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THE TWO-BEAM ACCEl.ERATOR: STRUCTURE STUDIES AND 35 GHz EXPERIMENTS* 
·D.B. Hopkins and R.W. Kuenning 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, CA 94720 

Abstract 

The 'Two-Beam Accelerator (TBA) shows great promise 
for achieving high accelerating gradients, perhaps 
>250 MV/m, for such machines as electron linear 
colliders. This paper presents the results of studies 
of candidate structures for a TBA. Also, the hardware 
and program for 35 GHz high-gradient testing is 
described. 

Introduction 

The Two-Beam Accelerator concept is designed to 
produce very high energy electrons for a linear colli
der.1 A TBA is shown schematically in Figure 1. 

High energy beam 

Linac source 
for high energy beam High gradient accelerating structure 

Figure 1 Two-Beam Accelerator 

Generally speaking, a TBA consists of a traveling 
wave nigh-gradient accelerator structure which is 
periodically coupled to a single-pass Free Electron 
Laser (FEL) as a source of high power microwaves. To 
replenish energy given up by this beam to the 
microwave field, induction accelerator units are 
placed periodically along the length of the FEL. 

Recent computer studies2 • 3 have shown that the 
FEL can be several kilometers long without 
significant loss of FEL beam amplitude or quality. 

For linear colliders, particle energies of 1 TeV 
and beyond are being considered. If standard 
existing techniques, accelerating gradients and rf 
power sources were used in such a device, it's length 
and cost would be extremely high. It is widely 
recognized that the operating accelerating gradient 
must be significantly increased for such machines to 
be practical. Operating in the 10-30 GHz range, a 
TBA shows great promise for achieving such an 
advancement. 

TBA Accelerating Structure Considerations 

Figure 2 shows the frequently-seen plot of elec
tric field gradient vs frequency for copper rf accel
erating structures. The surface field breakdown limit 
line has been raised to intersect the points estab
lished by recent experiments at SLAG and Varian.4,5 
The Kilpatrick "limit"6 is also shown for compari
son. This criterion was often applied in the past for 

*This wor:-k was supported by the High Energy Physics 
Division of the U.S. Department of Energy under 
Contract No. DE-AC03-76SF00098. 

lower frequency work, but is now recognized as being 
overly conservative. On the figure, the shaded region 
indicates an approximate range of applicability of 
TBA's. As can be seen, a surface gradient exceeding 
1 GV/m should be achievable for 30 GHz operation. 
For a disc-loaded waveguide accelerator scaled to 
this frequency from SLAG dimensions, for example,· 
this would imply an achievable average accelerating 
gradient of perhaps 500 MV/m. This is in marked 
contrast to the 10-20 MV/m average accelerating 
gradients of present-day S-band accelerators. 
Finally, we note that for a TBA, this scaling is 
probably conservative by a factor of at least 2 to 
3. This is because the pulse length need only be 
20-50 ns, and the breakdown gradient is believed 1 
to scale as ,-1/6 to ,-1/4. 

10 GV/m 

~ 

~ 
1 GV/m 

0 

~ 100 MV/m 

10 MV/m 

SURFACE FIELD 

BREAKDOWN LIMIT "'fJ/B 

~ 

\.~- TBA 

SURFACE HEATING 

LIMIT ...,fl/B 

~~ A KILPATRICK LIMIT ,, . ., 

......___ SLAC 

0.3 

100 10 

30 

1 

1, WANG & LOEW, SLAC, 2.5 us, 1985 

2. TANABE, VARIAN, 4.4 us, 1983 

300 

0.1 

FREQUENCY, GHz 

WAVELENGTH, em 

Figure 2 Accelerator Maximum Surface Field Gradients 

Basic TBA analysis and design examples have been 
published elsewhere.3,8,9 These designs are still 
evolving as analytical work progresses. A reference 
set of parameters from a recent 1 TeV x 1 TeV, 30 GHz, 
TBA collider study3 is presented in Table 1. 

