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TTze Stanford two-mile linac produces up to six
beams. The unusually high current and high energy
can be doubled by future expansion.

by Richard B. Neal

LAST MAY, APPROXIMATELY four
years after construction started at the
Stanford Linear Accelerator Center, a
beam traveled the entire two-mile
length of the accelerator from an injec-
tor at the west end to a beam dump at
the east end. This machine is distin-
guished not only by its length and
high energy (20 GeV); it also pro-
duces high current (30 microam-
peres), exceeding by a factor of 100
that of any other machine operating
with an energy greater than 10 GeV.
Moreover the design permits future
expansion (from stage I to stage II)
that will double both energy and cur-
rent by adding radiofrequency sources
along the length. Details of the de-
sign evolution appear in references
1-5.

During the first full-length opera-
tion the accelerator ran at 10 GeV
with 24 of its 30 sectors contribut-

ing at reduced power. In subsequent
tests we increased the energy to 20.16
GeV (in January).

GENERAL DESCRIPTION

The SLAC site is about 3-km west
of the main university campus. It is
300-meters wide along most of the ac-
celerator length and increases to about
900 meters at the target end to allow
space for laboratories, shops and ex-
perimental facilities.

The underground accelerator hous-
ing and the above-ground klystron gal-
lery (figure 1) are separated by 8 me-
ters of earth for radiation shielding.
An interconnecting service shaft every
6 meters carries utilities, vacuum man-
ifolds, instrumentation and control ca-
bles, and radiofrequency waveguides
between the two levels. A personnel
access way is provided once in each
102-meter sector.

The beam switchyard at the target
end (figure 2) is a large underground
housing, approximately 300-meters
long, that contains beam-transport sys-
tems and instrumentation to analyze
and select beam characteristics and di-
rect the beam into various experimen-
tal areas.

Beyond the switchyard is the re-
search area consisting of two large
buildings and many smaller structures
on about 80 000 square meters (20
acres) of land. The larger of the
buildings, having a floor area of 2300
square meters and walls 21 meters
high, will be used primarily for elec-
tron and positron scattering experi-
ments and for photoproduction studies.
The smaller building has an area of
1600 square meters and will be the
center of activity for experiments in-
volving secondary particles.

Figure 3 shows the principal com-
ponents and systems of the accelera-
tor. Most of these units are re-
peated many times in the entire accel-
erator length. For example, there are
960 three-meter-long accelerator sec-
tions, 245 klystrons, 245 modulators,
30 subbooster klystrons, 30 power sub-
stations, 30 vacuum systems, etc. The
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instrumentation-and-control system is
spread over the entire accelerator
length, although the machine can be
operated from a single central-control
room.

The table on page 39 is a summary
of accelerator specifications.

Accelerator structure
The accelerator proper is a cylindrical
copper disk-loaded structure6 in which
an axial electric accelerating field is
set up when the structure is excited
with 2856-MHz microwave power.
The structure is designed to produce a
constant axial electric field over the
length of each independently-fed 3-
meter section. This constant-gradient
characteristic is achieved by suitable
variation of the modular dimensions of
the section. The shunt impedance of
the structure is approximately 53 meg-
ohms per meter, which results in an
electron-energy gain in a 3-meter sec-
tion of about 10P1'2 (MeV) where P
is the input radiofrequency power to
the section in megawatts.

Richard R. Neal is
an associate director
of SLAC, in charge
of the technical di-
vision. He has been
involved in research
and development of
linacs, high-power
klystrons, accelera-
tor structures, com-
ponents and systems.

The accelerator structure was fabri-
cated by a brazing technique from
basic disk and ring elements. These
parts were independently machined
to accuracies of ± 5 X 10"3 mm.
They were then carefully stacked and
clamped together on a stainless-steel
mandrel passing through the disk
apertures. Brazing was accomplished
in a special flame furnace that pro-
vided a reducing atmosphere both in-
side and outside the structure to pre-
vent oxidation. Figure 4 shows a
completed 3-meter section.

Four 3-meter sections, mounted on
a 12.2-meter aluminum girder, 61 cm
in diameter (figure 5) form a modular
length of the accelerator for support
and alignment purposes. The alumi-
num girder serves dual purposes as
support for the accelerator and as a
"light pipe" for alignment.

Klystrons

The radiofrequency sources are high-
power klystron amplifiers. A basic
tube having a design capability of
24 MW peak and 22 kW average
power was developed at SLAC.7

Four commercial companies also de-
veloped tubes meeting the same basic
specification as the SLAC tube. All
of these tubes have permanent-magnet
focusing and are electrically and
mechanically interchangeable.

