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Abstract 

A preliminary point design for an 1l.4 GHZ power source for a 1 TeV center+f-mass Next . . 

Linear Collider (NLC) based on the ReIativistic-Klystion Two-Beam:Amlerator W-TBA). 

concept is presented. The present report is the result of a joint LBGLLNL systems study 

consisting of three major thrust areas: physics, engineering, and costing. The new RIGTBA point 

. 
. .  

I .  

design, together with our findings in each of these areas, are reported. 
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1.1.1 TBA'IssueS 

... lil Overview (S. Yu) ... 

. As a power source candidate for.linear collides, two-beam-accelerators12 (TBA) have the 
inherent advantage of very high efficiency for power conversion from drive beam to rf. In addition, 
induction-Xnac-based TBA's have favorable scalings with high frequencies (2 11.4 GHz) and high 
accelerating hdients ( 2 100 Mv/m ). Conversion of high-current electron beam powef to r f  
power has been demonstrated at the gigawatt level at 34 GHz in fkee electron laser eqeriments3, 
and at several hundred megawatt levels at 11.4 GHz in relativistic klystron experiment&. Recent 
reacceleration experiments5 have successfully demonstrated bunched beam transport through 2 
reacceleration induction cells and 3 traveling-wave extraction cavities for a total rf output of over 
200 M W .  The phase and amplitude were shown to be stable over a significant portion of the beam 
pulse. 

- - - 

The technical challenges for making TBA's into realizable power sources lie ih the 
dynamics of the drive-beam which must propagate over long distances. In particular, the beam- 
break-up instability through a long multi-cavity relativistic-klystron version (RK-TBA) is known 

* to be sevew. While BBU suppression techniques have been successfully demonstrated for a few 
cavities6~7, a scenario with acceptable BBU conmi over many traveling-wave cahies must be 
constructed. Similarly, the longitudinal stability of the rf bunches over a multi-cavity TBA must be 
demonstrated. For rfphase &d amplitude stability, the'induction machine must produce and . 
maintain a beam with constant current and energy over the duration of the pulse. In addition to 
technical feasibility, a case for economic attractiveness is no less essential for the viability of the 
TBA. Cost and overall system efficiency are essential elements of an acceptable linear collider 
power source. 

With these general considetions in mind, we propose a new version of the RK-TBA . 
which has acceptable longitudinal and transverse beam stability, as well as low cost and high 
efficiency. A system study, including physics and engineeMg designs, 
costing, has been conducted for a point design example with .the RK-TBA as a power source for a 
1 TeV center-of-mass Next Linear Collider (NLQ.8 . 
1.1.2 The Kev Ideas 

well as 'bottom-up' 

To address the critical TBA issues quantitatively is the subject matter of this report. A few 
key ideas underlie the whole design and are summarized below: 

1. 'Beta'tron node scheme' for high frequency BBU control - The most severe BBU 
instability is associated with the dipole mode (HEM11 mode) in the rf cavities. Strong suppression 
ofthis mode is achieved by introducing a 'betatron node scheme' 9*1o'in which adjacent rf 
extraction cavities are placed exactly one betatron period apart. This scheme minimizes beam 
centroid displacement which excites the dipole mode, and alters the nature of the instability from 
exponential to a slow secular growth. 

. 

2. Landau damping for low frequency BBU suppression - Quite apart from' the high 
frequency dipole mode associated with the rf ca&ies;there is a low frequency (a few GHz) dipole 
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mode assqciated with the induction reacceleration gaps. This BBU instability is ameliorated by 
Landau damping due to a large energy spread inherent in the rfbuckets of the buriched drive beam. 
Combining this feature with dipole mode suppression measures in the induction gap design, the 
calcuiated IOW frequency BBU growth is minimal. 

-. . -  3. Inductively detuned cavities for longitudinal beam stability -- To maintain tight rf 
bunches overlong distances with multiple extraction cavities, the rf output structures are .- 
inductively detuned. W e  the concept of inductive detuning is not new, the theoretical framework 
has to be developed and implemented in simulation codes for traveling wave output structures. 

. Cavity parameters required for stable beam propagation through multi structures were determined. 
. 

4. Small low-cost induction cells - The induction cells in the present design are about 1 
- foot in diameter, much smaller than most .of the known induction machines. This design was 

possible because of three key features: (a) use of Metglas for the induction cores. This is a low-cost 
magnetic material that can accommodate a large flux swing. (b) use of low-field permanent magnet 

. quadrupoles. The relatively highdrive beam energy of 10 MeV (compared to klystron beams) is a 
natural match to a strong focusing transport system with low-costfenites. An additional advantage 

- of permanent magnets is, of course, the elimination of power supplies.. (c) nmow beam pipes - the 
design pipe diameter of 5 cm is much smaller than other existing high current machines. This is 
possible because of the relatively low current (by induction machine standards) of 600 amps, and .. 
the low frequency BBU suppression features described earlier. Large beam pipes in usual 
induction machines are dictated by BBU considerations. 

' 

5. Low-voltage pulse power system for efficiency and cost - The iriduction cell design 
matches naturally a 20 kV system with pulse formirig networks triggered by ceramic thyratrons 
and powered by DC power supplies and command resonant charging systems: This system requires 
no step-up transformers, and eliminates losses associated with going to a high voltage system. 

1.1.3 Svste ms Studv Approach 

The objective of the present study is to assess the technical feasibility as well as the cost 
and efficiency of a TBA-based system. To achieve this goal, we felt thatit was essential to be 
reasonably concrete. For this reasoh, we have chosen for our study a TBA power source for the 
NLC Upgrades considered by SLAC. The present thinking about the Next Linear Collider is a 15 
lan machine with a cent&-of-mass energy of 500 GeV powered by X-band klystrons and rf pulse 

' compression systems. This machine should be upgradeable to 1 TeV center-of-mass. Our study 
considers the TBA as a power sowce candidate for the 1 TeV version of the NLC. 

The engineering and costing efforts in the present study draw heavily from recent work in 
Heavy Ion Fusion11 0. The U.S. effort in Im; is focused on theinduction accelerator approach. 
Research activities in the past few years have centered around the Induction Linac Scaled 
Experiments12 W E ) .  Substantial engineering activities were committed to the ILSE CDR, and a 
2 MV heavy ion injector at full driver scale was constructed and successfully operated in 1993. In 
addition, an engineering and costing study was perfoxmed recently for a recirculator version of the 
induction fusion driver. The present TBA study leverages against past HIF experience with many 
design features as well as engineeringand costing expertise from the ILSE, heavy ion injector, and 
recirculator studies. 

* 
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. 
:' A first engineering and costing exercise for the full TBA system has been performed. The 

elektiical design includes all components starting from the AC power distribution system, to the 
. * + *  DC power supplies, the command resonant charging system, the pulse forming networks, and the 
- : induction cores. Racks and installation, as well as instrumentation and control, were included in 

structures, vacuum, alignment, and utilities. Costs were estimated with a 'bottom-up' approach, 

i.... . *' 

. this exercise. ne mechanical design and costing includes details of the induction cells, rf - 

assuming mass production procedures for fabrication and assembly. .. -. -- 
The physics study utilizes a number of simulation codes developed in the past few years in 

connection with the TBA experimental program at LLNL. The 1-D and 2-D longitudinal beam 
dynamics codes RE313 have been used for the design of TBA experiments as well as the modeling 
of a number of other klystron experiments at SLAC and WEPP, and code results were generally 
consistent with the measurements. The BBU code OMICE14 includes regenerative as well as 
cumulative effects, and code results agree with BBU observed in the TBA experiments. RKS and 
OMICE were used extensively for the physics design. For cavity design, we use URMEL and 
MAFIA, as well as the induction cell design code AMOS15 developed at LLNL. 

1.1.4 The Kev Results 

- 

We have constructed a point design of a power source for a 1 TeV NLC that consists of 50 
independent RK-TBA units, each 300 m long. End-to-end modeling with the RKS code 
demonstrates stable d output over the entire RK-TBA unit. BBU.simulations with OMICE show 
acceptable high frequency as well as low frequency BBU growth over the whole 300 m. Sensitivity 
of these results to beam and cavity parameters were studied. The cavity parameters for the beam 
dynamics simulations were calculated with URMEL, MAFIA, and AMOS. 

Conceptual engineering designs were performed for all electrical and mechanical 
components from wall plug to rf &put to the high gradient accelerating structures. Our preliminary 
cost estimate for the TBA-based power source for a 1 TeV c.m. NLC is about $1 billion. This 
estimate includes the fabrication and assembly of all components, as well as 
Engineering, Design, and Integration. Conventional facilities and institutional overhead are 
considered as part of the ma& NLC project, and are not separately costed in this power source 
engineering and costing exercise. The overall efficiency of the system (wall plug to rf ) is 
estimated to be 36%. 

' 

. 
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1.2 Point Design .Examp]le (S. Yu) , , -. . 

1.2.1 Power Source Reauirementz 

- .  

The objective of the present study is to construct a conceptual design of the power source 
for the 1 TeV NLC. Our philosophy is to stay within the design constraints of the NLC and to have 
a power source system that matches the high gradient structures being considered for the NLC.' 
However, sink the parameters of the 1 TeV NLC have not been finalized, we need to W e  some 
choices for "power s o w  requirements" in order to make design and costing studies concrete. The 
design goals for the present study are as follows: 

- 

rf frequency 11.424 GHz 

peak power/cavity 360 MW 
distance between extraction cavities 

. pulse length (flat-top) 200 ns 
pulse rise time 125 ns 

repetition rate 120 Hz 

2 m 

The peak power of 360 MW at 4 X SLAC frequency brresponds to an unloaded gradient of 100 
Mv/m in high gradient structures presently tested at SLAC. This power is generated from an 
extraction cavity in the TBA every 2 m, to match the 1.8 m'accelerator sections, and to provide 
adequate spacing in between the HGS's for input and output couplefs, focusing etc. In this study, . 
we will be costing the.power source for a total of 15 lun of this high gradient structure, 7.5 km for 
each arm of the linear CoEder. There is a total of 75OO.of these extraction cavities, with a total . 
peak power of 2.7 Iw. The unloaded energy gain from each arm of the linear coKder is 675 GeV. 

positron bunches are 506 GeV each. 

. 

.Assuming a loaded gradient that is 75% of the unloaded, the finatenergies of the electron and 

The pulse l&ngth is determined by the fill time of the structure plus the length of the multi- . bunch particle train. In order to maintain constant particle energy from bunch to bunch, the 
. required electric-field should gmw~linearly in the first 100 ns, and remain constant over the 
remainder of the beam-on time. The flat-top is specified as 200 ns, which allows us to accelerate 
pdse trains with tvirice the number of bunches in the 1 TeV NLC than the present SLAC parameter 
list (-- 100 ns flat-top), leading to a four-fold increase in luminosi$. This is possible for our TBA 
design at only modest cost i n m e ,  and is a natural extension of the NLC parameter set to take 
advantage of the RK-TBA structure. Because of the intrinsically high efficiency of the RK-TBA, 
the average power required stays at about 200 MW. 

The required electric field at the front of the 100 ns rise is roughly 25% of the asymptotic 
value. Hence, we specify our input pulse to rise linearly (in field) from zero to its full value in 125 
ns. The power incre&es quadratically over the rise time. This pulse shape can be generated in an 
RK-TBA by a corresponding lineak rise in the current waveform of the drive beam, and a linear 
rise in the reacceleration voltage as well. Further refinement of the pulse shape to match dispersion ' 
in the high-gradient structure and to further improve energy flatness can be achieved by 
appropriate shaping of the drive beam current and voltage, but are not considered in the present 
study. 
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1.2.2 RK-TBA Architecture 
' .b 

u , I I . " ..;'. .. $ , .  
* *To power a 15 km long NLC, the present design consists of 50 independent TJ3A units. 

' Each RJC-TBA unit is'about 300311 long, and has 150 extraction cavities (See Figure 1.2.1). To 
replenish the 360 MW generated from the extraction cavity every 2m, the 10 MeV drive beam with 
average current of 600 'A is reaccelerated at 300 kV/m. The design current could be raised slightly 
to compensate for rf losses in the induction cells (e.g. 625 A for 4% loss). The main body . ...- of the 
TBA consists of identical 2-m modules each of which has six 100 kV induction cells and one . 
extraction Cavity. Both the drive beam current and the reacceleration voltage have a rise time of 
125 ns and a 200 ns flat-top, with a fall time that is comparable to the rise time. 

The front end of each TBA unit consists of an injector in which a 1.5 kA beam of electrons 
is generated and accelerated to 2.5 MeV. A 5.7 GHz choppertron is pIaced at this point to generate 
a bunched beam at 11.4 GHz. Chopping reduces the DC current from 1.5 kA to 600 A. This 
bunched beam at 2.5 MeV is then accelerated to 10 MeV in an 'adiabatic capture section'. 
Bunching cavities in this section further reduce the length of the bunches, and prepare the beam 
with the right phase space for injection into the main TBA. At the,end of the TBA, there is an 
'afterburner' section, in which rf extraction continues, but reacceleration is absent..The afterburner 
allows us to further extract rfpower out of the bunched beam, and thus enhances the overall 
efficiency of the TBA. At the end of the afterburner, the spent beam (at 2 to 3 MeV) is collected at 
a beam dump. In the present design, the adiabatic capture section is 25 m long, while the main 
TBA has 138 extraction cavities over 276 M The afterburner consists of 12 rf cavities over 12 my 
making a total of 150 extraction cavities. 

, 

The overall length of the TBA unit is determined by a balance of two opposing 
considerations. The longer the TBA kit, the higher the overall efficiency, as the overhead losses . 
from the front and the back ends become a smaller fraction of the total power. On the other hand, 1 

the control of beam instabilities adbeam degradation effects become increasingly more difficult 
as the overall length is increased. The longitudinal and transverse.beam dynamics simulations to 
date indicate that the bunched beam can be maintained stably over the 300 m long TBA unit. 

. 

. 

The efflciency for conversion of power in the drive beam to rfpower is easily evaluated for 
the proposed RF-TBA structure. Mowing for some rf loss in the induction cavities, the overall 
efficiency is estimated to be 90%. The 10% loss is shared among the beam loss on the chopper 

, (3.7%), beam dump. (2.8%) andrf into induction cavities (3.6%). From Section 3.1, the efficiency 
for wall plug to drive beam is 40%. Hence: the total efficiency fkom wall plug to rf is 36%. 

The rf power requirement of 360 MW per 2 meters determines the product of the 
accelerating gradient and beam current in the drive beam. Our particular choice of 300 kV/m and 
600 A is again based on a balance of two considerations. With higher current and lower gradient, 
the volume of magnetic material quired is reduced and the efficiency is increased. However, 
beam transport becomes more difficult with increasing current. 

The linear rise in the drive beam current a s s w s  that the extracted rf field has the right 
waveform for beam loading in the HGS, while the linear rise in the voltage of the reacceleration 
cells assures that the entire drive beam stays at 10 MeV from head-to-tail. This is of course 
important for both beam transport as well as for rf phase stability. Hence, the rising portion of the 
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. :. . current and voltage generate "useful" rfpower. But the fall.portion is wasted. The corresponding 
. . loss in efficiency due to finite fall time is included in Section 3.1 when we consider the efficiency 

of the pulse power system. . 

1.2.3 Main TBA 
< --  - 

The main TBA consists of identical 2-m modules. The key elements of the moduIe are the 
permanent quadrupole magnets for focusing of the drive beam, the hduction cells for ---- 
reacceleration, and one rf extraction cavity. Design considerations for each of these major 
components will be discussed. The key issues in the design are of course related to the physics of rf 
extraction, reacceleration, and transport. However, much attention was paid to making the module 
compact and efficient. The resulting unit has a diameter of 35 cm. In comparison to other existing 
induction accelerators, the present design is quite small. A schematic of the 2-m module is shown 
i;l Figure 1.2.2. 

1.2.3.1 PiDe size 

In the design of induction accelerators, the size of the beam tube is usually determined by 
BBU considerations, since the transverse impedance from the acceleration gap is inversely 
proportional to the square of the pipe radius. In our TJ3A design, the low kquency BBU arising 
from the induction gaps is ameliorated by the low beam current of 600 A ,  q d  the Landau 
damping associated with the large energy spread inherent in the rf buckets. Hence, with proper 
attention to the gap geometry, we are able to design a narrow tu& with a radius of 2.5 cm, and 
predict acceptable low frequency BBU growth. (See Sections 2.2 and 2.4) 

1.2.3.2 Permanent mamet focusing 

The small pipe radius allows us to take full advantage of permanent magnets, which have 
significant cost advantages when the focusing systenk are small. Another major reason for the use 
of permanent magnets is the associated efficiency, as they eliminate the need for power supplies. 

Several basic considerations govern the design of the FODO lattice; The foremost 
requirement is associaed with a "trick" concocted to minimize the high frequency BBU growth 
arising from the HEM11 mode in the rf extraction cavities. To suppress the instability growth, we 
demand that the betatron period be equal to the distance between adjacent extraction cavities, i.e. 2 , 

meters. In addition, the phase advance per lattice period must be less than 90 degrees to ensure 
beam stability. Finally, the focusing strength must be sufficient to keep the beam envelope small to 
stay within the beam tube. 

The zeroth order design equation is given by the thin lens approximation 

~ B L ~  (To=- 
R [BPI 

. (1.2.1) 

where 00 is the phase advance per lattice period, B the quadrupole field strength at pole tip with 
radial position R. L is the half lattice period, and q the occupancy factor for the quadrupole. The 
rigidity of the electron beam is given by 
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(1 -2.2) 

where p p c  is the momentum of the relativistic beam. Pp] has the value of 0.035 T-m for 10 
MeV electrons. 

A first order correction for deviations from the thin lens approximation is obtained by . .--- 
replacing thephase advance and occupancy factor with scaled variables given by1 

and 

(1.2.3) 

(1.2.4) 

In our design, we use 00 of 60 degrees. There are 12 half- lattice-periods in 2 meters. The 
physical occupancy factor is 0.48. The modified thin lens formula then gives a B-field at pole tip of 
800 Gauss. This estimate is within a few % of the actual B field required to give a 2-m betatron 
period, when we include realistic spatial profile of the magnetic field, as well as the energy 
'variations of t-he drive beam as it is accelerated over the 2-m module. 

A preliminary quad design was constructed by Klaus Halbach.23 It consists of 4 
rectangular blocks of femtes with residual field Br of 3 2  kG. Thedimensions of the blocks are 1.1 
cm x 3.22 cm x 8 an. This design has as the first non-kro harmonic n=10, with 8.6% strength of 
quad field at aperture radius. Finite differential permeability effects have not been included in this 
preliminary design. 

A basic requirement of thehsport  channel is that the focusing strength must be 
sufficiently strong to keep the beam from hitting the beam tube. The beam envelope in the 
focusing channel can be estimated,from the equilibrium formula 

(1.2.5) 

where E = eJ3y and a are respectively the unnormalized edge emittance and the edge radius of the 
beam envelope. With a normdized edge emittance of 600 mm-nq (which is achievable with a 
good gun design), we obtain an edge radius of about 2 mm for the beam. 

1.2.3.3. Stee ring: - and focusing corrections 

Steering and focusing cow: tions are achieved in the present design by means of low-field 
(-10 Gauss) DC coils located in the region immediately outside of the permanent magnets, at 
radial positions of about 4 cm from axis. These correction coils can be manufactured inexpensively 
on printed circuit boards. 

Since the beam apertures are small, p&cularly around the exmction cavities, beam 
centroid displacements must be kept to a minimum. Quad n&alignments, when combined with 
energy variations from head to tail, can lead to beam offsets that change over the length of the 
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. pulse, i.e. the "corkscxew" phenomenon. Our strategy for minimizing beam displacements and 
associated corkscrew is to impose misalignment tolerances that are not excessively tight, design for 
energy flatness of I 1%, and to c o m t  alignment errors with closely spaced dipole steering coils. 
Detailed steering algorithms have not been worked out yet, but for the purpose of costing, we 
provide 3 sets of steering coils and two beam position monitors per betatron period. - -  - 

A key ingredient for the suppression of high frequency BBU is that the betatroaqeriod be 
equal to the distance between adjacent cavities. To ensure that this requirement is obeyed, a 
feedback system with 2 correction quadrupoles per betatron period is incorporated into the design. 
A possible monitor for the betation motion is to use the I-€ output from the extraction cavities at the 
dipole frequency. Whether the signal sensitivity is adequate for this purpose needs to be further 
explored. 

1.2.3.4 Induction Cores - 

The design of induction cells for reacceleration is based on the relation . 

V- (At) =A- (AJ3) (1.2.6) 
. 

where the core size ( with magnetic flujc over area A ) is detemzin'ed by the-requhd voltage V and 

present design uses Metglas with AB of *; 1.3 T. Hux swings for Metglas areseveral times larger 
than, forexample, femtes, which are commonly used in short pulse induction machines such as 
ATA andETA The cores are correspondingly more compact. Furthermoxk, Metglas is quite 
inexpensive, particularly when bought in large quantities; 

Ri), we recast Eq. (1.2.6) in terms.of the accelerating gradient G and core occupancy factor qc 
(fiaction of the axial length occupied by induction cores) as follows: 

'. pulselength At, The allowed flux swing AB is different for different magnetic material. Our 

'' 

' To determine the transverse dimensions of the core, (with outer radius &, and inner radius 

Ro -Ri = GAt (BrlcPFl) (1.2.7) 

where PF is thepacking factor, or the fraction of the total core that is occupied by magnetic 
material, and has a value of 0.65 to"0.75 for typical Metglas coies. Since the accelerating gradient 
and pulse length are3ixed by overall system requirements, our design philosophy is to Illitximize 
axial core occupancy. The present &sign has qc of 0.75 and a core thickness RO - Ri of about 10 
cm. 

Compact cores reduce cost as well as energy loss. Empirical measurements of core losses, 
as described iri Section 3.1, c .k  be parametrized to give the following phenomenological formula 
for the core current (in ~mps)l :  

(1.2.8) 

where the radial dimensions are hi meters, AB in tesla, and.At in microseconds. The hction of 
energy lost in the core (IC / Itotal) 'is proportional to the size'of the core. Our design parameters 
give a core current of about 400 A. With a 600 A beam, the core efficiency is 60%. 

' 
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The magnetic material in a 2 m module is packaged into 6 independent 100 kV induction 
cells. Each cell in turn consists of five 20 kV cores. Packaging into small induction COES provides 
a natural match to the low-voltage pulse power system. 

1.2.3.5 Pulse Power 

flattop at 20 kV, followed by a fast fall. This voltage waveform is generated with pulselforming- 
networks (J?F"s) with tapered impedance to match the induction core. Power input to the PFN's 
consists of a DC power supply and a Command Resonant Charging unit. The entire pulse power 
train is at low voltage, and no step-up transformers are needed. Hence, high efficiency and low cost 
is possible. 

1.2.3.6 Acceleration Gap 

The desired voltage pulse from each core has a 125 ns linear rise, followed by a 200 ns 

Each 100 kV induction cell has an induction gap, which is one of the more Critical 
components of the design. The ongoing design efforts are reported in Section 2.4, but they evolve 
around the following key. issues : 

breakdown, we need to have sufficiently low gradient across the insulator ( < 30 kV/cm), 

h m  secondary electrons and X-rays generated by the beam, and proper design of the triple-point 
(the interface between ~sulator, metal, and vacuum). . 

2. Suppression of low frequency BBU - Dipole'modes associated with the cavity (at a few 
.GHz) can lead to severe bemybreak-up problems if not carefidly damped. The required transverse 
impedance was achieved with heavy de-Q-ing by placing microwave absorbing material at critical 
locations around the cavity. 

1. Reduction of high voltage breakdown risks- To have induction gap that is safe from 

' sufficiently low fields on the metal surfaces ( < 100 kV/cm), proper shielding of the insulators 

3. Reduction of transverse and longitudinal impedances at high frequencies - While the 
high frequency BBU ( HEM11 mode at -14 GHz) is generated primarily in the rf extraktion 
cavities, and the major BBU suppressionactivities center around them, one must be carehl to 
ensure that the transverse impedance contribution from the induction cavities are indeed negligible. 
In the present designs, the transverse impedance around 14 GHz can be made to be lower than half 
an ohm, and its effect on the high frequency BBU is insignificant. The longitudinal impedance at 
11.424 GHz must be low to minimize the microwave power loss. Our design goal is to maintain 
the induction gap loss to less than 4%, which requires that the longitudinal impedance be less than 
4 ohrns.'Present designs are approaching the required impedance. 

1.2.3.7 RF Extraction cavities 

Design of the rf extraction is a major ongoing activity in theory and simulations. Present 
designs evolve around traveling-wave-structures with 3 cells of 8-mm inner radius. The rf output is 
extracted through 2 separate ports in the 31d cell, with 180 MW each transported through separate . 
waveguides, and fed directly into the two input couplers of the high gradient structure. Detail 
design of the cavities center around five key issues: 
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1. Required output power - The extraction cavity must have the right effetive impedance 
of about 540 ohms in. order to extract 360 MW from a highly bunched beam (70 degrees 
microbunch 1ength)'whose first harmonic c ~ e n t  at 11.424 GHz is about 1.15 kA. 

2. Minimal breakdown risks - Our present designs use traveling-wave-structures With 3 
' -  - cells in order to reduce the.surface fields. Surface field gradients of less than 70 MV/m appear 

possible. . ---- 
3. Inductive detuning -- In addition to generating the right amounts of power, the rf cavities 

provide continuous longitudinal bunching for the drive beam. This is accomplished by inductively 
. detuned traveling-wave-structures. 

. 4. Dipole de-Q-ing - The rf cavities must have low transverse imp-dances for the 
suppression of BBU. Fortunately, there is a natural de-Q-ing mechanism, as the required extraction 
cavities have inner radii of around 8 mm, and the dipole modes in the cavity couple to the TEll 
mode in the pipe. Simulations to-date suggest that the resulting impedances are sufficiently low for 
BBU suppression provided that the betatron-node scheme is used. 

5, Transverse focusing - rf cavities have transverse fields associated with the fundamental 
mode. They can degrade the beam envelope if they are sufficiently strong and/or not properly 
corrected. Evaluation of these transverse forces from theOry and simulations is ongoing. 

1.2.4 Front End and Back End 

Each main TBA unit has a front end that consists of a 'pre-chopper', a chopper, and an 
'adiabatic capture' section. At the end of each TBA unit, there is an.'afterburnei, followed by a 
final beam-dump. These five elements will be briefly described. 

1.2.4.1 Re-chopper 

The 'pre-chopper' is basically a short induction accelerator to generate an unbunched 300-ns 
electron beam at 2.5 MeV. This section may consist of an injector (at 1 to 1.5 MeV), followed by a 
short induction accelerator section that takes the beam to 2.5 MeV. The quired current from the 
injector is 1 to 1.5 kA, depending on the efficiency of the chopper, which is required to produce at 
its exit a bunched beam with a DC current of 600 Amps. 

The current waveform required consists of a linear rise over 100 ns, followed by 200 ns of 
flat-top. The beam energy should be constant over the entire 300 ns, including the front portion 
with the rising current. To generate the linearly rising current, the voltage pulse in the 1 MeV 
injector will also, by the Child-Langmuir Law,' have a (nonlinear) 100 ns rise time. The pulse- 
forming-network in the subsequent short accelerator section must be arranged to produce a higher 
voltage at the beam front, thereby compensating for the low energy at injector exit. 

Since the electron beam will be transported over 300 m of narrow pipes, caution must be 
taken to minimize head-to-tail energy variations, as well as transverse beam offsets and beam 
temperature. The injector design should produce a bright beam with a normalized edge emittance 
of 600 mm-mr or less., and transverse displacement of 200 microns or less. 
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1.2.4.2 Chopper 

The purpose of the chopper is to generate cleanly separated microbunches at 11.4 GHz. The 
basic scheme follows the design of Haimson Research Corporation which has been deployed at 
L m .  A subharmonic dipole deflecting cavity at 5.7 GHz causes the electron beam to oscillate 

- - about a limiting aperture, leading to 'chopped' bunches at twice the oscillating frequency. A similar - 
device can seye as the TBA front end chopper, except that much more effective heat digsipation is . 
required for the 120 Hz operation of the NLC upgrade. 

