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I. INTRODUCTION

The fundamental role of microwave power at SLAC is to acceleratekthe
electron beam along its two-mile course. The tréveling wave acceleration
of electrohs in conventional machiﬁes has bgen extensively treated in the
literature, however, and will not be discussed here. Nevertheless, there

are some microwave problems and developments of recent origin, two of

which will be described in this paper. The first concerns the limitation in
the amount of current transmitted through the machine, caused by beam
breakup: the second looks‘ toward one form of the next generation of high energy

physics machines, viz., the superconducting accelerator.
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II. BEAM BREAKUP IN LINEAR ACCELERATORS

.

The unpalatable phenomenon of beam breakup was first reported in 1958,
and has since been the object of intensive study by accelerator engineers —
especially tﬁose concerned wiﬁh the building of machines which are very long,
or which operate at a. high duty cycle. - ‘

The manifestation of beam breakup is a tré.nsverse oscillation of the
electron beam wl'_xich increases with current, pulse length and distance traveled
along the accelerator, eventually resultipg in loss of the beam to the walls of
the disk-loaded slow-waveguide. |

There are two breakup mechanisms, both based upon interaction -with the
"TMu-like" HEM11 mode, which can propagate in the disk-loaded structure
1 mode, illustrated

0
here for the SLAC design in which the phase velocity vp is equal to ¢ at gd = 27/3.

(Fig. 1). Normal electron acceleration is achieved by the TM

It can be seen that, for the same structure, a beam traveling with the velocity of
light interacts with the HEM11 backward-wave near the m-mode. (The dispersion
curves are multiplets because the slow—wa_,ve structure is designed to present the
same accelerating field to the beam in every cavity, takmg into account structure
attenuation and 5% beam léading: thus no two cavities in a 10-foot accelerator
section have the same diménsipns.

The negative group velocity of the HEM11 mode can give rise to regenerative
backward-wave oscillation within a single accelerator section, but the starting
currents are high, and this form of beam breakup is not observed at SLAC. The
second breakup mechanism, in which the beam cumulatively interacts with trapped
HEMll resonances in the first few cavities of successive accelerator sections, is
illustrated in Fig. 2. Transverse noise modulation on the beam excites the reso-

nance in accelerator sections following the injector. As a result, succeeding
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electron bunches receive additional transverse momentum which is translated
into displacement modulation as the bunches pass down the accelerator. This
modulation further excites the downstream cavities which, in turn, deflect the
beam even more until it is intércepted by the accelerator walls. Thfe asymptotic -
phase for maximum amplification is intermediate between the optimum phases
for momentum tra_nsfer énd field excitation, » : |

Several analyses of cumulative l;eam breakup have been given. These
have been reviewed by Helm.and Loew, 1 A model based on various simplifying
assumptions leads to a solution of the form -

7 9 1/3

-1/2 R
X(z,Y)~ x, exp | <CIt /? / dz - @,t/2Q
| 0 .

where x is the transverse displacen;ent of initial vaiue X,, Q is the quality factor
of the HEM11 resonance at frequency w1/27r, C is proportional to the shunt imped-
ance divided by Q, I is the current, t is time, z is distance traveled, and ? is
the normalized energy. " The assumptions include (1) the region in each accelerator
section in which the resonance occﬁrs' can be represented by a single cavity. (2) All
these equivalent cavities resonate at the same frequency. (3) The breakup fre-
quency is not a simple harmonic of the accelerator frequency. (4) The axial
velocities of the electrons are rélativistic. (5) No magnetic focusing is applied
to the beam. | |

The simple analytical model has been extended by Panofsky2 to include the
effect of weak magnetic focusing. The predictions of this theory have been verified
at SLAC under suitable focusing conditions.

To obtain accurate predictions of beam breakup in a long, multisection ac-

celerator with strong focusing, it is necessary to resort to computer studies.
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Helm3 has done extensive calculations using a coupled-resonator model of the -
accelerator structure. The computer program permits ray—traeing of individual
electron bunches through the_tWo—mile machine, and takes into account the effects
of axiél acceleration, drift-spaces (sections with no acceleration), and discrete
magnetic focusing lenses.

In parallel with the computer work, many microwave experiments have
‘been carried buf, both on the operé.ting méchine and on separate accelerator
waveguide sections. For instance, low-Q microwave cavities designed to detect
transx}erse oscillations in the electron beam in the horizontal and vertical planes
were installed at intervals along the machine. These were used to measure beam
oscillation frequencies and growth rates along the accelerator. Cavities near
the injector have been externally excited at the breakup frequencies, to study
starting mechanisms. -Computed frequencies and field distributions for the first,
second and third HEMl1 modes are shown in Fig. 3b. These are in excellent
agreement with perturbation measuréments, and with resonances indicated by
input VSWR peaks (Fig. 3a).