The general arrangement of the
klystron, the connecting waveguides
and the accelerator sections is shown

in figure 6. The power from each
klystron is divided four ways (stage I)
and is used to supply power to the
four 3-meter sections located on a
single 12.2-meter girder. Waveguide
feeds to the accelerator connect to op-
posite sides of successive sections to
compensate for deflecting forces due
to residual coupler asymmetries. The
provision of a waveguide valve just
above each klystron allows the klystron
to be replaced without affecting the
accelerator vacuum or interfering with
beam operation. If stage II is later
authorized, the number of klystrons
will be increased to 960 so that each
klystron feeds a single 3-meter section.

Drive and phasing system
The klystron amplifiers must receive
coherent low-level signals at 2856
MHz for the rf waves in the accelera-
tor sections to have correct frequen-
cy and phase relationships with indi-
vidual bunches of electrons passing
through the accelerator. The rf drive
system consists of (a) a master oscilla-
tor providing 476-MHz cw power, (b)
a main booster amplifier that increases
the 476-MHz cw power to 17.5 kW,
(c) an 8-cm-diameter main drive line,
3.2 km (2 miles) long, (d) couplers
and varactor frequency multipliers at
each 102-meter sector, which remove
a small portion of the main drive sig-
nal and multiply the frequency by six
to 2856 MHz, (e) a pulsed subbooster
klystron at each sector, which am-
plifies the 2856-MHz power by 60 dR,
(f) a 4-cm-diameter coaxial line that
transmits 2856-MHz drive power to
the vicinity of each of the high-power
klystrons in the sector and (g) cou-
plers that remove approximately 300
W peak to drive each klystron.

The main drive signal is transmitted
at the subharmonic frequency, 476
MHz, since the low loss at this fre-
quency (~ 0.82 dB/100 meters) per-
mits transmission ove^ two miles with-
out series boosters, which, if used,
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For the scientist
thinking of

his first
computer

About 50% of the 600 or so computers we have sold to
scientists were "first" computers. This is what we
think that means.

It means that a growing number of scientists want a
computer that they can plug directly into an experi-
ment, to collect and analyze data, while the experiment
is still going on, and use the emerging data to vary the
parameters of the experiment. That's the type of on-
line, real time computer DIGITAL sells.

It means that we have friends — who use our products
and services and like them. A scientist looking for his
first computer talks to other scientists. Often, we get
the referral.

It means that we sell computers that cover the spec-
trum of laboratory-type investigations. A scientist can
buy his first computer for as little as $10,000 or as much

An approachable,
personal, general

purpose computer for $10,000.

as $500,000 with many points in between. And he
doesn't have to buy a bare machine. DIGITAL has the
peripherals, the options, the modules for interfacing to
customize a computer to be a problem solver.

And last, so many first sales say something about
DIGITAL'S continuing commitment to the scientist.
To be helpful. Tutorial. About computers in science
and the people who run them. We give the scientist the
software he needs to do science. Scientists exchange
programs through an active users' society. We publish
free books. Conduct seminars. Distribute application
articles. Conduct courses. And that commitment is
growing. We expect to do even more.

If you're thinking of your first computer,
write to DIGITAL. We. have a free "Small
Computer Handbook and Primer" for you.
To start with.

[tlllLtl
COMPUTERS • MODULES
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would lead to phase shift and reliabil-
ity problems.

The rf phasing system8 uses the
phase of the accelerator electron
bunches as reference. The system is
based on the principle that the wave
induced by the bunched electron
beam in an accelerator section is 180
degrees out of phase with respect to
the wave from a correctly phased kly-
stron supplying power to the section.
Phasing is accomplished automatically
(within ±5 degrees) by sectors at the
initiation of the operator.

High-power modulators
Each klystron amplifier is provided
with a line-type modulator3 rated at
65 MW peak and 75 kW average
power, a pulse length of 2.5 ^sec, and
a maximal pulse repetition rate of 360
pps. The pulse-forming network in
the modulator discharges through a
single hydrogen thyratron capable of
handling the entire peak and average
power requirements. The voltage of
the modulator output pulses is in-
creased by a factor of 12 with a pulse
transformer, and the resulting pulses
at 250 kV (maximum) are then ap-
plied to the associated klystron.

Each modulator is provided with a
de-Q'ing circuit that compares the
charging voltage of the pulse network
during each charging cycle to a ref-
erence voltage. When the charging
voltage reaches the reference level,
the energy stored in a charging trans-
actor is dumped into a dissipative cir-
cuit through a silicon-controlled recti-
fier switch. This effectively clamps
the charging voltage at the reference
level and thus stabilizes the output
pulses from the modulator to ±0.1%
even with significant (±5%) varia-
tions in the ac line voltage.