Since a substantial amount of energy is lost on the chopper, there is incentive to make it 
efficient. One idea is to precede the subharmonic deflecting cavity with conventional bunching 
cavities at 11.4 GHz. The role of the chopper then is primarily to 'clean up' the particles with the 
wrong phase. This requires straight:forward phasing of the 5.7 GHz input power to the deflecting 
cavity relative to the incoming pre-bunched beam. 

1.2.4.3 'Adiabatic Capture' 

The exiting beam from the chopper has microbunch lengths equivalent to 180' or greater in 
longitudinal phase space. In the 'adiabatic capture' region, the microbunch lengths are further 
reduced to 70' which is the needed bunch length for long-distance propagation in the main TBA. 
This is accomplished by a number of idler cavities that are more inductive than the rf extraction 
cavities in the main TBA. 

In addition to microbunch sharpening, this section also serves to provide the energy 
transition from 2.5 MeV to 10 MeV. The induction core structures are very similar to the main 
TBA. However, the voltage wavefonn should be flat over the 300 ns of beam-on time, so that the 
head-to-tail energy flatness required for phase stability could be maintained at 10 MeV. 

The quadrupole magnets are weaker at the lower energies, and continues to increase with 
increasing energy, so that the betatron wavelength is kept fixed at 2 m. Structurally, the 'adiabatic 
capture' section looks very similar to the main TBA, except that no power is extracted from the 
idler rf cavities. 
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1.2.4.4 'Afterburner' . 

. At the end of the TBA is an 'afterburner' section, the primary purpose of which is to 
increase overall system efficiency by extracting more power out of the nicely bunched beam at the 
end of the main TBA. This section has a number of rf extraction cavities, permanent magnets for 
focusing, but no reacceleration cells. Thespacing of the rf cavities is changed as the average 
energy of the beam continues to .decrease. The impedance of the cavities is also modified to 
compensate for changes in the rf bucket. The present design has 12 cavities in the 'afterburner' . .--- 
section, each generating 360 MW, and together covering a total of 12 meters. 

' - 

1.2.4.5 Beam -dumD 

As the spent electron beam reaches the hnal beamdump, its average energy is less than 3 
MeV. The design of this component is straightforward. 
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Figure 1.2.2 The main RK-TBA consists of repeated 2 m modules. 
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2. RK-TBA Physics Studies 
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2.1. Longitudinal Beam Dynamics (€3. Li) 

2.1.1 Introduction 

2.1.1.1. The main issue and the concept of inductive detuning 
- -  

Longipdinal stability of the drive beam is among the important issues for the . --.- 
demonstration of technical feasibility of the relativistic klystron two-beam accelerator (RK-TBA) 
concept. In the present scheme, the drive beam is required to stay bunched longitudinally over 150 
extraction cavities. Space charge effects cause initially tight bunches to expand. Thedebunching 
process is further aggravated by the energy spreads along the beam bunches as they interact with rf 
fields. In usual traveling extraction cavities, rf waves are in synchronism with the drive beam and 
debunching becomes very severe after a few cavities. Beam debunching, if uncompensated, will 
result in reduced power extraction h subsequent cavities, as is shown in Figure 2.1.1. To overcome 
this problem, we employ a scheme in which the drive beam is off synchronism with the operating 
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Figure 2.1.1. Simulation result .of power extraction versus cavity number for 3-cell traveling 
wave structures in which the field (27c/3 mode) is in synchronism with the .drive beam. 
(operating frequency 11.424 GHz, cavity group velocity 0.28 c, beam energy 10 MeV and 
average beam current 600 A.) I' 

wave mode; more specifically, the phase velocity of the rf field is larger than the speed of light, c, 
' so that the beam bunches always lag behind the wave, as is illustrated in Figure 2.1.2. This is what 
we call the !'inductive iletuning" scheme and it can effectively bunch the beam. In fact, the concept 
of the inductive detuning is well known for standing wave structures (SWS's), e.g., the 
"penultimate" cavity in a klystron, in which the frequency of d e  cavity is detuned away from d e  
reionant frequencyl. For the traveling wave structures grWSts) of RK-TBA, the approach we take 
is to keep the frequency CI) of the operating mode unchanged, but reduce its wave number k, such 
that wave field advances faster than the beam. In this case particles at the h n t  of the beam bunch 
lose more energy and slow down, while particles at the tail of the bunch lose less energy, and will 
therefore, "catch up". This mechariism causes a continuous "sharpening" of the beam bunch, thus 
counteracting the debunching forces. Theresulting longitudinal phase space continues to rotate in a 
stable "beam bucket" with a relatively stable bunch length. In this way, the stable power extraction 
and be& bunching can be achieved simultaneously over many cavities. 

- 
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Figure 2.16. Schematic of the "inductive detuning" concept 

As mentioned above, the extraction cavities used in the RK-TBA are TWS's. They are 
favored over the SWS's because of their reduced electrical surface field stress. A typical TWS 
consists of multiple cells with the last cell, normally, being the output cell. An analytic theory and 
a numerical code named "RKS" have, previously, been developed by Ryne and Yu for theoretical 
investigation of using TWS's23. This theory, however, applies only to the synchronism case when 
the beam and the field are in phase, while we are mostly interested in the non-synchronism cases. 
To use the RKS code to study the inductive detuning cases, a more general theoretical framework 
is needed and is derived in this work. 

2.1.1.2. Summarv of results 

This study concerns itself with the longitudinal dynamics of a 3Wm long RK-TBA unit. 
We carried out extensive investigations on how to employ the inductive detuning scheme on RK 
TWS's to achieve power extraction and beam bunching at the same time, and we also examined 
several other related issues. In Section 2.1.2, we first develop an analytical theory on using 
inductively detuned TWS for power extraction. We obtain the matching condition under which a 
TWS propagates and arllplifies only a forward traveling wave and we derive an analytic formula 
for predicting the power output from a TWS. In Section 2.1.3, we present our simulation results on . 
the inductive.detuning scheme and demonstrate that with appropriate detuning angle(s) the output 
power can be maintained stably for 150 extraction cavities across one RK-TE3A unit- In Sections 
2.1.4 and 2.1.5, we present, respectively, our simulation studies on the "adiabatic capture" scheme 
and the chopper operation and show that an initial DC beam of 2.5 to 5 MeV and of 1.5 kA out of 
the injector can be manipulated into a bunched beam of 10 MeV and 600 A average current with 
the required microbunch length for stable propagation in the main RK-TBA. In Section 2.1.6, we 
examine the "after-burner" scheme and show that the electron beam that comes out of the main 
TBA can continue to drive at least another 12 cavities, and therefore, can further enhance the beam 
to rf efficiency and make the disposal of the beam easier. In Section 2.1.7, we present our ongoing 
study on the transverse focusing problem. 

2.1.2 Theow of Inductivelv Detuned Traveling: - Wave Structures for Power Extraction 

We adopt the analytical approach employed by Ryne and Yu in Reference 2. Consider a TW 
structure consisting of N cefis. Let the electric field in the nfh cell of the structure be given by 

(2.1.1) 
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where & denotes the eigenmode of the nth cell with eigenfiequency on, and where we have 
assumed that O, = O, with o being the fnquency of the R F  field. It can be shown that, in the 
steady state, the excitation amplitudes an are governed by the following difference equations: . 

. ---- 
where It = I ,  ..., N and ao= aN+I E 0. In the above equations, K,"-l and K:+l describe the coupling 
of cell n to cell n-1 and cell n t l ,  respectively. The quantity Qn denotes the quality factor of the nth 
cell. denotes the f i t  harmonic of the RF current associated with the bunched beam. For the 
purpose of our analytic study, we assume that 

KZ+l= K. (2.1.3) 

Then the difference Eq. (2.1.2) can be rewritten as 

(2.1.4) 

+* -b 

(d3r)n* ~ ) t  - J1 is the drive term. 

Most of the previous theoretical works on the TWS's assume& W t e l y  periodic structure, 
the treatment of which is straightforward In this study, we too start by deriving the dispersion 
equation for an infinitely periodic structure. We then proceed to f&us on the case of a s t rucm 
with finite number of cells and develop a theory to show that if and &for the last cell (the 
output cell) satisfy certain "matching conditions", then the structure behaves just like a structure 
with infinite number of cells and there exists only a forward propagating wave. The properties of 
an infinitely periodic structure then applies also to this finite structure. The derivations are valid 
whether the wave is in synchronism with the particles or not. 

2.1.2.1. DisDersion euuation for an unloaded TWS with infinite number of cells 

We will fxst review briefly the case with no source (In = 0) and no loss <en -> 00). We 
may assume a plane wave solution a, - einb and obtain fiom (2.1.4) 

cL3r - @ ,K - - cos<@p), (2.1.5) 
0 

where Qp = w7, is the phase advance of the wave across a single cell, k is the wave number and Lp 
is the longitudinal dimension of the cell. In obtaining (2.1.5) 
constant K can be expressed in terms of the group velocity, Vg. Taking the derivative on both sides 
of Eq. (2.1.5) with respect to k, it is found that 

+ o = 2 0  is used. The coupling 
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Substituting (2.1.6) into (2.1.5) we find that for an unloaded TWS with infinite number of cells 
(i.e., N + -) the operating frequency o aid the eigenfnquency of cell n, .On, are related by the 
following dispersion equation 

(2.1.7) 

. ---- 
2.1.2.2. Matching conditions for a TWS with finite number of cells 

In reality, a TWS has only finite number of cells. We consider the case where, except for 
.the first and last cells which may serve, respectively, as the input and the output cavities, the cells 
in between are identical, i.e. 

- '* Qn=Qv (n = 2, - - -, N-1), . 

a n =  0, (n = 2, - -, N-I). (2.1.8) 

I 

. We will show that a,, QI, o, and QN can be determined in such a way that (i) for the other N-2 
cells the TWS behaves just like an. infinitely periodic structure, and (2) there is no reflected wave . 
in the structure but only a forward propagating wave. (i) is essentially the boundary condition(s), 

I 

. 

. while (ii) is the .so-called "matching condition(s)" in its original sense. 

The matching conditions can be obtained in the follo*g way (detailed algebra is given in 
Appendix 2.1.A): First wesolve difference equations (2.1.4) analytically. The general . .  solution is 

(2.1.9) 

where the phase advan& of &e field from cell to tell, a, and the drive texms,fn, are defined, 
respectively, as follows .. - .  

and 

* fn = 4 J K .  

(2.1.10) 

(2.1.11) 
Also Cl and C2 are constants thatneed to be determined by the boundary condition and the 
matching condition. In obtairiing (2.1:9), it is assumed that a not equal to ari integral multiple of 
z and also 

0 

=1 
f i e s m  = 0. 

Before proceeding further we assume a stiff beam, i.e., the drive termsf, have coqstant 
ampfitudes but the phases Offn inm%se from cell to cell by a:, and therefore fn = fe ia n. The 
synchronism case occurs when a= a', Le. the field and the beain travel hi phase. The non- 
synchronism case occms when a + a', i.e. the field and the beam are out of phase. We are most 
interested in the inductive detuning case where a e a'. We then specify'that the lSt cavity be the 
same asthe N-2 cells that are behind it and only the last cell (n=N) is different from the rest. We 
also assume that cos(Na') = 1 and &(Na') = 0 (e.g., in our present RK-TBA design, a' =.2d3 

' 

. 

. 
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and N = 3): Eq. (2.1.9) could be viewed as a sum of two traveling waves, one forwards and the 
other backwards. With appropriate choide of Cl &d C2, the backward component can be 
eliminated (see Appendix 2.1.A). This so-called matching condition can be recast in the following 
form ' 

. ---- 
(2.1.12) 

where A * = a' f a with A - beirig defined as the so called detuning angle. A = 0 corresponds to 
the synchronism case, and A - # 0 cornsponds to the non-synchronism case. In deriving (2.1.12) 
relation (2.1.6) is used and Qv >> 1 is assumed. 

Now, we have obtained the formula for the condition which once satisfied wil l  guarantee a 
'JWS to propagate a single forward traveling wave. The formula applies to the nonsynchronism 
cases as well as the'synchronism case, and therefore, once implernentedin the RKS code it will 
allow the code to simulate the physical processes of beam-fi interactions in the detuned TWS's. 
The numerical results are presented in Section 2.1.3. 

2.1.2.3. power balance equation 

The principal motivation of this study is to investigate how to achieve sustained output 
power level for many TWS's with the inductive detuningscheme. Before carrying out numerical 
simulations it is lielpful to obtain the power balance relation for a detuned TWS to quantify the 
generation and the transmission of.EM energy inside the TWS so that we can have a better 
understanding of the process. 

. 

We start with Eq. (2.1.2) and after some algebra (see Appendix 2.1.B) we find that the 
power extracted from the last cell of the TWS may be expressed as 

N -r* -r 

Pour= d3rn- J1).any 
?l=l 

(2.1.13) 

where /an/ (n = I ,  2, ..., N) is the amplitude of the field at cell n and where (d3r)&f = 1. We I -  
as the voltage across the cell n, and rewrite the power balance equation (2.1.13) in the following 
form 

.. . 
(2.1.14) 

I .  - 

It is seen @om (2.1.14) that the output power from a TWS is equal to an accumulation.of the EM 
energy generated in each cell which is proportional to the induced current, I f  and the voltage 
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.across each cell, V,. It is also seen that the maximum output power is achieved for the synchronism 
case when the beam and the rf field have the same phase advance across each cell @e., &-yn = 0). 
For the non-synchronism cases the output power declines as the detuning angle increases., 

2.1.2.4. Power extraction formula 

For a stiff beam it is possible to derive an analytic expression for Pout in terms . of .--- the 
induced current and the cavity related parameters, i.e. the shunt impedance R/Q, the group velocity 
Vg,.longitudinal dimension Lp and the cell number N. This formula is useful for zeroth order cavity 
design. 

- -  - 

First, we treat .the synchronism case when A - = 0. In this case, the matching condition 
(2.1-12) reduces to - 

vs (-)-COS( N+l a), 
N m=cov- 

%sin (a) 
(QN)-' = vl? ' (N) 

- @+sin (a) N 

(2.1.15) 

and the power balance equation (2.1.14) becomes 

(2.1-16) 

Then, starting from Eq. (2.1.9) and after some mathematical manipulations (for detail algebra, refer 
to Appendix 2.1.C) we can rewrite (2.1.13) in the following form 

'where it is defined that the induced current 

and the shunt impedance 

\ 

Note that in (2.1.17), P(0) is proportional to N(N+I). 

Next, for the detuning cases when A - + 0, the extracted power may be expressed as 

(2.1.17) 

(2.1.18) 

(2.1.19) 

P(A-) = I(A-)-P(O) , 
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where the coefficient nA-) is a function of the detuning angle A-. It is seen from Eq. (2.1.14) that 
UA-) = 1 if A- = 0 and UA-) c 1 if A- f 0. For any given A-, rmay be determined from the 
numerical simulation using the RKS code as will be seen in Section 2.1.3. 

Eqs. (2.1.17) and (2.1.20) relate the output power requirement P(A-) to the induced current 
and detuning mgle A-. The specific cavity structure that meets the requirements can bedesigned 
with the U W E L  and the MAFIA codes: The study has been carried out and the results are 
presented in Section 2.1.3 of this report. For our present design parameters, a 30" inductively 
detuned 3-cell TWS with inner, outer ape- radii and longitudinal dimension per cell (Lp) being, 
respectively, 8 m, 12.5 mm and 8.754 mm, has a R/Q of 13.5 GI and Vg of 0.28 c. In our case Iid 
is about 1.15 kA, and the calculated output power is around 360 MW. 

2.1.2.5. Field amulitudes and uhasez 

In our present conceptual RK-TBA design, each . W S  has 3 cells. In the following we 
present two sets of ,analytic formulas to quantify the amplitudes and the phases of the rf field in a 
detuned 3-cell TWS: 

(i) Between two adjacent cells in the TWS (with detuning angle A-) 

(2.1.21) 

(2.1.21) describes how the field evolves across the " W S .  

(ii) Between the cells in the detuned TWS (ai> and the corresponding cells in the corresponding 
non-detuned TWS (ai(0)) which is used as the base case 

(2.1.22) 

(2.1.22) quantifies the effects of the cavity detuning on the amplitude and the phase of the rf field 
in each cell of the TWS. 

The above relations have been used to check the RKS code. The results are presented in 
Tables2.1.1.1 and2.1.1.2of section2.1.3.1. 

. ... 
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2.1.3 Numerical Simulations of the Main RK-TBA 

2.1.3.1. RKS Code 

We carried out numerical simulations using the RKS code. RKS was developed by Ryne and 
Yu to study the power extraction from a RK due to the interaction of a charged particle beam with 
an eIectromagnetic wave in a W S  or a SWS 3. The code solves self-consistently the . single .-.- 
particle equations of motion for the beam and the coupled circuit equations that govern the cavity 
excitation, and it includes the calculation of the space charge effect. It assumes a single dominant 
mode and cylindrical symmetry of its fields inside the cavity, RKS code simulations have been 
checked against the relativistic klystron experiments conducted by the Microwave Source Facility 
group at LLNL3 and has also been employed to assist in the design of the regcceleration 
experimenfl. These studies show that results from the code are consistent with experiment3.5. 

However, in all the previous RKS simulations on TWS's the beam bunches and the operating 
fields were in synchronism3~, while we are mainly interested in the nonsynchronism case. 
Therefore, in the following, we use relation (2.1.22) to verify that the RKS code can also be used 
for the inductive detuning cases. The ratio of the rf field (amplitude and phase) in each of the 3 
cells of the detuned TWS to the comsponding one in the non-detuned TWS is evaluated both 
analytically (with (2.1.22)) and numerically.(with RKS) for four different detuning-cases. The 
results h tabulated in Table 2.1.1.1 and Table 2.1.1.2, respectively. . .  

Table 2il.l.l Analytical Results 

Table 2.1.1.2 Numerical Results (from RE? code) 

- 2 6 -  



I 

It is seen that, in general, the agreement is fairly good j!or the phase although there is a 1-2' 
systematic discrepancy for almost all the cases. The a p m e n t  for the amplitude is not as good as 
that of the phase. However, for any given detuning angle, the ratio of the amplitudes does decrease 
as predicted by the analytical calculations. In the following, we present the results of om RKS 
simulation studies. 

2.1.3.2. RK-TBA with inductively detuned TWS's . ---- 
Figure 2.1.3 presents the output power from each of 150 TFyS's in the main TBA section 

for both a successful inductive &tuning case and its corresponding synchronism case. The 
parameters for the inductive detuning case are given in Table 2.1.2. It is seen that for the 
synchronism case, the level of the extracted power.P,& declines sharply due to .the space charge 
debunching effect as the drive beam traverses the RK-TBA. In contrast, when the TWS's are 
properly detuned, the rf bucket can be maintained. stably and output power can be sustained at the 
desired level (-360 Mw) for all the 150 extraction cavities. The physical mechanism of the 
inductive detuning effect can be explained as follows: In a TWS that is inductively detuned, the 
field advances faster than the beam, therefore, particles at the front of the beam bunch lose more . 
energy and slow down, while particles at the tail of-the bunch lose'less energy, and will '*catch up". 
This causes a continuous "sharpening" of the beam bunch, thus counteracting the debunching 
forces from the space charge. The resulting longitudinal phase space continues to rotate in a stable 
"beam bucket" with a relatively stable bunch length (the small  fluctuation on the power level is due 
to this "synchrotron motion" of a rotating "beam bucket!'). In this way, the stable power extraction 
and beam bunching can be achieved simultaneously over many cavities. 

F 

. $  

E 
u 

L 

0 
p. 

(a) With inductive detuning 
360 - - 

(b) No inductive detuning 

0 5 0  100 

Cavity # 
150 

Figure 2.1.3. Power extraction from 150-cavities in one unit of RK-TBA (a) with inductive 
detuning (A - = 30°7 phase velocity 1.33~); (b) no inductive detuning (A - = Oo7 phase velocity 
1.0c). 

Figures 2.1.4(a) and (blare the longitudinal phase distribution of a beam bucket for the 
inductive detuning case in Figure 2.1.3 just before the 1StTWS and after the llO*TWS, 



- -  

respectively. It is seen that after 110 extraction cavities, the beam bucket maintains the initid 
bunch length of about 70' (the wave length is measured as 3600). It is also'noted that the bucket 
has a large energy spread, 10 - 15%. This energy spread provides strong Ladau damping and 
drastically reduces the beam break-up (BBU) instability in the induction machine. This issue is 
discussed by Houck, et al., in Section 2.2. 

Y 

-180-120-60 0 6 0  120 180  

y (degrees )  

215- 

Y 20.0- 

18.5 - 
17.01 I - I - I - I I 

-180-1'20-60 0 6 0  1 2 0  180 

y ' ( d e g r e e s )  
Figure 2.1.4. Phase distribution of a beam bucket for the inductive detuning case in Figure 
2.1.3: (a) Just before the 1stTWS; (b) after the 110th TWS and 2 m reacceleration. 

A key feature for RK-TB A design is the cavity filling time, i.e., the time it takes for the rf field in a 
cavity to reach equilibrium state. In Figure 2.1.5 we present the time dependpcies of output power 
at the 50*, 1 0 h  and 150h extraction cavities for the inductive detuning case in Figure 2.1.3. It 
shows that after about 15 ns the fields in all the cavities reach their equilibrium states. This * 

indicates that the erosion on the beam head due to cavity filling process is not serious. The short 
fill time is a result of low Q and high Vg. 
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. Figure 2.1.5. Time evolutions of 
synchronism case in Figure 2.1.3. 
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Further RKS simulation studies were conducted to examine the sensitivities of the 
inductive detuning scheme to two important parameters: the bunch length and the detuning angle: 

U 

L 240- 
Q) 

3 : 120- 

(i) With respect to the bunch length 

01 I I 1 

Figures 2.1.6(a) and (b) show power extraction from 150 cavities that are 30" detuned with 
a bunch length of 50' and 90°, respectively. It is seen that for the 30' detuning angle &e effective. 
bunch length can be fairly flexible, although when the bunch length is beyond 90" the results start 
to deteriorate. 

(a) 
480 

3 6 O - a b  
z 
L 240- ' 

U 

$ 
B ,120- 

0 I I 

O - I  360 - 

n 3 360: 
s 
L 240- 
3 

Y 

Q) 

2 120- 

0 I I 

0 5 0  100 150  
Cavity # 

0 5 0  100  
Cavity # 

150 

Figure 2.1.6. Power extraction from 150 cavities that are 30' detuned: (a) 50" bunch length; (b) 
90' bunch length. 

(ii) With respxt to the inductive detuning angle 

Figures 2.1.7(a)'and (b) show power extraction from 150 cavities that are, respectively, 35'. . 

. 

and 25" detuned and driveri by a beam of 70" bunch length. It is seen that when the detuning angle 
is above 30' the result is similar to that of the 30'edetuning case. But when the detuning angle is 
somewhat bellow 30°, e.g. at.25' the TWS's are unable to sustain the level of output power up to 
150 TWS's. .i 

Figure 2.1.7. Power extraction fiom 150 cavities driven by a beam 05 70" bunch length: (a) 35O 
cavity detuning angle; (b) 25" cavity detuning angle. 
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2.1.3.3 Cavitv Darameters for RK-TBA simulations 

The synchronism case in Figure 2.1.3 consists of conventional 3-cel.l TWS's operating at 
the 2d3 mode. In the inductively detuned case the operating detuning angle is 30°. The cavity is 
therefore operating in a ".n/2" mode (Le., phase advance of the field across one cell is 90"). The 
longitudinal dimension of each cell is the same in the two cases while the transverse dimensions 
are varied. U M E L  and UAFIA codes were used for detailed ca~ty design (Section 213-of this 
report). Cavity parameters from this detailed design are listed in Table 2.1.2. 

Table 2.1.2. Parameters related to the inductive detuning case 

Drive frequency 
Forward Traveling Mode 
Number of cavities 
Phase shift per cavity 
Wave length 
Phase velocity 

Group velocity 
Shunt impedance per cell 
Eigenfrequency for the first 2 cells 
figenfrequency for the 3rd cell 
Walldissipation quality factor 
External quality factor fiir the 3rd cell 

Ape&e inner radius 
Aperture outer radius 
Iris thickness 
Longitudinal dimension of each-cell 

Beam energy 
Beam current (average) 
Bunch length 
Beam radius (rms) 

. 

1 1.424 GHZ 
TMOl 
3 
90" 
2.626 cm 
1.33 c 

0.28 c 
27.0 (0) 
€1.424GHZ . 
11.666 GHz 
7000 .. 
6.5 . 
8 mm- 
12.5 mm 
2.5mm . 
8.754 Inm 

10 MeV 

0.51 cm 
2.5 mitl 

. .  

. 600A 

* Note: Traveling-wave shunt reactance is twice the standing-wave shunt reactance; 

2.1.4 "Adiabatic Capture" 

As shown in Section 2.1.3.2, the desired bunch length for the drive beam of the main TBA 
section is about 1/5 of the operating wave length: Such a train of beam bunches could, of course, 
be generated in a straightforward way.by chopping a continuous beam with a chopper as will be * 

discussed in Section 2.1.5. However, this method is undesirable from efficiency consideration 
because as much as 4/5 of the beam will be lost. For the same re&on, we also prefer that the beam 
has rdatively low energy before it goes through the chopper. As the efficiency of the modulator 
improves, the gap between generated beam parameters (bunch length and energy) and those 
required for the m$n TBA section widens. To bridge this gap, we have a section called "adiabatic 
capture". This section consists of several,"idler" cavities (cavities with large detuning angles) that 
are properly spaced and induction cells along the drift tubes between'the cavities. A schematic of 
the "adiabatic capture" section is given in Figure 2.1.9. In this section, a beam of low energy and 
long bunches is bunched'by the "idler" cavities and accelerated by the induction cells to evolve 

* 
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eventually into a beam of bunches with desired energy and bunch length for stable propagation in 
the main RK-TBA. 

Adiabatic capture I Main=-TBA I 
inductively detuned 

acceleration extraction cavities I idler cavifies I /  \ ---- 

from# 
chopper -uLI j I L L u l  lUl PI I 

6.0m 4.0m 2m 2 m 2 m 2 m 2  
reacceleration 

modules 
2 6.6 m 6.5 m 

Figure 2.1.9. Schematic of the "adiabatic capture" scheme 

2.1.4.1.5 MeV and 180' bunch length 

Figure 2.1.10 presents the evolutions of bunch length and energy of a beam through the 
"adiabatic capture" section'shown in Figure.2.1.9. The €yam has an initial kinetic energy of 5 MeV 
and initial d o r m  bunch of length 1809 Figures 2.1.11(a) and (b) are, respectively, phase 
distribution of the bunch before and after the adiabatic capture. It is seen that the bunched beam 
has about 10% energy spread which is consistent with'the equilibrium rf bucket in the main TBA 
section (see Figure 2.1.4(b)). The main parameters associated with this process aie given in Table 
2.1i3.1. In Table 2.1.3.1, L denotes the distan&'fiom the lstcavity, A@ denotes &e bunch length in 
degrees (360' corresponds to one full wave length, 2.63 cm) and Ek denotes the kinetic energy of 
the beam. All the "idler cavities" usid are 60' detuned TWS's. . 

-7 

0 4 8 1 2  1 6  2 0  2 4  2 8  3 2  

z (m) . 

Figure 2.1.10. Evlolutions of length and energy of a beam bunch during the "adiabatic capture" 
process illustrated in Figure 2.1.9 
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9.0 

- 

Figure 2.1.11; Phase space distribution of the beam bunch in Figure 10: (a) before the "adiabatic 
capture" process; (b) after the "adiabatic capture" process. 

