFQ. The LEBT design will have provision for diagnostic elements, vacuum pumping etc. The design of the LEBT is crucial because the damage caused to the beam quality in this region would result in its further deterioration in the following part of the linac. Since it involves particle deflection in transverse direction to sweep across a slit, this will introduce a transverse component to the particle velocities which might result in emittance blow up and subsequent particle loss in the high energy part of the linac. Therefore the LEBT design will involve a systematic optimization of the parameters of the chopping and matching elements. The computer codes TRACE3D and IGUN will be used for this purpose. Figure 2 depicts the chopping scheme to be realized in the LEBT. Almost 34% of the 25 mA beam from the ion source will be chopped off and 66% will be transmitted through the linac chain for injection into the synchrotron buckets.







Figure 2 :  Chopping scheme for injection into synchrotron RF buckets

Radio Frequency Quadrupole (RFQ)

Physics Design of RFQ

As explained in earlier section, we have worked out two designs of RFQ. One is 25 mA optimized for lower inter-vane voltage for high duty factor/CW operation and another for 50 mA optimized with slightly higher inter-vane voltage for pulsed application. The choice of main parameters for the RFQ is mainly governed by the duty factor of operation. The operating frequency, just like the other designs for similar facilities is selected to be 350 MHz, which is mainly governed by the availability of the high power RF power sources. The input energy from the ion source is chosen to be 50 keV. Higher output energy from RFQ is preferred from the injection point of view into the following linac structure. An energy of about 4.5 MeV seemed to be appropriate for injection into following DTL, SDTL and SC linac structures. A lower vane voltage is preferred for a high duty factor/CW accelerator for lower power dissipation per unit length of the structure, which will ease the cooling which adds to the reliability of operation. However, for pulsed operation the average power loss in the structure will be less and the choice of higher inter-vane voltage would be advantageous as the transverse focusing strength and the acceleration efficiency depend directly on it. 

Beam dynamics design

The multi-particle simulation code PARMTEQM is used for the beam dynamics design studies and optimization of the RFQ parameters. The 25 mA RFQ has been designed at relatively lower vane voltage. This reduced the power loss per unit length of the structure, which is an important consideration for a high duty factor/CW accelerator. The parameters are optimized to have transmission efficiencies better than 96% with 10,000 particles when simulated with PARMTEQM. 
Experience at other laboratories shows that, the power loss per cm in the structure should be kept much below 1 kW including the difference in the theoretical and measured quality factors and also for some safety margin. Based on these considerations and results of our thermal analysis studies, an inter-vane voltage of 65 kV is decided. Choice of lower inter-vane voltage reduces the transverse focusing strength B. This is compensated by optimizing other parameters of RFQ. Beam transmission through RFQ is shown in Fig. 3 (a) for 25 mA design. PARMTEQM simulations with 10,000 and 100,000 particles show transmission efficiencies of 96.7% and 96.3% respectively. Figure 3 (b) shows the energy and phase spectra at the output end of the 25 mA RFQ along with the distribution in x-y and three phase planes. Fig. 3 (c) shows the electric field lines for the quadrupole mode in one quadrant of the RFQ.
For the pulsed 50 mA RFQ, we chose inter-vane voltage of 85 kV as the duty factor is 0.0125 so as to keep the average power dissipation well within the cooling circuit limits. 



Fig.3 (a) Beam transmission through RFQ. The pictures from top show x vs cell no., y vs cell no., ( – (s vs cell no. and W – Ws vs cell no. respectively.  

Fig.3 (b) The Phase (top left) and energy (bottom right) spectra at the end of RFQ; Top right and bottom left: distributions in x-y and (W-((.



Table-IV lists the parameters of the both 25 mA and 50 mA designs of the RFQ.

Table-IV :  RFQ Design Parameters

	Parameters
	Design beam current
	Units

	
	25 mA
	50 mA
	

	Frequency
	350
	350
	MHz

	Energy
	4.5
	4.5
	MeV

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	Inter vane voltage 
	65
	85
	KV

	Particle
	H+/H– 
	H–
	

	
	
	
	

	Total length 
	6.52
	5.506
	M

	Modulation Parameter 
	1 – 1.915
	1 – 1.89 
	

	Average radius 
	3.30
	3.55
	Mm

	Synchronous phase 
	-90 – -30
	-90 – -30 
	( 

	Transmission efficiency 
	96.3
	97
	%

	Input emitt. (t,rms(n)
	0.20
	0.20
	((m.rad

	Output emitt. (t,rms(n)
	0.20
	0.21
	((m.rad

	Output emitt. (z,rms(n)
	0.10
	0.116
	deg.MeV

	
	
