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Introduction 

Since construction of the SLAC accelerator is now 
essentially complete and initial operations are underway, 
it is perhaps appropriate to pause briefly and look back- 
ward in time to view our various successes and failures 
in the light of advancing project maturity. 

The idea of constructing a very long high energy ac- 
celerator was first discussed in early 1955 by a few 
physicists and accelerator scientists-who had been as- 
sociated directly or indirectly with the I-GeV h$ark III 
linear accelerator at Stanford. These included F. Bloch, 
E. L. Ginzton, R. Hofstadter, W.K. H. Panofsky and 
L. I. Schiff. Starting in April 1956, a somewhat larger 
group (about 22, half of whom are presently at SLAC) 
of Stanford people began more detailed studies on a 
part-time basis. The studies as a whole were under 
the general direction of Professors E. L. Ginzton and 
W. K. H. Panofskv. These efforts plus those of several 
outside organizat‘ions which volunteered their services 
resulted, in April 1957, in a proposal1 for the con- 
struction of a two-mile linear electron accelerator. 

Several years then passed during which the 1957 
proposal was considered and endorsed by several 
scientific advisory committees (President’s Science 
Advisory Committee, General Advisory Committee to 
the Atomic Energy Commission, Advisory Panel on 
High Energy Accelerators to the National Science 
Foundation, Technical Committee on High Energy 
Physics of the Federal Council for Science and Tech- 
nology) and was reviewed on several occasions before 
Congressional Committees (Hearings before the Joint 
Committee on Atomic Energy, Congress of the United 
States, February 3-14, 1958; July 14-15, 1959; August 
26, 1959; March S-11, April 5-7, 1960; April 5-6, 
May 16-29, 1962). Several independent engineering 
and cost reviews2 were sponsored by the U. S. Atomic 
Energy Commission. In October 1961, Congress 
authorized the construction of the two-mile machine 
and appropriated $114 million for this purpose. Con- 
tractual negotiations between Stanford University and 
the U. S. Atomic Energy Commission, the sponsoring 
agency, began shortly thereafter and resulted in a firm 
contract in April 1962. 

While the five years between the proposal date and 
the contractual date seemed quite long to those closely 
identified with this program and many cycles between 
states of elation and near-despair transpired during 
this period, the time was not wasted. Under Support 
from the AEC, a small development program continued 
during this interval and progress was made in the de- 
velopment of klystrons, modulators, accelerator 
structures and general instrumentation. Time was 
available for the fabrication and testing of several 
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generations of prototypes of these basic components. 
In retrospect, it appears quite clear that this period of 
relatively small scale but basic work contributed greatly 
to the performance and reliability of the accelerator as 
it finally materialized. 

Moreover, the principal parameters of the acceler- 
ator did not remain static during the five-year pre- 
construction period. For example, the 1957 proposal 
envisioned a two-mile accelerator powered initially by 
480 klystrons giving an energy capability of 15 to $0 
GeV. These tubes and the associatedaccelerator sections 
and other components were to be organized into sectors, 
each 250 feet in length and the entire accelerator 
comprised 40 such sectors. It was felt that it might 
be necessary to operate the klystrons initially at the 
conservative level of 6 megawatts peak in order to 
obtain a tenable life (2000 hours). During the pre- 
construction period the requirement for the initial 
complement of tubes was reduced to 240 organized into 
30 sectors, each of 333-foot length. The corresponding 
beam energy for the same klystron output range be- 
came 10 to 20 GeV. The rf pulse length of the klystrons 
was increased from 2.0 to 2.5 microseconds. This 
25% increase resulted in a 4396 increase in beam duty 
cycle. It was originally planned that the accelerator 
would be located in an underground tunnel and the 
klystrons and other auxiliary components would be 
situated in a parallel tunnel at the same depth below 
the surface. During the pre-construction period, it 
was realized that a much more economical design 
would be realized by placing the two housings in a 
vertical orientation with the klystron housing above at 
surface level. This permitted the employment of less 
expensive “cut-and-fill” procedures rather than more 
costly tunneling construction techniques. Many other 
changes in parameters and specifications, too numer- 
ous and detailed to be given here, were made during 
this period. The evolution of the two-mile accelerator 
design is discussed in a number of earlier reports. 3-7 