Table 2.1.3.1. Some Parameters for "Adiabatic Capture" (5 MeV) 

(a) 

~ . 1 . 1 = 1 . 1 ~  

1 
2 

3 
4 

2.1.4.2.2.5 MeV and 240" bunch lens 

020 5.5 140.7 6.22 
0.20 . 11.0 104.5 7.51 
020 16.0 85.2 8.47 
020 20.0 70.4 10.02 

The efficiency of the RK-TBA could be further increased by starting from a lower energy 
and less chopped beam (compared to the 180' bunch length). In Fig& 2.1.12 we.present the 
simulation results of evolutions of bunch length and energy of a beam from an initial 2.5 MeV 
kinetic energy and 240" bunch length (uniform) to the final 10 MeV and 70° bunch length. All the 
"idler cavities" used are 70' detuned TWS's. The main parameters associated with this process are 
given in Table 2.1.3.2. 

2.1.5 The Chouuer 

As has been mentioned in Section 2.1.4, in our RK-TBA design, the drive beam needs to go 
through a chopper to generate a train of beam bunches before entering the "adiabatic capture" 
section to acquire further bunching and acceleration. A layout of the original Choppertron made by 
Haimson Research Corporation6 and used by the LLNL Microwave Source Facility group7 is 
shown in Figure 2.1.13. The modulator of the Choppertron is a 5.7 GHz chopping system designed 
to produce a train of beam bunches with a period corresponding to 11.4 GHz from an initial 
uniform beam. 

. 

TWS # vg (4 I L (m) 
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Figure 2.1.13. Layout of the original Choppertron used at LLNL. 
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The chopper operation is simulated with the 2-112 D RKS code. The phase distribution of a 
beam bunch that is produced by the chopper simulation is given in Figure 2.1.14. In this case, the 

. initial electron beam is a DC beam of 5 MeV energy, 1.5 kA current and no energy spread. With 
0.2 M W  rf drive power for the dipole field (TMllo) in the deflection cavity, we obtained a bunched 
beam of 600 A (average current) coming out of the chopper with each bunch spanning a length 
about 180' for the 11.4 GHz wave (some "cleaning" on the head and tail of the bunch may be 
needed). As we can see from Figure 2.1.16, the phase space at the chopper exit has as@ but 
finite energy spread.. The distribution does have some non-uniformity, although it is still fairly flat 
overall. We used this more realistic distribution of the bea& bunch as the initial condition for RKS 
simulations to re-examine the "adiabatic capture" process and the main TBA transport. Figure 
2.1.15 presents the rf power from each TWS across the "adiabatic capture" section and the main 
TBA section. The output power is sustained at 360 M W  throughout the entire main TBA section 
with fluctuations of less than 8.5% between the outputs. The parameters of the cavities used in the 
"adiabatic capture" section and the main TBA section are the same & those given, respectively, in 
Section 2.1.3.2 and Section 2.1.4.1. 

- -  - 

. 

11 .oo 
10.95 - 
10.90 - 
10.85 - 
10.80 - 
10.75 - 
10.70 - 
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Y 
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2.1.6 After-burner 

kinetic energyand 600 A avekge current. To make the most use of this amount of energy, and to 
further enhance the beam to rf efficiency, we haveanother section qalled the "after-burner", which 
consists of a dozen or so TWS's that are just like or similar to those~sed in the main TBA. A 
schematic of this section is given in Figure 2.1.16. In.the lkfter-Eiurnerll section the cavities are 
designed and arranged in such a way that each of them extracts about 360 MW of power from the. 
beam; In the "after-burner" section, compared to the main TBA section: (1) there is no 
reacceleration, and (2) the distance between two djacent cavities-is adjustable so that the cavities 
can be placed at positions where the rf current (I& in Eq. (2.1.17)) of the drive beam is relatively 
stable (about the sarqe as it isin the main TBA section). In addition to efficiency enhancqnent, 
another benefit of the "after-burner" scheme is that it lowers the beam energy considerably, which 

The electron beam that comes out of the ma& RK-TBA is still a beam of about 9.4 MeV 
' 

f = 11.424 GHz 

' 

1 .  1 .  I I . L ' l ' 1  

makes the disposal of the beam much easier. 

-180 -135 -90 -45  0 4 5  9 0  135 1 8 0  
w (degrees) 

Figure 2.1.14. Phase space diskibutioiof a bunched beam that comes from a chopper chopped 
initially uniform beam. 
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Figure 2.1.15. Evolution of output power from the adiabatic capture section to the main TBA 
section with the beam bucket shown in Figure 2.1.14 as the initial bunched beam. 

e-beam 

.. inductively detuned 
extraction .cavities 

' \  

1.5 m 1.4 m 1.3 m 1.3 m .8 m ,6 m .5 m' ,6 m ,7 m .65 m -45 m 

Figure 2.1.16 Schematic of "after-burner" section 

We have carried out RKS simulations on the "after-burner" section in which 12 TWS's with 
30" detuning are properly arranged (Figure 2.1.16). The results and some related parameters are 
presented in Table 2.1.4. As we can see in Table 2.1.4, with the proper choices of the group 
velocities (Vg) and the spacings &), each of the cavities is able to extract about 360 MW front the 
beam and the find energy of the beam is around 2.2 MeV. This means a 77% beam to rf 
efficiency, qb>rfr for this section. The efficiency,qb>g, of the whole system increases from 84% 
to 91%, or from 87% to 94%, depending on whether the beam bunches at the exit of the chopper is 
5 MeV and 180" (Section 2.1.4.1.) or 2.5 MeV and 240" (Section 2.1.4.2). Figures 2.1.17 show 
corresponding phase distributions of a beam bunch in the "after-burner" section: (a) before the lSt 
cavity; (b) after the last cavity. The beam bunch is still well preserved in the phase space at the end 
of the "after-burner" section, as we can see from Figure 2.1.17@). 
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Table 2.1.4. Some Parameters for " After-Burner" 

. . *Distance from the last cavity. 

Longitudinal phase space Longitudinal phase space 

(Initial energy spread.Ay/y= 15.%) 

-180-120-60. 0 6 0  7 2 0 7 8 0  
Y (degrees)  

-180-120-60 0 6 0  120  180 
(degrees)  

Figure 2.1.17. Phase distribution of abeam bunch in the "after-burner" section: (a) before the ISt 
caviw (b) after the 12th cavity 

211.7 Transverse Focusing. Issue 

In addition to the issue of axial stability of the beam bunch there is potentially another issue 
concerning stability in the radial direction. The latter is due to the defocusing force.of the radial 
component of RF electric field, E ,  that acts on the beam. There exists, simultaneously, another RF 
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radial force, V,Bt, acting in the opposite direction of Et. on the beam, which provides a focusing 
force. However, analytic calculation indicates that compensation occurs only for the synchronism 
case for a cavity with cylindrical symmetric shape (Appendix 2.1.D). It has been realized that for 
the inductive &tuning case, Et. is the dominant component and, if uncompensated, may result in 
transverse defocusing of the beam. For example, if we-simply take the eigenfields that cornspond 
to our current TWS configuration and run a 2-1/2 D RRS simulation for parameters that axe 
appropriate to the 1 TeV RK-TBA design (but with solenoidal focusing), the beam envelope starts 
scraping the wall and losing current before it drives more than 10 extraction cavities. The radial 
defocusing effect noted in the simulation is due to the introduction of our inductive detuning 
scheme for longitudinal stability and, possibly, limitations of the RKS code to model this effect. 
Alternative cavity designs are possible for inductively detuning the traveling wave structures. 
These designs need to be explored to find schemes that achieve both longitudinal and radial 
stability. In addition, further analytical work is required to quantify the radial defocusing effect an& 
check the accuracy of the computer modeling. Studies are beiig pursued using the MAFIA and 
RKS codes. 

- -  

- 
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2.1.8 Appendices 

Appendix 2.1.A. Derivation of the Mgtching Conditions for a TWS .With Finite Number of Cells 

= aN+l = 0 the equations for the 1st (n=I) and the last (n=N) 
cells are different in forms from those for the rest of the cells (n = 2, ..., N-I). By choosing 
appropriate w1, Ql,  CON and QN, the equations for the first and the last cells may be written in the 
same form as bose for the rest of the cells. Introducing parameters p and q we dei%ne-‘-” 

Consider Eq. (2.1.4). Since 

where 

(2.1 .A- 1) 

In-above, the first two equations of (2.1.A-1) combined with equations (2.1.A-2) form the so-called 
boundary conditions. In this way the system acts like a structure with infinite number of cells (for n 
= 2 ,......, N-1), where can be determined by formula (2.1.7) (Q, >> 1 is normally assumed). We 
may now rewrite Eq. (2.1.4) in the following form (with “hats” removed for simplicity of 
notaiion): 

where 
an+I - 2an-cos(a) + a,,-l= fn n = 1, ..., N, 2.1 .A-3) 

(2.1.A-4) 

fn = S J K .  (2.1.A-5) 

The difference equations (2.1.A-3) with constant coefficients can be solved analytically. The 
general solution is given by 

where CI and C;! are constants that need to be determined by the boundary conditions and the 
matching condition. In obtaining (2.1.A-6), it is assumed that 

(2.1.A-7) 

and also that a is not equal to an integral multiple of n. 

We now apply the above results to a TW output structure. Suppose the drive terms,fn, have 
constant amplitude, but that the phase of fn increases from cell to cell by a’ (to be distinguished 

- 3 8 -  



from the corresponding phase advance of field, a). The synchronism case refers to a= a' where 
.the field and the beam travel in phase (W lk = c for a relativistic beam). The non-synchronism case 
refers to a # a' where the field and the beam are out of phase. The particular case where a < a' is 
called inductive detuning. The latter case is of major interest in this study. Writing 

c 

and substitut&g (2.1.A-8) into (2.1.A-6) we have 

(2.1.A-8) 
.- -- 

(2.1.A-9) 

where A* = a'* a with A -  being defined as the .so called detuning angle. Then, A -  = 0 
corresponds to the synchronism case, and A -  # 0 corresponds to the non-synchronism case@), 
Since we have assumed that the fields vary as e-@ the first teob (cia) in (2.1.A-9) represents a 
wave traveling in the forward direction (from n = I to n = N), and the second term (e-ian) 
represents a wave traveling in the backward direction. 

Now we must apply the boundary conditions given by (2.1.A-1) and (2.1.A-2). Substituting, 
and a1 into (2.1.A-6), respktively and using (2.1.A-7) and (2.1.A-1) for ab we find that the 

condition relating and a1 can be expressed as 

' (2.1.A- 10) 

To simplify the algebra and also f o b  more specific, in the following we only consider our special 
case in which there is no input cavity. This means that the first cell can be treated the same as the 
N-2 cells that are behind it and only the last cell is likely to be different from the rest. Then, from 
(2.1.A-2) we immediately find that 

(2.1.A-11) leads to C1= - C2 (2.1.A-10). 

.p = 0. (2.1.A- 1 1) 

Our next task is to choose 0, and &such that the resulting solution would consist of just a 
forward traveling wave. Referring to (2.1.A-9), the backward traveling wave will vanish when 

(2.1.A-12) 

Substituting aN and aN+I, respectively, into (2.1.A-6), using \ (2.1.A-1) for aN+I, assuming that 

cos(Na') = 1 
sin(Na') = 0 

(2.1 .A- 13) 

(e.g., in our present RK-TBA design, a'=2n/3 and N=3),  and then some mathematical 
manipulations, we find that 
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In obtaining(2.1.A-14), Ci = 4 2  and (2.1.A-12) are used. Plugging (2.1.A-14) in (2XA-1) for q, 
we get 

(2.1 .A- 15) -&I- =eiar~. + sin (N+l)A-/2 
- aN sin (NA-12) 

The “matching conditions” for the eigenfquency and the external quality factor of the output cell 
of a detuned N-cell TWS can now be obtained by equating (2.1.A-15) to (2.1.A-2), and they are 
given as follows: 

@=&-V,f in ( N + W 2  c0slb*/2>3 
(2.1 .A: 1 6) 2Lp-Sh (a) sin (NA-12) 

0,vLp-sin (a) sin (NA-12) 
. (&)-’ in (N+1)A-/2 sin (A+/2)]’ 

In derivixig (2.l.A-16) relation (2.1.6) is used and Qv >> 1 is assumed. 

Appendix 2.1 .B . Derivation of Power Balance Equation 

equation after multiplying both sides of theequation by i(aN*) , we have 
Applying Eq.. (2.1.2) to the last cell of a N-cell TWS, and taking the real portion of the 

(2.1.B-1) 

Rewriting Re(iKahq&) as Re(-iK&m) and then repeating the above ppcedure sequentidly from 
the (N-I)* cell to the I~tcell, we come to the following relation 

(2.1.B-2) 

where Qn >> I with n = I ,  2, ... , N-1 are assumed. We also.know that the power extracted from 
the last cell of a N-Cell TWS can be quantified by the following expression . 

(2.1.B-3) 
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where UN z 51 Fd2(d3r)~ is the stored energy in cell N. Then, choosing the normalization 

convention (d3r>13 = 1 and substituting (2.1.B-2) into (2.1.B-3) we find the following power 

balance relation 

2 

I 
. .-I- 

* 
(2.1.B-4) 

Amendix 2.1 .C, Derivation of Power Extraction Formula 

For the synchronism case, we have A = a' - a = 0, so the matching condition (2.1.A-15) 
reduces to 

(2.1.C-1) 

which recovers (25) of Ref. [14]. Correspondingly, another form of the matching condition, (2.1.A- 
16) reduces to 

The power balance equation (2.1.B-4) becomes 

and the field evolution (2.1.A-9) reduces to 

(2.1.C-2) 

(2.1 .C-3) 

(2.1.C-4) i a,, = elm. CLin(,))-nf 3 - 
Also from the definition of Sn ((2.1.4)), and equations (2.1.11) and (2.1.A-8), we know that 

(2.1.C-5) 

Substituting (2.1.C-4) and (2.1.C-5) into (2.1.B-4), we then have 

(2.1.C-6) 

V 

Introducing, respectively, the axial voltage across one cell 
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e 

and the induced current 

we find that the corresponding shunt impedance may be expressed as 

(2.1.C-7) 

(2.1.C-8) 
. .--- 

(2.1.C-9) 

with Us $$an12 being the stored energy in the cell (as defined in Appendix 2.1.B). We also‘fhd 
that (2.1.C-5) may be rewritten as 

* 
f e  im =- 1 tii(%ek) ] KEO 

From (2.1.C-9) and (2.1.C-10) we have 

(2.1.C-10) 

(2.1.C-11) 

Substituting (2.1.C-11) into (2.l.C-6) and then a few steps of algebra, we obtain a formula that 
relates the extracted power from the TWS to the induced current ( I i d )  of the beam, the frequency 
(u) of the operating wave and several keycavity parameters - the shunt impedance R/Q, the, group 
velocity Vg, the longitudinal dimension Lp and the cell numberM 

Amendix 2.1.D. Calculation of Transverse Focusing Force 

The combined effect of Er and VzBt on the beam can be quanlifkd as follows: 

From the Maxwell equations we have 

For a cylindrical symmetric cavity (2.1.D-1) reduces to 
l a  a 
Yar aZ +rEr) +-(E,) = 0, . and 

(2.1 .c- 12) 

(2.1 .D- 1) 

(2.1.D-2) 
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a Also, for a TM mode: BZ = 0 and - = 0. Therefore 
ae 

E,= 4&EZ), 
2 dz and (2.1.0-3) 

so0 

Since in gene&, it may be written that Ez = QtJo(kmr).e - and thus for theFMo1 mode 
n= -oo 

we have Ez = Ed&g)*ei(a-kz). The total k s v e r s e  moment acquired-by an electron in the 
above field while crossing the structure can ’be calculated as follows: 

.L 

I. 

As we can see from (2.1.D-4);for the synchronism case when Vp = V,, we have 

(2.1.D-4) 

(2.1.D-5) 

which shows that the compensation of Vat to Et is up to the order of I / j ! ,  while for the inductive 
detuning. case when Vp > V,, the compensation disappears. . 

bmendix 2.1 .E. Determination of Total Q-factor For a 3-cell TWS 

In OUT RKS simulations, a specific value of the Q-factor, Qi, is assigned to each cell of the 
traveling wave 0 output structure with the Q for the output cell, aut, normally being the only 
one that is treated as a finite quantity. On the other hand when using MAFIA code to do cavity 
design, the Q-factor we encounter is often the one for the entire structure, Qrod. Therefore; it is 
desired to quantify the relation between aut and Qrdd so’that a concrete cavity design can be. 
carried out to yield cavities that have the desired rf properties for the RK-TBA. 

The approach we take here is to apply the circuit equation (2.1.4), which contains information 
of individual cells, to each cell of the TWS,-and then solve the resulted set.of equations and obtain 
the eigenfrequencies (complex values) of.the whole structure. Using the definition for Q-factor, we I . . . 

-43  - 



can express the Qtod in terms of the quantities for the individual cells, Oi and Qi. In the following, 
we apply this approach to the case of our 3-cell TW output structures for the RK-TBA. We start by 
first writing down the circuit equation (2.1.4) for each of the 3 cells in the TWS 

(2.1 E- 1) -- -- 

In (2.1.E-1), we have dropped the drive term in each of circuit equations. We also have assumed 
that Qi >> I for the first two cells and 
set the determinant of (2.1.E-1) to be 0, which yields 

= m,. The boundary conditions axe a1 = = 0. We then * 

(2.1 E-2) 2 .rn) K2.[(y2 - 0 2  - i-) 003 + (q - 02)J  = 0. 
(@+$)2.(q2-w2-1-- Q3 - Q3 

The eigenfiequencies of this 3cell TWS can be obtained by solving the above equation. First, we 
neglect the effect of the output cell and treat the third cell the same as the first two cells, i.e., & 
>> I and @ = @I. Eq. (2.1.E-2) is then reduced to 

(2.1 .E-3) 2 (a#- 02) . ( q 2 -  02) -2Kz.(q2- 02) = 0. 

One of the three solutions of Eq. (2.1.E-3) is that do) = @I. In the following, we will focus on this 
eigenfrequency value, since the drive frequency of the. system, WP, happens to be also equal to 611 
for our current X-TBA design. Our next step is to take into account the effect of a finite and 
solve the complex equation (2.1.E-2). In (2.1.E-2), we Write 0 = + i Wi (Q < 0 for power loss) 
with wf =do) +dof and assume that both do, and Q are << 01. It is noted that in (2.13-2) wi and 
K can be calculated fiom (2.1.7) arid (2.1.0, respectively, while a3 and & can be determined by 
the matching conditions (2.1.12). For the parameters that are appropriate to the current RK-TBA 
design (see Table 2.13, we have wi = W P  = 11.424 GHZ, @ = 11.666 GHz, K = 0.13400P and 
= 6.5. From the above figures it is calculated that l(m - o1)/oll= 0.02. If we assume that Idaf /OII 
I 0.02, then it is estirnated that the effect of do, on a is negligible. Now we are ready to solve Eq. 
(2.13-2) for ai. Substituting w = (13. + i oiinto (2.1.E-2), using the approximation . .  that 5 O, and 
keeping only the lowest order.te&, we have 

= K2.{ [ ( y 2 -  o,2) + iq(-2cL3.) + of] - i(-+ *@3 2fWf)}. 
Q3 .. . . 

(2.1 E-4) 

. .  

Taking the imaginary part of (2.1 E-4) we get 
. .  

(2.1 E-5) *@ 
~ C + ~ * I ~ ( C ( S  + e) + J =-K'-(~o~o, + -1. 

Q3 Q3 

Using the approximation @ = w, and then normalizing the above equation with w6, (2.1.E-5) may 
be recast as 

. .  
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(2.1 .E-@ 

For the parameters given in Table 2.1.2, it can be calcdated that I / &  = 0.1538, 2@/e4 = 0.0357 
and (I@/&)/& = 2.75e-3. 'Solving the above cubic equation we find that - -  
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2.2 Transverse Beam DvnamicS (T. Houck, N. Goffeney) 

The excitation of transverse beam instabilities due to higher order modes has been 
identified as a major issue in the design of a long multi-cavity RK-TBA. The narrow aperture and 
high average current of the TBA accentuates the problem. There are two separate structural 
components that contribute to the transverse instability. The induction module with an aperture of 
5.0 cm has a trapped dipole mode around 2 to 5 GHz and the output structure with a . 1.6 -I-- cm 
aperture has a transverse mode near 14 GHz. Both modes interact strongly with the beam. The 
effect of these structures on the transverse stability of the beam can be studied independently 
because of the large separation in resonant frequencies. 

- -  - 

* 

2.2.1 Theory 

Beam breakup (BB.V) instabilitiesl.23 are class5ed genehy into two major types, the 
cumulative BBU, where the resonant cavities &e assumed to be electromagneticaUy isolated, and 
the regenerative BBU,. where the cavities are coupled. The low frequency, induction cavity 
generated BBU in the RK-TBA is,cumulative. The high frequency BBU is a combination of the 
cumulative and regenerative, since the individual cells in a kveling-wave extraction structure are 
coupled (&generative) while successive extraction cavities, spaced every 2 m in our design, axp 
electromagnetically decoupled (cumulative). The numerical code developed to study BBU in RK- 
TBA's incoxporates*both effects.in one unified k tmen t ,  and the mathematical framework will be 
briefly described. W e  will then review the theory of cumulative BBU with Landau damping and 
the concept ofsthe 'betatron node scheme' before embarking on thenumerical studies reported in 
2.2.2 and 2.2.3. 

, 

I 

2.2.1.1 Mathematical framework 

The OMICE (Qne Mode bstability Bcui t  Equation) Code4 was developed at LLNL to 
numerically study the transverse instability inmicrowave structures comprised of 
electromagnetically coupled cavities; The .OMICE Code assumes that a single dipole cavity mode 

. is dominant and the magnetic field in the nth cavity can be expressed as 

(2.2.1) 
-c 

where en denotes an eigenmode with eigenfrequenq %. Hereo denotes a characteristic frequency 
of the generator assumed near the transverse instability resonance. It is possible to show that the 
excitation amplitudes & are governed by the following circuit equations: . ' 

(2.2.2) 

where Q,, is the quality factor of the n* cavity, KF'. denotes the coupling of the n and nkl cavities, . 
I is the current, x is the transverse displacement of the beam centroid in the x direction from the 
center line, (I is a phase advance, and Z_L is the transverse impedance. A similar equation.gives the 
excitation in the y-direction. Propagation of the beam centroid (x and y) are given .by single 

. 
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particle equations of motion in quadrupole fodusing channels. Several featuites of the OMICE Code 
are essential for modeling the RK-TBA 

1) Transient effects are modeled, 
2) RF structures are treated as separate entities with specific rfproperties, 
3)  Adjacent rf structures/cavities can be electromagnetically coupled, 
4) Variable curzent and energy profiles can be used, and 
5) Actual external electromagnetic focusing fields can be included. .,-- -- 

The electromagnetic coupling of cavities allows the effect of regenerative BBU to be included in 
the analysis while cumulative BBU corresponds to the .> special . . case of KF~= 0. . 

such as current and energy can only be varied lon@tudinally. To simulate an instantanmus 
transverse energy spread for study of Landau damping effects, the energy is varied longitudinally 
on a length scale much smaller than the wavelength of the instability. Figure 2.2.1 illustrates the 
method for simulating a transverse energy spread. The energy starts at a desired minimum value 
and increases per slice to a maximum and then returns to the minirpum value to repeat the cycle. 
Since there is a finite number of slices to a cycle, there will be a finite number of betatron 
frequencies. E the beam performs a sufficient number of betatron oscillations, the paths of the 
slices will tend to vary in phase with respect to the average energy betatron oscillation, but 
periodically the paths will come into phase. For a physical beam with several billion electrons per 
bunch the energy spread is essentially continuous and req&es an infinite number of oscillations to 
bring the orbits back into phase. This continuous spread of energy% modeled by randomly varying 
the energy of each beam slice about its nominal energy by an amount not to overlap the possible 
energy range of neighboring slices or exceed the extreme of the beam’s energy variation. 

A limitation is that the beam is treated as a series of rigid disks. Thus, beam parmeters 

- 

Each lines represen& 
the range of energy for 
a particular slice of the 
beam. Specific energy 
for a slice is selected 
randomly from within I the indicated range. 

1 I 
I 
I 

I 
I 

I 
I 

I 

I 
I. 

I 
I 

1 
Average 

Beam 
Energy 

I 
I 

Longitudinal Position Within Current Pulse 

Figure 2.2.1. Technique for simulating a transverse energy spread. 

2.2.1.2 Cumulative Beam Breakup 

There has been extensive axialytical work accomplished for the case where the resonant 
structures are not coupled.1 The multi-cavity model2 for cumulative beam breakup treats the 
structures as a continuous distribution along the beamline and assumes the dominance of a single 

-48 - 



- -  

dipole resonant mode with frequency coo. Within this fixme work, the asymptotic behavior of the 
transverse instability can be studied using the following equations:3 

- a ag -[Y-] az a2 + y k; 5 = Y A, 

(2.2.3) 

-- -- 
(2.2.4) 

where 6 is the transverse displacement of the beam centroid from the axis. A = ApJ L p is the 
normalized z-averaged transverse angular change of the beam centroid per unit IenL,  fl is the 
cavity spacing, ApL is the change in transverse momentum, and pzis the longitudinal momentum. 
The strength of the coupling between the beam and the dipole field is represented by the term 
G 47c E o0 @/Q) I&-&,), where I is the current and &, = 17 kA. Z 1  and Q are the transverse 
impedance and quality factor of the cavity, and kp is the wave number for the betatron motion of 
the beam. In the RK-TBA concept the average energy of the driye beam remains constant over an 
extraction-reacceleration cycle. For the following analysis yis treated as a constant. 

the WKB method. The transform inversion to recover 5 can only be done analytically in a few 
special cases of initial/boundary conditions. However, general information on the growth of the 
transverse instability can be obtained if two Simplifying assumptions axe made: 

- 

Equations (2.2.3) and (2.2.4) can be solved by Fourier transforming from t to co and using 

k$ >> 6% 
y(o$ - 02 - i 0 0  o/a)' 

and the instability growth is sharply peaked near the resonance, o = 0,. The solution can then be 
approximated as: 

(26.5) 

where A(%) is determine by boun'hary conditions and r is the growth factor. Equation (2.2.5) 
exhibits the exponential growth with distance that is characteristic of this instability. 

The impedance term, ZL, used in the definition of G is the ''normalhd" impedance as 
calculated by URMEL for the m=l mode, ie. 21 = (c/a0b)2 R where R = P/2P&, P& is the 

power dissipated, V = 

This impedance definition is related to the impedances, ZJJ and 2~1, calculated with the 
electromagnetic codes TBCI, ABCI, and AMOS for the m=l mode by: . 

& ei ~ z / c d z  and b is the radial distance at which V is calculated. c( J=b. 
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Phase mixed damping due to a spread in energy across the beam can be included in the 
andysis by using the techniques of hose instability theory.? The beam is divided into "beamlets" 
with different energies, oscillation amplitudes, and betatron wavelengths such that k: = ski ,  
where kp is the maximum wave number, 0 S q 5 1, and t,, are the associated oscillation 
amplitudes. The model equations are 

- + k: E,, = A, where. 
a22 

1 

(e)=\ &I) kq drl, Y= &I)?',, dq, and g(q)dq = 1. 
0 6' 

For this analysis, let the distribution function be: . 

(26.8) . _--- 

' (2.2.9) 

(2.2.10) 

A dispersion relationship can be obtained from equations (2.2.8) and (2.2.9) by Fourier 
transforming a to t, z to k and using the distribution in equation (2.2.10): 

(22.1 1) 

Again assuming that the greatest growth in the instability occurs when o = a,,, equation (2.2.1 1) 
can be used to determine k 

$'=sYk2$(cQ} 

If Cp = z, k will be a purely real number and 5 will not exhibit exponential growth. 