Injector system
The main injector9 (figure 7) is de-
signed to inject a well bunched (5 de-
grees) and well collimated beam of
electrons into the accelerator. Since
the energy gain of an accelerated elec-
tron is proportional to the cosine of the
phase angle it occupies with respect to
the peak of the traveling radiofrequen-
cy wave, good bunching of the elec-
trons is essential to attain a narrow
electron-energy spectrum at the out-
put. The triode-type electron gun,
which operates at 80 kV, permits the
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PRINCIPAL COMPONENTS are repeated along two-mile length.—FIG. 3

pulse length and beam current to be
selected on a pulse-to-pulse basis from
any of three predetermined sets of
values. This feature of the injector,
together with the ability to trigger the
klystrons in the various sectors in time
with or after the beam (or at various
repetition rates), permits carrying on
several simultaneous experiments in
the research areas at different incident
energies, pulse lengths and intensities.

The prebuncher consists of a ve-
locity-modulation cavity. The bunch-
ing section in which the phase velocity
is 0.75 c, is 10-cm long, and disk-load-
ed. It reduces the phase spread by a
factor of 2 (while doubling the mo-
mentum spread) and increases the
beam energy to 250 kV. A 3-meter
constant-gradient accelerator section
increases the energy to approximately
30 MeV. For phase synchronization,
the prebuncher, buncher and 3-meter
accelerator section are all driven by
power from the same klystron, which
is conservatively run at half to two
thirds of its power capability to give
good life stability.

Positron source
A positron beam is desired at a point
2/3 along the accelerator for injection
into a proposed positron-electron stor-
age ring10 and at the main experimen-
tal station at the end of the accelera-
tor for positron-scattering experiments.
The positron beam is created at the
1/3 point by inserting a converter and
reversing the rf phase of the first third
of the accelerator. With 100 kW of

incident electron-beam power, it is
predicted that approximately 2.5 X
1010 positrons per pulse can be ac-
celerated in an energy band of about
1% and a transverse phase space of
approximately 0.15 MeV-cm/c.

The positron-source system is shown
in figure 8. Either of two separate ra-
diators can be inserted into the beam.
A radiator has a thickness of about 3.5
radiation lengths and consists of one
layer of gold, two of silver and eight of
copper with cooling water passages
between. Each layer is approximately
3.2-mm thick. A wand radiator is
provided for intermittent positron
pulses at rates of one per second or
less. It is a small target about 13-mm
wide driven across the beam line on
command in a time equivalent to
about five machine pulses (at 360
pps). The center pulse of this group
results in a positron pulse; the other
four are caused to be blank by gating
the main injector. All other pulses can
be the electron beam, if desired. The
second radiator is in the form of a ro-
tating water-cooled wheel. It is used
to obtain continuous positron produc-
tion.

A magnetic lens system is used to
improve the match between the source
emittance and the accelerator phase-
space acceptance. The radiator is lo-
cated in a 20-kG axial magnetic field
that decreases rapidly to 2.4 kG about
60-cm downstream of the radiator and
then remains constant for the next
7.6 meters. Acceleration begins 76 cm
downstream of the radiator, and the
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3-METER SECTION. Constant-
gradient characteristic is achieved by
varying modular dimensions.—FIG. 4

BASIC MODULE, 12.2 meters in
length, consists of four 3-meter sec-
tions mounted on an aluminum girder
that is 61 cm in diameter.—FIG. 5

positron energy at 7.6 meters is about
75 MeV; at this point the solenoidal
focusing is replaced by a series of 13
quadrupole triplets whose spacing in-
creases with energy until this focusing
system merges with the regular ma-
chine triplet system at the end of each
sector.

A pulsed rf deflector downstream of
the converter produces an angular
deflection of positron and electron
beams. Since the beams are 180 de-
grees apart in phase, they are both de-
flected by the same angle; depending
on which beam is needed, a magnetic
dipole can then be used to restore the
direction of either the positron or the
electron beam to the axis while de-
flecting the other even farther.

Guidance and diagnosis
To compensate for the earth's magnet-
ic field and for stray ac and dc fields
along the machine, parallel degaussing
wires and concentric magnetic shield-
ing reduce the average fields to less
than lCh4 gauss.11 Degaussing cur-
rents are independently adjustable for
each sector. The magnetic shielding
material, 0.15 mm of moly-permalloy,
results in a local shielding factor of
about 30 and an overall effective value
of about 10, considering unavoidable
gaps.