Manpower and Fiscal Experience 

Manpower 

The total manpower involved in the design, con- 
struction, and operation of the SLAC site including 
the accelerator, the buildings and facilities is shown 
in Fig. 1. The lower curve shows the manpower as- 
sociated with Aetron-Blume-Atkinson (ABA), the 
architect-engineering-management organization (a joint 
venture of three companies) under contract to SLAC 
for the design of the conventional buildings and facil- 
ities (including the accelerator and klystron housings, 
the beam switchyard, and the research area buildings). 
The second curve from the bottom gives the total of 
ABA employment plus their subcontractors’ on-site 
personnel. ABA reached a manpower peak of about 
140 at the end of FY 63 and then began a gradual 
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phase-out over a 3-l/2-year period. On the other hand, 
the manpower of ABA’s subcontractors did not reach a 
peak until early in FY 66 and then declined rather rapidly 
over a one-year period. 

Direct SLAC employment and the total of SLAC plus 
SLAC subcontractors’ on-site employees are shown in 
the third and fourth curves from the bottom in Fig. 1. 
The bumps on the SLAC curve at the beginning of FY 65, 
FY 66, and FY 67 represent student summer employ- 
ment (typically about 60-75). SLAC subcontractors’ 
employment is approximately 100 even at the present 
date due principally to the continuing installation and 
activation of the research area facilities and equipment, 
but is expected to decline sharply between now and 
July, 1967. 

The upper curve in Fig. 1 represents the total em- 
ployment at the SLAC site. It reached a peak of just 
over 1900 in July 1965, and has declined to about 1200 
by the present date. 

Direct SLAC employment in terms of man-months 
of effort is shown in the upper curve of Fig. 2. This is 
similar to the center curve of Fig. 1 but reflects the ef- 
fects of vacations, overtime, and the exclusion of sum- 
mer employment. The direct SLAC effort started with 
a nucleus of about 30 people of all classes from the 
Hansen Laboratories at Stanford. A serious effort was 
made to avoid excessive build-up of the long-term SLAC 
staff during the periods of peak manpower demand. In 
general, it was the intent to acquire staff members who 
would participate not only in the design and construction 
phases of the project but who would also remain as ef- 
fective, continuing staff during the operating and re- 
search phases. While complete success in carrying out 
this objective was not achieved, the upper curve Fig. 2 
shows a reasonable approach to this goal. Methods used 
to control direct SLAC staff build-up included: (a) the 
hiring of approximately 140 people with appointments 
terminating at the end of construction (up to 6 weeks’ 
termination pay was stipulated in the offer of employ- 
ment provided the worker remained until his employ- 
ment was terminated by SLAC) , (b) the use of engineer- 
ing services from outside engineering firms, contract 
draftsmenanddesigners, and several outside “captive” 
machine shops. These contract services, which reached 
a peak level of approximately 180 people, extended over 
a period from FY 64 through FY 67 as shown in the 
lower curve of Fig. 2. 

The SL4C man-month effort reached a peak of 1170 
in October 1965, and remained approximately constant 
at this level until August 1966, when it began to decline 
slowly. A drop to approximately 1050 by June 1967 is 
planned. During FY 65 and FY 66 the project monthly 
turnover rate averaged about 2%. The rate was lower 
than this figure prior to FY 65 and higher (up to 4% per 
month) during the first half of FY 67 as the end of the 
construction phase approached. During the latter peri- 
od , the high turnover resulted in part from the dis- 
missal of a substantial portion of the employees with 
temporary appointments. A few of the latter class of 
workers proved to be so effective that they were offered 
permanent positions. 

Fiscal Experience 

Financial support of SLAC has come principally 
from three funds administered by the U. S. Atomic 
Energy Commission: (a) a $114 million design and con- 
struction fund authorized by Congress in October 1961; 
(b) a S20. 3 million preconstruction R and D fund; and 
(c) a pre-operation R and D fund totaling $22. 7 million 
through FY 66. The latter fund changed character 
from “pre-operations” to “operations” starting in FY 
67. Expenditure rates for each of these funds are shown 
in Fig. 3. 