2.2.1.3 Betatron Node Scheme 

(22.12) * 

(2.2.13) 

The Betatron Node Scheme6 takes advantage of the electron orbit oscillations in the 
transport system to reduce the growth in higher order mode @OM) induced transverse 
instabilities. Figure 2.2.2 illustrates the motion of an electron as it passes through a series of 
resonant cavities. The cavities are spaced at an inteival equal to the betatron wavelength of the 
electron's oscillation in the focusing field. This configuration leads to minimal transverse 
displacement at the location of the extraction cavities which in turn resultsin minimal excitation of 
the higher order mode. 

- 5 0 -  



Figure 2.2.2. Particle motion for the “Betatron Node Scheme.” 

- - 

- - 
1 

cos(e). - sin(e) (+I , 

0s. (:) -.‘(:Jo (n-1) ’ -opin(e) mde) (n-1) 

1 4 

(22.14) 

where 8 is the phase advance, 08 is the betatmn frequency, and Mf is the transformation matrix. If 
the gap is sufficiently nmow, the transverse position of the beam centroid can be assumed to 
remain constant while crossing the gap, but the momentum will change. Equation (2.2.3) can be . 
used to determine the increase in vl. For this discussion, let the change in momentum be expressed 

A v ~  = Re (2.2.15) 

. 
as 

When ’8=2x, as we will soon see, 5 is the same at every cavity (n), although it may vary fiom head 
to tail (t). It follows that R may also vary with t, but is independent of n in this special case. Thus, 
5 and VL at the exit of the gap can be expressed as 

(2.2.16) 

Equations (2.2.14) and (22.16) can be combined to find therelationship between 4 and VJ. 
at the n* cavity in terms of the initiaI conditions at the first cayity: 

(2.2.17) 

Equation (2.2.17) has been solved for arbitrary phase advance by Neil et al.7 and shows that 5. 
increases exponentially with n when sin(8) # 0. In the “Betatron Node Scheme” 8 = 2.n, and 
equation (2.2.17) becomes simply: 
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(2.2.18) 

- - - The transverse position of the beam centroid at the nth cavity does not change and the transverse 
velocity increases linearly with n. Since the maximum centroid displacement &, ocwning at a 
position of one quarter betatron wavelength from the cavity, is proportional to VL, emax increases 
linearly with the number of cavities. The change from exponential to linear dependence on n 
substantially reduces the instability growtb. 

2.2.2 hwLFm-uencv Instability flnduction >&dules) 
. _ .  

2.2.2.1 Problem Description 

There are three induction modules per meter through the RK-TBA. Refer to Sections 2.4 
and 3.2 for detailed descriptions of the induction module. Although considerable damping can be 
accomplished by the insertion of absorbing material, design constraints imposed by maximum 
surface electrical fields and vacuum requkments preclude complete damping of higher order 
modes.. Modeling the module as a cylindrical resonator with-an impedance boundary condition on 
the outer wall8 and assuming.an optimum design, the transverse impedance, ZJJ, will be on the 
order of 4,000 am. Experience with the Advanced Test Accelerator (ATA)9 and the Experimental 
Test Acckler&r II (ETA indicate a growth of 4 to 5 e-folds is tolerable in the transverse 
@stability. Thus the growth factor r should be no more than 4.6 over 300 m. For a 10 MeV e- 
beam, using kp = n/m, I = 6OOA, and & = &, equation (2.2.7) can be use to estimate the 
maximum tolerable tt.ansverse impedance of the module: 211 = 573 Wm. Thus, additional 
measures are needed to suppress the transverse instabiity. 

2.2.2.2 SuDDression Techniques 

. There are several methods commonly used for suppressing the transverse instability. The . 
addition of absorbing material or ports to extract energy from the higher order modes lowers the Q 
of the cavity and results in a lower effective impedance. This effect was assumed when the 
transverse impedance was calculated based on the optimum design of the cylindrical resonator 
model. Staggered tuning or varying the geometry of individual cavities to shift their higher order 
mode fkquencies can be very effective for high Q structures. However, when the Q of the 
induction modules is very low (<lo), staggered tuning is not viable. A more novel suppression 
scheme (see Section 2.2.1.3) involving the spacing of the rf extraction cavities at integer multiples 
of the focusing field betatron wavelength is not applicable for the induction gaps. 

The most promising technique for suppressing the transverse instability is L&dau dampkg. 
To maintain longitudinal equilibrium, inductively detuned structures were deployed (see Section 
2.1). The resulting rf buckets have an intrinsic spread in beam energy over the microbunch of the 
order o f f  7.5%. Using equation (2.2.13) with Cp = n, this amount of energy spread, together with a 
transverse impedance, 211, of less than 5,178 Sum will lead to total suppression of low frequency 
BBU growth. 
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2.2.2.3 Results of Numerical Analysis 

The OMICE Code was used to model the growth of the transverse instability. In practice, 
the technique for simulating a transverse energy variation on the beam was found to have 
limitations. In Figure 2.2.2 relative growth in the displacement of the beam’s centroid from axis as 

- - - a function of distance along the axis is shown for several different energy spreads and for the 
spreads based on a 5 slice and 9 slice variation. The random dithering of energy was insufficient . .--- to 
avoid some =phasing at larger energy spreads, ie. the effect of Landau damping appears to 
saturate. The general conclusion is for a 5 (9) slice variation the relative growth is overestimated 
for energy spreads gnxter than f1.5% (z!2.5%). The number of slices in the energy variation could 
have been furthered haeased to simulate more accurately the full effect of Landau damping. 
However, the runs pmented, using either 5 or 9 slice variations as indicated, provide a 
conservative upper bound. Table 2.2.1 lists additional input parameters used in the OMICE Code. 
The “seed” perturbation for exciting the instability was a ,sinusoidal oscillation of the centroid’s 
transverse displacement at the instability frequency. 

- 

In Figure 2.2.3, the growth rate for the case of no energy @read is about two thirds of the 
value predicted by equation (2.2.7); r is 0.107 m-1 from equation (2.2.7) and is 0.066m-1 from 
Figure 2.2.3. From Figure 2.2.3 the growth rates are about 0.066,0.040, and 0.018 m-1 for 8y&= 0, 

, M.6%, and 1.2% respectively. For 8y&= B.5% the BBU growth appears to be adequately 
suppressed by Landau damping. The three growth rates before saturation decrease’iinearly with a 
slope proportional to 8y/y This is a result predicted by Capomso for a hrentzian energy 
distribution11 There axe several possible reasons for the discrepancy between analytical and 
numerical results. The analytical derivation assumed that the spacing of themonant gaps is small 
compared to the betation wavelength of the focusing system. The induction cell gaps are spaced 
one sixth of a betatron wavelength apart, The results appear to be dependent on the details of the 
energy distribution. Also, the perturbation “seed” used in the numerical work is suppressed by 
phase mixing when there is an energy variation. 

. 

e/y= 6.0% 9 slice 

0 50 100 150 . 200 250 300 
Longitudinal Position (m) 

Figure 2.2.3. Effect of energy spread and simulation technique on instability. 
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Table 2.2.1 

0-600Ampsin100ns 

Figure 2.2.4 indicates the relative growth in transverse displacement of the beam's centroid 
from axis as a function of &tan& along the axis. Three different cases are shown for Zu equals 
3,800 Win, 5,400 Win, and 7,000 Qlm to verify that the g r o w  factor is proportional to 2~1. 
Additional simulations were performed for different .Q's 'and cavity resonances, also to verify 
.scaling, and no significant diEixences from analyiicpredictions were noted. A sample of these 
results are'shown in Figure 2.25. 

€ 

g-s~ce energy variation1 l oo ! - . .  . I * . . .  I " ' . I  ' . " I ' . " 1  

50 loo 150 200 250 300 
Longitudinal Position (m) 

Figure 2.2.4. Effect of varying Zu. 

0 

0 50 100 150 200 250 300 
Longitudinal Position (m) 

Figure 2.2.5. Effect of changing Q and a. 

The conclusion from the numerical modeling is that the instability growth will be 
acceptable for 211 less than or equal to 5,400 a m  and energy spreads of 32.5% or greater. 
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2.2.3 FfiPh-Frwuencv Instability (RF Extractr ‘on Cavities1 

2.2.3.1 Rob Iem DescriDtion 

There is one 3-celI, traveling-wave, output structure @WS) every two meters through the 
RK-TBA. Refer to Sections 2.3 for a detailed description of the output structure. In the context of 
our current design, we limit the growth of transverse beam displacement to 4 to 5 e-folg over the 
300 meter system, or 150 ‘IWS’s. In order to keep BBU to t h i s  level, we need to minimi7e or 
suppress excitation of the higher order (transverse) modes in the TWS’s. 

The contribution of the output s tNcms to the transverse instabfity of the beam is greater 
than that of the induction cell gaps for several reasons. The output s t r u c h  has a d e r  aperture 
to obtain the desired 1ongitudinal.shwit impedance. Damping of the higher order modes must not 
affect the fundamental mode used for power extraction. Also, the three cells comprising the TWS 
are electromagnetidly coupled. Within a TWS, the regenerative BBU mechanism will increase 
the interaction of the higher order modes with the beam. 

2.2.3.2 Sumression Techniaues 

The basic design of the output structure has a transverse shunt impedance (Z_l/Q) of about 3 
ohms per cell. This is significantly lower than for the induction cell gaps. However, the Qwa of the 

* . cells is high, on the order of several 1,OOO. The third cell has two output ports that semoves energy 
from the higher order modes. This produces an effective Qext of about 15. In addition, fields in the 
1 s t  and 3rd cell couple strongly to the TEll mode of the connecting pipe, thus leading toa drastic . 
reduction of Qat in both the first and last cavities. The growth in the transverse instability is also 
reduced by Landau damping due to the energy spread on the beam. However, even *&.these 
instability reduction features, the high fi-equency BBU growth is still too high. . 

* The “Betatron Node Scheme” is used to limit the growth in the transverse instability to an 
acceptable level. This technique is described in detail in Section 2.2.1.3. In this scheme, the 
betatron wavelength of the focusing system is set to comspond to the spacing of the TWS’s. 
Deflections of the beam passing through a TWS will not result in further increase of transverse 
displacement of the beam at the followhg TWS. The excitation of the higher modes of the TWS is 
proportionat to the transverse displacement of the beam in the TWS. Thus the ‘%Betatron Node 
Scheme” minimizes the excitation of the higher order modes and therefore the growth.of the 
transverse instability. Figure 2.2.6 shows the large difference in BBU growth as we‘go from the . 
on-node to the off-node scenario. 

scheme to deviations in the betatron wavelength resulting from errors in focusing field and/or 
beam energy, as well as sensitivities to cavity parameters. The main goal of our numerical studies 
is to delineate the parameter space for acceptable high frequency BBU growth. 

The Betatron Node Scheme works well in principle; the key issue is the robustness of the * 

2.2.3.3 Results of Numerical Analvsis 

The OMICE Code was used to model the growth of the transverse iristability. For our . 
analysis, -we chose a set of base parameters that are consistent with the cavity design calculations 
with URMEL and MAFIA as presented in Section 2.3: A list of the pertinent variables, and their 
base values, is given in Table 2.2.2. We then used the code to model the time-dependent 
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transverse behavior of one 300 ns pulse over the 300 m length of the RK-TBA beam line. An 
initial constant offset of the beam centroid was used as the "seed" perturbation for exciting the 
instability. The base parameters were varied individually to characterize the system's sensitivity to 
different design parameters such as effective impedance, Q values of the cells, quadrupole focusing 
field strengths, and variation in average beam energy. 

. *  
107 

106 

105 

lo4 

103 

(b) 11% Off-Node 

10 

10 * 
100 

0 60 120 180 240 300 

Longitudinal Distance (m) 
' Figure 2.2.6. Relative Beam Centroid Displacement VS. the distance the be- has traversed. (a) By 
matching the betatron wave-length to the TWS spacing, BBU growth is strongly suppressed. (b) 
By over-focusing with a quadrupole field 11% stronger, the suppression effect is lost. 

- 56- 



- -  

e 

s 
3 
8 

10 

10 

10 

10 

10 

10 

10 

10 
0.990 0.995 Loo0 1.005 1.010 

B /Bo 

Figure 2.2.7. Relative Growth after 150 TWS’s vs. the quadrupole focusing field; normalized to 
Bo, the optimum field for suppression. Below the ‘tolerable growth’ line is the region of operational 
stability for the system. 

The sensitivity of the “Betatron Node Scheme” to systematic errors in the focusing field, or 
equivalently beam energy, was studied. Figure 2.2.7 shows the relative growth of the displacement 
of the beam centroid after passing @rough the 150 output structures. As can be seen, deviation 
h m  the correct quadrupole B-field strength in either direction will result in increased BBU. As 
shown in E p  2.2.7, use of the betatron node scheme results in aear total suppression of the 
transverse instabiity; however, a systematic deviation of the focusing field, or beam energy, of less * 

than 0.5% will result in excessive growth. 

By varying the cross-sectional energy of the beam by a small amount (+2.5% to &7.5%) 
around the 10 MeV level, the nature of the transverse stability is changed. When such an energy 
spread is intduced, there is also a spread in betatron wavelengths about the optimum value of 2 
meters; most of the beam will thus be slightly over- or under-focused at a l l  times. The effect of 
Landau damping on the betatron node scheme is not immediately obvious. Here we have to rely on 
numerical studies to provide the answer. 

. Figure 2.2.8 illustrates the effect of an energy spread about the average beam energy on the 
“Betatron Node Scheme.” For Figure 2.2.8, a five sgce energy variation (+ 7.5%) w q  used. Two 
curves are shown representing a case of a constant average bead energy and a separate case with a 
high-frequency, (&1.5%) random variation imposed on the average beam energy. From Figure 
2.2.8, it can be seen that Landau damping significantly reduced growth in the transverse instability 
for values of the focusing-field off optimum, but the energy spread resulted in higher growth near 
the optimum. 
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4- Energyave = 10 MeV k 13% 

Energyave = 10 MeV 

l o o l  ' ' ' ' ' ' ' ' ' . - I  ' ' ' 
-1.0 -0.5 0.0 0.5 1.0 

Variation from Bo (%) 
Figure 2.2.8. Relative growth after 150 TWS's as a function of the variation in the quadrupole 
focusing field strength with 3~7.5% energy spread introduced on'the beam, The effect of a high- 
frequency, f1.5% random variation.in the average beam energy is also shown. It can be seen that 
the tolerance to systematic errors in the focusing field is increased, but this gain in tolerance also 
results in an increase in the growth at optimum focusing. 

It is clear from Figures 2.2.6 and 2.2.7 that the ''Betatron Node Scheme" allows us to 
approach our goal of suppressing BBU to 4-5 e-fold, and Landau damping blunts the extreme 
sensitivity of the node scheme to fluctuations in the B field. However, additional measures are 
needed to increase the error toleiance for a viable design. The most straight forward method is to 
reduce the effective impedance of the TWS's, thereby lowering the overall growth of the BBU. 

and, with somewhat more difficulty, the Z,L/Q of the outpuE structure. The Q of an RF cell can be 
. reduced by increasing the aperture to permit propagation of elecmmagnetic energy from the cell, 
adding absorbing materid to the cell, and making external ports in the cell walls to couple out 
energy. The last option has the least inter€ixence with the fundamental mode and has been used 
successfully in the experimentat program at LLNL.l513 

understood cumulative BBU thegr outlined in Section 2.2.1, However, by varying the Q and Z/Q 
of the output structure cells in our simulations, we demoqstrated the exponential dependence of the 
asymptotic BBu growth rate with respect to these parameters. (See F i p  2.2.9). 

The parameters most easily,contmlled in the design are the Q values of the individual cells, 

. 

The possibility of regenerative BBU within each TWS limits the applicability of the well- 

. We have performed further tests of the sensitivity of the BBU growth to different sets of Q 
values for the 3 cells of the output structure. In Table.2.2.3, we list the relative growth at optimum 
focusing for 4 realistic sets of Q values. The first entry in Table 2.2.3 reflects the 'baseline 
parameters' used to obtain om stability graph in Figure 2.2.8. We see that reducing the Q value.of 
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Figure 2.2.9. Asymptotic Growth Rate vs. Z/Q and Q. The growth in the transverse displacement 
of the beam centroid is proportional to erz, where is the growth rate. 

the third cell even slightly will reduce the relative growth significantly. When both the first and 
third cell are de-Qed, the growth rates are further reduced. It is important to note, that for our 
cavity design with an inner aperttq’of 8 111112, the first and third cavity are naturally de-Qed, as the 
HEM11 modes are strongly coupled to the TEll mode in the connecting pipe. Low Q‘s for the first 
and third cavity are quite consistent with our dipole wake calculations (s& Section 2.3). 

enorsis dramatically reduced. The results of these simulations are shown in Figure 2.2.10. If these 
Q values are attained, the tolerance in,the focusing fields for stability will be very loose indeed. 

The next issue studied involved the variation of average beam energy over the 300 ns pulse. 
The “flatness” of the pulsed power system will be determine by the complexity of the pulse 
forming network. (Refer to Section 3.1). Two different forms of energy variations were studied as 
illustrated in Figure 2.2.11. In the first case, the average energy is initially less than 10 MeV, 
increases to a maximum value greater than 10 MeV, and then returns to the initial value describing 
a half period of a sinusoidal curve. The second case starts at 10 MeV and follows a sinusoidal path 
before returning to 10 MeV. The actual voltage waveform will be a s u m  of several sinusoidal 
components to approxima& a rectangular pulse with the first few having the largest components. 

When low Q values for both the first and third cavities are use& the sensitivity to B-field 
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Figure 2.2.10. Relative growth after 150 W S ' s  vs. varktion from the optimum focusing field. 
Comparison of an aggressively lowered Q to a high Q for the first cell. . 

The results of the simulations with the average-energy variations are shown in Figure ' 
2.2.12. In these simulations the Q values of the first and third cascity were 10 and the focusing field 
was optimum. Varjations of =tOS%.in the average energy results in small increases to the relative 
growth. Even variations of m% are within the stability criteria. Additional studies using actual 
voltage wavefofms should be performed, but this initial work is encouraging. 
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Figure 2.2.11. Average energy variations modeled. 
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Figure 2.2.12. Effect of variation in average beam energy on the relative growth of the transyerse 
displacement of the beam centroid. 

2.2.4 Conclusions on Transverse TnstabiliN 

The primary contributor to transverse instabiity isthe output structure. The “Betamn 
Node Scheme” is a promising means for controlling the high bquency instability caused by these 

. structures. Requirements on energy flatness and field accuracy are quite acceptable provided that . 
the output structures are indeed strongly de-Qed. The lower frequency instability of the induction 
cell gaps is adequately suppressed by Landau damping resulting fkom the anticipated energy spread 
on the beam. 

Several questions remain to be studied. The rfparameters used in the computer simulations 
are assumed to be achievable, but actual components need to be constructed and tested. Measured 
rfparameters can then be used in the modeling. Additional studies are requiredto determine the 
effect of different perturbation “seeds” on the initidgowth of the instabfity. Fmally, .the 
sensitivity of the “Betamn Node Scheme” to head-to-d energy variation over the beam pulse 
needs to be studied in more detail. Feedback schemes may further relax the reqements on field 
and energy accuracies. Finally, the higher order modes (beyond the lowest dipole mode) should be 
examined. 

, 
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2.3 RF Extraction Cavity Design (E. Henestroza) 

This section is concerned with the design of the rf extraction cavities. The most basic . 
requirement for the cavity design, of course, is that it would geneate 360 MW of rf power for a 
drive beam current of 600 A DC and about 1-1.5 kA rf. Secondly, the cavities must be inductively 
detuned in order to maintain longitudinal beam stability over long distances. Thirdly, the d a c e  
fields of the structure must be sufficiently low to avoid breakdown. Finally, the cavitymust have 
low transverse shunt impedance in order to minimize the high frequency BBU. The required cavity 
parameters have already been discussed in Sections 2.1 and 2.2. In this section, we present . 
electromagnetic calculations to determine the structure of the extraction cavities. We have chosen 
in this design effort one specific path to meet the general requirements; The procedure adopted is 

. by no means unique, and we anticipate further optimizations and more detailed calculations in the 

.- r - 

future. 

The tools we have used are URMEL and SUPERFISH for 2-D frequency domain 
calculations, ABCI and TBCI for 2-D time-domain calculations, and MAFIA for 3-D frequency as 
well as timedomain calculations. 

The design procedure is carried out in several steps, starting with the simplest 
’ approximations, and adding more realistic features with each successive iteration. The successive. . 

approximations are briefly summarized as follows: . 

1. 

2. 

3. 

First, we want to determine roughly the geometry of the o&pll structure. As a starter, we . 
construct a 3-cell disk-loadd traveling-wave structure that is synchronous (vp=c), using , 

Eq. (2.1.17). The rf structure should give 360 MW with a tightly bunched drive beam with 
an rfcunrent of 1-1.5 kV. We choose initially a conventional 2 M  structure with cell length 
@) of 8.75 mm. The power extraction formula gives a requirement of (R/Q)/vg 

URMEL is exercised for aninfinitely periodic structure, varying the inner radius a and 
outer radius b of a disk-loaded structure, and the set of solutions with vp=c is obtained, 
following the proceduxe of Thompson, et al.l.For each value of the aperture radius 
satisfying v p ,  the ca+ty parameters R/Q and vg are determined. 

The inductively dem’ed structure is next constructed by a variatiop of step 1. What we 
want is a structure whose resonant fiequency remains unchanged, but the wavelength is’ 
increased by 1.33 of the results from step 1. This will result in a phase velocity of 1.33 c, 
which is the desired detuning angle, according to the numerical studies of Section 2.1. To. 
achieve th is ,  we choose to fix the cell length H.75 mm as in step 1, and reduce the outer 
radius b for each value of a, until the 2z.B field configuration of step 1 becomes a n/2 . 
configuration at the same frequency of 11.424 GHz. Each wavelength now extends over 4 
cells, instead of the 3 cells in step 1. The R/Q and vg for this new configuration are 
determined with URMEL. The req- geometq is determined by ensuring that the . 
corresponding R/Q and vg provides the right power extraction. The solution is a=8mm, 
b=12.5 mm, R/Q=13.5 i2 and-vg is 0.28 c. Slight-refinements from this geometry are 
obtained by numerically iterating on the power extraction formula to account for the 
reduction in power due to inductive detuning, as indicatedin Section 2.1.2.4. 

The finite cell structure is included. by modeling a 3-cell structure with finite beam pipes. 
The effect of the modified geometry on the field configuration and cavity parameters are 
then studied. 
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4. 

. 

Finally, the 3-D aspects of the output ports are studied using MAFIA. Recalling that the 
matching condition derived in Section 2.1 demands that the frequency and Q-value of the 
last cell be uniquely determined to absorb the reflected waves from the 3-cell structure. 
MAmA is’exercised by variation of the geometry of the output until the right value of Q 
and o for proper matching are obtained. . 

2b 

As wego through each of the above 4 steps, we also evaluate the relevant dipole . .--- cavity 
parameters for BBU considerations, as well as the field enhancement factor to determine the 
surface field for assessing breakdown risks. 

2.3.1 Infinitelv Periodic Structure 

As a first step, assume that the cavity is a part of an infinitely periodic structure. Figure 
2.3.1 shows a schematic cross section of the structure, where the cavity parameters are defined. 
Neither beam pipes nor output structures-are considered at this time. 

U U U U U U’t 

The structure: is a disk loaded waveguide driven at fel1.424 GHz. If the phase advance 
per &ll is-chosen to be +2d then in order for the accelerating mode to be synchronous with the 

. beam the cell length is p4.747 I& 

Using the computer code URMEL, a study of the behavior of the F S  parameters .of the 
structure while varying the iris aperture (a) and the cavity aperture’@) was performed. The first 
case that we studied is one in which the beam was synchronous with the accelerating wave (2a 
mode). The second case cofzespondij to an inductively detuned cavity h which the beam was 
lagging by 30 degrees (~$2 mode). ’ 

..DAD ..=E= 

Figure 2.3;2. Field configuration for the 2 ~ / 3  mode. 

..w E l  
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2.3.1.1 Svnchronous structure 

Figure 2.3.2 shows the field configuration for the 2x/3 mode for an rf structure whose wave 

Figure 2.3.3 shows the cavity aperture radius (b) for a given iris radius (a) such that the 

Figures 2.3.4-6 show the quality factor and field enhancement factor; R/Q (per-cavity) and 

speed is synchronous with the relativistic beam. 

structure is synchronous, using the procedure of Thompson, et al. 

group velocity; and dipole mode synchronous frequency and shunt impedance (per cavity), as 
functions of the cell iris radius (a). 

._ - 
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E 
E 
Y 

a 

Figure 2.3.3. Cavity R&us vs. Iris Radius for fe11.424 GHz and +=2x/3. 

8000 8 

7 0 0 0  7 

6_,c 
6000  

5000  5 c  

-c 4000 4 e  

!! 

0 0 

3 <  
L1 

3000 

2000 2 

1000 1 

0 0 

a(mm) 
3 4 5 6 7 8 9  

Figure 2.3.4. Quality Factor and Enhancement Factor for fe11.424 GHz and @=2d3. . 
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Figure 2.3.5. Shunt Impedance (per cavity) and Group Velocity for fp11.424 GHz and +2d. 
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Figure 2.3.6. Dipole Mode Synchnous Frequency and Shunt Impedance for fe11.424 GHz and 
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A sensitivity analysis of the enhancement factor versus the iris thickness (t) is shown in 
Figure 2.3.7. An iris thickness of 2.5 mm appears to be required for minimum field enhancement. 

1 .S 2 2.5 

lrls Thlcknoss (mm) 

. ---- 

' Figure 2.3.7. Field Enhancement Factor as function of iris thickness for frf=l1.424 GHz and 
9 2 d 3 .  

2.3.1.2 hductivelv detuned stn~cture (30° la& 

Figure 2.3.8 shows a .n/2 mode field at resonant frequency =l1.424 GHz. 

w. wL=4 

w. u.5 

w.uu 

Figure 2.3.8. Field configuration for the d2 mode. 

Figure 2.3.9 shows the outer cavity radius b required for obtaining a d2 mode at 11.4 GHz 
for various iris radii a. 

Figures 2.3.10-12 show the quality factor and field enhancement factor; shunt impedance 
(per cavity) and group velocity; dipole mode synchronous frequency and shunt impedance (per 
cavity), as functions of the cell iris radius (a). Figure 2.3.13 shows the dipole mode group velocity 
at synchronous frequency. 

. . .  

- 67 - 



i 

Figure 2.3.9. Caviv Radius vs. Iris Radius for fell.424 GHz and (pd. 
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Figtm 2.3.10. Quality Factor and Enhancement Factor for fe11.424 GHz and 4wV2. 
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Figure 2.3.12. Dipole Mode Synchronous Frequency and Shunt Impedance for f+11.424 GHz 
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Figure 2.3.13. Dipole Mode Group Velocity at Synchronous Frequency for fe11.424 GHz and w- 
There is a subtlety about the field enhancement factor. What we have calculated in Figures 

2.3.4,7 and 10 are the enhancement factors itom URMEL and SUPERJZISH, .&fined as the ratio of. 
the maximum amplitude of the electric field in the whole structure. to the average electric field 
dong the axis (including the transit time factor). This calculation is performed with URMEL and . 
SUPERFiSH for standing-wave cavities. Since we are interested in traveling-wave structures there 

. is need to convert the standing wave result to’traveling wave following a procedure described in a 
. paper by Laew et al? In essence the traveling-wave solution is obtained from the standing-wave 

. 

solution by shifting the fields in the,axial direction and adding the original and the shifted solutions 
with appmpriate phases. The enhancement factor that we are inte~sted in is defined for traveling- 
wave structures as the ratio of the maximum amplitude of the electric field in the whole structure to 
the average amplitude of the electric field on axis without including the transit time factor. By 
following this procedure we obtained for the case of a 4  mm an enhancement factor of 1.5 as 
compared to the value of about 4.0 cdculated.using the definition for standing-wave structures. 