	
	

	Quality factor (Q0)
	9000 
	9500
	

	Structure power loss 
	428
	600
	KW

	Average power loss (@1.25% DF)
	5.35
	7.5
	KW

	Beam power
	111.25
	225.5
	KW

	Total RF power required
	539.25
	825.5
	KW

	Max. surface E field (Emax)
	26
	31.4
	MV/m

	Kilpatrick
	1.4
	1.7
	


RFQ Cavity Design

The RFQ cavities are designed with SUPERFISH. Being high duty accelerator, the main consideration while designing the cavity for the 25 mA RFQ was to keep the power dissipation to minimum. The geometry of the RFQ is optimized to keep the power dissipation in the cavity with 65 kV inter-vane voltages below 600 W/cm of structure length. The power densities are in the range of 6 Watts/cm2.  For the pulsed 50 mA RFQ, the power dissipation is 1.1 kW/cm. The total peak power loss in the 25 mA and 50 mA RFQs is estimated to be 428 and 600 kW and the average power loss would be 5.35 and 7.5 kW respectively. The adjacent dipole mode frequency as predicted by SUPERFISH is bout 340 MHz in both the cases. 

Development of Radio Frequency Quadrupole (RFQ) Structure

The Radio Frequency Quadrupole based accelerating structure is selected for the initial part of the high intensity, high current Proton Linear Accelerator for World’s major programs of Spallation neutron source (SNS) and Accelerator Driven Sub critical Systems (ADSS). The RFQ is required to be operated in a pulse mode with high RF duty factor for the SNS application. A preliminary physics design of a four vane type 350 MHz, 4.5 MeV RFQ has been performed by the RF design group using the computer codes like SUPERFISH & PARMILA. The RFQ is being designed to accelerate the proton/H- ion from the ECR ion source (~50 keV) to energy of 4.5 MeV. The beam dynamics of RFQ structure is highly sensitive to the dimensional stability of the structure. The beam dynamics requirement insists tighter geometric tolerances during the fabrication of RFQ structure and also higher structure stability requirement during operation.  Some of the design parameters of RFQ e.g. inter-vane voltage and the geometry of the RFQ play an important role in power loss in the RFQ structure. The Thermal stability of high RF duty factor normal conducting RFQ structure is one of the major concerns due to higher surface heat load. The assessment and control of thermally induced structural deformation is very important during operation. The thermal design and machining of the cooling channels plays a very important role in stabilizing the structure at higher RF duty factors.  The proposed RFQ will be a four integrated vane-cavity type structure. 

Design Parameters  

The preliminary design of a 350 MHz four-vane type 4.5 MeV RFQ has been worked out based on the beam dynamics and RF structure requirement. The proton / H- ion beam input to RFQ will be at 50 keV from a suitable ion source followed by a Low Energy Beam Transport (LEBT) line. To accelerate the protons to 4.5 MeV, the length of the RFQ will be about 6.52 meters. The total power loss in to the RFQ structure has been estimated to be about 428 kW (peak power loss).  Considering the pulse operation of 25 Hz, and 500 sec. Pulse width, the average power dissipation in the RFQ structure will be about 7.50 kW. The average power dissipation is obtained from the SUPERFISH with suitable multiplying factor. To maintain the RFQ structure stable during the operation, the heat generated due to power loss has to be effectively removed. The heat is dissipated in the cooling circuit and some temperature gradient is generated. Hence thermal management of the structure becomes highly important for the successful operation of the  RFQ.   

Structural configuration 

A four vane-cavity type of structure has been selected for the construction of 4.5 MeV, 350 MHz RFQ. The other options available for four-vane type RFQ structure is by assembly of four independent machined vane in a cylindrical tank to get the required geometry. The other possible configuration of RFQ like four-rod type RFQ or Split Coaxial type RFQ are more suitable for low velocity heavy ion acceleration operating at lower RF frequency usually below 200 MHz. The four rod type of RFQ Structure has been tried for acceleration of protons for low operational RF duty factor and for lower RF frequency. The limitation of four rod RFQ structural for high Duty Factor operation is due to restricted cooling ability of the structure. 

The four integrated vane-cavity type RFQ structure is a preferred choice for the high intensity RFQ due to higher thermal stability, reduced numbers of RF joints, better positional accuracy and minimum assembly time.  