The number of particles per bunch listed in Table 
1 would lead to excessive transverse wake field 
effects in a 30 GHz structure simply scaled from the 
SLAG dimensions.10 It has been shown1 that 
acceptable performance can be achieved if the center 
hole diameter is increased to -2 mm from the SLAG
scaled value of -1 rom, and if the machine is 
operated with a short betatron wavelength, e.g., 
-10 m. Figure 3 shows Brillouin diagrams for a 
SLAG-scaled structure (top) operating in the 2~/3 

mode (3 discs per wavelength) and a large-hole TBA 
structure (bottom). 11 To a good approximation, the 
curves have a cosine shape with zero slope at values 
of kL = 0 and ~. 

The larger center hole results in a wider pass
band, which produces larger slopes on the Brillouin 
curve. Since the slope of the curve equais-·the group 
velocity, the operating point must then be shifted 
near the peak (i.e., near the ~ mode) in order to 
reduce the group velocity to the desired value. The 
slope of the line through the operating point is the 
phase velocity, which must be equal to c. The disk 
spacing must be slightly less than one-half wave-



Table 1 Pa~amete~s fo~ a 1 TeV x 1 TeV 

Two-Beam Accele~ato~ Collide~ 

Low Ene~gy Beam 

Ave~age Beam Ene~gy (Units of mc2) 

Beam Cu~~ent 

Bunch Length 

Wiggle~ Wavelength 

Ave~age Peak Wiggle~ Field 

Beam Powe~ 

Beam Ene~gy 

Powe~ P~oduction 

Numbe~ of FEL Injecto~s 

Powe~ F~om Mains 

High G~adient St~ctu ~ e 

Wavelength 

G~adient 

Sto~ed Ene~gy 

Fill Time 

Injection Ene~gy 

Repetition Rate (f) 

Final Ene~gy 

Length 

High Ene~gy Beam 

Luminosity 4 x 

Beam Hei ght (ay) 

Beam Width (ax> 
Single Beam Powe~ 

Numbe~ of Pa~ticles 

Dis~ption (D) 
Beamst~ahlung ( 6 ) 

Ove~all Efficiency (F~om Mains to HEB) 

40 

2.15 kA 

6 m 

27 em 

2.4 kG 

43 GW 

0.8 kJ 
2.2 GW/m 

2 X 2 

160 MW 

1 em 
500 Mev/m 

40 J/m 

18 ns 

2 GeV 

0.5 kHz 

1 TeV 

2 X 2 km 
ro32cm- 2sec-l 

0.14 ).1 

1.4 ).1 

8.0 MW 
roll 

1.3 
0.2 

101. 

length, and the waveguide inside cell diamete~ must 
be slightly adjusted . The URMEL codel2 is being 

used to dete~ine these dimensions . 

I 

w I 

·· ~ ·· 
0 •/2 

Figu~e 3 B~illouin Diag~ams fo~ SLAG and 

TBA Accele~ato~ St~ctu~es 

High-G~adient Testing at 34.6 GHz 

A mic~owave FEL is ope~ational at the La~ence 

Live~o~e National Labo~ato~y (LLNL) Elect~on Lase~ 

Facility (ELF) . l3 This facility is sometimes 

available to us fo~ TBA high - g~adient testing. It 

has p~oduced 34.6 GHz powe~ in excess of 80 MW fo~ 

10-15 nsec pulses . 