2.3.2 2-D Finite Structure 

. 

The next step was to consider a three cell inductive (x/2 mode) cavity with beam pipes as 
shown in Figure 2.3.14. 

2L 

.. -AIL- . +  

Figure 2.3.14. Three cell cavity with beam pipes. 
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I’ 2.3.2.1 Feme ncv Domain Calculations. 

The computer code URMEL-was used to find the length of the beam.pipe that confines the 
fields inside the structure. Figure 2.3.15 shows the axial electric field on axis for three beam pipe 
lengths. From these calculations, we determine that a length of 3 cm on each side of the structure 
will adequately contain the fringe fields. The cavity fields st i l l  retain their .n/2 structure (See 2.3.3). 

Figure 2-3-15. Axial field on axis for three &.pipe lengths. 

2.3.2.2 Time Domain Calculations 

A wakefield calculation.using TBCI was performed to find the resonant hquencies and 
impedances of the structure and to compare the results with the frequency domain calculations to 
check for consistency. Figures 2.3.16-19 show the wakefields and impedances for the monopole 
and dipole modes. The resonant frequencies as well as the relative impedance behavior agree with . 
those calculated in frequency domain. 
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Figure 2.3.16. Longitudin’al wake field of a three cell structure with beam pipes. 
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. Figure 2.3.17. Longitudinal impedance of a three cell s&cture with beam pipes. 

A very important point to note is that the dipole wake of Figure 2.3.18 is heavily damped. 
This is due to the strong coupling of d e  cavity fieId to the ?'E11 mode in the beam pipe. This 
results in a very low Q. To translate d e  .wake calculation to the Qof.individual cells in a coupled 
cavity formulation is somewhat subtle, and has not been N l y  understood yet. But initial estimates 
suggest that the dipole Q for the first and last cavity of our 3-cell structure could be as low as 10. 
(See Appendix, Section 2.1) 

0.2 0.4 0.6 0.8 1 

s(m) 

Figure 2.3.18. Transverse (dipole) wake field of a three cell structure with beam pipes. 
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Figure 2.3 19. Transverse (dipole) impedance of a three celi structure with beam pipes. 

2.3.3 3-D Cavitv with Oumut Structure 

structures the parameters were set to: p4.747 mm, t=25mm, a=8.0 mm, b=12.4334, and a beam 
pipe length of 3.0 cm, for a IJ2 mode. The 3-Dimensional electromagnetic code MAFIA has been 
used to calculate the Qat of the cavity including output structures. Figure 2.3.20 shows a 
schematic x-cut of the complete structure. Figure 2.3.21 shows a schematic of a z-cut at the 

. From the 2-Dimensional analysis of the cylindrically sym&etric cavity without output 

waveguide, showing the ciupling iris ape&. 

Figure 2.3.20. Schematic Cross Section of 3-D cavity with output structure (x-cut). 
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Figure 2.3.21. Schematic Cross Section of 3-D cavity with output structure (z-cut). 

2.3.3.1 The Outpt S t r u c t u ~  

. The output structure consists of two'WR90 RWG waveguides attached to the last cell of the 
cavity. The shorter (0.4'' long) side is oriented along the z-axis. The last cell is required to have a 
Qext<lO in order to have only a foyard traveling wave in the cavity. 

The determination of the external Q of the 3-D cavity with output structure is based on the 
Kroll-Yu method3. For a given waveguide iris aperture several calculations (at least four) are 
performed varying the length of the output waveguide. The phase change along the waveguide, v, 
is defined as 27cD&, .where 5 is the waveguide wavelength and D is the waveguide length. The 
mode of interest (in our case the 
phase change versus fhquency relationship the external Q is approximately given by 
-W)f(dY/df). 

mode) is identified and the frequency recorded, From the 

Taking into account the whole structure we calculated Qap80 for various waveguide iris 
apertures. To relate the Q of the entire 3-cell structure calculated with MAFIA to the Q of the 
individual cells in a coupled-cavity fornulation, we use the results from the Appendix of Section 
2.1. The equivalent Q for the 9 cavity is shown to be less than 10. Figure 2.3.22 shows a field 
configuration for the n/2 mode of the 3-D cavity with output structure. Figure 2.3.23 shows a 
typical D vs. f curve. 
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Figure 2.3.22. Field configuration for the n/2 mode of the 3-D cavity with output structure. 
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Figure 2.3.23. D vs. f curve. 

The calculation of the Qext of the last cell for a 7c/z mode configuration is facilitated horn 
the fact that such configuration is obtained naturally by applying neuman and dirichlet boundary 

right labels are arbitrary since the system is Symmetric. Using the Kroll-Yu method we calculated a 
Q,p5 for a waveguide iris aperture of 1.24 cm, a value that is within that required to meet the. 
matching condition. 

I conditions at the left and right boundaries of the structure shown in Figure 2.3.24. The left and 
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Figure 2.3.24. Schematic cross section of single cell with output structure (y- and x-cut). 

Figure 2.3.25 shows the field configuration for the .n/2 mode of the single cell with output 
structure. Figure 2.3.26 shows the phase versus frequency curve. 

Figure 2.3.25, Field conf5guratio11for the n/2 mode of the single cell with output structure (y- and 
X-cut). 

-76 -  



-.." - 3.5 j 
Q 

r 
P 

:: 2.0- 

* 1.5- 
s .. g 1.0- 
Q 2 0 .5 -  

0.0 - 
1 1 1 I 1 I  -0.5' w 2 . w o v . u  : : : " ' ' ' ' ' ' 

5 7 9 11 1 3  1 5  17 
Frequency (GHz) , 

Figure 23-26. Phase versus frequency curve for the n/2 mode of the single cell with output 
structure. 
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2.4 Induction Cavity Design (T. Houck) 

Material E‘ r!Yf Pf 

Ferrite*’ 13.0 . 0.0 1.0 
TDK- 25 3.3 1.9 

carbon loaded ceramic3 5.9 1.07 1.0 

The interaction of the induction cell gap with the beam is a critical issue for the RK-TBA. 
Numerical modeling of the characteristic impedances of proposed gap designs for the induction 
cells is presented%elow. Additional details concerning the overaU induction cell design can be 
found in Sections 3.1 and 3.2. 

2.4.1 Desim Criteria 
.- -- 

Pff 
9.4 
2.1 
0.0 

1 

There are three major criteria that the cell gap must meet: hold-off of the applied 100 kV 
voltage, low transverse impedance for BBU minimization, and low longitudinal impedance at the 
beam modulation frequency and harmonics to minimize power loss. 

In Section 22.2 numerical modeling determined that low frequency BBU could be well 
controlled if Z u  is less than 5,400 Q/m. The transverse impedance scales as 2~1- W/b2 where W 
is the width of the gap and b is‘ the radius of the beam pipe.’ The gap should be as narrow as 
possible consistent with the maximum surface electrical fields. Larger a p e m s  reduce the 
transverse impedances, but increase the volume of the cell core. An aperture of 5 cm was chosen as 
a base design. This allows sufficient room for the focusing magnets while meeting the desired core 
volume. 

Microwave absorbing.materials can be used to damp resonant modes. These materials have 
a complex permittivity and/or permeability. Table 2.4.1 lists nominal values of the peettivities . 
and permeabilities for the absorbing materials used in the numerical modeling. The permittivity 
and permeabiliw are expressed as E = e&’ + ie”) and p.= p&’ + ip”), respectively. Here q, and 

are the space permittivity and permeability. 

The most difficult design problem is achieving a low longitudinal impedance. Our design goal 
is to have a power loss to the induction cells of less than 4% of 360 M W  per two meter module. 
This requires a gap impedance, Zm of less than 2.4 i2 at the modulation frequency of 11.424 GHz. 
hpedance decreases rapidly above the cutoff muency. Table 2.4.2 lists cutoff frequencies for 
several modes in a cylindrical pipe -;bf radius 2.5’cm. We have considered 3 different gap designs, 
and the lowest ZU, achieved thus fat is about 10 Q at 11.4 GHz. 



- L  
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2.4~2 Possible Induction Cell GaD Designs 

required for acceptable surface electrical fields. An electromagnetic field solver, AMOS: was used 
to determine the rf characteristics of the gap. AMOS simulations include power loss to absorbing 

- Three designs were considered for the gap. Poisson was used to study the geometry 

Resonant Mode Cutoff Frequency Resonant Mode Cutoff Frequency 

TEll 3.52 GHz 73421 9.81 GHz 
TMOl 4.59 GHz' -12 10.18 GHz 
m21 5.83 GHz TMo2 10.54 GHz - . -. .-~ 

TEolrn11 7.32 GHz m3 1 12.18 GHz - 
m31 8.02 GHz E 2 2  12.81 GHz 

material. 

2.4.2.1 Conventional Desim 

A "conventional" design similar to the ETA II induction cell gap was studied firsti Figure 
2.4.1 displays a full scale schematic of this design. Several changes to the basic design were made 
to study the effect on the impedance. The simulated material properties of the absorbers and insu- 
lator were varied over a nominal range. The location and size of the absorbers were also varied. 

Ceramic Insulator -:.Igji&gji& 
7 CarbcmLoaded 

Ceramic Absorber 
~ 

Vacuum 

Figure 2.4.1. Schematic of a "conventional" design induction cell gap. 
The advantages to the "conventional" design is that it has been well tested on several 

induction accelerators at LLNL, the ceramic insulator is hidden from the electron beam, lowering 
the susceptibility for arcing, and surface electrical fields can be kept relatively low. The 
disadvantages are a large inner radius for the Metglas core and a low gap capacitance. A low gap 
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capacitance is desired for fast rise &es, but is not needed for this RJS-TBA design. In addition, a 
low gap capacitance also tends to be related to a high longitudinal impedance which is undesirable. 

Figure 2.42, the third resonant peak is at a frequency approximately equal to the TEll mode cutoff 
muency for the 5eam pipe. This resonance is most likely an artifact of the AMOS code. Refer to 
the discussion in Seceon 2.4.2.2 below. The first two resonant peaks are caused by trapped modes. 
Thetransverse impedance is sufficiently low to meet the stability criteria. The longidikl  
impedance shows a trapped mode resonance around 2 GHz and a second response near the cutoff 
for the "Ell mode. The principal issue with the longitudinal impedance is that it remains above 
20 Q near the 11.424 GHz. This is about .an order of magnitude greater than the desired value. 
Some further design modifications are therefore necessary to lower Zm. 

Figure 2.4.2 and 2.4.3 show graphs for the lowest impedances found for this design. In 
.- - - 

- 
4000 i l . . . . 1 . . . . 1 . . . . 1 . . . . 1 . . . . I  

rc 
-I 

N .  

I - Trapped Resonant Mode 
II - Trapped Resonant Mode 

- 

'. 

0 5 10. 15 20 25 30 
Frequency (GHz) . 

Figure 2.4.2. Transverse impedance for the f'conventional" design gap. 

Poisson was used to determine the electric fields associated with the "conventional" design 
gap. The equipotential lines are shown in Figure 2.4.4. The field across the surface of the ceramic 
insulator is about25 MV/m. The highest fields are located on the small  radius nose pieces and are 
approximately 100 W/m.  

2.4.2.2 Compact Design 

A more compact design that had a higher gap capacitance was studied. Figure 2.4.5 
displays a full scale schematic of this design. Advantages of the "compact" design are the 
decreased inner radius of the Metglas core and a lower longitudinal impedance. The disadvantages 
are that the cefainic insulator is exposed to the beam and surface electrical fields tend to be high at 
the triple points (interface between vacuum, metal and insulator). 

impedance peak in Figure 2.4.6 is a trapped mode. The second peak is associated with the cutoff 
Figure 2.4.6 shows a graph for the lowest transverse impedance found for this design. The first 

- 80- 



frequency of the TE11 mode *d is considered an artifact of the AMOS code. Variations in the 
boundary conditions at the ends of the beam tube have significant effects on the height of the 
transverse impedances. Figure 2.4.7 illustrates the sensitivity of this peak to variations in the length 
of the beam pipe used ip the simulations. A radiative boundary condition at the termination of the 
pipe end was used in the simulation in an attempt to avoid nonphysical reflections. The third peak 

finer details of this peak are affected by the boundary conditions, the gene& structure isnot 
appreciably affected. Figure 2.4.8 shows changes in the third peak as the beam pi+ is 

-- - is above cutoff for the TEll mode, but near the cutoff for the "Mol and 'J&1 modes: While the 

1 . . . . 1 . . . * 1 * * . ' 1 ' . ' .  

II 
loo' * * * ' * 

80' I 
I I - Trapped Resonant Mode 

II - Cutoff for TEll propagation . 
- - 

r( 
60' - n c: 

S 
N 

v 

40 - 

- 20- b . .. - 1 

0 ' ~ ' ' ~ ~ ~ ' ' ~ ' ~ " ' ~ ' ' " ' ~ ~ L . . . ~  
0 5 10 15 20 25 30 

Frequency (GHZ) 
Figure 2.4.3. Longitudinal impedance for the "conventional" design gap. 

- - - - - - - -  
Figure 2.4.4. Equipotential lines for the "conventional" gap design. . Figure 2.4.4. Equipotential lines for the "conventional" gap design. . 

. .  
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lengthened in the simulations. “he third peak may represent a partially trapped resonant mode that 
does not couple well to the ”Ell pipe mode. 

TDK Absorber - 
Carbonbaded 

1 

Ceramic Insulator 

Ceramic Absorber 

Vacuum 

Figure 2.4.5. Schematic of the “compact” gap design. 
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Figure 2.4.6. Transverse &pedance for he “compaCt” gap design. 

30 

The longitudinal impedanke is shown in Figure 2.4.9. Although there is a high peak value 
near 4 GHz, the impedance is much lower at high frequency than for the “conventional” design. 
Figure 2.4.10 shows additional details of the longitudinal impedance over the frequency range of 8 
to 13 GHz. The impedance “valley” betyxen. about 9 and 10 GHz can be shifted to the range of 7.5 
to 9 GHz with minor variations to the gap geometry and, ceramic permittivity. However, the peak 
at 10.5 GHz is persistent and requires a change in aperture to shift. The effect of different 
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simulated pipe lengths is minor for the region of interest as indicated in Figure 24.10. The 
impedance of the ‘‘valley” is reduced by half if metal instead of carbon loaded ceramic nose pieces 
are used. The detailed structure of the higher “valley” fiom about ‘1 1 to 12 GHz is affected by 
boundary conditions on the pipe ends, but has an average value of about 10 Q. Figure 2.4.1 1 shows 
the equipotential lines for the “compact” gap design. The ‘‘triple point”, intersection of vacuum, 
ceramic, and metal, has excessively high electric fields as shown in the figure. Adjustments to the 
gap geometrywill be required to lower these fields, but are considered possible. 

-* - 
-.---- 

200- 

3.0 3.1 3.2 33 3.4 35 3.6 . 3  4 5 6 7 
Frequency (GHZ) Frequency (GHZ) 

Figure 2.4.7. Details of the second peak Figure 2.4.8. Details of the third peak. 
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. .The “compact” design is promising, 
althocgh longitudinal impedance and d a c e  
fields are still above acceptable levels. The 
small outer radius permits flexibility with 

-- - ’ geometry variations which may lead to the 
required impedance and field values. 

* 40 
-0- 20cm 

30 

s ”s 20 
N 

10 

1 -  
0 1 . 1 . 1 ’ 1 .  

8 9 .  10 11 12 13 
Frequency (GHz) 

Figure 2.4.10. Longitudinal impedance of 
“compact” gap design near 11.4 GHz. 

- - - - - - - -  
Figure 2.4.11. Equipotential lines for the “compact” gap design. 

2.4.2.3 Shielded Gap 

A shielded gap design that had a higher gap capacitance was studied. Figure 2.4.12 displays 
a full scale schematic of this design. Advantages of this design are a small inner radius for the 
Metglas core, lower surface electrical fields, and lower longitudinal impedance. The disadvantages 
are a complex design which will be more expensive to fabricate than the other designs, and the 
longitudinal impedance is still higher than desired. 

Figure 2.4.13 shows-a graph for the lowest transverse impedance found for this design. The 
first impedance peak in the figure is a trapp.ed mode. The second peak is associated with the cutoff 
frequency of the “E21 mode. Figure 2.4.14 is a graph for the longitudinal impedance associated 
with Figure 2.4.13. The intermediate electrodes across the gap both shield the ceramic from the 
beam and intempts the path of electrons across the ceramic surface. The primary distraction to this 
design is the complexity involved with manufacturing and installing the ceramic with electrodes. 
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Vacuum 

I L - - - - - - - - - - - - - - - -  
Figure 2.4.12. Schematic of the “shielded” gap design. 
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Figure 2.4.13. Transverse impedance for the “shielded” gap design. 

2.4.3 Conclusion8 

30 

All the designs listed above meet the requirement for Z u  I5,400 Qfm This was 
accomplished by using absorbing material to damp all resonances. It is critical that no undamped 
resonances are pedtted..Figure 2.4.15 illustrates the effect of not damping a trapped mode. The 
two impedances are for the “conventional” design gap shown in Figure 2.4.1. The difference is that 
the carbon loaded ceramic in Figure 2.4.1 was replaced with a metal surface. The high Q resonance 
could not be totally resolved with the AMOS code, but its magnitude is probably well above 15 
kQ/m. The horizontal line below 6 Wrn indicates the maximum tolerable 211. The “compact” gap 

. 
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design appears to be the most promising design to achieve the required longitudinal impedance. 

this aspect of the design should not be a severe constraint 

. 
‘ Further design work needs to be completed that will demonstrate lower surface electrical fields, but 

F? 

The analytical and numerical detexmination of impedances well above cutoff is difficult 
Additional work is needed to determine impedances well above the frequency cut off for the pipe 
aperture. Theore the 
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Figure 2.4.14. Longitudinal impedance for the “shielded” gap design. 
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Figure 2.4.16. Comparison of damped versus undamped “conventional” gaps. 
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longitudinal impedance precisely at 11.424 GHi, it is not clear whether analytical results can 
produce sufficiently accurate results. Numerically, the parameters of the test charge used, Geness 
of the grid, and the boundary conditions have significant impact on the results. A “cold test” model 
needs to be fabricated and tested in the laboratory for a definitive answer. 

-- - References: 
. ---- 

1. RJ. Biiggs, et al., “Theoretical and Experimental Investigation of the Interaction 
Impedances and Q Values of the Accelerating Cells in the Advanced Test Accelerator,” 

* Parf. Acc. 18,41 (1985). 

2. 

3. 

4. 

5. 

J.F. Deford and G. Kamin, “Application of Linear Magnetic Loss of Ferrite to Induction Cavity 
Simulation,” Proc 1990 Linear Accel. Conf., Sept. 1044,1990, Albuquerque, NM, pp. -386. 

JS. Calame and W.G. Lawsan, “A modified Method for Producing carbon-Loaded Vacuum- 
CompatibIe Microwave Absorbers fr0m.a Porous Ceramic,” .E Trans. Electron Devices, Vol. 38, . 
No.6, June 1991, pp. 1538-1543. 

J.F. Deford, et al., ?I”he AMOS W&efield Me, ”  Roc. Cod. on‘:Computer Codes and the Linear. 
Accelerator Community, Los Alamos, NM,.1990, pp. 26-289. 

. .  . .  

: 

S. Chattopadhyay d s ,  “Impedance Beyond Cutoff,” Special edition of Particle 
Accelerators, 1990, Vol. 25, Nos. 24. - .. 

- 87 - 



3. RK-TBA Engineering 
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3.1 Electrical Systems (L. Reginato) 

3.1.1 Induction Accelerator Module 

The linear induction accelerator can simply be described as multiple transmission line 
-- - transformers driven in parallel by a pulse modulator which add energy to the electron beam in 

series as it passes through them. In order for the acceleration process to be efficient, the . .--- 
transformer or induction losses should be small compared to the energy imparted to the beam. 
Simply put, the transmission line current should be small compared to the beam current; therefore, 

Zb = Vdriv$Ibeam. In a l l  previously constructed induction accelerators, the high impdance is 
achieved by loading the transmission line with a fed-or-ferro-magnetic material which is 
appropriate for the pulse duration. This material increases the impedance by and the electrical 
length by @. Typically, induction accelerators with pulse duration shorter than 100 ns have used 
ferrites while those with longer duration have used ferromagnetic materials such as Nickel-Iron or 
Metglas. The optimization process in selecting the type of material and quantity is based on pulse 
duration, impedance, magnetizing losses and economics. For the TBA accelerator&e parameters 
are as follows: 

* the effective impedance of the transmission line, &E, should be greater than the beam impedance 

- 

1- = 600 A V = 300 kV/m To= 300 ns 

To satisfl the requirement where the effective impedance, Zeff, is gn3ater than the beam 
impedance, 2- - 500 ohm, we can use the equation for a coaxial transmission line where 
2 = 
5000 depending on the type of material used and the magnetization rate. To satisfy the pulse 
duration requirements in practice the transmission line length is set about equal to a single transit 
time. Since transit time is proportional to JPEI for femtes and for ferromagnetic materials 
T,, = 100 Tvc The design of die &insmission line (induction cell) must also insure that no portion 
of the line is driven into saturation. This requirement dictates the outer radius of the line once the 
inner radius is determined by beam transport physics. Since ferromagnetic materials have three to 
four times the saturation flux of the ferrites we can see that the outer radius of the ferrite loaded 
line would be considerably larger. By following the basic operating principles in the design of an 
induction accelerator cell we can conclude that the preferred material for our parameter range is 
one of the ferromagnetic varieties. 

60 h rJrL For ferrites, 200 < < 1O00, and for ferromagnetic materials.lOO0 < 2& < 

One of the most important considerations in the selection of a magnetic material for an 
induction cell is the actual losses during the magnetization pulse. 'In applying the basic operating 
principles the losses and the cost of the material were not considered in choosing ferromagnetic 
materials over ferrites. Figure 3.1.1 shows the losses in Joules/m3 for feni and ferro-magnetic 
materials a d  for different saturation times. Although the induction cell is well below saturation, 
,this graph shows the comparative losses between femtes, Metglas 2605 SC and nickel-iron at 
different thicknesses. If we compare the two at the 0.3 ps satmation time we see that the losses for 
Metglas are about five times those of the ferrites. Recalling from the flux swing (AB) argument 
that a much larger radius was required for ferrites, or a volume nearly one order of magnitude 
larger, it appears that at the pulse duration of 0.3 ps for the TBA, Metglas, or an equivalent other 
ferromagnetic material such as nickel-iron, is the right choice. 
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Ferromagnetic materials such as nickel-iron have been available in thin ribbon cores since 
the late 50's when the first induction accelerator, the Astron, was constructed at Livermore by N.C. 
Christoflos. These iron based alloys are manufactured to this day and are very competitive in 
magnetic properties to the amorphous materials manufactured by Allit$ Signal referred to as 
Metgl&.* The timedependent losses in ferromagnetic ribbons are typically explained in terms of a 
saturation wave which encircles the tape and proceeds toward the center at a rate proportional to 
the applied voltage. The magnetic intensi required to change the state of magnet@atim is 

(3.1.1) 
where &is the DC anisotropy coercive field, d is the ribbon thickness and p is the resistivity. The 
energy density deposited in the tape during saturation is given by 

(3.1.2) 
One can see that the losses are proportional to the thickness of ribbon squared and inversely 
proportional to the resistivity. Since*the AB of the iron alloys is similat to that of Metglas but the 
resistivity of Metglas is three times that of the iron alloys, the ribbon thickness must be thinner in 
order for the losses to be comparable to the Metglas. The Ni-Fe alloys are manufactured by a 
rolling technique which yields more uniform cross-section while the Metglas alloys are 

. manufactured by rapidly quenching a mixture of silicon and iron which remains amorphous . The 
quenching process leaves the ribbon surface rough compared to the rolled ribbon hence it is more 

. difficult to.insulate and it can yield uneven cross-section in the core winding process. Currently the 
unanneded Metglas is wound into cores with 2.5 pm mylar between layers yielding a packing 

. factor of .65 to -75 for a fhished core. The iron alloys can be rolled into thinner ribbon than the 
Metglas and have produced lower overall losses. However, the &ufacturing and winding process 
for Metglas has resulted in a less expensive core. The losses per unit volume at different saturation 
times is documented on Figure 3.1.1. 

_-  - 

Ha = Hc+(d2/4p 1 AB/2BJABAt), 

EL = H@ + (d2/4p)(AE32/2B&13At). 

' 

There are many options in arranging the series transforniek to obtain 300 kV/m of 
acceleration. Three high voltage cells at 100 kV or many lower voltage cells at tens of kilovolts 
will generate the desired voltage. Before selection is made of the cell voltage, one must decide on 
the type of drive modulator which is the most cost effective at achieving the desired parameters. A 
brief discussion is in orilerprior to the cell design. The magnetic pulse compression modulator is . 
unchallenged in t&ms of longevity and reliability when short pulses are req;lired at repetition rates 
exceeding 1 kHz The TBA requkments are not so stringent since the repetition rate is only 120 
Hz and the pulse duration is 300 ni. In this parameter range thyratron driven modulators may offer 
acceptable refiabili~ at lower cost. After a brief design study of a magnetic modulator driven 
system, it was concluded that the TBA induction ce€l drive based on a line modulator using 
thyratrons would be more cost effective. A detail design will be'describe-d in a later section and it 
suffices at this time to say that the induction cell will be driven directly by the modulator without 
step-up tra&formers, To obtain 300 kV, about 15 induction ceb will be required. Of the one meter 
allotted to the acceleration module, about 15-20 &I will be required for the RF coupler and 
vacuum port while the remaining space will be used by the 15 induction cells. Since'a standard . 
width for the Metglas is two inches, we will base the cell design on this width. The optimum 
Metglas alloy for this application is 2605 S C  The minimum amount of material would be required 
if the fluk swing approached saturation. Minimizing the amount of magnetic material, however, 
does not lead to a cost effective design. A flux swing approaching saturation requires a very 

. 

. 

Metglas is a trade name of Allied Signal. * 
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nonlinear drive current: This leads to a pulse forming network(PFN) which is difficult to design in 
order to achieve a flat voltage pulse. Furthermore, since the losses per unit volume are nearly 
proportional to AB2 a better design is achieved by allowing a flux swing of less than one half of the 
saturation value. In this case a LIE% of 1.3 Tresul'ts in a dB/dt of 4.3 T/p and fromFigure3.1.2@) 
the losses per unit volume will be 900 J/m3. The inner radius of the induction'cell is dictated by- _ -  - beam transport physics and the outer radius can be calculated from the equation 

where, for ow p h s e s ,  AB = 1.3 T, At = 300 ns, V = 20 kV, and r1 = 4.5 cm. The PF is defied as 
the packing factor or the ratio of the.actual magnetic material area to the total m a  which includes 
the interlaminar insulation. An average packing factor for some of the previously wound cores is 
about 0.75. We can now find the outer radius of the core by substitution. From 

V = .(r2 - rl)(AZ)(AEVAtxPF) (3.1.4) 
and by substituting the above parameters, we find that r2 = ,146 m. The volume of material is 

(3.1.5) 
F r o m F i p  3.1.2 (b), the losses in joules are EL= (900.J/m3)(2.4 10-3m3) or 2i2.JouIes per cell. 
The drive voltage for this induction cell is 20 kV and the average current can be obtained from the 

, total losses, EL='(V .I)(At). For a 300 ns pulse the average magnetizing cmnt 'or  drive current 
I, = EJ(V)[At) = 366 A: The niagnetizing current will actudly have a nonlinear component which . 
reflkts the characteristics of the B-H loop. A simplified equivalent circuit is shown on Figure 
3.1.3. The total drive current (IT) h m  the PFN is the sum uf the beam current (IB) the core current 
(Ic)*abd compensation network cufzent (IN) IT = Ig'+ IC + IN .= 1,OOO A. 
3.1.2 Line Modulator 

V = A AB/At (Pq, -.-- - (3.1.3) 

- 
* .  v d  = .rt: (r3 - rBAZ)(PF) = 2.4- 10 -3 m 3 . 