Expenditures under the pre-construction R and D 
fund started in January 1961, about nine months in ad- 
vance of construction authorization. This work was in- 
itially a continuation of earlier R and D activities on ac- 
celerator structures and associated components already 
being supported by the AEC at the Hansen Laboratories. 
The expenditure of pre-construction R and D funds con- 
tinued over a 5-l/2-year period, reflecting that the de- 
velopment activities associated with some of the com- 
ponents for the accelerator were completed and the 
designs frozen early while the development of other 
components and systems, particularly those utilized in 
the beam switchyard and research area, could not start 
until the programs and conceptual designs of these 
areas were formulated. Such considerations, stemming 
from the diversified nature of the accelerator and its 
associated research facilities, show that it is not at all 
strange that the pre-construction R and D program ex- 
tended almost the whole of the construction period, 
although its scope was considerably diminished during 
the two final years. 

Expenditure of construction funds began in March 
1961, about seven months in advance of construction 
authorization. The early expenditures consisted prin- 
cipally of money advanced by the AEC to support master 
planning of the accelerator site, buildings and utilities. 

This preliminary planning was very important in 
enabling the project to get off to a fast start after the 
contractual agreement between Stanford and the AEC 
for construction of the two-mile accelerator was reached 
in April 1962. For example, initial ground-breaking at 
the accelerator site took nlace on cJuly 9, 1962, and 
actual construction of the-first two buildings, the Test 
Laboratory and the Administration-Engineering building, 
commenced on August 2, 1962, and September 25, 1962, 
respectively. 

In FY 63, the construction costing rate began to in- 
crease rapidly. It continued to climb during FY 64 and 
FY 65, reaching a peak rate of approximately $4 mil- 
lion per month early in FY 66. The rate remains about 
$0.2 million per month at the date of this report but is 
ewected to decline almost to zero by July 1967. Even 
then, it will remain finite for some time due to modifi- 
cations and extensions of facilities and settlement of 
contractor claims. 

The number of procurement actions, i. e., sub- 
contracts, purchase orders, and change orders per six- 
month period is plotted in Fig. 4. These actions reached 
a maximum rate of approximately 2000 per month in 
late FY 66. The corresponding cost incurred during 
each six-month period are also shown in Fig. 4 for SLAC 
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only and for SLAC plus ABA. Note that the SLAC cost 
rate reached peak about one year after the peak of ABA’s 
cost rate. 

The integrated overall project construction costs 
and costs plus commitments versus time are shown in 
Fig. 5. These are in the form of the classical “lazy S’ 
curves applicable to most construction projects. These 
curves represent the sum of SLAC and ABA cost ex- 
periences. 

The breakdown of the $114 million construction 
budget into the principal categories of Engineering, De- 
sign, Inspection, and Management (ED1 and M) , Direct 
Construction, Indirect Costs, and Escalation and Con- 
tingency is shown in Table 1. For comparison, these 
costs are given for two points in time: (a) November 
1962, shortly after the systems criteria were established 
and preliminary designs completed, and (b) January 
196’7, when construction was substantially completed. 
At the earlier date, the escalation and contingency 
reserve was kept intact and was not apportioned 
to the systems and components budgets in advance 
of proven needs for these funds. In fact this policy 
was followed throughout the construction program. 
As noted in the table, the cost of ED1 and M, the cost of 
12 of the direct construction items, and indirect costs in- 
creased during this period. On the other hand, the cost 
of four of the direct construction items decreased. The 
reasons for these changes upward and downward in- 
clude: (a) poor initial estimating, (b) changes in scope, 
and (c) changes in local or national labor or materials 
costs. The relative weight of these factors varied from 
system to system and will not be given here, From the 
sub-total, it may be noted that the total project esti- 
mated cost increased about 25% during the four-year 
construction period. Fortunately, it was possible to 
sustain this increase completely out of the escalation 
and contingency reserve. 