We a~e just now emba~king on a p~og~am fo~ 

testing seve~al st~ctu~es on ELF as the ope~ating 

2 
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schedule pe~its. These tests a~e aimed at inc~easing 

ou~ confidence in the b~eakdown g~adient scaling dis

cussed above . Table 2 lists th~ee waveguides to be 

tested, thei~ dimensions and the maximum su~face elec

t~ic field ~efe~enced to a 100 MW powe~ level. The 

field scales as the squa~e ~oot of the powe~ and can 

be calculated f~orn the following exp~ession : 

P = [abE~/1508][1 - (A/2a)]l/2 (1) 

whe~e a and b a~e 

~espectively, and 

wavelength. 

the waveguide width and height, 

A is the f~ee - space ope~ating 

TAB LE 2 HI GH - GRADIENT TEST ST RUCTURE S 

FULL HEIGHT WR-28 WAVEGUI DE 

l/4- HEI GHT WR -28 WA VEGUI DE 

1 / 9- HE!GHT WR- 28 WA VEG UI DE 

ACCELERATOR SECT I ON (HGS) 

DI MEN SI ON S 

0 . 71 1 X 0 . 356 

0. 711 0. 089 

0 . 711 0.040 

(SEE TE XT ) 

= fbo MW 
MV / M 

86 

173 

259 

1520 

Figu~e 4 shows the finished elect~ofo~ed 1/4-

height WR- 28 test piece. This is 8. 7 inches long . 

It has two 3 inch long linea~ tape~s in the top wall 

(only) fo~ t~an s itions to a 1. 7 inch long section of 

~educed height . The inte~sections of st~aight and 

tape~ed waveguides we~e b~oadly ~adiused to avoid 

field concent~ating ~egions . P~ofilomete~ measu~e

ments on the aluminum mand~el indicated that its 

su~face ~oughness was within the ~ange of 7-18 

mic~oinch , ~ . m . s ., in the na~~owed ~egion. 

GBB 852- 1388 

Figu~e 4 Qua~te~ - height WR-28 Test Piece 

Table 2 also lists the maximum su~face field 

g~adient expected in a sho~t accele~ato~ section we 

have fab~icated, ~efe~~ed to a 100 MW powe~ level . 

We have chosen the disc- loaded waveguide fo~ these 

initial studies so that a new data point could be 

established which would confi~ the b~eakdown 

g~adient scaling indicated in Figu~e 2. Such scaling 

has maximum c~edibility when it is applied to 

identical st~ctu~es which diff e ~ only by a scale 

facto~. Additionally , the chosen st~uctu~e is 
easiest to fab~icate. We have not se~iously 

conside~ed othe~ types. 

Figu~e 5 shows a diag~am of ou~ seven- cavity 

high - g~adient accele~ato~ section (HGS) . This was 

fabricated with all cavity and input/output couple~ 

dimensions scaled f~om SLAG dimensions by the ~atio 

34 . 6/2.856 (GHz) 12 . 11 . The cente~-to-cente~ 

distance between the input and output coupling 



I 

I 
9 

Figure 5 High Gradient Accelerator 

Test Structure (HGS) 

cavities is 0 . 6828 inches; the overall length is 

1.6776 inches. The HGS input and output couplers 

were both scaled from the SLAG output coupler . 

The last cavity in a SLAG accelerating section, 

number 84, was chosen as the reference for the five 

center cavities . 14 It has the smallest center hole 

and in our scaled structure · yields the highest 

electric field for a given power input . The center 

holes have a full radius and are of the same diameter 

for all cavities, for ease of fabrication. This 

means that the highest gradients will be produced in 

the input cavity. Since the group velocity is well

known (vg = 0 . 0065 c) and the ratio of shunt impe

dance to Q is readily scalable from SLAG performance, 

the relationship between average accelerating gradient 

and power is conveniently expressed as: 

(2) 

Finally, the peak surface field, Ep, can be 

obtained from a ratio well - known for any SLAG- scaled 

structure:4 

(3) 

The value for the HGS Ep listed in Table 2 is 

obtained from (2) and (3) using the group velocity 

given above and the SLAG value r/Q = 45.1 ohms . 

The holes through the HGS end cylinders are 

waveguides beyond cutoff at 34.6 GHz . These permit 

viewing the interior with a photomultiplier in order 

to detect sparking when the assembly is under test . 