I 

. . .  
-. 

A cost effective modulator to drive the induction cells must now be designed. The aitical 
component of any modulator is the switch which delivers the PFN energy tothe cell. The larger the 

' number of cells that can be driven i q p d e l ,  the lower the overall cost. To satisfi, the voltage and 
Wdt drive requirements of a singe cell (20 kV, 1 kA) it would require a large array of series- 

, parallel solid state devices. The cost of these devices would be nearly one order of magnitude 
greater than the cost 0f.a thyratron switch. The choice is therefore quite clear, find the most cost 

preliminary search, theEnglish Eleqtric Valve (EEV) .CX1525A seems3ike one ofthe best choices. 
It is a two gap deuterium filled thykitron with a voltage. hold-off of 50 kV and capable of 
delivering 15 kA at'120 Hz repetition rate. Such a device would allow us to drive 15 cells for a 
total of 300 kV:A simplified schematic is shown in Figure 33.4. The PFN can now be designed to 
supply the proper current to the induction module consisting of 15 cells of 20 kV each. The PFN 
hpedance Z, = V/I = 20 kV/15 kA = 1.33 ohms. The total energy storage in the PFN is 
ET = V-ITAt, or ET = 80 Joules. The PFN charge voltage will be twice the output voltage or 40 . 

kV. For a five stage PFN, the individual capacitors andinductors will.be chosen to have the same 
temporal impedance as the induction cell. Recalling the fact that the drive current will increase 
during the pulse, the PFN impedance willlikewise be time dependent, that is, the stages which 
deliver the initial part of the pulse will be higher impedance than the latter stages. An accurate , I 
design will be made where the impedance of the load and the PFN are matched in time using 
computer codes such as P-Spice or Microcap; 

. . . . .  . effective thyratron to deliver as large a current as possible at 40 kY PFN charge voltage. After a . .  . . 

I 

~ 
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3.1.3 Command Resonant Chareinq and Core Reset 

During the energy delivery cycle to the beam, the magnetic core requires a large magnetic 
intensity to swing 1.3 T in 300 ns as shown by path 1-2 in Figure 3.1.5. After the pulse is over, the 
magnetic intensity is reduced to zero but the flux density has a remnant field, Br, at point 3. In 
order for the core to be useful on the next forward or energy defivery cycle, a reversed magnetic 
intensity or =-set must be applied to the core (path 3-4). The reverse magnetic intensity, . -- c however, 
is much d e r  than the forward one since the rate of demagnetization can be much lower or 
& <c AIfmd By applying the reset current, the flux density is returned to -Br and the core is 
ready for the next forward or acceleration pulse. The pulse forming network (PFN) must be 
recharged after each forward cycle. The charging process occurs when the command resonant 
charging (CRC) switch is closed and delivers a half sine current pulse from the large energy 
storage capacitor, CE, to the PFN capacitors. The waveforms are shown on Figure 3.1.6 and it can 
be seen that the charging current flows through the induction cells in the pmper direction to reset 
them. By an-anging the impedance and charge time, the proper reset current can be delivered to the 
cores at the same time that the PFN is being recharged. The reverse magnetic intensity required for 
reset is about 25 A/m. This is equivalent to about 24 A per COE or’360 A for a complete induction 
module. Since one CRC charges six line modulators, a total of 2.2 kA are required. At the charging 
voltage of 4 kV, the resellrecharge impedance is 40 kVD.2 kA = 18.2 ohms. The total capacitance 
(CT) of six line modulators is 0.66 pF. The resonant impedance, ZR = 4 7 ,  requires a 
charging inductor = 225 ~.LH. Hence, the resewharge period TR = n ?=- ~ C T  = 38 ps. 
3.1.4.Iniector for the Lo w Enerw Accelerator 

- 

Each RK-TBA will require a high current injector. At the entrance to the chopper, the 
current wil l  be 1.5 kA at an energy of 25 MeV. The injector will use induction cores.of a larger 
diameter than the standard 2 m acceleration module in order to house the hot cathode and the 
anode with solenoidal focusing (Figure 3.1.7). Therewill be a total of 25 cores on the cathode side 
and 25 on the anode side with vacuum pumping in between. Each cell is split radially in two equal 
sections for more d o r m  magnetizing current. One modulator will drive five cells each with two 
parallel 50 ohm cables. The total injector energy will be 1.0 MeV. Since the injection into the 
chopper requires 2.5 MeV, there will be-five.additional300 kV modules for a total of 2.5 MeV 
prior to injection into the adiabatic capture section. These modules will likewise have a slightly 
larger diameter than the standard module as required by beam transport physics. 

energy’variation from zero to 1 MeV. It is important that prior to the adiabatic capture section that 
the beam be as monoenergetic as possible. The energy variation will be made up mostly by 
shaping the PFN pulse with an overshoot during the rise time. Each induction module in the 1.5 
MeV post-injector acceleration will have a 50% overshoot. Figure 3.1.8 shows the correction 
waveform‘for the 1.5 MeV section. The beam will now emerge from the injector section with an 
energy variation from 2.25 MeV to 2.5 MeV. The remaining energy correction will be made in the 
adiabatic section. 

When the beam emerges from the injector the rising portion of the current will have an 

3.1.5 Focusing and Steering’of Low Energv _ _  Beam 

Periodic focusing and steeringconection coils will be required in the low energy 
accelerator. The standard dipole and quadrupole magnets will be used. These magnets have been 
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previously employed with kiloampere electron beams where less than ten gauss are required These 
magnets have been described elsewhere but basically they consist of the quadrupole or dipole 
winding geometry on flexible printed circuit board which is wrapped over the beam pipe where 
there is no axial elecrric field. These magnets require about ten amperes at 5 volts. The 
arrangement in a two meter section is shown on Figure 3.1.9. These power supplies will provide 
current regulation to less than 0.1% and will be controllable fiom the central computer. 

3.1.6 PC Power SuppIv for Induction Module 

-- - 
-..--. 

The traditional method of power conversion from 60 Hz AC to DC has been to use phase 
controlled solid state devices. This method of AC to DC conversion can produce efiiciencies above 
90% with power factor of over 0.9. The disadvantages of the conventional power rectification 
methods are the relative large size of .the transformers, line harmonics, and less than unity power 
factor. In the last decade, in low to medium power applications, the engineers have developed high 
frequency power supplies to overcome the disadvantages mentioned above. Modem high 
frequency power supplies have incorporated active input power factor correction. These power 
supplies have been constructed h the few kilowatt range but not in the tens to hundreds of 
kilowatts. The near unity power factor is achieved using expensi4e switching devices and complex 
synchronization logic. The cost per kilowatt for the switching type of power supply is more than 
twice that of the conventional 60 Hz units. It is expected that the high frequency power supplies 
will be developed for higher power (100 kw) and that their cost will be more competitive with the 
coqventional ones. For this desi&, the conventional 60 Hz Unit was chosen. -. 
3.1.7 Primary AC Power System' 

The power distribution system described in this section pmvides the AC power to all 
* electrical and mechanical systems. By far the largest fraction (over 90%) of the AC power 

provided is for the low energy '@duction) accelerator. It is assumed 'that the 120 kV power from 
the utilities is nearby and is Capable of providing 200 MVA. The block &gram of Figure 3.1.10 
shows the total megawatts required by the modulators. It is expected that the power factor for the 
power supplies will be about 0.9 or greater. Hence this will requh the AC Wwer grid to supply 
11% greater MVA than the total calculated megawatts. The power systemwill utilize a minimum 
of two main transformers .'This prs'vides redundancy in case of failure and still allows the 
accelerator to operate at €dl energy but at half the repetition rate or half power. Figure 3.1.11 is a 
conceptual one-line diagram of the power distribution system. Two transformers each capable of 
100 MVA are shown for feeding the main power supplies including thyration filament 
transformers and miscellaneous bias power supplies. Each power supply will require 80 kVA at the 
480 V level. Two separate transfo&ers of 5 MVA each will provide power for al l  auxiliary 
equipment such as vacuum pumps, lighting, instrumentation, controls and general. multiple outlet 
boxes. This accelerator is a conceptual design and there is not sufficient information for a detail 
design and costing of the power distribution system. The overall requirements, however, for the 
low energy (induction) accelerator are known fairly accurately and some well accepted costing 
rules used by industrial contractors can be applied. These cost estimating guidelines were 
generated by industrial contractors of large installations and assume that the power grid is nearby 
and is capable of delivering 200 MVA. If this is not the case, then additional costs may be incurred 
in the power distribution to the TBA. 
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3.1.8 Efficiencv of Induction Accelerator ComDonentS 

The power conditioning system for the low energy acc.elerator will have energy losses 
associated with each major component from the utilities feeding the DC power supply to the 
induction cell coupling to the electron beam. Each one will be investigated in reverse order 

-- - beginning with the induction cell to beam coupling as shown on Figure 3.1.12. 
The acceleration voltage pulse is shown on Figure 3.1.3. It shows a rise time and . -- - a fall time 

of 100 ns wi& 200 ns flat-top. The= is no useful energy generatdduring the fall time, hence,. this 

. is considered energy lost. The energy during the rise and fall of the pulse is E, = 

V = Vo (10%) and I = &, (10%). By taking the integral we find that Er = 1014 Vo 
substitution we find that Er = 0.4 J while the total energy during the pulse is Et = 3.2 J. The 
induction cell to beam efficiency q, = 2.8B.2 = 87.5%. 

V-I dt where Jrd' 
(t3B). By 

: The magnetic inaterials losses have been discussed in a previous section. The . .  
magnetization current for each ipduction cell was calculated to be 366 A. Another 34 A of current 
was added for compensation network at the cell. The total current &ve.was 1 U, hence, the 
efficiency of &e induction accelerator cell e = 600/1OOO = 60%. 

. As prcyiousIy -discussed, the modulator consists of an impedance tapered pulse forming 
network (PFN) matched to the drive required by the magnetic material, Metglas 2605 SC. The 
efficiency is calculated by including the thyratmn dissipation, filament, grid bias, keepalive and' 
the pulse shaping resistors losses. The modulator losses add up to nearly one kilowatt. At 120 

.'Hertz operation the total power input has been calculated at.10.6 kW which yields an efficiency 
= 905. 

The line modulator is chargqd by a solid state command resonant charging (CRC) system. 
The CRC generates a l-cosot voltage waveform which charges the PFN. The current in the CRC is 
a half sinusoid which flows through the induction i-xdls in the =setting direction while the PFN is 
.being charged. The losses for the CRC include the inductor modedamping 'miston, the solid state 

. switch losses, the trigger generator and de-Q-ing or regulation system if the DC power supply has 
insufficient regdation. The overall efficiency of the CRC is calculated to be a= 92%. 

The 20 kV DC power supply wil l  be a conventional 60 Hz 3 phase full wave rectifier with 
filter. The'power supply design is discussed elsewhere, but it is projected that the power factor will 
be 0.9 and the efficiency sPs = 92%. 

. 

The overaU efficiency of the low energy or induction ac@erator from the utilities to the 
elktron beam which drives the RK is. the product of the individual component efficiencies or 
40%. . 

= 
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FiguTe 3.1.1. Losses of feni and ferro-magnetic materials at different saturation times.. 
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Figure 3.1.3. Simplified schematic of modulator PFN driving the induction cell with beam and 
compensation network. 
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Figure 3.1.4. Simplified schematic ofline modulator. The PFN will have the sauie temporal 
impdance as the nonlinear magnetic core of the induction cells. 

15 
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Figure 3.1.5. B-H loop of 2605 SC Metglas in the fo&& or acceleration cycle (1 to 2) and the 
reset cycle (3 to 4). 
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40 SCR's in seriks -- Mod #3 

Mod #4 

Figure 3.1.6. The command resonant charging (CRC) system charges six modulators and also 
resets the induction accelerator cores. 
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Figure 3.1.7.10 MeV, 1.5 kA injector for each RJS-TBA. 
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Figure 3.1.8. Post Injector energy correction acceleration voltage wave form. 
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Figure 3.1.9. Focusing and Steehg Power Supplies for a 2 m section. 
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Figure 3.1.11. Three phase AC power distribution system to a l l  the modulators. 
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Figure 3.1.12. Two meter section of the low energy induction accelerator with all power 
conditioning system. 
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3.2 Mechanical Systems (C. Peters, D. Vanecek) 

3.2.1 Module Design and Fabrication' 

- The Two beam Accelerator consists of essentially 50 identical linear induction accelerators 
stacked end to end to form the 15 kilometer overall length. Each of the 300 meter long LINAC 
contain 150 identical extraction and re acceleration sections. These 2 meter long sectims are 

' referred to as cell blocks. A top and si& view of a typical cell block is shown in Figure 3.2.1. 

Assembly and alignment of the cell blocks will be described later. A cell block consists of 
6 identical induction modules. and one extraction cavity. A cross sectional view of the cell block is 
shown in Figure 3.2.2. A single module is shown in Figure 3.2.3. Each 300 meter section contains 
900 modules and the TBA will contain 45,000 identical modules. 

In the design of the module a large effort was made to keep the geometry of individual 
parts simple and amenable tb mass production. This basically bo@ down to designing so a 

. minimum amount of material has to be removed during partfabdcation. Drilling, tapping, and . 
machining of small slots are kept to a minimum as these operations are relatively slow operations. 
All metalparts are made of 304 stainless steel alloy. Advances in modem stainless steel alloys . . 
enable significantly greater cutting speeds than a few years ago. Metal stamping and molding of 
plastic parts are used to further reduce part costs. 

2 .  

The module assembly relies on brazixig and welding. The beam pipe assembly uses 6 
brazed joints as shown in Figure 3.2.4. Use,of simple fixtures to align the stacked parts and brazing 
in large batches keeps the time and cbst per as*sembly.very low as compared to other methods of 
assemblies. The final housing assembly is done with an inier and outer weld at each end plate. 
Automatic welding machines make this a quick and reliable operation. 

' 

3.2.2 are Winding 

' An individual core &ding is made by winding appmximately 4700 turns of MetglasTM 

insulation will be dipped or sprayed onto the Metglas" during the' winding p&ess in order to 
provide adequate-resistance to eddy currents between turns. The average voltage.between 6 s  5 
volts. This insulation will,replace the thin mylar ribbon presently used to proGde core interturn. 
hdation. The mylar ribbon overhangs the core edges and presents a serious problem to edge 
cooling the cores. A technique being developed at LBL uses a thin layer of epoxy, dipped or 
spiyed on, and then dusted with alumina grit to form a tough interlayer insulation. The epoxy 

. ribbon onto a winding mandrel. The ribbon is 2 0 p  thick and 51 mm wide. A thin layer of 

additionally bindsthe Metglasm layers together to form a rigid self supporting core. 

3.2.3 The Ouadrupole Marnets 

The quadruple magnets consist of 4 bars of strontium ferrite and iron oxide mixed into a 
.ceramic base. This is commonly referred to as ceramic grade 8 material. This type.of material is up 
to a factor of 10 times cheaper than the higher strength rare earth type magnets. 
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These blocks are bonded into a precise holder. The arrangement is shown in Figure 3.2.5. 
The dimensional tolerances on the blocks are moderate, but, due to the hardness of the material, 
will require that the blocks be ground to final size. 

The magnetic gradient required at the center of the beam line is 320 gauss per cm. This is 
- - - achieved by using ceramic grade 8 blocks of the dimensions shown. The normal residual induction 

of this material is 3850 gauss. The blocks will be lowered to 3550 gauss after pressingiaorder to 
' achieve fied'uniformity and stability over time. The field strength in Ceramic type blocks normally 

varies by 33 to 35%. Th& will q u i r e  that the strength and direction of the field in each block be 
measured. The blocks will be sorted and blocks of similar strength (about S.5%) will be used in 
each quadrupole. The long term field stability of the blocks is good; all blacks will decrease in 
strength by 1% over a long period ( -10 years). The blocks are thermally stable and wil l  not be 
subject to apy heating. lney will essentially be held at a constant temperature by the oil which will 
cool the cores. 

- 

3.2.4 Correction Coils . .  
i 

Dipole and quadrupole corktion cogs are placed between'the quadrupoles and the core. 
Each coil is a simple printed circuit e&hed on a flexibIe.substrate and is wrapped ground the . 
outside of the quadrupole housing, and held down in a sindple fashion. The pvo leads fiom each 
coil are brought to a feed@rough at the nearby housing end. 

3.2.5 The GaD Insulator 

. 

. , 
-. 

* .  . . 

,. 

. . .  

' .  . The gap insulator, shown in Figures 3.2.3 and 3.2.4, is very similar to commercially . 
available high voltage insulators. The insulating portion is high purity alumina brazed to a single. 
skinless s k l  convolution at each end. The two.brazed magnet holder sub&semblies are brazed to 
the gap insulator using an internal mandrel to align the p.arts during brazing. The braze temperature 
is lower than that for the separate assemblies to' assure the original braze joinls are not disturbed. 
The convolutions permit small relative motions to occw between the magnet holder subassemblies 
when the beam pipe assembly is eventually welded'to the module end plates. 

* . 

several reasons. Beam breakup is a serious concern. Breakdown aqoss the.ceramic surface is 
anqther problem and is often triggered by electrons hitting the d a c e  of the insulator. This can be 
minimized by shaping the gap geometry to minimize the line of sight €tom &e beaui to the 
insulator surface. "Pointing"'the gap in 'the down stream direction reduces the likelihood of 
elecmns hitting the surface. Additionally, the triple points, the joints between ceramic and 
stainless steel at the insulator ends, are shielded fiom high field gradie-nts *.order to reduce stray 
ektrons from being. accelerated along the surface and producingbreakdown. Work done to this 
point is only preliminary and considerable further study is required. . . 

. I  i 
The shape of the &sulator.ahd the rnetal'surfaces sunohding the gap are important for 

. e Slightly conductive coatings can be applied to the ceramic insulator to reduce insulator 
surface breakdown by reducing charge buildup on the insulator. RF diode sputtering using 
nichrome wire produce coating resistiyities of between 10 ohms and.200 ohms per square 
cehtimeter. Up to lo00 ohms per square centimeter can be achieved with fired on thick films of 
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glaze. h moderatequantities the cycle time to apply these coatings is around 30 minutes per unit. 
This is based on recent experience at the ALS. In large quantities the time per unit should be 
substantially less, 

3.2.6 Electrical 

The number of electrical components within the modules is minimal. Two highyoltage 
leads connect to the mandrel of each core. This is schematically shown in Figure 3.2.6. One lead is 
grounded to the housing at the outside diameter of the core. The other lead is the power lead and 
enters the housing through a feedthrough in the housing. Two feedthroughs are required per core 
and ten per module. Each feedthrough contains a resistor, capacitor, and a sealed connector. The 
connector has low pressure oil on the inside and air on the outside. The oil is used for cooling and 
insulation of the coni? windings and is discussed further in section below. The arrangement of the 
feeathroughs for each module is shown in Figure 3.2.7. 

3.2.7 Core Cooling 

Heat generation within the cores will be about 300 watts per core. cooling of the core 
windings is accomplished by circulating oil through the module housing. This is shown 
schematically in Figure 3.2.8, Oil flows in at one end of the module housing and flows .out at the 
other end on the opposite side. This causes the oil to flow transversely in the gaps between the 
cores. Spacers around the outside diameter of the cores prevent oil. from flowing around the outside 
of the cores. Only moderate oil flow rates are required and as a result there is low pressure drop 
between supply and return manifolds. For a flow rate of 27'C oil at 1.25 gpm through the module, 
'the maximum temperature for a l l  the cores is about 60' C on the down stream side. Quadrupling of 
the oil flow rate will drop the core temperam by about 13'C. Core temperatures in this range are 
acceptable; magnetic properties arenot affected, thermal stresses are minimal since the core 
reniahs at a nearly uniform temperature, and temperam limits on the plastic materials within the 
module are not approached. 

Development of an interlayer insulation to replace the presently used mylaftape is critical 
for the cooling of the cores. Presently used mylar tape overhangs the edges and largely blocks the 
transfer of heat from the Metglasm to the oil. As described in the Core Winding Section, 
alternative interlayer insulations are being developed. 

3.2.8 Vacuum Svstem 

The accelerator will be pumped in two places in .each 2 meter cell block. Pumping will 
occur at the start of each module on each side of the extraction cavity as shown in Figure 3.2.9. 
There is a 2 cm gap between modules at these points which permits good pumping conductance to 
a standard mounting flange. The two ports are manifolded together to a single ion vacuum pump. 
The total gas load per cell block is about SxlO-' torr-liter per second. For this geometry the 
pressure between the pump and the cavity entrance is calculated for several pumping speeds and 
results are shown in Figure 3.2.10. In this Figure, Cell 1 refers to the entrance to the extraction 
cavity, while cells 5 and 2 are various points between the pump and the cavity. If a 20 liter per 
second pump is chosen, the pressure at the cavity entrance will be about 5x 10-7 torr. 

Y 
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An inline gate valve between every fourth cell block will enable isolation of small sections 
of the accelerator. In each of these 4 cell bldck sections a right angle gate valve will be used to 
enable initial pump down with a portable turbomolecular pllrliping station. 

Moderate pressure levels within the LINAC will enable some of the more costIy.cleaning 
methods used on ultrahigh vacuum system to be avoided. This will be an unbaked system with a 
base pressure.in the 10-7 torr range. Systems of this type are generally cleaned by chemical or glow 
discharge cleaning techniques and perhaps a bake at low temperatures. 

3.2.9 Assemblv and Alignment 

Alignment quirements for the TBA can be achieved using staridard fabrication, assembly, 
and alignment techniques. Each module will be aligned to Within 0.1 mm h X and Y With respect 
to its nearby neighbors. A gradual accumulation of position errors between successive modules 
will occur and will result in the accelerator not being straight. This is acceptable as long 
bends are not extreme and occur gradually over many half lattice periods. 

these 

Six modules will be supported and aligned accurately with respect to one another on one 
strongback support beam. As shown in Figure 3.2.3, the magnet blocks are bonded into holders 
which are held by magnet extensions which are, in turn, held by the module end plates. Relatively 
few part tolerances are involved in insuring that the magnet blocks are well centered with res2ect 
to the outside diameter of the housing end plates. The inherent and-readily achievable precision in 
the parts involved ensure this. 

The support mounts for all the modules on each strongback beam will be positioned and 
aligned accurately during fabrication of the beam. Mounts for the modules will be welded, 
machined, and then ground to the required precision. As a result, within each 2-meter section, the 
12 magnetic quadrupoles 6ill be aligned to the required precision when the modules are assembled 
onto the beam. There will be no provision made for adjusting the position of modules within a 2- 
meter section with respect to each other on the beam. 

There will be an X and Y set of fiducials at each end of the beam. After the installation of 
the moduIes onto the beam, a precise measuring fixture wiU be used to adjust the position of each 
fiducial accurately with respect to the center of the last quadrupole at each end of the beam. It is 
desirable to make the fiducials reflect the position of the end quadrupoles rather than some average 
position for each 2 meter section. This will enable the last quadrupole on one beam to be 
well to the first quadrupole on the next beam. 

As successive 2 meter sections are installed, they will be aligned using the fiducials to a 
straight line reference system. Each section is supported and articulated using a &strut system. 
This arrangement is shown in Figure 3.2.11. This enables the section to be moved easily and with, 
precision in all six degrees of motion. The straight line reference system wiII be able to accurately 
detect the position of each fiducial. The 2 meter section is then articulated in order to bring the 
fiducials into a straight line. 
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A stretched wire can be used with optical sensors to detect the position of the Wire. A laser 
based system can be used although a pipe under vacuum is necessary for the light. A series of 
overlapping straight reference lines will be needed in order to form the entire 300 meter length. 

3.2.10 RF System -- - 
The RF output system consists of output cavity, rectangular and circular wave &des, 

windows, flower-petal converters, and vacuum pumping manifolds. These components will be 
patterned after those components developed for NLC. The arrangement of components is shown in . 
Figure 3.2.12 The output Cavities consist of diamond turned and brazed together copper disks, 
shown jn Figure 3.2.13. Water cooling tubes are brazed to the outside of the cavity. Short 
rectangd? guides diametridy opposed on the cavity connectto flower-- mode converters. 
Vacuum pumping manifolds provide good vacuum to the ceramic windows located on each leg. 
Circular wave guides extend through the floor to connect to the high gradient structure below, 
shown in Figure 32-14. 

. 

- . 

- 110- 



Figure 3.2.1 Top and si& view of a 2 m cell block 
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Figure 3.2.3 A single induction module. 
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Figure 3.2.4 Beam pipe assembly with 6 brazed joints 

I '  



I 
1 

I 

Magnet Blocks / ,MagnetHolder 

Figure 3.2.5 Permanent quadrupole magnet in block holder. 
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Figure 3.2.7 Feedthrough arrangement in a module. 
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Figure 3.2.8 Core cooling with circulating oil. 
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Figure 3.2.1'0 Gas pressure distribution within module. 
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. Figure 3.2.12 Rf output system’with extraction cavity, rectangular and circular waveguides, rf 
windows, flower-petal converter, and vacuiun pumping manifolds. 
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Figure 3.2.14. Elevation kew of the RK-TBA. 
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3 3  Control and Diagnostics (F. Deadrick) 

The accelerator control and diagnostics system for the RK-TBA will play a significant part 
in the overd operation of the linear collider. Each of the fifty RK-TBA sub-accelerators WilI be 
individually controlIed, monitored, and optimally tuned to provide the required RF drive for the 
accelerated beam. Overall, the control and diagnostic tasks are of a complex magnitude which will 
likely exceed the human capabilities of any one machine operator, and perhaps even a team of 
operators, without the aid and assistance of an automated beam control and tuning system. A 
reliance must be placed-upon the use of autonomous closed-loop computer control to achieve 
optimal beam performance. . 

-c - 

Two functionally separate, but closely linked, control subsystems wiU be utilized in the . 
overall system design. A supervisory control system will be responsible for the direct operational 
control and monitoring of a I l  RK-TBA hardware, while a second beam analysis system will be 
used to analyze relevant beam diagnostic measurements, and then optimally command the 
hardware to be set for best beam performance. Recent developments in the fields of Expert 
Systems and Artificial Intelligence applied to the problem of autoqted beam tuning and control12 
clearly demonstrate the feasibility of following this approach. . ' 

Significant advances have also taken place in the area of control system architecture and 
software tools, where today it is no longer necessary to devote large manpower efforts to 
completely design the software needed to build a new control system from scratch. A notable 
example of a successful control system software package is EPICS 'Q3xperimental Physics and 
Industrial Control System)3. EPICS was initially developed by the Los Alamos National 
Laboratory7 and the Argon.National.Laboratory. EPICS use is now widespread among.US nation4 
Iaborhtories, and developments continue through a joint consortium of scientific labor#ories 
including LANL, ANL, CEBAF, DESY, andLBL. Current EPICS implementations npge in scde ~ 

from single instrumentation crate/single workstation sites with a few hu?dred channels, up to 100 
crates/30 workstations sites with about 3D,OOO channels. (The S S U  had planned to extend EPICS 
to the scale of 2OOO crates with 100 workstations and 1 million channels.) The EPICS model wilI 
be used to form the baseline design for the overall RK-TBA control and diagnostic system, 

3.3.1 EPICS Supervisory Co nmls for the RK-TBq 

Architecturally; EPICS embodies the "standard model" of a fidly distributed control system 
design. EPIC3 requires no centraI device or software entitjl at any layer. This feature achieves'the 
goals of easy salability, of robusmess (no single point of failure), and allows incremental operation 
and upgrade. Thus it is natural for parts of a total EPICS system to be in operation, while other 
parts are in development, and yet other parts are shut-down. This will 5 a t l y  aid in bringing the 
various elements of the overall RK-TBA system on-line. 