Beam monitoring, steering and fo-
cusing devices are provided in a
3-meter drift section at the end of each
102-meter accelerator sector. The lay-
out of a standard drift section is shown

in figure 9. This section includes a
quadrupole triplet, steering dipoles
(X and Y), a phase-reference cavity,
beam-position monitors (X and Y),
and beam-intensity monitor, a beam-
profile monitor and a beam scraper
(collimator). The beam position mon-
itors consist of two rectangular cavi-
ties that are excited in the TM120

mode by an off-axis beam. Since the
phase of the excitation depends on the
direction of beam deviation from the
axis, the sense of the deviation can be
detected by comparing the phase of
the wave from the beam-position-mon-
itor cavities with the phase of the
wave from the phase-reference cavity,
which is excited in the TM010 mode.
Beam positions accurate to less than
1.0 mm from 30 such systems are pre-
sented at central control.

Trigger system
Although the basic repetition rate of
the accelerator is 360 pps, the trigger
system permits operation of various
accelerator sectors and other subsys-
tems in a very flexible manner so that
up to six beams having distinct ener-
gies, currents and destinations in the
research area can be programed. The
repetition rates of these beams can be
adjusted to any value between 1 and
360 pps. The trigger system is illus-
trated in figure 10. 400-volt clock
pulses at 360 pps are sent over the en-
tire two-mile length along a single
4-cm-diameter coaxial cable. A small
amount of power is removed from the
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Do high-energy
physicists
ever relax?

Judging by the never-ending stream of problems and
requirements they've been firing off at us over the
past thirty years, we'd say—no, they never let up!

They needed fast, high-gain photomultiplier tubes
for coincidence and Cerenkov counting and time-of-
flight measurement. We gave them tubes that became
the industry standards: the 56AVP, the 58AVP and the
XP1020 series. We even gave them a complete, off-the-
shelf, ready to operate, photomultiplier base assembly.

When they wanted a photomultiplier, virtually free
of inductive pick-up, we gave them the Amperex
XP1210 series. With its sealed-disc stacked design,
reduced light-feedback and advanced dynode
connection techniques combined with its opaque
linear-focussed dynode geometry, the XP1210 series
provided the lowest signal-to-noise ratio ever achieved,
with bandwidths greater than 1 GHz. What's more, the
high-efficiency tetrode photo-electron collection optics
of the XP1210, the XP1020 and the 58AVP series
results in unmatched accuracy of measurement when
the light flux is minimal and flash duration is short.

Today, as accelerator energies push higher and
higher, and physicists are calling for a simple detection
device for ultra-relativistic particles, we are able to
offer electron-multiplier assemblies specially designed
to incorporate thin film converters.

Maybe, after all, some high-energy physicists can
relax, once in a while. We at Amperex, with all the
world-wide facilities at our command, have certainly
done our best to reassure them that nine times out of ten
we'll come through for them... as we always have,
with new ideas, new technology and new products.

To learn how to be a high-energy physicist and still
relax—ask Amperex. Amperex Electronic Corporation,
Nuclear Products Dept., Hicksville, L. I., N. Y. 11802.

Amperex
TOMORROW'S THINKING IN TODAY'S PRODUCTS
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main line by couplers at each station
(injector, accelerator section, positron
source, etc.) and is sent to the local
trigger generator. A gating pulse is
sent to each local trigger generator
from the pattern generator in central
control. Since the timing precision
(~25 nsec) is inherent in the clock
pulses, the gating pulses do not have
to be very precise and can be trans-
mitted on ordinary wire pairs.

In figure 10, the pattern-generator
pulses are shown gating the clock
pulses admitted to the klystron modu-
lators of each sector. If a particular
sector is not to contribute to the ener-
gy of a particular beam, the pattern
gating signal causes the modulators to
be triggered approximately 25 ^sec
late, after the beam pulse has been
transmitted through the sector. In
other arrangements, the pattern sig-
nals can cause a particular sector to
pulse at lower repetition rates, such as
60, 120 and 180 pps.

Vacuum system
The all-metal high-vacuum system12

capable of maintaining the accelerator
and waveguides at less than 10~6 torr
is shown schematically in figure 11.
One such system is provided for each
102-meter sector. Four 500-liter/sec
getter ion pumps located in the kly-
stron gallery evacuate the accelerator
and waveguides through interconnect-
ing stainless-steel manifolds. A pump
can be removed for servicing without
interference with accelerator opera-
tions by closing the associated 15 cm
valve. Similarly an individual kly-
stron can be replaced by closing the
8-cm valve connecting it to the
pumping manifold and the waveguide
vacuum valve in its output rf system.