The cavity dimensions required for 34.6 GHz are: 

center hole diameter, 2a 0 . 0626 in 

outer diameter , 2b 0.2659 in 

disc spacing, d 0.1138 in 

disc thickness, t 0.0190 in 

Our first attempts to fabricate an acceptable 

structure were based on precision machining of OFHG 

copper discs and rings, to ±0. 0002 inch tolerances, 

then brazing these together. The assembly was cut in 

two, lengthwise, and examined under a microscope . The 

primary problem was in achieving consistent, high

integrity braze joints between the discs and rings. 

Four trial assemblies were fabricated, each an 

improvement over the earlier ones. The fourth looked 

relatively good, probably acceptable, but confidence 

in our ability to obtain this quality of work 

repeatedly and reliably was not too high. 

Finally, an electroforming approach was chosen 

and proved successful . Instead of copper rings, 

aluminum rings were machined which had the correct 

cavity length and outer diameter. The discs, rings, 

and coupler sections were aligned and pressed together 

in a vee- block. The entire assembly was plated with 

-40 mils of copper . The aluminum rings were then 
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a hot sodium hydroxide solution. 

the HGS parts prior to assembly. 

the HGS in a clamp-yoke ready for 

Figure 6 HGS Parts Prior to Assembly 
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Figure 7 HGS Ready for Plating 

If scaled SLAG machining 

tained, the tolerances, in 

34.6 GHz cavities would be: 

tolerances were main

microinches, for the 

2a, 2b: 

d: 

t: 

+60 

-0 
-±200 

±60 

The final HGS discs and rings were machined to ±20 

microinch tolerances on a LLNL precision diamond

turning machine. Flatness and concentricity of inner 

hole and outer diameters were held to <200 micro

inches. The surfaces were machined to a 1 to 2 

microinch r.m.s . finish. 

The HGS was bench- tested a t a few mW power level 

using a swept frequency generator. The detected 

power transmitted tht"ough the HGS as a funct ion of 

frequency is shown in the osc illoscope photograph of 

Figure 8. The slight dip at the trough between peaks 



Figure 8 Transmitted P-ower vs Frequency for the HGS 

number 2 and 3 is caused by a calibrated wavemeter 

located between the generator and the HGS. It was 

tuned to 34.415 GHz. The frequencies corresponding 

to the peaks, left to right, are 34.350, 34.380, 

34.450, 34.515, and 34.575 GHz, respectively . Our 

design frequency was 34.600 GHz in order to match the 

ELF operating frequency. The reason for the general 

frequency offset is not understood. 

The impedance match into the HGS was rather poor, 

resulting in -50-t reflected power, at best, at the 

largest transmitted peaks . An investigation revealed 

that some dimensional errors had been made in the 

input and output coupling apertures. We are presently 

correcting this situation by adding properly-s ized 

aperture shims at the coupling irises. We are con

sidering tuning the HGS to the correct operating 

frequency by internal copper plating using a platinum 

wire in a copper solution. The wire regions near the 

aperture holes would be masked to preserve the 

original finish at and near the holes. As a backup, 

we plan to start construction of a second HGS with 

dimensions appropriately modified. 

The experimental setup to be used during high

gradient HGS testing on ELF is shown in Figure 9 . 

The vacuum tank ensures a reasonably good vacuum in 

the HGS and provides about 46 dB of attenuation. 

Directional couplers and attenuators further reduce 

the signal to detectable levels (e.g., 1 mW) . 

(~~S TA L 

MI CRO•AV( DmCTO~ 

A!$0~8U 

Figure 9 HGS Test Arrangement at ELF 

Microwave Output Coupling 

In the TBA's FEL, the electron beam is wiggled in 

the plane of the long dimension of a waveguide which 

is necessarily very oversized for the operating 

frequency in order to accommodate the beam. (The 

present ELF waveguide, for example, measures 3.872 x 

1 . 145 inches.) This is depicted in Figure 10. 