The first improvement in breakﬁp current thr‘eshold was achieved during
1967 by rearranging the machine focusing system. Quadrupole singlets were
installed every 40 feet along the beam line in the first six Sectors (2000‘ feet)
of the machine. The remainder of the machine was focused by quadrupole
doublet lenses, plé,ced atv sector (333 feet) intervals. The increased focusing
strength, particularly in the early sectors, dampened the growth of transverse
oscillations on the beam and increased the breakup current thre‘shold from 20
to 40 mA.

The sécond line of attack on the problem has been to shift the HEM1

1

resonant frequency in selected sectors of the machine, thus detuning and lowering

\
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the gain of the transverse-vc‘rave amplifier. The frequency is shifted by slightly"
| deforming the three cavities in each 10-foot accelerator secﬁon which contain
the maximum HEMll fields. ! Deformation is effected by four hydr'aulically—
actuated plungers Which are forced into the outer wall of the cavity, "dimpling"
the surface af four places equally spaced around the periphery. Various de-
tuning patterns have been evaluated by computer calculétions; basically the
selected patteiﬁ amounts to detuning one third of the machine by 4 MHz, one
third by 2 MHz and leaving the remainder untouched. When the three cavities
in a section are dimpled sufficiently to produce a 4 MHz increase in the HEM11
resonant frequency, the transmission phase-shift for the TMOl accelerating
mode (2856 MHz) is changed by about 27 degrees. In order to maintain a good
input VSWR, the middle cavity has to be tuned moré than the outer two. |
All 4 MHz tuning has been done under the scrutiny of careful microwave
monitoring of frequencies, phase-shift and VSWR. However, this process is
tedious and slow, and involves some risk of contaminating the accelerator
vacuum system, as the. sector being tuneid has to be let up to dry nitrogen, and
all waveguide seals have to be brokeﬂ. For this reason, the mechanical pre-
cision of the dimpling tool has been improved to the point at which the 2 MHz
tuning can be accomplishéd withoﬁt microwave measurements, This of course
means that the ac(;elerat;or vacﬁum system does not have to be disturbed. An
attempt will be made to carry out the 4 MHz tuning by the same purely mechanical
process.
So far, two sectors have been detuned by 4 MHz, and six by 2 MHz. This
work has raised the breakup current threshold (for a 17 GeV beam) from 40 to
65 mA. The loss in energy due to phase rotation in the first five cavities of each

section has been too small to measure.
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III. SUPERCONDUCTING ACCELERATOR ST UDIES

*

Durmg the past year, a study program covering all aspects of building a
very large superconducting linear accelerator has been started at SLAC. The
impetus for thié work derives from the need to upgrade the performance of the
accelerator within the next decade to meet the Jantic ipated future demands of

high energy physics research. Adoption of a superconducting slow-wave

‘structure with vanishingly small rf losses can theoretically result in striking

improvements in accelerator performance. The present maximum beam energy
at SLAC is a little over 20 GeV, and the'beam current duty cycle is 0.06%: it
is anticipated that a superconducting machine of the same length couid raise
these parameters to 100 GeV and 6%, respectively. The increase in energy
would open a new realm of physics research, and the 100-fold increase in duty
cycle would g‘reatly improve experimental statistics. N

At present, the preferred operating temperature of a superconducting ac-
celerator is 1.85%K. Ultimately, the selection depends on the state of the art
in the technologigs of refrigeration and superconducting materials: if we can ' ;
reliably produce and maintain structures with higher Q's by working at lower
temperatures, then it méy be more economical to design the refrigeration system
to remove a smaller number of watts at a lower temperature. In any event, it
is very advantageous to work below the lambda-point of liquidbhelium, to take
advantage of the superfluid properties of Helium II. At 1. 85°K, about 50% of
the liquid is Helium II. |

The superconducting accelerator must not only be a high-Q structure: it
must maintain its low-loss characteristic ét the very high microwave fields re-

quired to produce the specified beam acceleration, This obviously placesadditional
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requirements on superconductor performance, and it also means that the ac-
celeratbr structure must be designed to maximize the ratios of axial accelerating
field E0 to the peak Eand H flelds occurring in the structure. Computer programs
are being developed to study how for a given surface nnpedance the quantities Q,

Ty (shunt impedance), E pe a.k/EO and H eak/E vary with cavity shape and group
velocity.