Separate pumping systems are pro-
vided for rough-pumping the accelera-
tor, for the 61-cm light pipe, and for
the beam switchyard.

Alignment system
Each of the accelerator 12.2-meter
support points is aligned with respect

POSITRON-SOURCE system and
focusing equipment. —FIG. 8
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to a straight line defined by two end
points.13 One of the end points is a
laser light source located at the end of
the accelerator near the beam switch-
yard and the other end point is a slit
with a photomultiplier detector locat-
ed upstream from the main injector.
The laser provides a beam that is
transmitted through the 61-cm alumi-
num support girder. The girder (light
pipe) is evacuated to about 0.01 torr to
reduce refraction due to temperature
gradients in the residual gas. At each
12.2-meter support point, a retractable
Fresnel target, as shown in figure 12,
images the light source on the detector.
The transverse location of the image
indicates deviation of the target from
its correct position. Adjustable jacks
at the corresponding support point can
be adjusted to bring the target into
correct alignment. Correct angular ro-
tation of the accelerator is assured by
precision level devices. The system
described is able to align the accelera-
tor to ±0.5 mm.

Beam switchyard
The beam switchyard14 (figure 2) is a
large two-level underground structure
located under 12.2 meters of concrete)
and earth for radiation shielding. The
beam path itself is on the lower level.
The upper level contains utility runs,
instrumentation and control alcoves,
cranes, service cars, and other equip-
ment required in conjunction with the
main beam-handling equipment in the
lower level.

With a pulsed deflecting system
that deflects the electrons (or posi-
trons) on a pulse-to-pulse basis into
any of three, large, dc-magnet-trans-
port systems, several experiments can
be carried out simultaneously in the
research area using time-interlaced
beams.

The unusually high power (^1
MW in stage I) carried by the inci-
dent beam has imposed difficult prob-
lems in design of beam-handling
equipment. A typical example of a
device capable of handling these large
beam powers is the 4.9-meter-long,
adjustable, energy-defining, aluminum
slit15 shown in figure 13. Two in-line
slits of the type shown, with the sec-
ond rotated 90 degrees about its axis
with respect to the first, are used as an
adjustable collimator at the beginning
of the beam switchyard.
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A small digital process-control com-
puter (SDS 925) will be used in
the beam-switchyard control system.
This computer will read data from
punched cards and send control infor-
mation to the regulators in the magnet
power supplies where a digital-to-an-
alog converter will convert the digital
information to an analog reference
voltage. Slits and collimators will be
adjusted in a similar way. When the
operator or experimentalist wants
them, data representing the parame-
ters of a particular beam will be print-
ed out from the computer memory for
record, together with auxiliary in-
formation. The computer will scan
about 100 signals from various sources
every accelerator pulse (1/360 sec-
ond) and about 600 signals at a
slower rate. It will detect, identify
and print out the time and date of any
changes in the interlock and status
signals in proper sequence.

OPERATING RESULTS

Tests to date have confirmed the prin-
cipal design parameters of the acceler-
ator. In evaluating the operating re-
sults, we concern ourselves with en-
ergy gain, energy spectra, electron
bunching, phasing, beam transmission
and beam breakup.

Energy gain

The basic equation for energy gain in
a multiple-feed linear accelerator of
constant-gradient design is

'2*IrNL/ Ire
~ 2 V ~ 1 -

(N = number of independently fed
sections, L = length of each section,
Pn = input rf power to section n, r =
shunt impedance per unit length, I =
peak beam current, T — rf attenuation
in accelerator section in nepers). The
first term in this equation is the no-
load energy—the energy obtained with
negligible beam current. The second
term is the correction for beam load-
ing; it is directly proportional to the
beam current. Using the design pa-
rameters of the SLAC accelerator (N
= 960, L = 3.05 meters, r = 53
megohms/meter, and T = 0.57 ne-
pers) and taking into account the
fact that each klystron feeds its power
equally into four accelerator sections

and that some of the power (0.54 ±
0.1 dB) is dissipated in the wave-
guides connecting the klystrons to the
accelerator, we get

V = 0.020]>>1/2 - 0.035/

where V is in GeV, P in MW, and I
in mA. For example, this equation
states that if each of the 245 klystrons
connected to the accelerator is produc-
ing 16 MW, each klystron and its four
associated 3-meter sections would con-
tribute an electron energy gain of 80
MeV and the total no-load energy in
the two-mile accelerator (assuming
perfect phasing) would be 19.6 GeV.
Further, if the electron beam current
were 20 mA, the resulting beam load-
ing would reduce the energy by 0.70
GeV to 18.9 GeV. The coefficients in
the above equation have been verified
within experimental accuracy (about
2%).

