	PS/RF/Note 96-27


	25 October 1996














PROPOSAL FOR A 2 GEV LINAC INJECTOR


FOR THE CERN PS








R. Garoby, M. Vretenar














1.	INTRODUCTION


The foreseen availability of the rf system of LEP-2 after the year 2000 has already ex�cited the imagination of physicists and machine physicists [1-4]. Triggered by the idea recently advocated to build a high intensity/high energy proton Linac for supplying beam to an Energy Amplifier [2], we propose to consider the possibility to replace the cascade of Linac 2 + PSB by a pulsed 2 GeV H- Linac:


The approved CERN physics programme will immediately benefit from a much brighter beam in the PS at low energy, and consequently also at extraction to SPS. That will give margin for the generation of the beams required by LHC and improve the characteristics of all high intensity beams.


The exploitation of the complex of injectors will be eased by the reduced beam losses, re�sulting in reduced radiation doses for the personnel, and by the modernisation of the PS injectors.


More users could be supplied with particles at the cost of increasing the duty factor of the Linac. Taking that requirement in consideration at the design stage would permit operation of a neutron spallation source, test of the energy amplifier etc.


The present note is meant to demonstrate that a number of solutions exist for an eco�nomical realisation of such an accelerator, although numerous investigations are still required to analyse the feasibility of the various possibilities and to provide for an optimum design.








2.	OPPORTUNITIES AND CONSTRAINTS


2.1	LEP RF Hardware


The main characteristics of the hardware used in the final version of LEP-2 [3] are listed in Table 1.





�
Table 1: LEP-2 (phase IV) RF hardware





Frequency�
352.20904 MHz�
�
Number of four-cavity modules�
68�
�
Maximum voltage per module


(b = 1 at 6 MV/m)�
40 MV�
�
R/Q (at b = 1)�
232 W�
�
Qext�
2 106�
�
Power rating of the rf coupler�
120 kW�
�
Total installed rf power�
44 MW�
�
Total installed cryogenic power at 4.5 K�
4 ( 12 kW�
�



When LEP-2 is decommissioned after the year 2000 that hardware will be available, with the major exception of the cryoplants which will be reused for LHC.


2.2	Tentative Requirements for the PS Injector


Table 2 summarises the tentative specifications for the Linac beam entering the PS.





Table 2: Tentative specifications for the PS injector





1�
Beam type�
H-�
�
2�
Kinetic energy�
2 GeV�
�
3�
Mean beam current during pulse�
10 mA�
�
4�
Beam pulse length / repetition period�
500 ms / 1.2 s�
�
5�
Transverse emittance (r.m.s. normalised)�
0.8 mm.mrad�
�
6�
DT�
3 MeV�
�
7�
Time structure (chopping)


(details in Annex 3)�
At Trev (PS rev. period)


& at TRF (PS RF period)�
�



Comments: 


An H- beam is needed to minimise the injection losses into the PS and the transverse emittance of the accumulated beam, as well as for an efficient use of the Linac RF power. Performance data of H- sources are discussed in Annex 1.


The injection energy has to be maximised to improve transverse beam stability in the PS. Analysis is given in Annex 2. The upper limit is defined by the total accelerating field in the LEP-2 cavities.


The mean beam current during the pulse has to be within the capability of proven H- sources (Annex 1) and comfortably achievable with the available rf power. One first guess is 10 mA, corresponding to a peak beam power of 20 MW.


Pulsed operation of the Linac is sufficient to supply the PS. It is important to reduce the electrical power consumption due the heat generated at 4.5 K and therefore the size of the cryoplants.


Transverse emittance is requested to be smaller than for the 50 MeV proton beam usually injected into the PSB (Annex 1). Since H- charge exchange is used, the circulating beam after the multi-turn injection process is expected to be 2/3 the emittance of the present proton beam (~2 mm.mrad for the ultimate beam for LHC as explained in Annex 2).


The total energy spread is defined for capture in the PS buckets (Annex 3).