RF Powering Scheme of RFQ

Theoretical estimates show that 540 KW and 825 kW RF power will be needed in case of 25 mA and 50 mA RFQ designs respectively. Considering the imperfect joints, finite surface finish,  other penetrations etc., actual power needed would be 20% more than the estimated values. Including transmission losses and losses in the splitting devices etc., provision should be made for 20% more RF power over this value. The RF power will be fed to the RFQ cavity structure at multiple points. The number of power feeds will depend on the capability of RF window and the total power need of the RFQ structure. For the 25 mA RFQ power will be fed at 4 points preferably through coaxial RF windows built in 6-1/8” transmission line size. If required the number of feed points can further be increased to 8. The WR2300 waveguide used for power transmission from klystron to the RFQ will have a coaxial transition at its end to facilitate the feeding of power through coaxial windows.

Medium Energy Beam Transport (MEBT)

It is very essential to match the beam from one accelerating structure to the next one to avoid 

the formation of beam halo and emittance blow up and subsequent beam loss. The MEBT provides necessary matching between RFQ and the following drift tube linac. The matching in three phase planes is studied by TRACE3D. The MEBT section uses four quadrupoles, two RF gaps and a combination of drift spaces for matching in transverse and longitudinal planes. The design goal was to obtain the mismatch factors below 0.01 in all the three phase planes. Fig 4 shows the MEBT design (a) phase space representation of MEBT (b) beam envelopes in transverse and longitudinal planes. 

[image: image12.wmf] 


Figure 4 : MEBT design  (a) Phase space representation of MEBT (b) beam envelopes in transverse and longitudinal planes

Drift Tube Linac for 100 MeV :

The Linac Design

Design specifications of the 100 MeV linac are given in Table-II. The SNS synchrotron needs 20 mA H– ion beam for injection. Two RFQ designs have been worked out. In order to have a provision for increased beam power from the SNS, DTL has been designed for 50 mA beam current. The possibility of using SDTL after 50 MeV will be thoroughly explored.

Choice of the accelerating Structure and its parameters

The Drift Tube Linac (DTL) is selected as the accelerating structure because it provides better beam quality and has been used almost uniformly in the pulsed linacs built so far for nuclear physics needs or as injector for high energy machines. The design frequency is 350 MHz selected mainly due to the availability of high power RF sources. The structure parameters have been optimized using the code SUPERFISH based on considerations such as providing enough space for quadrupoles in the drift tubes, maximizing the effective shunt impedance, and lesser structure sensitivity etc. Different tank and drift tube parameters are used in different parts of the linac. The whole linac is divided in 7 tanks tentatively for ease of fabrication and structure stabilization. Each of these tanks will be divided into sections of   2 – 3 meters each for convenience in machining and assembly. 

[image: image2.wmf]
Figure 5 : DT and Tank details for Tank-1 and Tank-2

[image: image3.wmf]
Figure 6 : Drift Tube face details

The drift tube faces are kept parallel to each other in tanks 1 and 2 in order to provide enough space for focusing quadrupole magnets. In tank no. 3 and onwards, the drift tubes are provided with some face angles. This improves the effective shunt impedance of the high energy tanks. The tank diameter is increased with energy. Figure 5 shows the tank and drift tube details for tank-I and tank-II. The drift tube face parameters are defined in fig. 6  and are tabulated in Table-V. The drift tube bore radius is kept constant to 1.0 cm through out the linac. Figure 7 depicts the drift tube details for tank no. 3 and onwards along with the quadrupole inside it.

[image: image4.wmf]


Figure 7 : DT and Quadrupole details for Tank-3 to Tank-7.

 Table-V Geometrical Details of Tanks Drift Tubes

	Tank No.
	Tank Rad

TR (cm)
	DT Rad

RDT (cm)
	Rni (cm)
	Rno (cm)
	Rc (cm)
	Hf (cm)
	Face angle

( (()