Energy spectra
Typical energy spectra are shown in
figure 14. The spectrum of higher en-
ergy was obtained for light beam load-
ing (2.3-mA peak beam current). A
higher beam current (15 mA) results
in the lower-energy spectrum with
0.44 GeV less energy than the first.
Note that the lower-energy spectrum
contains some electrons having ener-
gies as high as the lightly-loaded spec-
trum. These are the electrons that

FRESNEL TARGET used every 12.2
meters in alignment system. —FIG. 12

ENERGY-DEFINING SLITS in beam
switchyard can withstand unusually high
beam power (~ 1 MW). —FIG. 13

Parallel aluminum modules

Water cooling passages
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ENERGY SPECTRA under different
beam-loading conditions. —FIG. 14
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COMPENSATION of spectrum
broadening due to beam loading by
trigger delay to one sector.—FIG. 15

pass through the accelerator during
the earliest part of the pulse before a
significant amount of stored rf energy
has been absorbed by the beam. The
spectrum width at half maximum is
1.3%, of which about 0.9% is attrib-
utable to the resolution of the mea-
surement devices.

Energy-spectrum broadening with
increasing beam loading (figure 14) is
undesirable in many research applica-
tions. Compensation for beam load-
ing can be achieved by delaying the
trigger to one or more of the accelera-
tor sectors. In this case, the first elec-
trons accelerated during the beam
pulse pass through some sectors that
are only partly filled with rf energy

and therefore the electrons gain less
energy than they would if the sectors
were completely filled. The compen-
sation achievable with this technique
is demonstrated in figure 15, in which
the dashed line shows the uncompen-
sated spectrum and the solid line
shows the compensated spectrum re-
sulting from trigger delay to one sector
by approximately 0.5

Electron bunching
Beam-dynamics studies have shown
that the electron-bunch length at the
10-meter point along the accelerator
corresponds to about 5 deg (1/72 of
the operating wavelength of 10.5 cm).
A well bunched beam is essential in ob-
taining a good energy spectrum since
the fractional energy spread &V/V re-
sulting from a bunching angle of a ra-
dians is a2 /8 . Thus SV/V from this
cause amounts to only 0.1% in the
two-mile machine.

Phasing

The accuracy with which the rf
sources are phased influences how
closely maximal energy can be ap-
proached. The fractional energy
deviation from imperfect phasing is
(02)/2 where (02) is the average
value of the square of the phasing error
for the entire complement of klystrons.
Measurements have shown that the
automatic phasing system, which uses
the electron beam as a phase reference,
can achieve a (02) of less than 0.01
(0 < 5 degrees). The resulting
energy spread from phasing errors is
therefore less than 0.5%.

Beam transmission

Beam transmission through the accel-
erator has been quite good. About
90% of the current measured close to
the input end of the machine, say 10
meters from the injector, is preserved
through the entire two-mile length.
This favorable result arises from effec-
tive performance of beam-position and
intensity monitors, steering and focus-
ing system, and a long ion chamber.
The microwave position monitors at
each sector end have been able to in-
dicate transverse beam position with
respect to accelerator axis within
±0.5 mm. The long ion chamber,
which is an argon-filled coaxial line in-
stalled alongside the accelerator, en-
ables the operator to detect beam loss-

es and, from the times of arrival of the
ionization signals, to resolve their loca-
tion within 30-60 meters.

The transverse phase space of the
beam is an index of its optical quality
and its suitability as a research tool.
The phase space is given approximate-
ly by the product of the beam diame-
ter at the beam minimum times the
angular divergence of the beam. At
about 10 meters downstream from
the injector, 80% of the injected beam
current is found in a phase space of
1.2 X 10~2 MeV-cm/c (expressed as
a product integral of the transverse
momentum in units of MeV/c and the
beam displacement in centimeters).
A second measurement at the beam
switchyard beyond the accelerator in-
dicates that the same fraction of the
beam is contained in a phase space
of about 3 X 10"2 MeV-cm/c. Since
the beam diameter is approximately
0.4 cm at this point, the angular diver-
gence at an energy of 10-20 GeV is
less than 10~5 radians. Thus, the na-
tural increase in the transverse di-
mensions of the beam in passing
through the entire 300-meter beam
switchyard enroute to the research
area is no more than 0.3 cm. The
beam spot observed at the end of the
accelerator is shown in figure 16.

As mentioned earlier, the ability
to accelerate multiple time-interlaced
beams is very important in that it per-
mits simultaneous physics experiments
to be carried out in several physically
separated areas. Tests to date have
demonstrated the feasibility of accel-
erating at least three beams of dif-
ferent energies simultaneously. The
pulse length and intensity of each of
these beams can be independently
controlled.