Chopping at the PS rf frequency is necessary for a high longitudinal capture efficiency. Chopping at the revolution frequency is interesting for improving the generation of the LHC type of beam. Chopping needs are described in Annex 3.


2.3	Optimising the Use of the LEP-2 RF Hardware


The LEP superconducting cavities can be used in the high energy part of the H- Linac (T > 500 MeV). At lower energy the transit time factor is too small and other solutions are required. Details are given in Annex 4.


Pulsed operation is delicate for superconducting cavities, because the resonant frequency decreases in inverse proportion with the square of the E field. Designers of the TESLA facility are confronted with that problem for which a solution has been proposed, based on an ad’hoc organisation of the low level rf control loops [5]. Experimentation is being done on the TTF and preliminary results are encouraging.


Pulsing the 1 MW CW klystrons is essential to reduce the electrical power consumption. The LEP system has the capability to modulate the electron current in the tube, with a modulator driving the modulation anode [6, 7]. These devices have to be modified for the pulsed Linac operation. These modifications and the performance of the klystron in such conditions must be subject to experimentation. 








3. 	BASIC SCHEMES


3.1	General Considerations


As a first approach, aimed at minimising the cost of the machine, the 2 proposed schemes are based on re-using:


Linac-2


the superconducting LEP-2 cavities or the LEP-1 copper cavities after due modification for the energy range 300 ~ 500 MeV,


the superconducting LEP-2 cavities without modification above ~ 500 MeV


the LEP klystrons and their auxiliary equipment (power supplies etc.)


the frequency of 352.2 MHz for the accelerating structures to be built.


3.2	The Schemes


The main parameters of both schemes are listed in Tables 3 and 4. The various sections of these accelerators are commented in section 3.3. The elements that have to be built are in italic. The overall length takes roughly into account the focusing elements. The layout or the preferred solution (Scheme 1) is sketched in Figure 1.


�



Table 3: Scheme 1, using modified LEP-2 superconducting cavities





�



�
Description�
Win


(MeV)�
Wout


(MeV)�
Freq.


(MHz)�
Acc. Gr.


(MeV/m)�
# of cav.�
Structure


length(m)�
ZT2


(M(/m)�
# of 


klystr.�
Length


  (m)�
�
1�
RFQ�
0.09�
0.75�
50.31�
-�
1�
(5�
-�
-�
5�
�
2�
LINAC-2�
0.75�
50�
201.26�
1.5�
3�
34�
29�
-�
40�
�
3�
DTL�
50�
150�
352.2�
2�
8�
50�
35�
8�
55�
�
4�
CCL�
150�
300�
352.2�
2�
48�
75�
30�
14�
85�
�
5�
LEP-2 3p/4�
300�
600�
352.2�
1.58�
60�
190�
-�
3�
220�
�
6�
LEP-2  �
600�
2000�
352.2�
2.05�
220�
680�
-�
14�
750�
�
�
Totals�
�
�
�
�
�
1034�
�
39�
1155�
�









Table 4: Scheme 2, using modified LEP-1 room temperature cavities





�
Description�
Win


(MeV)�
Wout


(MeV)�
Freq.


(MHz)�
Acc. Gr.


(MeV/m)�
# of cav.�
Structure


length(m)�
ZT2


(M(/m)�
# of 


klystr.�
Length


   (m)�
�
1�
RFQ�
0.09�
0.75�
50.31�
-�
1�
(5�
-�
-�
5�
�
2�
LINAC 2�
0.75�
50�
201.26�
1.5�
3�
34�
29�
-�
40�
�
3�
DTL�
50�
150�
352.2�
2�
8�
50�
35�
8�
55�
�
4�
CCL�
150�
300�
352.2�
2�
48�
75�
30�
14�
85�
�
5�
HOM/LEP-1�
300�
500�
352.2�
0.75�
100�
270�
14�
16�
300�
�
6�
SC/LEP-2 �
500�
2000�
352.2�
1.85�
260�
810�
-�
15�
900�
�
�
Totals�
�
�
�
�
�
1244�
�
53�
1385�
�
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Figure 1 : Preferred Linac scheme