- 

GiveMhe physical extent of the Linear Collider plus the high degree of duplication in each- 
of the RJS-TBA subsystems, it is logical to distribute the control of the overall system. Such a 
system design is illustrated in Figure 3.3.1, where there exists an overaU supervisory control 
system which communicates with many distributed sub control systems which, in turn, are tasked 
with the local control of each subsystem. 
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By way of background, EPICS comprises three physical layers of hardware and five . 
software layers. The physical fiont-end, which will inter€ace with the RK-TBA hardware, is built 
around the internationally standardized vME/vxI modular instnunentation crates. These crates 
.can contain CPU boards, VO boards, transient digitizers, etc., and are distributed as needed 
throughout the facility. These modules'are used to drive the accelerator hardware direqly through a 
variety of standard buses such as m-488 (GPIB), Bitbus, RS-232, and Allen-Bradley 1771 
Programmable Logic ControlIers. The CPU boards, which are also located in the W/WI crates, 
run a real-time kernel called VxWorks, and handle the bulk of the low-end hardware control and 
processing. The physical backTend layer which an operator: observes, can be implemented on a 
wide choice ofpopular workstations fiom suppliers such as Sun Microsystem, Hewlett Packard, 
Digital Equipment Corporation, and others d g  Unix. These hardware.layee are 
interconnected by a network layer, which can be any combination of media such as Ethernet or 
FDDI which support TCP/IP Internet protocol, and some form of broadcast or multicast. 

The software layers start .with the client-server paradigm. The client.layer runs in the 
workstation physical layer, and represents the top software: lay&. Typical clients are operator 
contiol screens, alarm panels, and data aIchive/ietrieval tools. W 4 . S  clients can be serviced at a 
very high level of performance. For example, operator screens wib lo00 objects are. brought up in 
lessthan one second, andcanbe updated dynainically at about 5000 objects/second on S p m  
station IPC class workstations. 

The second software layer is called '%hannel access", and i s  the layer which connects all 
clients with all sewers. Channel access uses a technique called "re&rting by exception" or 
callback Once a client has expressed an interest in certain data to a server, the server notifies the 
client only when the data changes. This not only mininiizes traffic, but signals both the health of 
the server and the freshness of the dak Performance on the order of l0,OOO "gets" for "puts" per 
second can be achieved even under heavy load. Channel access routines will be the mechanism in 
which the supervisory control system will communicate with the beam. control system. 

The third.software layer is the server layer. The fundamental server is the channel access 
server that runs on the BU's embeddedin each ofthe VME/VXI . Crates. The server layer 
cooperates with all channel access clients.to kplement the callback and synchronization of data. 

The heart of EPICS is the'fomth layer, or database layer. The database is described in terms 
of records, and presently.about 50 record types exist for perfbrming such chores as analog input 
and output, binary input andoutput, storing waveforms, moving motors, performing calculations, 
and implementing PID control loops. A fundamental entity in the EPICS database is the "chagel". 
A channel is a path to a mrci in the database, and besides its mame, a record has a value, and 
perhaps other attributes such as units, maxim~minimum, and so forth. The record name and the 
attribte is the only way that channel access connects a client to a server. Record activity can be 
initiated is several ways: from VME hardware interrupts, fiom soEtware ''events" generated by 
clients such ashe Sequencer, when fields are changed from a "put", or using a variety Qf periodic 
scan rates. Data can flow from the hardware level up, or .from the software level down. 

. - 

- 126- 
. <  



-r  

At the bottom is the fifth layer, which is the hardware device driver. There currently exist a 
wide variety of device drivers already Written, and new drivers are being written by members of 
the cooperative consortium. 

EPICS provides the software too1 kit to implement the supervisory controls for the RK- 
TBA. Cost and time savings will be realized through the use of such a widely standardized control 
system h e w o r k .  The supefisory controls task will be largely hardware dominated, while the 
beam control system will be predominantly a software task 

3.3.2 RK-TBA Pulse Power Supervisory Controls 

A significant portion of the hardware contro1 tasks will be directed toward the operation of 
the induction linac pulse power system for the'TBA. However supervisory control and diagnostics 
for the injector and the RK sections of the accelerators will be equally important. In defining the 
overall control system architecture, a standard philosophy and rule-of-thumb for control systems is. 
that any parameter or quantity which can be controlled should be monitored..AdditionaUy, any . 
parameter which can change state, ie. an over-temperature switch,or a vacuum level, should also 
be monitored and be made available to any process which might be affected by the quantity. . 

. Each RK-TBA can be broken down into 150 identical 2 meter. long modules conta$ing s& 
100 kV induction cells. Figure 3.3.2 illustrates a block diagram of this fundamental 2m building 
block module along with the'pulse power hardware which drives it, Also shown on this figure is a 
listing of the necessary conkol and monitor functions associated &h the. pulse power system. . 

. Basically, three classes of controllables/measureables are encountered. The lowest level 
class of input and output is the binary (B) sate which is used to control and monitor simple on/off 
functions such as whether or not an'over-tempemture switch has been activated, or whether a - 
power supply has been turned on or not. Conml systems typically have very large numbers of 
binary control and monitor functions, and often many of these quantities serve as the UO devices 
for programmable logic controllers, which contain "des" used to estabIish the proper sequence of 
operating conditions. 

Analog states (A) represent the next higher class of data complexiw. Typically these are. 
.quantities which represent a scalar quantity such as the voltage reference set point used as a power 
supply control, or as a voltage or current monitor. Judicious use of analog monitors will be used 
throughout the RK-TBA to assess the state of accelerator performance. Through the use of detices 
such as peak detectors, boxcar averagers, sample and hold devices, etc., Signals with time varying 
waveforms will be quantified by relevant scalar analog quantities. 

In those cases where the temporal form of a signal is important, the signals will be 
monitored as waveform (W) data. Transient waveform recorders are typically two orders of 
magnitude m~~mspensive than analog UO, and as such, a limited number will be shared as needed 
instead of being permanently assigned to a particular signal channel. 

EPICS TnDut/OutDut -- As described earlier in section 3.3.1, the physical fkont-end of EPICS is 
built around the modular VME/VXI crate. Each VME/VXI crate can contain an assortment of 
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. binary, analog, waveform, and interface modules which interface to the accelerator hardware as 
shown in Figure 3.3.2. Each crate also contains one or more CPUs to handle the real-time 
processing tasks associated with signal acquisition and device control. Naturally, there is a 
practical limit to the number of signals which may be interfaced to a single crate. There is also a 
limit to the. length of cable runs between the crate and the accelerator hardware devices. So it is 
desirable to divide up the overall control system tasks. One of the principal features of EPICS is 
that it is a me distributed system-the hardware cab be distributed physically as needed, and at 
some point it is more practicd to install an additional crate,'ihan run long cable runs to one 
centtalized control location. Most crates contain 12-20 hardware- module slots, and at least one of 
the slots is dedicated to the CPU module, so a wide variety of signal types can be easily handled. 
In order to make an esthate of the total number of crates required, a count of the number of pulse 
power control and monitor signals per 2 m acceleritor section is listed in Table 3.3.1. When these 
numbers of channels are totded for 300 meters of a RK-TBA, we can get an estimate of the total 
number of pulse power conmi and monitor channels as well as determine the number of VME 
crates which will be rq&d for operation. These estimates are shown in Table 3.3.2. 

-- - 
. 

I Binary I Analog I Waveforms 
Controls I713 I 113 -- I 

Table 3.3.1. Number of pulse power contiol and monitor signals for a representative 2 m RK-TBA 
section. 

I Binary I Analog : . I Waveforms 
Controls . I350 I50 - .  

I I Monitors I850 (400. I300 I 
Table 3.3.2. Total number of pulse &w& control and monitor signals .for 300 m of RK-TBA. 

If one considers the type makeup of these controIs and monitors, approximately 75% of the 
binary I/O signals will be directly associated with hardware control and safety interlocks tasks, and 
as such will probably be handled &rough dedicated programmable logic controllers (PLCs) and 
not interface directly with crate modules. These controls and monitors will remain functional 
regardless of the operational status of the supervisory control system, and the PLCs in turn will be 
interfaced tp the to the EPICS control system through the VME crates. 

A majority of the halog signals and waveforms, however, will be directly interfaced to the 
VME crate, and typical analog YO modules can handle between 16-32 individual signals. Binary 
I/O modules are available which can handle up to 64 bits, and the selection of the number of crates 
needed to support the 300 meters of RK-TBA will be a compromise betweenthe cost and capacity 
of the crates, and the desire to keep the length of cabling to a minimum. A reasonable choice is to 
install a VME crate every 30 meters of the accelerator, and this will p v i d e  adequate signal' 
handling capacity, while minimizing cable runs to lengths on the'order of less than 15 to 20 meters. . 
(Note that additional data channels are r e q a  for beam diagnostic measmment and control, and 
these will be discussed in a later section.) PLC VO devices fl also be installed every 30 meters to 
handle interlock conditions. 

- 
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Waveform Acquisition -- Not discussed above is the acquisition of the transient waveforms 
associated with the induction accelerator drive pulses. During test and tuning periods, it is 
sometimes necessary to monitor the drive pulse waveforms out of the pulse forming networks to 
ensure that the pulse power system is functioning properly. The drive pulse is approximately 300 
ns long, with a rise time of less than 100 ns, and to faithfully record this waveform requires a 
digitizer with a sample rate of at least 500 M Samples/sec. Such digitizer units are today becoming 
available in VXI format, however today the cost per channel remains relatively high at $1500 to' 
$2000. It is expected that the cost per channel will, however, continue to drop in the next few years 
as the high speed technology improves. The approach followed here is to install two dedicated 
transient acquisition channels'per VME crate (30 meter section), and signal sktch (multiplex) 
between channels to observe all the n&essary pulse power transient waveforms. This assumes that 
the waveforms are repeatable, and that it is not necessary to observe all waveforms simultaneously 
on a given accelerator pulse. This technique has worked out well in earlier systems, and represents 
a necessary cost savings considering the number of channels possible to observe. 

- c  
. ' 

. 

3.3.3 Accelerator Beam Diamostics Acguisition and Beam Control 
/I 

In addition to the supervisory controls assoc5atkd.wit.h the6ulse power system, an equally. 
important control system task involves the acquisition of the electron beam diagnostic data used 
for handling beam focus and steering controls, and RF data to monitor the performance of the 
relativistic klystron. The beam analysis system will utilize the beam diagnostics data to optimally 
steer arid focus the beam through the accelerator. As shown in F i W  3.3.3, each 2 meter section of 
the induction h*ac contains two beam position monitors (beam bugs), three sets of X-Y beam . 
steering coils, and two sets of adjustable focus coils. 

Each of the beam position monitors (BPM) has three pulse waveform outputk X-position, 
Y-position, and c&nt amplitude. These pulses must be viewed as wavefom data, and acquired 
through transient digitizer modules capable of showing detailed beam position information E& a 
function of time. It is hquently necessary to observe two successive BPM's on a single pulse, so 
six transient digitizer modules may be required for a single 2 m accelerator module. However, like 
the wavefom monitors for pulse power system, it is feasible to signal multiplex the inputs from 
several 2 m modules to a given set of digitizers, and again if the acq*sition VME crates are 
installed every 30 meters, this would mean 15 sets of BPM data would be acquired on a set of six 
digitizers located in a VME'crate. 

* 

. 

. ' 

. .  

Based upon the BPM measmments, the operator axid/or Beam Analysis Control will - 
determine the proper settings for low voltage DC power supplies used to drive current through 
beam steering trim coils, and focus coils. These DC supplies will be controlled through the 
supervisory control system based in part upon input from the beam analysis system. Figure 3.3.3 
lists the number of diagnostic control and monitor channels for each 2 meter section. 

3.3.4 pF Diarmostl 'cs Acauisition 

Diagnostic data will also be required to monitor the RF output from the RK. Two primary 
diagnostic measurements are presently used. These are the RF power output levels, and phase 
measurements. RF; power output is measured with a relatively simplediode detector, and the data 
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is acquired as a waveform. However, the diode detector is a non-linear device, and it is necessary 
to have selectable attenuators as part of the measurement &cuit. (The detector non-linearities can 
be corrected in the analysis'programs.) Each RK module will have two RF output structures, and it 
is necessary to measure both forward and reflected RF power, so four power measurements are , 

needed for each 2 meter section. 

. The R F  phase measurements are made by mixing the output power pulse of the RK 
structure with the frequency doubled modulator drive pulse in a double-balanced four-diode ring 

. mixer. The phase information will also be acquired as waveform data,. However, it is sufficient to 
only measure phase information once in every 30 meter section. Figure 3.3.4 shows the RK 
diagnostics used, and the signals'which would be acquired through the VME hardware interfaces. 

3.3.5 Accelerator Timing Svstem 

Timing is everything, and the timing system for the RK-TBA is no exception. In order to 
time coordinate the RF power from each of the 50 RK-TBA individual accelerators, it will be 
nkessary to have a master timing system which distributes delayed master trigger pulses with 
timing jitters of less than 32 ns to each the 50 accelerators. Additionally, each RK-TBA will 
require it's own dedicated timing system.to trigger the switched PFN drivers at the proper time 
sequence in order to match the propagation of the relativistic electron beam through each 
accelerator celL Figure 3.35 shows a block diagram of a pmposed timing system. It should be 
noted that the critical timingis mainly for the PFN triggers. The CRC timing is not critical since 
the CRC flat top lasts f a  several microseconds, and ekentially the'she trigger pulse can be used 
for all CRC circuits  thin a given RK-TBA. As showh in Figure 3.1.6 each CRC drives six PFNs. 
The trigger delay between successive PFN's is fixed at approximately 3.3 ns. To save costs, these 
short fixed delays will be handled through the use of fixed h a r d - d  cable delays. This means 
that approximatedy 50 precision digital delay units will be required for each RK-TBA installation,. 
and 50 separate delay generators will be used to properly distribute the master trigger to each of the 
50 RK-TBA's. Thus the total number of delay cha&els'will be 2550. 

* 

'. 

3.3.6 Accelerator Operator Control 

EPICS provides all'the tools and mechanisms needed to develop interfaceis for full operator 
control through workstation display consoles. Any quantity which can be controlled or monitored 
can be made available.for information disp1ay;and parameters can be changed S a  an operator's 
consoles. Keyboards, mi=, and knobs will be the primary input devices used by operators. Data 
can be displayed in a number of formats including numeric, and graphic. EPICS tools are available 
to develop console displays similar to the example shown in Figure 3.3.6. The number of operator 
consoles requited to operate each of the 50 RK-TBA units is estimated to be less than 10 per RK- 
TBA. 

Currentdesign plans call for the Beam Analysis Control System (l3ACS) to aid the operator 
in making many of the decisions associated with accelerator tuning tasks. Under ideal conditions, 
the machine operators will only be required to monitor operations to ensure that each of the 50 
accelerators are operating as required. However, it would be naive to think that the operator will be 
completely replaced. 
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3.3.7 Beam Analvsis and ODtimal Control 

The problem of accelerator tuning to achieve optimal operation has been in existence for 
some time. Recent experiments with MAESTRO at the ETA-II induction linac4.5, and at other 
facilities6 have demonstrated the utility of expert systems to aid in tuning. The approach taken at 
ETA-11 was to minimize beam corkscrew by optimally steering the beam through the accelerator. 
The .beam at each beam position monitor was observed as the up-stream steering magnets were 
swept through their operating range. This process resulted in what was termed tuning VIS, which 
plotted beam corkscrew as a function of steering magnet setting, and the optimal performance was 
achieved at the minimum of each of the V's. 

- r  - 

A similar approach can be adapted to the tuning of the K-TBA. Here we are ultimately 
interested in maximizing the RF output power, and to achieve this it is important to minimize . 
puasitic terms such as BBU (beam break up) instabilities. The controls which one can adjust to 
optimize performance are the settings of the steering and quadrupole focus coils described earlier 
in section 3.3.3. 

'The job of the Beam Analysis and Optimal Control system will be largely a softwaretask 
.designed to read diagnostic dataand interact back with the accelerator hardware. For the purposes. 
of this design plan it will be handled by a computer system with sufficient computational power. It 

processes to gain both read and write access (channel access) to it's data base. 
should be particularly noted that EPICS provides all the '!hooks" needed to allow external I .  

. 
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Figure 3.3.6 Sample of an EPICS operator interface window. 
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4. RK-TBA Costing 
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4.0 RK-TBA Cost Summary 

RK-TJ3A costing is pefiomed separately for the electrical systems (section 4.l)and the 
mechanical systems (section 4.2). The total of cost of the entire RK-TBA project is summarized 
below. Details of each subsystem are described in subsequent sections. . -  

4.1 Electrical Systems 

4.2 Mechanical Systems. 

4.1.9 Controls and Diagnostics 

4.1.6 Primary AC Power 

, 

GRAND TOTAL 

486,025 

338,090 . 

so,oO0 

50,000 

954s 15 
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4.1 Electrical Systems (L. Reginato) 

4.1.1 Electrical Svstems Cost S ummary 

A breakdown of the cost of the electrical systems is as follows: 

4.1.2 Line Modulators 219,300 

4.1.3 Command Resonant Charging 50,125 
c 

4.1.4 Focusing and Steering 4,600 

4.1.5 DC Power Supplies 110,Ooo 

4.1.7 Installation and Cabling 50,000 

4.1.8 Engineering Design and Inspection (12%) 52,000 

Total Cost of Electrical Systems 486,025 k$ 

4.12 Line Modulator ' 

The line modulator consists of a pulse forming network (PW and a ceramic thyratron 
switch. A simplified schematic is shown on Figure 3.1.4. The PFN .will have a tapered impedance 
to match the induction core. The inductors are coupled to each other and the inductance is tunable. 
The total capacitance will be made up of 80 individual strontium titillate capacitors each 1.25 nF. 
These capacitors and inductors will be mounted on two large PC boards. 

parts 

CX 1725 Thyratron (present unit cost $7OOO) 
Filament and Bias Supplies . 
Strontium Titanate Capacitors (80 ea @ $20) 
Inductors (6 ea @ $45) 
cooling 
HV output connectors (30 ea @ $20) 
Cable and Connectors to Induction Cores (30 ea @ $50) 
Voltage divider 
Trigger Amplifier (1.5 kV, 1 ps) 
Chassis Hardware 

Labor 

160 hrs. EE Tech @ 30 

Total requirdfs 15,000 
Total Cost 

4000.00 
350.00 
1600.00 
270.00 
250.00 
600.00 . 
1800.00 
250.00 

1 450.00 

4,800.00 
$14,620.00 

' 219.3 h4$ 
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4.1.3 command Resonant Charging 

The command resonant chargbg (CRC) system charges the pulse forming network (PFN) 
and resets the induction cores simultaneously. One CRC charges six PFN's hence a total of 2500 
are needed. A simplified schematic is shown on Figure 3.1.6 and a detailed parts list was made 
from complete drawings of previously constructed CRC's. 

7 Parts 

Crowbar and Grounding . 
SCR's and Hadware (40 ea @ $180) 
Isolation and Trigger Transf. (40 ea @ $20) 
Trigger Chassis (PS + low level 1 ea) 
Charging Inductor (air core 5 kA 50 pH) 
Clamp Diodes and Resistors 
High Voltages Dividers 
Current Transformer 
Chassis and Misc. Hardware . 

Labor 

1 EETech 160hrs.@ 30hr 
Cost of one CRC 

Total cost of 2500 CRC's 

-.- 

Capacitor Bank (10 JJ,F 25 kv) 
, ,  

3150.00 
500.00 

7200.00 
800.00 
550.00 
850.00 

1200.00 
500.00 
250.00 
250.00 

$153- 

4.800.00 
$20,050.00 

' ; 50,125 k$ 
4.1.4 Focusing and Steering 

4s described in Section 3.1.5, the focusing and steering correction system consists of 
standard magnetic quadrupole and dipole magnets.. The magnets are driven by low current, low 
voltage .DC power supplies readily available from many industrial manufacturers. The total 
quantity is estimated at 46,060 uni~. and the cost was obtained from vendors with quantity 
discounts applied. These power supplies average 100 watts each axid cost about $l/watt. So for d e  
quantity required the cost will be 4.6 M$. 

4.1.5 DC Power Sumlies for Induction Modules 

As described in section (3.1.6), these power supplies will be of the conventional 60 Hz type 
and not of the high frequency switchers. The cost to achieve a 0.1% regulation will be about 
O.S$/watt for units in the 75-100 k W  range. 

'Cost of 75 k W  
Cabling and Trays 
Installation 150 hrs @ $40 

k$ 
36.00 
2.00 
4,MT 
44.00 

.- 

Total number required is 2500 
Total cost 2500 x 44 k$ 110.00 M$ 
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4.1.6 Primarv AC Power 

The AC power distribution system is described in section.(3.1.7). This a standard system 
which takes power from the 120 kV lines and steps it down as required by the power supplies and 
conventional facility. 

A well accepted figure for a piimary.power distribution substation is 200 $/kVA. This 
power distribution includes all interrupters, circuit breakers, fuse ~ ~ S C O M ~ C ~ S ,  cabling and step 
down ttansfoxmers to the 12 kV.distribution. A. separate estimate was made to dislribute and step 
down the voltage to each 75 k W  power supply and to multiple outlet boxes in the low energy . 
accelerator building. This additional cost was estimated at 50 $/kVA. The total cost of power 
distribution to each power supply and to all other utilities is 250 $/kVA or 50 M$ for a total of 200 
MVA. 

-- 

m Racks. Installation and Cab ling 4.1.7 Power Condmoninq and Control Svste .. 

Each individual modulator, commhd resonant charging, pbwer supply, and controls will 
be housed in standard size 7' high rack. These racks will form twdrows with sufficient isle space. 
in front and behind for installation ahd servicing (Figure 3.2.14). The occupancy factor in the long 
direction wiU be 50% which allows for tunnel stairs and access for the low energy accelerator 
modules. The dual racks will feed the dual induction accelerator cells through the floor with 
symmetric 50 ohm cables. The racks will house all the power distribution, cross COM~C~S,  venting 
manifolds and cabling fmthe control system. Previous acceleratorncks have cost 1 to 2 k$ per 
foot depending on complexity. Because of the large qu.antity and duplicity, all these racks will be 

. pre-wired at the fmory at an estimated price of 1,000 $/foot. For 15 km and dual racks, the &st 
will be 2,000 per liner foot. The total cost for the accelerator wil l  be: 

. 

' (2,000) (0.5) (50,000) = 50.00 M$ 

4.1.8 Engineerin? Des *m and Inspection 

This work consists of detail design, inspection, and testing of all electrical components 
associated with the low energy induction accelerators. In previous high energy accelerators the cost 
of ED&I has been in the range of 2O-30% of the total cost of a l l  electrical components exclusive.of 
the cost of utilities. Because of the large duplicity of components, the ED&I for the TBA low 
energy accelerator is taken at 12% of the total cost of the elecnjcal systemsor 52M$. . 

4.1.9 Control and Diamostics 

The cost estimatk are based upon the costs for an individual accelerator. However we 
consider the high degree of replication in each of the accelerators, and include this factor in the 
manpower cdeulations. The estimates are also based upon c m n t  and n&-term estimates of costs 
per channel of the data channels discussed earlier in section 3.3. 
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The following table summarizes the hardware costs for the pulse power system controls and 
monitors, plus the timing system, the beam diagnostics, the focus and steering controls, and the 
beam analysis system. 

Function Cost $k 
Pulse Power Supervisory Controls - $393 
Timing System $67 
Beam Diagnostics Acquisition $698 

$1 53 Beam Focus and Steering 
Beam Analysis and Control 
Manpower (Pro rated per RK-TBA) $253 

Total $1,590 

-r 

$25 . 

The costs for the beam diagnostics acquisition is a sisnificant part of the overall control 
system costs. This is due h part to the large numbers of diagnostics installdon theaccelerator, as 
well as the high cost.for high performance waveform acquisition. It should also be noted that the 
costs for beam focus and steering is quite high, axid again it is a r&ult of having 1500 channels of 
focus and steering functions. Design efforts should be directed to develop low-cost control and 
monitor hardware for the many low voltage power supplies needed for beam control, 

Manpower costs are included in the.above estimates to do the hardware installation, as well 
as engineering, design and integration (ED&Q. For these engineer@g design tasks, it is estimated 
that 25 man-years of engineering professionals (engineers/pmgrammers), plus 25 man-years of 
engineering. associates, and 50 man-years of engin&ring technician support will be adequate to 
design'and develop the control system for the entire project (all 50 RK-TBA's). . 

. 
The total of.$l.6M for each RK-TBA will undoubtedly increase as the'need for additional 

features.becomes.necessary. A good rule of thumb for control systems is that they will cost 
between 10% and 12% of a project's budget. Since each of these accel&tm is essentially 
identical, the engineering costs can be amortized over the total project costs; and overall manpower 

diagnostics. 

. 

: 

.. .cost savings should be realized. The total project cost is approximately $80M for controls and 
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. . 4.2 Mechanical (e. Peters, D. Vanecek) 

4.2.1 Qverview of Cost Estimates 

Table 4.2.1, TBA Cost Rollup, is a summary of mechanical costs by section, such as 
I Injector or Main Section, or by subsystem,.such as RF or vacuum. Subsystem costs listed in this 

-- table are all costs from all sections relating to that particular subsystem. For instance, vacuum 
- subsystem costs on this table, includes all costs in table 4.2.6 for the Main Section Vacuum System 

plus the vacuum portions of the Injector, Chopper, and Afterburner Sections, tzibles 4.2.9,4.2.10, 
and 4.2.1 1, respectively. 

Costs for the main accelerator section are given in these tables; 

Table 4.2.2 Main Accelerator Section 
Module: Component Fabrication 

Table 4.2.3 Main Accelerator Section 
Module: Assembly 
Main Accelerator Section 
2-Meter Section: Fabrication & Assembly 

Table 46.5 Main Accelerator Section .. 
RF Output Subsystem 

Table 4.2.6 Main Accelerator Section . 
Vacuum Subsystem 

Table 42.7 Main Accelerator Section 
Alignment Subsystem . . 

Table 4.2.8 Main Accelerator Section 
Mechanical Subsystem & Special Utilities. 

. Table 4.2.4 . . 

. 

The last 4 tables above contain costs only for the subsystems within the main accelerator section. 

Costs for the 0 t h ~  accelerator sections are given.in the following tables; 
. .  

Table 4.2.9 Injector Section 
Table 4.2.10 Chopper Section 
Table 42.1 1 Afterbumer Section. 

These tables for Injector, Chopper, and Afterburner Sections are broken down into components 
such as cores and housings, solenoids, stands and supports, etc. Installation, alignment, vacuum 
system, and special utilities for these sections are also contained within these tables.. 

Each accelerator section and subsystem cost includes cost (between 15% and 25%) for 
coordination and support for the activities that are listed. This would take care of such things as 
supervision of labor, inventory and control of supplies and material, and documentation and record 
keeping associated with construction. 

4.2.2 Module Fabrication & Assembly 
-c - 

Forty-seven percent of the mechanical costs for the TBA is for the fabrication. and 
installation of the 45,000 acceleration modules. The fabrication costs alone for these modules 
constitutes 40% of the total TBA mechanical costs. A'detail list of module fabrication costs are 
given in table 4.2.2. The cost estimating of these components was done very thoroughly since they 

- 144- 



form such a large fraction of the total TBA cost. Detail drawings were produced for almost all the 
components. Where possible vendor quotations were obtained based on these drawings. Sixty-three 
percent of the module componefit costs are substantiated by vendor quotations. 