X6l849-10790 

Figure 10 FEL Beam and Electric Field Orientation 
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A significant fraction of the FEL microwave power 

must be periodically ext racted and coupled to the 

adjacent accelerator structure. This must be done in 

such a manner that the FEL modal power distribution 

is not disturbed; i.e ., essentially all of the FEL 

microwave power should continually exist in the 

desired TEo1 mode. Any power converted to other 

modes by coupling discontinuities r ep resents an 

undesirable reduction in overall efficiency. 

Figure 11 shows an early TBA concept where it was 

thought that adequate coupling could be achieved with 

FEL wall apertures. Because of narrow phase margins, 

each coupling region can only extend over a short 

length, perhaps 10 em or so . It does not appear 

possible to couple the required power out of aper

tures which span this short a length.15 In such 

oversized waveguides, aperture power coupling 

coefficients can be 30 dB or so smaller than for 

identical holes in standard waveguide. Moreover, if 

the waveguide walls are highly perforated or if large 

apertures are employed, excessive conversion of power 

to higher order modes will take place . 

Hlgl't Gradient LINAC 

~ - · ~--t 
-- - -- -4 --- - - - - - - - . - - - . -' - - -

~- : - - : :.'":. - - - - - - - . . . 

f Induction Accelerator Module 

XBL 8~ ~- 1997 

Figure 11 Early TBA Concept With Direc tional Coupling 

It has long been known that a thin metallic 

septum can be placed in a waveguide perpendicular to 

the electric field of a TE10 or TEot mode, for 
example, without causing reflections or mode 

conversion . One of us (R.W . K.) has developed this 

idea into the septum coupler concept for coupling 

power out of the FEL. 

Figure 12 shows how the basic scheme would work. 

Septums periodically "scoop" a fraction of the micro

wave power from the FEL waveguide . The scoop is then 

gradually tapered to fundamental waveguide size so 

that power can be transported to the accelerator HGS 

without mode conversion. Power is naturally coupled 

out of both sides of the FEL waveguide. This is con

venient since it is necessary to feed the HGS symmet

rically from both sides in an alternating manner in 

order to control a beam- deflecting mode in that struc

ture.l4 The FEL waveguide size and septum locations 

are chosen so as to accommodate the wiggled beam. The 

beam sees constantly expanding walls. The FEL is 

designed so that the microwave power increase per unit 

length from FEL action is equal to the average power 

extracted per unit l ength. After a small startup 

length, the FEL power level thus reaches a nearly 

steady-state value . 

A study of waveguide tapers indicates that mode 

conversion can be easily controlled in linearly 

tapered output scoops . In the larger FEL waveguide, 



Double 1/J 
taper-~ -E Output 

~::""'"" 
(a) 

Single mode 
waveguide 
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Figure 12 Septum Coupling Technique for 

Extracting FEL Microwave Power 

however, it appears that linearly tapered walls will 

cause excessive mode conversion. This can be pre

vented by employing non-linear tapers.16 ·Figure 13 

shows how this type of section might appear. We are 

in the process of designing such a structure for 

testing on ELF. We plan to verify proper power 

extraction and measure any degradation in the beam 

transmission, mode conversion, and breakdown 

threshold. 

Figure 13 Septum Coupler With Non-linear Tapers 

Future Work 

It is not yet clear which TBA operating frequency 

represents the best choice considering scientific, 

engineering and economic trade-offs. We will be 

addressing this question and intend to do further 

high gradient structure testing on ELF at a 17 GHz 

frequency. In addition, we are studying the important 

issue of phase and amplitude stability and require

ments.17,18 In 1-1/2 to 2 years, we plan to upgrade 

ELF by adding a few induction accelerator units so 

that the combined processes of FEL gain and microwave 

extraction can be properly demonstrated and studied. 

Longer-range plans call for the construction of a 

30 m prototype TBA. 
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