3.3	Discussion


Low energy section (<= 50 MeV)


Linac-2 can be used as injector for the new accelerator. The method� uses the fact that 4/7 of the LEP frequency is 201.26 MHz, only 1.3 MHz below the present Linac-2 frequency of 202.56 MHz. The set-up is the following:


A low intensity RFQ at 50.31 MHz injects the 750 keV beam into the first Alvarez tank tuned at 201.26 MHz, filling one bucket out of four. If the phase spread at the exit of this RFQ could not be made low enough to allow this frequency jump, a second RFQ at 201.26 MHz can be added in between (the technology of coupling together RFQ’s at different frequencies is well established).


At the exit of Linac-2, the 50 MeV beam is transferred to a Drift Tube Linac operating at 352.2 MHz, filling one bucket out of seven. Considering an average source current of 10 mA, the peak bunch current is 40 mA in Linac-2, considerably less than the present maximum current of 180 mA, easing the space charge problems. Above 50 MeV, the peak bunch current would be 70 mA, still a value for which space charge is not a concern.


Low to Medium energy section (50 - 300 MeV)


LEP-1 and LEP-2 cavities cannot be considered for use below 300 MeV, because of their transit time factor which drops rapidly at low particle velocity (see Annex 4). The rf structures for that part of the Linac must then be completely new. Among the many possible solutions and based on the work done by other study groups [8-10], the following options have been considered:


a Drift Tube Linac at 352 MHz for the range 50-150 MeV,


a Coupled Cavity Linac for the range 150 - 300 MeV. 


Medium to High energy section (300 ~ 500 MeV)


Two solutions are envisaged, based on modified superconducting or room temperature LEP cavities used in other modes than p (detailed development is given in Annex 4):


The LEP-2 superconducting cavities operating in the 3(/4 mode would be an excellent candidate for acceleration at beta between 0.65 and 0.85 (300 to 800 MeV), offering in this range up to 50% of the efficiency for ( = 1. The problem still to be solved is that the frequency of this mode, on average only about 900 kHz below the ( mode, is scattered inside a region of (100 kHz from one cavity to the other, beyond the tuning range that is only 50 kHz.


In the LEP-1 cavities, the 4(/5 mode (now at 352.68 MHz) or the 3(/5 mode (at 353.91 MHz) could be brought down to 352.2 MHz. It should be also possible to detune asymmetrically the different cells, in order to obtain a mixture of longitudinal modes that maximises the acceleration efficiency for a given beta. Consequently an average relative efficiency (w.r.t. b=1) of 0.6 would result in the range (=0.65 to 0.75 (300 and 500 MeV) and the effective shunt impedance would be of the order of 14 M(/m. This value is only about 50 % of the shunt impedance that can be achieved in a specially designed Linac at 352 MHz, but with the advantage of a larger aperture (radius 5cm, against 1.75-2.5 for LANL) and therefore less magnetic elements.


	A high energy Linac based on LEP-1 cavities at higher longitudinal modes could cover the range 300 - 500 MeV with 100 cavities with an energy gain of 2 MeV/cavity and an average shunt impedance of 38 M(/cavity. For a beam phase angle of -30°, the power for each cavity is:


� EMBED Equation.2  ���


and the overall structure power for this section is 100x140kW = 14 MW. For a beam current of 10 mA, the beam power is 2 MW, bringing to 16 the overall number of klystrons.





High energy section (>500 MeV)


Unmodified LEP-2 cavities are efficient for H- ions above 500 MeV (see Annex 4). That rf part of the Linac is the most straightforward to build with the existing hardware.