	1
	26.0
	7.0
	0.25
	0.0
	0.25
	5.5
	0.0

	2
	26.0
	7.0
	0.25
	0.0
	0.25
	5.5
	0.0

	3
	25.0
	7.0
	0.50
	0.5
	0.50
	0.3
	10.0

	4
	25.0
	7.0
	0.50
	0.5
	0.50
	0.3
	10.0

	5
	24.0
	6.0
	0.50
	0.5
	0.5
	0.3
	15.0

	6
	24.0
	6.0
	0.5
	0.5
	0.5
	0.3
	15.0

	7
	24.0
	6.0
	0.5
	0.5
	0.5
	0.3
	15.0


Beam Dynamics studies

Beam dynamics design studies are performed with the help of computer code PARMILA which includes space charge simulation. The power dissipation in the structure varies with the square of the accelerating gradient and the length of the accelerator for a fixed output energy varies directly with the accelerating gradient. Therefore relatively lower gradient is used to reduce the total power dissipation in the structure tolerating some extra length. In case of the pulsed linac such as the present one, we can increase the gradient at higher energies, considering limits on total power and the total length of the linac. The final choice of parameters will be made based on detailed optimizations between the various conflicting parameters. The design, which we have worked out to estimate the other sub-system requirements, is described here. The accelerating gradient is ramped form 1.8 MV/m to 2.2 MV/m from the start of first tank to the end of Tank-2. The synchronous phase is also ramped from -60( to -30( over about 110 cells. In Tank no. 3 and onwards, the accelerating gradient (E0) and synchronous phase ((s) are held constant at 2.2 MV/m and -30( respectively.The whole linac is divided in 7 tanks. This preliminary design uses one focusing quadrupole in every drift tube in FODO lattice. However, the periodicity can be increased after 50 MeV and above in high energy tanks. The zero current transverse phase advance per period ((0t) is in the range of 23( – 28(. The zero current longitudinal phase advance per period ((0l) is 22(.  

 Matching between RFQ and the DTL is studied with the help of TRACE3D. The RFQ was simulated with 10,000 particles with the input particle distribution in 4 dimensional water bag in transverse phase planes. The 4.5 MeV 50 mA beam available at the exit of RFQ is traversed through MEBT followed by the 7 DTL tanks. Figure 8 shows the beam transmission through MEBT and the DTL. Figures 8(a) and 8(b) show the beam envelopes in x and y planes as a function of cell number. Figure 8(c) shows (W as a function of cell number. Figure 9. shows the phase space plots at the exit of the linac at 100.498 MeV. The rms beam radius is in the range of 1.6 to 1.3 mm. The xmax or ymax values are within 0.5 of the drift tube aperture in the first two tanks and within 0.4 of it in the next 5 tanks. Table-VI gives the summary of design parameters of Tank-1 through Tank-7. The beam power is calculated for 50 mA. However, in the first phase, if the injection energy is about 100 MeV, then the injection current will be 25 mA and the beam power will reduce by 2.39 MW. Thus the total power requirement of the linac will be 11.58 MW with 50 mA beam loading and it will be 9.17 MW with 25 mA beam.
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Figure 8 : Transmission of 4.5 MeV, 50 mA H+ beam through MEBT and 100 MeV DTL

(a) envelope in x, (b) envelope in y and (c) (W as a function of cell number along the linac.
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Figure 9 : Phase space distributions at the end of the DTL. 

HIGH POWER RF SYSTEM FOR PULSED PROTON LINAC INJECTOR FOR ISNS

The RF system has been designed in modules of 1MW each such that total 17 modules will be developed out of which one module will be powering RFQ and 16 modules will be required to power the DTL structures upto 100 MeV energy. The RF system is designed taking into consideration 100MeV, 25mA beam of 500 microsecs duration with a repetition rate of 25Hz. 

The RF system modules  for the RFQ and DTL consists of the following:

1. High power klystrons 1MW/2MW at 350 MHz

2. Klystron pulse modulator

3. Waveguide transmission system 

4. Driver amplifiers

5. Low level electronics 

6. Safety interlocks, and  supervisory control systems

From the physics design studies it has been estimated that the RFQ operating at 350MHz will need nearly 750kW of RF power. This is with the 615 kW of the RFQ structure loss and 135 kW as the beam power. It is assumed that 1MW klystrons will be available commercially at 350 MHz and hence to feed RFQ as well as all the DTL accelerating tanks we have considered powering all by means of individual 1MW RF modules for each separately based on these klystrons.   The low power RF signal at 350 MHz will be obtained from a highly stable signal generator which will be amplified to 200 W by means of the driver amplifiers to feed to the 1MW klystron. The power from 1MW klystron will be divided in two branches of 500kW by means of Magic TEE power divider and will be fed to two ports of RFQ or DTL as applicable. Amplitude and phase control electronics is included in the driver states to control the amplitude and phase of the electric field inside the accelerating structures.

High power pulsed klystrons 
Depending upon the availability of the 1MW/2MW klystrons at 350 MHz the RF systems will be developed accordingly. The tentative specifications of the high power klystrons are given below:

High power pulsed klystron

Frequency of operation

350MHz +/- 2.5MHz

Output peak power


1MW or 2MW

Output RF pulse duration

700 microsecs

Gain




43dB

Maximum drive power

200W

Efficiency



60 %

Output waveguide


WR 2300

Focusing 
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Fig. 3 (c)  One quadrant of the RFQ cavity showing electric field lines for the quadrupole mode
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