Beam breakup
During initial operation a phenome-
non called "beam breakup" has been
encountered. This difficulty, ob-
served in earlier accelerators,16 mani-
fests itself as a progressive shortening
of the electron-beam pulse length as
the beam current is increased. Design
steps (such as employment of the con-
stant-gradient accelerator structure)
that were taken in the two-mile ma-
chine to combat this phenomenon ap-
pear to have alleviated but not to have
cured the problem. The attainable in-
tensity is at present limited to about
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half the design value of 30 /xA aver-
age beam current (50 mA peak cur-
rent at 360 pps). Corrective measures
are being investigated both theoreti-
cally and experimentally even though
the achievable current is adequate for
all experiments now planned or con-
templated.

Beam breakup in the two-mile ac-
celerator is attributed to the transverse
fields arising from the excitation by
the beam of a higher-order TMu-like
mode in each 3-meter accelerator sec-
tion. This excitation occurs at a fre-
quency of about 4140 MHz although
other frequencies (such as 1284, 1572,
4428) resulting from beating of 4140
with the various harmonics of 2856 are
also observable as modulation of the
electron beam. The 4140-MHz fre-
quency originates as a resonance in
the first eight to ten cavities of each
3-meter accelerator section. There are
several other nearby resonances in-
volving other groups of cavities in the
structures, but they are weaker than
the 4140 resonance that seems to be
principally responsible for beam
breakup.

In a multiple-section machine,
the beam interacts successively with
the excited region of each section.
The resulting transverse modulation
of the beam causes an even greater ex-
citation of succeeding sections. In a
given section the later-arriving elec-
tron bunches during a pulse add to the
already existing excitation. Thus,
buildup of the transverse deflecting
mode increases with both time and
distance down the machine. Alternate
electron bunches are deflected to op-
posite sides.

Beam breakup occurs when, at
some position along the accelerator,
the amplitude of the transverse dis-
placement equals the accelerator ap-
erture. Even at a given beam current,
however, the time and position of
beam breakup are not unique. When
breakup occurs, the beam current first
strikes the walls of the accelerator at
the end of the machine. Then the
continuously expanding displacement
causes later regions of the injected
beam pulse to strike the walls pro-
gressively closer to the injection end of
the machine.

Theoretical considerations and ex-
perimental results indicate that break-
up in a given accelerator structure can

be characterized by the simple ex-
pression

bV/bz = K

where / is peak beam current at which
blowup occurs, tp is length of beam
pulse as limited by breakup, z is dis-
tance from injector to closest position
where current is lost at a time t during
beam pulse, and ^V/^z is average
energy gradient in the accelerator.
With /, t, z, and dV/b z expressed in
units of milliamperes, microseconds,
meters and MeV/meter, respectively,
the value of K in the SLAC accelerator
has been found to be approximately
1.8 X 104. For example, at an energy
of 16 GeV ( ?>V/bz = 5.3 MeV/
meter), the threshold current for beam
breakup at a pulse length of 1.6 ^sec
is about 20 mA for the entire two-
mile accelerator. At 40 mA the pulse
length for the entire machine shortens
to about 0.8 ^sec. On the other hand,
a peak current of 40 mA can exist for
the entire 1.6 ^sec over the first 1500
meters of the machine.

We have observed that as the cur-
rent is increased, beam breakup first
occurs in a vertical orientation in the

BEAM SPOT as observed at end of
two-mile accelerator. —FIG. 16

accelerator. We believe this fact is ex-
plained by the horizontal orientation
of the waveguide feed, partially sup-
pressing the horizontally oriented
transverse mode. As the beam current
is increased further, beam breakup oc-
curs randomly in both horizontal and
vertical planes. Threshold current for
horizontal breakup is about 1.5 times
threshold for vertical breakup.

Various means of curing or alleviat-
ing the beam-breakup problem are

General SLAC Accelerator Specifications

Accelerator length
Length between feeds
Number of accelerator sections
Number of klystrons
Peak power per klystron
Beam pulse repetition rate
RF pulse length
Filling time
Electron energy, unloaded
Electron energy, loaded
Electron peak beam current
Electron average beam current
Electron average beam power
Electron-beam pulse length
Electron-beam energy spread (max)
Positron energy
Positron average beam current*
Multiple-beam capability

Stage I
3 km
3 meters
960
245
6-24 MW
1-360 pps
2.5 /xsec
0.83 /xsec
11.1-22.2 GeV
10-20 GeV
25-50 mA
15-30/xA
0.15-0.6 MW
0.01-2.1 /xsec
±0.5%
7.4-14.8 GeV
1.5 /xA
3 interlaced beams