Beam dynamics


The large aperture of the high energy (>200 MeV) part of this Linac allows for a long focusing period. In particular, the feasibility of a layout with a quadrupole doublet each 4-cavity cryomodule of the LEP-2 type (l(12m) has been demonstrated by Pagani et al. [4]. In the section based on LEP-1 cavities, the doublet can be placed each two cavities at low energy (l ( 6m) and each three cavities (l ( 9m) at intermediate energy. Alternatively, a layout with a quadrupole between each cavity can be considered.


In the computations leading to Tables 3 and 4, a synchronous phase angle of -25° has been used for the DTL and CCL sections, and -30° for the superconducting sections.


3.4	Comparison of the Schemes


Scheme 1 makes the most complete use of the superconducting hardware. It has the shortest length, it can be build with the smallest number of klystrons (37 instead of 51 for scheme 1) and it has obviously the lowest power consumption. It demonstrates the economical interest of superconducting rf hardware for Linac application. 


Scheme 2 was an attempt to illustrate the possibilities of re-using the LEP-1 room temperature cavities. The poor performance achieved clearly indicates that, if it is not possible to modify and exploit the LEP-2 cavities on the 3p/4 mode, it is certainly better to design new superconducting cavities optimised for low particle velocities.


Both machines can fit into the Meyrin site of CERN and a large fraction can probably be housed in existing tunnels.


If, after deeper investigations, none of these solutions performs well enough, a tailor-made 352 MHz injector replacing Linac-2 could be considered (and designed for a high duty factor), as well as a new 300-500 MeV section.


4.	POSSIBLE EXTENSIONS


A large fraction of the Linac has the capability to operate at much larger duty factor than required for the PS (<10-3 !). Such an increase would be of interest for applications like neutron spallation source, test of the energy amplifier etc. A mean beam power of 1 MW is typically required for such uses [9, 10], and it can be achieved by increasing the duty factor to 5% (1 ms beam pulse at 50 Hz repetition rate).


Obviously that option has to be considered at construction time, because it deeply influences the infrastructure for items like:


the low energy section (to be designed for 5 % duty factor)


the mean power consumption (connection to the power grid),


the cooling power at 4.5 K,


the need for a high radiation target area


the provision for a pulse compression ring (modification of the PSB?)


The exploitation of the machine would also be more costly and delicate because of the higher power consumption and of the increased level of radiation.


But it seems quite obvious that the incremental construction and exploitation costs would be much smaller than for a new and dedicated facility built elsewhere.


5. 	CONCLUSION


A large amount of parameters have only been coarsely estimated, and numerous subjects need deep investigation. Especially important and unsettled are the issues concerning:


the performance in pulsed mode of the LEP-2 cavities,


the capability to modulate the anode current of the existing klystrons and their characteristics in these conditions ,


the design of an H- injection scheme in the PS at 2 GeV,


the design of the low energy part of the Linac, including H- source, RFQ, chopper…


the study of the optimum rf structures for acceleration up to 500 MeV, including the possibility to use the LEP-2 cavities in mode 3p/4,


the overall layout on the Meyrin CERN site,


the cost analysis.


Based on CERN experience and on the reports published by various study groups investigating the feasibility of such Linacs we are convinced that these problems are manageable and that such a machine can be designed and built at CERN. 


Beam quality and exploitation of the PS complex would immediately be improved. But it could also be of interest for a new community of physicists, providing the kind of beam power aimed at by the new generation of neutron spallation sources or by the designers of the Energy Amplifier, for a small fraction of the capital and exploitation costs.
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ANNEX 1





H- SOURCES AND LINAC BEAM EMITTANCE

















The characteristics of the beam delivered by an H- high energy LINAC have been studied in detail for all the Spallation Neutron Source designs. The table below summarises some of the parameters for the Argonne, LANL and European Spallation Source proposals.