Conc';ern with minimizing Epe ak/EO has also- led to the pro-tem adoption
of a traveling-wave structure, which has a significantly lower ratio of peak to
average fields than a standing-wave structure. At the end of the traveling-wave
section, the residual power is coupled into} a superconduc_ting rectangular wave-
guide and fed back into the section input, forming a resonant ring. The arrangement
is shown schematically in Fig. 4. The input coupler is designed so that, when the
feedback phase in the loop is properly adjusted, the power input from the klystron
exactly balances the losses in the loop due to beam loading and wall attenuation.
Under these optimum conditions, no power flows into the load arm of the coupler,
and the coupling ratio is equal to the ratio of the powers being combined. The
tentative design at 2856 MHz assumes a klystron power of 20 kW, split to feed two
resonant loops, so that 10 kW are incident upon each coupler. The coupling ratio
is 87.37 dB, and the power circulating in the ring is 54.6 MW. The length of ac~
celerator in each loop is 20 feef, and_ the accelerating field (based on achieving
100 GeV in 10, 000 feet) is 10 MV per foot. Thﬁs, at a beam current of 48 pA,
9.6 kW is extracted from the loop fields by the beam and 400 W is dissipated in
the superconducting structure. Multiplying by the 6% duty factor, this amounts
to 1.2 W/ft, which is the design capacity of thé refrigeration system.
At energies below 100 GeV, the Beam current may be increased as shown

in Fig. 5, to maintain the optimum power ratio at the input cduplef. In addition,
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the duty cycle may be raised without éxcéeding refrigeration capacity. (It is
assumed thaf it will not be possible to operate above 100 GeV, because of the
peak field limitations.)

It is apparent that the phasing and matching requirements in such a loop

‘are formidable. It can be shown4 that the fractional loss in beam energy due to

an error of ¢ radians in loop phase closure is given by § V/V = -(g¢)2, where

'g is the coupling, expressed as a ratio (5.46 x 103 in the case being discussed).

Thus, to avoid energy losses exceeding 1%, the loop phase must be maintained
to within 1 millidegree. Furthermore, in a ring with the parameters presented
here, a mismatch giving rise to a voltage reflection coefficient of 1 x 155 will
reduce the accelerating fields by 1% and present a VSWR of 1. 2 to the klystron.
For fhese reasons, servo-operated phasing and matching systems as illus-
trated in Fig. 4 are being designed. The loop phase is maintained by comparing

the outputs of couplers C, and C3 in a phase bridge, and using the detected error

2
signal to drive tuning plungers in the 'rectangular waveguide. Similarly, comparison
of C 2 and C 4 outputs will enable loop mismatches to be detected. Phase modula-
fion by /2 will permit the orthogonal‘components of a reflected wave to be

cancelled sequentially. It will also be necessary to phase the klystron drive for

maximum beam acceleration. This is done by comparing the outputs of C_ and the

2

phase reference cavity, first with the klystron off (so that only beam-induced

signals reach the phase bridge), and then with the klystron on. The klystron drive

is adjusted so that, when it is switched on, the phase of the output of C2 changes by 7.
The superconducting materials being investigated are lead, niobium and

technetium. All rf experiments to date haye been low-power Q measurements in

TEO 11 cavities at S, C, and X-band frequencies. Work on lead is being discon-

tinued because its soft, easily oxidized surfaces make it an unreliable material.
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Niobiunr is the most promising rf superconductor, and cavities of very pure

metal, 'elecfron-beam melted, rolled and annealed, are being machined. It

is known that very high Q vglues can be obtained only after etching the completed
parts and firing them in an ultra-high vacuum at 190.0 to 2100°C. These techniques
have not yet been optimized at SLAC, and the best Q obtained to date’ is 3 x 108.
The cavity under test is suspended by a waveguide probe in a helium-filled dewar,
~ and the Q is measured by observing the decrement of the power radiated from the
cavity when the excité.tion is removed.

As mentioned above, the material used to construct a superconducting ac-
celerator must withstand the presence of very high rf magnetic and electric fields,
Rf losses increase rapidly when a critical magnetic field is exceeded. Similarly,
field emission of electrons can take place when very high rf electric fields are
present. These electrons dissipate power in the cavity walls. High power limita-
tions imposed by these effects will be studied.

Finally, the processing diffigulties experienced with niobium have en-
couraged the development of plating techniques for the reactor-produced element,
technetium. A copper X-band TEOll' cavity has been plated to a mirror finish,

but the first rf tests were inconclusive. The work is continuing.
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Fig. 1—(a) w - B diagram of conventional disk-loaded structure.

(b) Field configuration of the HEM,, and TM; modes in the disk-loaded

structure.



LOCAL HEM,, OSCILLATIONS
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Fig . 2 —Tlustrating the cumulative buildup of transverse beam oscillations in a

multisection accelerator.
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b) EXAMPLES OF COMPUTED AMPLITUDE AND PHASE DISTRIBUTION
Fig, 3 - Measured and computed HEM11 mode resonances in a SLAC constant-
gradient section. The double dips in the measured curve are due to slight

differences between the loading on horizontally - and vertically - polarized

resonances,
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