In the design of the module, a large effort was made to keep part geometry's simple and 
,amenable to mass production. This basically boils down to designing so a minimum amount of 
material has to be removed during part fabrication. Drilling, tapping, &d machining of small slots 
are kept to a minimum as these operations are relatively slow operations. All metal pdrts are made 
of 304 stainless steel alloy. Advances modern stainless steel alloys enable'significantly greater 
cutting speeds than a few years ago. Metal stamping and molding of plastic parts are used to 
fwther reduce part costs. 

. 

-- - 

A detail list of module assembly steps and costs are given in table 4.2.3. Manpower effort 
estimates for each operation are given in minutes. These efforts are engineering estimates based on ' 
experience with similar types of operations and processes required for accelerator construction. A 

support at the Lawrence Berkeley Laboratory in 1994. 

Brazing of assemblies will be done in large batches of 100 units or more. Costs for cleaning and 
brazing operations will then become dominated by time required to load 5 d  unload tiays of parts. 
Some processes will be automated in order to increase throughput rate. Programmed automatic 
welders will enable one technician to sixndmeously weld several.assemblies. 

TBA will require about 250,000 cores. Winding a single core is a relatively slow process. 
Feed rates are appmxbately 3 feet per second which will require.about 1 hour to wind a single 
core. me setup p m s s  between eachsuccessive core may take 5 minutes which means one 
operator will be able to start 12 cores per hour. With a machine that can simultaneously wind 12 
cores, or ~6th 12 small machines, one operator will be able to complete 12 cores per hour at an 
average time of 5 minutes each. Note that the cost of cor& is dependent mostly on the turn around 
time to stop and start winding process and not 'the core winding rate. A slower winding rate just 
rnearis more machines. At a rate of 12 cores per hour one operator will require 10.4 years to 
produce the tow number of cores. Obviously, 4 or 5 production lines will be needed to produce the 
cores. Metglasm cost per core kill be about $110 so the winding cost willbe 5% to 10% of the 
materialcost. . 
4.2.3 Main Section 2-Meter Girders 

b cost of $40 per hour is used for these estimates. This is a typical unoverheaded cost for t&Ecal 
4 

:t 

During the assembly process for the modules, a production line approach will be used. 

- 
Cost for the 2-meter girder weldment, support stands and brackets, and adjustment links are 

given 
adjustment of the girder position. Simple welding and machining operations are involved and costs 
are estimated based on similar hardware used on other accelerators. 

table 4.2.4. A straight forward "low-tech" set of hardware is required for support and . 

4.2.4 Main Section RF Output Subsystem 

Costs for the Main Section RF output hardware are given in table 4.2.5 and are baked upon 
cost experience for similar hardware at SLC and upon engineering estimates for the particular 
configurations required for TBA. Output cavities, wave guides, flower pedal converters, windows, 
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and vacuum pumping manifolds are requiredmd are very similar to those used in the SLC 
accelerator.' Recent estimates from SLC place the cost of this hardware at about $5000 per output 
channel. TBA costs are conservatively estimated to be about 75% of this. High production 
quantities should'reduce this cost significantly. 

4.2.5 Main Section Vacuum Subsvstem 
- 

Costs for the Main Section vacuum subsystem are given in table 4.2.6. All hardware costs 
were bised on vendor quotations except the distribution manifold which will be built to print. Cost 
for five turbopump s k p  stations is included. Installation cost for the system is included. No cost 
for centralized monitoring and control of the vacuum system is included. 

4.2.6 Main Section Alignment Subsvstem 

Costs for the Main Section alignment Subsystem are given in table 4.2.7. Costs for 
fiducialization, installation, and alignment of the 2-meter sections as well as the cost of the 
fiducialization and measurement facility, monuments, and survey equipment are included. Since 
-Each 300 meter section will be aligned independently the alignment taskkcomes far easier than 
would be the case wiq a longer machine. Capital costs for survey equipment and the 
fiducialization facility are amortized over fifty 300 meter sections and as a result are a minor 
fraction of alignment costs. Alignment costs are 3% of the total mechanical costs for TBA and are 
quite in line with cost experience on other accelerators. 

4.2.7 Main Section Spea 'ai Utilities '. 
Special utilities for the TBA include water and oil distribution and control systems. Simple 

. manifnlds are used for distribution. h.ecise control of temperatures and flow rates is not necessary. 
Monitoring for safety will be req&ed. Each 300 meter section will quire one or several cooling 
stations for both system. The costs are given in table 4.2.8. 

4.2.8 .Iniector. ChoDper. a nd Afterburner Seem nS 

. 
. . 

Costs for the Injector, Chopper, and Afterburner Sections are given in tables 4.2.9,4.2.10, 
and 4.2.11, respectively. The cores for the Injector Section are similar to those usedin the main 
accelerator section and cost is based on the same cost per unit weight Solenoids, quadrupoles, 
.vacuum s y s t e . ~  beam pipes, and support stands costs are engineering estimates based on historical 
costs for similar types of hardware. Special utilities for these sections is 7%, the same fraction as 
for the main accelerator section. 

. 

4.2.9 ED&I 

The mechanical ED&I estimate of 12% of the mechanical portion of the special research 
facility is lower than the fraction normally used for accelerators. This will provide about 360 man 
years or a team of 45 people working over an 8 year period to provide e n g i n d g ,  design, and 
inspection s*@rt for the design and construction of the aklerator. This lower than normal . . 
fraction is justified due to the highly repetitive nature of the hardware. After design and 
construction of the first 300 meter section, the tasks requjred for completing the remaining 49 
identical sections become largely QA, coordination, and book keeping tasks. 

. .  
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i 
1 

I 

TBA CQst Rollup by Section & Subsystem . 

Secti on/Subsustem 
Injector 
Chopper 
Main Accelerator 
Afterburner 
Vacuum 

I Alignment . 
4 ;;t FF . 

I . Util i t ' les.  
ED&I ( 1  2%) 

Grand Total 

(K$) 
$27,005 
$6,497 

$1 6 1,660 
$1,978 

, $29,335 
$7,984 

$52,452 

$36,224 

$338,090 

$14,955 

Mai n Afterburner 
1 %  . Accelerator 

Table 4.2.1 TBA Cost Rollup by Section & Subsystem 
I 

I 



Main Accelerator Section 
Module: Component Fabrication 

-- 

I magnetextensions ‘ 

2 magnet holder 
3 magnets 
4 ferrite dampers 
5 insulator 
6 insulator shielding rings 
7 Metglas (kg) 
8 core mandrels 
9 core spacers 

10 core grounding disc 
11 HV feedthru assembly 
12 end plates 
13 module housing 
14 dipole steering coils 
15 steerer feedthru 
16 steering coil leads 
17 beam monitor 
18 oil connections 

20 Coordination & support 
19 Inspection (15%) 

(1 5%) 

Unit Cost Quantity Total Cost 
$6 - 2  $1 3 

$1 8 2 $37 
$6 8 $48 
$5 

$84 
$1 3 
$5 
$7 : 
$0 ’ .  

$2 
$50 
$55 - 

$126 .. 

. $125 
$1 5 

$500 
$2 . 

$5 

4 
1 
2 

100 
5 
50 
5 

. 10 
2 
1 
2 
2 
2 

0.33 
2 

$20 
$84 
$26 
$500 
$35 
$5 

$1 0 
$500 
$110 . 
$1 26 
$250 
$30 
$4 

$1 67 
$1 0 

$296 
$340 

Single Module Parts Total . $2,610 
X 45,000 Modules $1 17,440,777 

Table 4.2.2 Main Accelerator Section Module: Component Fabrication 
d _- - 
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Main Accelerator Section 
_-  Module: Assembly 

1 braze magnet holder assemblies 
2 braze bore tube assembly 
3 glue magnet blocks 
4 mount steering coils 
5 mount absorbers 
6 windcores 
7 weld 1st end plate 
8 weld outer housing 
9 install cores & leads 

1 Q install steering coil leads 
11 install feedthru assemblies 
12 weld 2nd end plate 

Test & Inspection 
(15%) 
Coordination & support . 
(15%) 

Minutes 
18 
12 
3 
15 
3 
8 
8 
15 
15 
8 
30 
20 

Unit Cost 
$1 2 

Quantity 
2 
1 
8 
2 
4 
5 
1 
1 
5 
2 
10 
1 .  

Total Cost 

Single Module Parts Total $51 8 
X 45,000 Modules $23,305,571 

Table 4.2.3 Main Accelerator Section Module: Assembly 
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Main Accelerator Section 
2-Meter Section: Fabrication & Assembly 

Minutes Unit Cost 
1 2-meter girder weldment . $1,080 

-__ 2 Floorstands $I 20 
3 Girder support brackets $40 
4 Adjustment links $40 
5 Mount modules on girder $60 
6 Mount vacuum components $60 
7 Test & Inspection 

8 Coordination & support 
(15%) 

(15%) 

90 
90 

Quantity 
1 
3 

Total Cost 
$I ,080 

$360 
$240 
$240 
$360 

$60 
$351 

$404 

. Per 2-meter Section $3,094 
Total all sections $23,205,709 

. Table 4.2.4- . Main Accelerator Section 2-Meter Section: Fabrication & Assembly 

Main .Accelerator Section 
RF Output Subsystem 

Minutes ' 

1. RF cavities - 
2 Rectangular waveguide 
3 Flowerpedal . 
4 Pumping sections 
5 Vacuum manifolding 
6 Window assembly 
7 Circular waveguide . 

9 Coordination & support (25%) 
- 8 Vacuum installation per 2-meter 270 

Unit Cost 
$520 
$1 00 
$520 
$300 
$480 
$600 
$200 
$1 80 

Quantity 
7500 
15000 
15000 
30000 
7500 
15000 
15000 
7500 

Total Cost 
$3,900,000 
$1,500,000 
$7,800,000 

$3,600,000 

$3,000,000 
'$1,348,650 
$1 5,252,201 

$9,000,000 

$9,000,000 * 

Per 2-meter Section - $7,253 
Total all sections $54,400,851 

Table 4.2.5 Main Accelerator Section RF Output Subsystem 
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-c 

Main Accelerator Section 
Vacuum Subsystem 

1 lonpurnps 
2 Manifold 
3 Controller 
4 HVCables 
5 HVsplitter 
6 Roughing gate valve ' 

7 Beamline gate valve ' 

8 Beamline bellows 
9 Turbopump station* 

10 Ion gage w/cable* 
11 Startup Controller* 

. 12 Vacuum system installation per 2 m 
13 Coordination & support (25%) 
* equipment for startup 

Minutes Unit Cost 
$688 
$480. 
$495 
$1 45 
$300 
$500 

$I ,500 
$1 00 

$6.545 
. $1,500 

$1 80 
$1,060 

270 

Quantity 
7500 
7500 
1875. 
9375 
1875 
I875 
1875 
7500 
5 
10 
5 

7500 

Total Cost 
$5,156,250 
$3,600,000 
$928, I25 

$562,500 
$937,500 

$2,812,500 
$750,000 
$32,725 
$1 5,000 
$5,000 

$I ,350,675 
$4,377,413 

$1,359,375 

Main Accelerator Section 
Alignment Subsystem 

Per &meter Section $2,918 
Total All Sections $21,887,063 

Table 4.2.6 Mah Accelerator Section Vacuum Subsystem 

1 Measurement facility 
* 2 Fiducialize 2-meter section 
3 Install 2-meter section 
4. Align 2-meter section 
5 Alignment monuments per 300 rn 
6 Survey equipment 
7 Coordination & support (25%) 

Minutes . Unit Cost Quantity . Total Cost 

. 9 0 -  
. 270 
270 . 

$500,000 I $500,000 
$60 7500 $449,550 

$1 80 7500. $1,348,650 
$50,000 50 $2,500,000 

$674,325 

. '$180 '. 7500 $1,348,650 

$1,000,000 1 $1,000,000 

Per 2-meter Section 
Total All Sections 

$1,043 
$7,821 ,I 75 

Table 4.2.7 Main Accelerator Section Alignment Subsystem 
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Main Accelerator Section 
-.- - Mechanical Subsystems & Special Utilities 

Unit Cost Quantity Total Cost 
1 Oil distribution & control $1 00,000 50 $5,000,000, 
2 Water distribution & control $1 00,000 50 $5,000,000 
3 Coordination & support (25%) ' $2,500,000 

Total All Sections $1 2,500,000 

Table 4.2.8 Main Accelerator Section Mechanical Subsystems 8z Special Utilities 

Injector, Section 

. 1 Cores&housings 
2 12 c m  cathode 
3 Solenoids 
4 Vacuum system 
5 Stands & supports 
6 Installation & alignment 
7 Utilities (7%) . 
8 Coordination & support (15%) 

, 

. 

Unit Cost Quantity 
$7,730 40 

$50,000 1 
$3,000 ' 30 
$3,000 6 
$2,000 6 
$500 6 

Total Cost 

$50,000 
. $90,000 

$1 8,000 
$12,000 
$3,000 
$33,754 
$77,393 

$309,200 

- 
Single Injector $593,347 

Total All injectors $29,667,355 
Table 4.2.9 Injector Section 
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Chopper Section 

1 Klystron 

3 solenoid . I 

4 Beam aperture 
5 Vacuum system 

7 Installation aiignment, 
8 Utilities (7%) 
9 Coordination . ,  & support - . .  (15%) 

- -_ 2 Beam pipe 

6 Stands & supports . .  

. e  . .. 

Unit Cost 
$1 00,000 
$2,000 

. .$5,000 . 
$2,000 
$5,000 
$2,000 
. $500 

. Quantity 
, I  

1 
'1 
1 
1 

' 1  
1 

Total Cost 
$I 00,000 
$2,000 

' $5,000 
$2,000 
$5,000 
$2,000 
$500 

$8,155 
$I 8,698 

. .  - .  
Afterburner Section 

1 
2 
3 
4 
5 

- 6  
7 
a 

:i' 
'Single Chopper . $1 43;353 

Total All 'Choppers $7,167,663 

Table 4.2.10 Chopper Section 

.. * . 

Beam enclosure . 
Quadrupoles & holders 
RF outputs, wave guides, etc. 
Vacuumsystem. . - 
Stands & supports 
Installation & alignment 
Utilities 
Coordination & support. .. , 

. .  
. ,  . .  

"'(7%) ,. . 
. .  

(1 5%) 

Unit Cost 
-$I ,000 

$300. 
.$5,000 

. $1,500 
$500 
$250 

Quantity . Total Cost 
12 $1 2,000 
.12. $3,600. 
12 $60,000 ' 

. 12 $1 8,000 
12 
12 

$6,000 

$7,182 
$1 6,467 

. $3,000 

Single Afterburner $1 26,249 
Total all Afterburner $6,312,465 

Table 4.2.11 Afterburner Section 
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5. CONCLUSIONS 

5.1 Summary of kev results and issues (S. Yu) 
. In this .report, we.have presented a preliminary design of an RK-TBA based power source 

for a 1 TeV center-of-mass NLC. The overall architecture of our point design was presented in 
Chapter 1. The three major areas of focus'for the present study are: 1) RK-TBA physics 

- (Chapter-2), 2) RK-TBA enginee&g (Chapter 3) and 3) RK-TBA costing (Chapter 4). The key 
results in each of these areas, as well as the issues presently under study, are briefly summarized 
here. 

-c 

Longitudinal beam dynamics (Section 2.1) is our first key F a  of study. Om-point design 
. requires that the bunched drive beam delivers 360 MW of rf power at 11.4 GHz in each of the 150 

rfextraction cavities in a 300-m long RK-TBA unit. To achieve this goal, &d to maintain 
longitudinal beam stability over these long distances, the extraction cavities must be inductively 
demed. To maintain low surface fields to avoid breakdown, we consider traveling-wave 
structures. Our first major task in this section was to derive an analytic theory of inductively 
detuned traveling wave cavities. This theory allows us to determine the cavity parameters (R/Q and 
vg) required for the extraction of 360 M W  with an rf current of 1.15 kA (600 A DC). In order for a 
3-celldisk loaded structure to behave like a traveling wave structure with no reflected waves, the 
output ports.must be properly matched. The resonant frequency and Q ofthe output cell required 
for proper matching are also derived. The I-D. code RKS was then exercised to simulate 
longitudinal beam dynamics and rf power extraction over the entire 3Wm long RK-TBA unit. 

. . . . S.ensitivity studies show that optimal operation is obtained when &e 3-cell extraction cavities, have 
. . a phase velocity of 1.33 c. The simulation studies.were $hen extendedto thehnt-end (chopper and 

. . "adiabatic capture" '&ctions).and thebackad (the after-burner). At the front-end, we show that a 
chopper at 2.5 to 5 MeV, followed by an adiabatk capture section of about 20 m of keleration 

energy of 10 MeV with the right length of the microbunch (-700) for longitudinal stability of the rf 
buckets. At the backLen4 the simulatiohs indicate that good quality rfpower (360 MW each) can 

simulations indicate that the conversion efficiency 05 drive beam power to rf could .be higher than 
90% (not including power losses'in the induction gaps, which are separately discussed in Section 
2.4). 

' 

. 

--. 

. . 
. 

' .  

. . -bin& with up to 10 bunching cavities, is able to take the drive beam to the fuil opkrathg 

. . . be extractexI hm. 12 successive cavities &er the reacieleration units are terminated. These .' 

. 

: 

. A.key issue that is yet unresolved has to do yith the transverse defocusing experienced by 
the beam during its traversal through the rf structures. When the phase velocity of the structure is 

. :: not equal to the speed of light, the cancellation of the transveise magnetic and electric forces is no 
longer valid. Our 2-D calculations to-date indicate that thek forces, if uncomted, could lead to 
deleterious envelope oscillations. We are studying possible modifications of the cavity geometry 
(for which there is sti l l  large degrees of fieedom for design modifications within the overall . 
constraints) and various schemes to compensate the cavity induced defocusing. This is an area 05 
active researdm the present. 

' 

The beam break-up instability has been c0nsidered.a major difficulty for RK-TBA's and is 
. 
. 

studied in detail in Section 2.2. There are 2 rather distinct instabilities that are easily identifiable. 
The first is a low frequency BBU (-2 to 5 GHz) associated with the induction gaps, and the second -' 
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is a high frequency BBU (-14 GHz) associated with the HEM11 mode of &e rf extiaction cavities. 
Ari important mechanism of the &ping of the low frequency BBU is inherent in the beam 
dynamics of inductively detuned structures. The.rfbuckets have large energy spreads (-2 7.5%) . 
which provide Landau damping for the BBU mode. With reasonable care in the design of the 
induction gaps to de-Q the dominant dipole modes, the low frequency BBU is shown to%e totally 
suppressed. Control of the high frequency dipole mode requires a rather different strategy. The 
"betatron node scheme" is deployed with the betatron period set exactly &pal to the spacing of 
adjacent cavities. This scheme can be shown theoretically to reduce the usual exponential BBU 
growth to a slow secular increase. Our key concern here is the robustness of the scheme and 
extensive sensitivity checks were performed to ascertain the accuracy requirements on the focusing 
fields, beam energies, particle energy spread, and extraction cavity parameters. With sufficiently 
strong damping of the dipole mode, (which as we see later, comes almost "for free") the 
simulations indicate that errors in field and energy of 1 to 2% could be tolerated. This kind of 
accuracy is quite achievable. * 

Of course the longitudinal and BBU dynamics results depend stronglyon the ca& 
parameters. A closely *rela& effort in the design of rf cavities is reported.in'Section 2.3. The . 
calculations here are pllrely electromagnetic, with no beam dynamics involved. Both 2-D.as well 
as 3-D calculations, in both the frequency and time domain, were reported. The geometriesof the 
disk loaded structures, the effects of a finite number of cells, as well as the output ports were 
modeled. Inductively detuned extraction cavities with the required impedance and group velocity 
were constructed, and the field enhancement effects evaluated. . 

' -  

Thedipole impedances were also evaluated. The natural damping eluded to earlier &ses 
from.the fact that the beam pipes are above cutoff for the HEM11 mode, and the cavity mode 

- .  ,couples strongly to the "Ell mode within the beam pipe. . -  
3-D calculations of the output ports were conducted'with b@GIA. The calculated Q's are . 

7 .  We.do.not consider the cavity geometries obtained in Section 2.3 to be find in any sense. 
' .Therewe still large degrees of freedom for design modifications, and further refinements will be 
' conducted to reduce transverse focusing fields and to ensure minimal surfacefields over the entire 

Finally in Section 2.4, we present calc&ations of the inductiQn gap with AMOS and. 
Poisson. With adequate. damping, the required transvene impedance for BBU stability is easily 
achieved. Our present designs st i l l  show a longitudinal impedance that is too high. Further work is 
continuing to reduce thelongitudinal power loss in induction cavities to an acceptable level. There 
is also more optimization work to do to ensure safety against high voltage breakdown. 

close to the values reqW to satisfy the matching condition.of.Sectioir 2.1. .. . . .  

. .  
3-D structure. 

. 

Engineering design of the RK-TBA is covered in Chapter 3. The electrical system (Section 
3.1) consistsaf-an efficient low-voltage network. The design covers all components fiom induction 
core to wall-plug, including the induction module, the pulse forming network, the command 
resonant charging and core reset, the DC power supplies, as well as the primary AC power system. 
The system invokes no novel elements,, and all components are well-known. Our efficiency 
estimates are based on what has been achieved (with good el&trical engineering practice), and 
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does not assume future innovations. The efficiency estimate arrived at is 40% from wall plug to 

the RK-TBA, namely, the injectors, and the steering and correction system. 
. drive beam. In addition to the overall pulse power, we have also discussed 2 special components of 

The electrical system design we believe to be quite conservative. One question which may 
require some further investigation is the life-time of the ceramic thyratrons. This is an issue that we 
share with the modulators of the conventional high power x-band klystrons. In addition, we need to 
do further design work to specify the details of the pulse-forming-network to ensure the required 
energy flatness. This is an exercise that we have carried out in the past for other applications (e.g. 
Heavy Ion Fusion), both numerically, as well as experimentally. A detailed design of the PFN for 
the RK-TBA has yet to be performed. 

On the side of the mechanical design (3.2), we have also tried to be comprehensive, 
including all components for the entire RK-TBA up to the rf input into the high gradient structures. 
The design of the basic induction modules was conducted in some detail, with particular attention 
to incorporate features amenable to mass production. Conceptual engineering drawings exist for all 
parts of the module; cooling, vacuum, alignment, and assembly were also studied and incorporated 
into the design. The rf system, on the other hand, was borrowed heavily from the fecent work at 
SLAC. The assumption.is that our extraction cavities would be.similar in nature to the output 
cavities of the x-band klystrons. Hence, the mechanical design of the cavity structures, windows, 
waveguides and flower petals, were a l l  adaptations of the SLAC systems. The difference of course 
is that rf combining has been eliminated, and the power is fed direcgy from extraction cavities to 

. 

the high gradient structures through short waveguides. - - .  

The area with the largest remaining uncertainty is the design of the induction gap. The 
detailed geometry, the optimal strategy for shieldingof the ceramics, the incorporation of 
microwave absorbing material, the possible use of slightly conducting material on the insulator 
surfaces, are all areas ;requiring Eurther physics as well as engineering development. The details of 
this component are expected to have little effect on the overall cost, but are quite essential for the . 
physics. 

Control and diagnostic is an imporknt component of the engineering design. In this 
exercise, we have attempted to work out the overall architecture of the control system. Out design 
of the control system is based on the EPIC system which is relatively well used in the accelerator 
community. The fact that we have 50 identical but, by and large, independent RK-TBA units is a 

. natural match to the distribution system described in Section 3.3. . 

The costing is presented in Chapter 4. Since the engineering design is based entirely on 
conventional components, and the level of engineering has been performed to sufficient details for 
making actual count of individual parts and components, the costing we believe to be reliable. The 
main new feature is to incorporate mass production and assembly cost reductions. The costs we 
have arrived are _- based . either on actual quotes from vendors for large quantities, or from our own 
estimates, based on step-by-step construction of the fabrication and assembly procedure.-Where we 
have been able to do both, our own estimates are quite consistent with vendor quotes when 
averaged over many items. 
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We have included in the costing the fabrication and assembly of individul components, as 
well as the construction and assembly of the full accelerator.'Costs for Engineering, Design and 
Inspection are also included in the present estimate. It is roughly 12% of the total cost, which is a 
low number compared to usual ED&I costs of 20 to 30% for large projects. Our estimate is based 
on the fact that we are building 50. identical'units, arid the& . .  is a large amount of repetition. 

project have not been included, as these items are conside?ed an h e @  part of the overall linear 
collider project. A separate accounting for the power source portion'would . .  not make sense. 

-c 

Costs of building and conventional facilities as well as institutional overheads on the entire 

The grand totd for the entire project is $954 million U.S. (1994 dollars). Detail breakdown 
of the cost are fisted in Chapter 4. 

5.2 TBA Dermtxtive'.(S. Yu) . 
. .  

The issue of rf power source is central to the'development of future .linear colliders. While 
. induction-linac based:TBA is known to liave.the potential for v*,high efficiency, fesearch 

support received to-ate has been somewhat limited. The general concerns about TBA .as a . 

realizable power source evolve around 3 issues: 

1. 

2. 

3. 

The induction linac technology is not as mature as existing &klystron technology. 

The TBA beam dynamics, particularly BBU, is difficult. :. 
Induction Linacs are perceived to be very expensive. . 

. .  

The objective and the approach undertaken in the present study were motivated by these concerns. 

In regards to the cost issue, past cost estimates were based on induction linacs built for 
other applications (short pulse, high repetition rate, high current). Our belief has been that the 
induction linac design ought to be optimized for the specific mission: Hence, we have attempted in 
this study to design an induction linac specifically for the RK-TBA. 

Since cost is, and will be, a key issue for future colliders, we feel that it is essential to have 
a believable cost estimate. It seemed to us that the only way to have a believable cost is to carry the 
engineering study to sufficient details to make a 'bottom-up' estimate possible. We have tried to 
estimate cost for fabrication and assembly on the basis of engineering drawings and proposed mass 
production procedures. For the induction modules, a major component of the machine we have 
sent out for external bids for various parts, to cross check our own estimates. Our estimate, for 
approximately ten different items, agreed with external quotes to a few percent on the total. AII 
components are based on known technology, with relatively well-known cos&. Hence for the 
engineering design proposed, we believe that our cost estimate is realistic. 

. * Sim&%fy, the efficiency estimate for our pulse power design is based on wen-hown 
numbers with today's technology. We have not made any extrapolations for possible future 
innovations. We might note here that in comparison to the 40% number quoted in our design study 
for the efficiency of the pulse power system, some recent tests in the Heavy ion Fusion group at 

* 

- 
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LBL have demonstrated 50% efficiency for a somewhat different system,but with very similar 
performance goals in terms of current, voltage, and repetition rate. 

. It is certainly true that as we learn more about the technology, we may introduce new 
design changes which may after the cost and efficiency estimates. Yet, on the basis of the work 
that hasbeen performd. thus far, we can safely argue that the cost of the new TBA is competitive. ' 

In regards to the beam dynamics issues, we have offered in this design conceptual solutions 

. 
. .  
- - 

for longitudinal beam stability as well as BBU control for both the low frequency component," 
associated with induction gaps, and the high frequency component, associated with rf extraction 
cavities. These concepts are supported by detailed simulations. We hope to have demonstrated by 
these studies that the solutions offered have a reasonable chance of success. 

Of course, these studies are only the be@mhg:Further theoretical and computation studies 
need to be conducted. Cavity design work needs to continue, in particular in relation to the issue of . 
how to minimize the muisverse defocusing 'on the beam envelope. The induction caviw. design 
need to be optimized to make sure that both the longitudin@ as well as transverse impedances are . 
. adequately small. Feedback systems should be studied to relax theJconstraints on energy flatness '- 

and quadrupo1e.field errors. 

. 

7 

. Finally, we need hardware development and experimental tests. The purpose of this 
conceptual design study is not to argue that we are ready to build an RK-TBA based power source: 
for alinear collider today, but rather, that the concept is viable anit merits further support in 
technology development. A technology that is not developed c k o t  be expected to mature. 
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