Stage II
3 km
3 meters
960
960
6-24 MW
1-360 pps
2.5 /xsec
0.83 /xsec
22.2-44.4 GeV
20-40 GeV
50-100 mA
30-60 /xA
0.6-2.4 MW
0.01-2.1 /xsec
±0.5%
14.8-29.6 GeV
1.5 fxA
with indepen-

Operating frequency

dently adjustable pulse length and
current
2856 MHz 2856 MHz

* For 100 kW of incident-electron-beam power at positron source located at one-third point
along accelerator length.
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Put this new design window in your lab

New delayed sweep... magnifies...eliminates jitter for.

CLEAR DISPLAYS TO 1 GHz & BEYOND

Here is an analytical window that sheds new light on the
characteristics of computer and other fast logic cir-
cuitry—anywhere, in fact, where complex waveforms or
pulse trains are involved. Notice how it pulls the picture
into focus.

Mainframe of this step-ahead sampling system is the
hp 140A with standard CRT. For low rep-rate waveforms
(5 kHz and below or long delay times) you get clear,
steady displays with the "stop-action" variable persist-
ence and storage features of the hp 141A mainframe.
Solid-state sampling plug-ins include:

NEW 1425A TIME BASE & DELAY GENERATOR —first
delayed sweep in sampling. You get sweep speeds
from 10 psec/cm to 500 /usec/cm, triggering to 1 GHz,
delay times as long as 5 ms, automatic triggering, and
a movable intensified dot making it easy to set up
point of magnification. $1600.

NEW 1410A DUAL-CHANNEL VERTICAL AMPLIFIER
with 1 mv/cm sensitivity at 1 GHz. This plug-in gives
you the convenience of high-impedance probes for cir-
cuit measurements, plus internal triggering for meas-
urements in 50-ohm systems. $1600.

Mainframe prices: 140A, $595; 141A, $1275.
For sampling through X band, the 1411A Dual-

Channel 1 mv/cm Vertical Amplifier ($700) functions
with any of three remote samplers: 1430A with 28 psec

rise time for clean pulse response ($3000), 1431A with
12.4 GHz bandwidth and low VSWR ($3000), and the
1432A with 4 GHz bandwidth and 90 psec rise time
($1000). With the versatile hp 140 Scope System, you
get better performance in any direction: 20 MHz wide-
band • TDR • high sensitivity with no drift • variable
persistence and storage—and sampling.

For data on the new hp sampling scopes, write or call
Hewlett-Packard, Palo Alto, Calif., 94304. Phone (415)
326-7000. In Europe, 54 Route des Acacias, Geneva.

087/20

HEWLETTiM PACKARD
An extra measure of performance
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under investigation. These include
microwave suppression and feedback
schemes, addition of sextupole or oc-
tupole devices, and improved quadru-
pole focusing along the machine. The
last measure is the only one that has
thus far been found definitely effica-
cious. The improvement in beam-
breakup threshold that can be ob-
tained with stronger quadrupole fo-
cusing is shown in figure 17. The
quadrupoles used are the triplets at
the end of each 102-meter sector. Ef-
fective quadrupole strength is given in
terms of the parameter L/\t where
L is the length of one sector (102 me-
ters) and At is the focusing wave-
length. IQ is the maximal quadrupole
current used at any point in the ma-
chine. The current in the quadru-
poles increases linearly sector by sec-
tor up to the value of ZQ at sector 30.
By making greater quadrupole current
(or more quadrupoles) available it ap-
pears possible to raise breakup-current
threshold significantly.

Present plans are to rearrange indi-
vidual quadrupoles of existing sets of
triplets in the form of doublets. The
shorter quadrupoles will be used as
doublets in the early part of the accel-
erator and the longer quads as doub-
lets in the downstream sector. Larg-
er power supplies will be provided for
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BREAKUP current threshold vs quadrupole focusing along accelerator.
Quadrupole strength is in terms of effective focusing wavelength.—FIG. 17

the downstream doublets. Somewhat
later additional singlet quadrupoles
will be added at 12.2-meter intervals
in the first few sectors of the accelera-
tor. These steps are expected to in-
crease breakup threshold to design
current or higher.

The next article discusses the experi-
mental research now being conducted
as well as future programs. About

65% of the present running time is
devoted to physics research and the
remaining 35% to continuing machine
testing and shakedown. By July 1967
we expect that about 90% of the run-
ning time will be committed to physics
research.

This work was supported by the US
Atomic Energy Commission. •
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