Table: H-LINAC projects for spallation neutron sources 





�
LINAC


Energy


(MeV)�
Source


Current


(mA)�
Pulse


length


(ms)�
Rep.


rate


(Hz)�
Source


emittance*


((m)�
LINAC


emittance*


((m)�
�
ARGONNE�
400�
33�
0.5�
30�
-�
1�
�
LANL�
800�
40�
1.2�
20/40�
0.2�
0.22�
�
ESS�
1334�
70�
1.2�
50�
0.1�
0.6�
�
	*  1 s, normalised





A state-of-the-art H- source can easily deliver 10 mA of current at 1 Hz, 1ms with an emittance of 0.2 (m [11]. Blow-up through different types of LINAC structures, normal conducting and superconducting, has been analysed in detail for all these proposals, and does not appear to be a critical issue (the factor 6 of the ESS is actually a design safety margin, and does not come from simulations). CERN experience with the present LINAC-2 (protons, up to 180 mA current) shows an emittance growth of a factor 3 in the transverse plane, from nearly 0.4 (m at source to 0.6 (m out of the RFQ and 1.2 (m at the PSB entrance. Assuming a new 10 mA H- source with an emittance of 0.2 (m, as proven for example at LANL, and applying the same blow-up as now, 0.6 (m would be attained at the entrance of the high energy. All RT and SC designs for high energy LINACs foresee no more than 10% emittance blow-up in the high energy part. In conclusion, even taking into account misalignments and mismatch between the different LINAC sections, the emittance at 2 GeV should in any case stay below 0.8 (m.
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ANNEX 2





TRANSVERSE SPACE-CHARGE TUNE SPREAD AT INJECTION IN THE PS

















The space charge induced tune spread at injection energy is the limiting factor for the beam brightness (N/e*) that can be achieved in the PS [12]. Assuming a round beam in a given machine, it scales like:





� EMBED Equation.2  ���





where	N is the number of circulating protons


	e* is the normalised r.m.s. emittance


	Bf is the bunching factor (mean/peak line density)


	b and g are the usual relativistic parameters


Consequently, DQ can be kept constant with a higher brightness if bg2 is scaled like N/e*.


The situation at injection in the proposed scheme (Tinj = 2 GeV) is then improved by a factor 1.6 with respect to the normal scheme (Tinj = 1.4 GeV). For the same number of protons, both transverse emittances can then be expected to decrease from 3 mm.mrad [12] down to 1.9 mm.mrad. 


Moreover one can certainly hope that less conservative estimates could be used for DQ because the beam will stay for a much shorter time on the injection flat porch. That would result in an even larger increase of the achievable beam brightness. 
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ANNEX 3





LONGITUDINAL CAPTURE AT INJECTION IN THE PS

















INTRODUCTION


Chopping the beam from the LINAC at the PS rf frequency is necessary to reduce the longitudinal capture losses. Suppressing one beam pulse per PS turn permits a quite elegant solution for achieving the longitudinal characteristics of the LHC beam in the PS, with minimum longitudinal blow-up and with no losses and/or badly kicked bunch at extraction.








PRINCIPLE


Figure 1 below illustrates the proposed evolution of the longitudinal density of particle at 26 GeV in the PS. 20 bunches held in h=21 buckets are “split” twice. Once by going adiabatically to h=42 (-> 40 bunches in 42 buckets) and a second time by going adiabatically to h=84 (-> 80 bunches in 84 buckets). The 4 empty buckets give an adequate “hole” for the rise-time of the ejection kicker.











� EMBED MgxDesigner  ���








Figure 1: Evolution of beam longitudinal density at 26 GeV





Bunch splitting has been amply demonstrated as a viable technique to modify the number of bunches [13], with the remarkable capability to preserve the total longitudinal beam emittance. 


�
Chopping the beam injected at 2 GeV into the PS can easily provide for the empty bucket on harmonic 21. The proposed time structure of the injected beam is illustrated in Figure 2.








� EMBED MgxDesigner  ���








Figure 2: Time structure of the LINAC beam at injection into the PS











ESTIMATION OF THE PARAMETERS OF THE LINAC BEAM


Beam pulse length is chosen as 2/3 of the bucket length, to keep the same bunching factor than in the standard LHC scenario [12]. The rf voltage is then selected as 1/5 of the maximum (200 kV/5 = 40 kV) such that the emittance of the 70 ns long bunch after filamentation (el ~ 0.6 eVs) is  smaller than the minimum acceptance during acceleration (Al min ~ 0.8 eVs).





Bucket half-height is then � EMBED Equation.2  ��� and the LINAC energy spread that can be accommodated corresponds to a total momentum dispersion of 10-3 or a total energy dispersion of the order of 3 MeV.
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ANNEX 4





ACCELERATION OF LOW BETA PARTICLES


IN A PERIODIC STRUCTURE OPTIMISED FOR BETA=1











A general formula for the acceleration efficiency as function of ( in a chain of N coupled cells resonating in the mode q (q=1,2,..N), relative to the efficiency of the same structure for (=1, has been derived in [14]:





� EMBED Equation.2  ���           





with n the cell index, (  the phase of the particle at the input of the chain, and T(() the transit time factor of the single cell gap. With respect to the case (=1, the accelerating gradient for a given power scales as (, and the shunt impedance as (2.








APPLICATION TO THE SUPERCONDUCTING LEP-2 CAVITIES


The above formula applied to the 4-cell LEP-2 SC cavities (N=4, q=1,2,3,4 and T(() calculated assuming a sinus-like electric field distribution on axis), gives the curves of Fig.1 for the acceleration efficiencies of the first 3 modes ((=0).





�





Figure 1:	Theoretical acceleration efficiency of LEP-2 cavities for the modes 2p/4, 3p/4 and p 





For each mode there is an optimum beta, giving the highest acceleration efficiency, corresponding to multiples of ((/2 between the cells where the field is higher. Efficiencies at optimum go down at low (’s, mainly for the effect of the single cell T((). By changing the input phase ( it is possible to further increase the beta range of efficient acceleration on higher modes.


A more precise calculation of the acceleration efficiency of the 3(/4 and ( modes can be done by taking the real electric field distribution on axis calculated by SUPERFISH, to obtain the curves of Fig.2.








�





Figure 2: Acceleration efficiency (SUPERFISH) of LEP-2 cavities for the modes 3p/4 and p 





The agreement with the formula (1) is good, the difference being mainly due to the sinus field approximation. 












































APPLICATION TO THE ROOM TEMPERATURE LEP-1 CAVITIES


In the case of 5-cell LEP-1 cavities, N=5, q=1,2,3,4,5. The formula above gives the efficiency curves of Fig. 3 for the first 4 modes (n=5,4,3,2), using the T(() calculated with SUPERFISH for the single cell.
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Figure 3: Acceleration efficiency of LEP-1 RT cavities for the modes 2p/5, 3p/5, 4p/5 and p 





For the LEP-1 cavities, it is possible to decrease the frequency of the 4(/5 mode (at 352.68 MHz) or of the 3(/5 mode (at 353.91 MHz) to 352.2 MHz. In this case, and changing again the input phase in order to stay always around the maxima of Fig.2, it should be possible to obtain an average acceleration efficiency (=0.6 for beta between 0.65 and 0.75. Taking 40 M(/m for the (linac) effective shunt impedance of the LEP-1 cavities [15], the average shunt impedance for this section would be about 14 M(/m. At beta below 0.65 (300 MeV) a LINAC based on higher mode LEP-1 cavities becomes very inefficient ((<0.5), mainly due to the drop in the single cell transit time factor T(().





� 	The Linac-2 frequency can be changed relatively easily to 201.26 MHz, by modifying only the tank end covers (about 9 cm should be added for example to each cover of Tank 2 and 3, and half this value for Tank 1). The drift tube structure is synchronised with the 202.56 MHz wave, but a change of 0.65% in wavelength means only 2.3( of phase error at each gap, which is the amplitude of the small synchrotron oscillations that would be induced by this detuning. This value is even smaller than the accuracy of the present tank phase adjustments of 2.8(. The RF amplifiers have enough bandwidth to allow operation at 201.26 MHz at the same power levels.
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