Schedule and cost information for the principal SLAC 
buildings and structures is shown in Table 2. This table 
gives the starting and completion dates of each facility, 
the total construction cost, the gross area and the cost 
per square foot. Engineering, design, inspection, and 
management costs are not included in this table. It may 
be noted that the cost per square foot ranged between 
$10 and $85 for the various structures. Altogether, 
the total gross area listed in the table is 897, 289 square 
feet at an average cost of $25.43 per square foot. 

General Description 

Principal Buildings and Structures 

The Stanford Linear Accelerator Center is located 
on 480 acres of land about two miles west of the main 
Stanford Campus. In Fig. 6, an air view of the site 
shows the research area in the foreground, the principal 
laboratories, offices, and shops in the center, and the 
accelerator and klystron gallery running west to east 
(diagonally across the photograph). The injector is 
located at the west end of the accelerator (upper right 
corner of the photograph). 

Two-Mile Accelerator 

A schematic diagram illustrating the entire two- 
mile accelerator is shown in Fig. 7. The overall 

specifications of the accelerator are given in Table 3. 
The accelerator has been authorized and built in accord- 
ance with the Stage I (20 GeV) specifications. Provisions 
have been made in the design to permit later expansion 
to Stage II (40 GeV) by connecting additional rf sources 
along its length. If desirable, the energy increase can 
be accomplished in a step-wise manner. The accelera- 
tor proper* is a cylindrical copper disk-loaded structure 
fabricated by a brazing technique from basic disk and 
ring elements. The fabricated accelerator sections are 
each 10 feet long. Each of the 87 cavities comprising 
the section has its own unique dimensions. The cavity 
dimensions are varied in order to achieve a constant 
axial el 

% 
ctric field over the length of each section. The 

injector consists of an 80-kV gunlo followed by a cavity- 
type pre-buncher, a disk-loaded buncher 10 cm long 
having a phase velocity of 0. 75 c, and a standard lo-foot 
accelerator section. 

Just 40 feet downstream from the injector at the 
west end is a beam analyzing station (No. 1) which is 
used to set up and to make precise measurements of the 
characteristics of the injected beam. An instrument 
group is located in a g-foot drift space at the end of 
each 333-foot sector of the accelerator. It contains 
monitoring devices which measure the beam current, 
transverse beam position and beam profile. This in- 
formation from each of the 30 sectors is transmitted to 
the Central Control Room located opposite Sector 27. 
The same drift space also contains the quadrupole dou- 
blets which are used for focusing the beam. These 
drift space components are important elements in the 
overall instrumentation and control system for the two- 
mile accelerator. The overall I and C system is de- 
scribed in a separate report” to this conference, At 
the one-third point, a branch in the accelerator housing 
is provided to allow future construction of a reduced 
energy experimental facility at this position. A facility 
to house a future intermediate injector is provided just 
downstream from the beam take-off point. Only a short 
distance farther downstream, at the beginning of Sector 
11, is the positron source. Electron bombardment of 
the target at this point produces positrons which can 
then be accelerated through the remaining length of the 
accelerator, thus achieving up to 2/3 of the full energy 
potential. At the two-thirds point is located beam ana - 
lyzing station No. 2. This station permits testing of up 
to 2/3 of the length of the machine without involvement 
of the beam switchyard at the end of the accelerator. 
Just downstream from the analyzing station, another 
branch in the accelerator housing provides a second 
intermediate beam take-off point. It is at this location 
that the proposed 3-GeV electron-positron storage ring12 
will be located if its construction is authorized by 
Congress. A second future injector facility is located 
just downstream from the storage ring take-off. 

A view of the cross section of the accelerator hous- 
ing and the klystron gallery is shown in Fig. 8. These 
housings are separated by 25 feet of earth for radiation 
shielding. Service shafts, 27 inches in diameter and 
spaced 20 feet apart, allow passage of waveguides, 
vacuum manifolds, cooling water piping, and instru- 
mentation cables between the two housings. Man access- 
ways are provided between the two levels at 333-foot 
intervals along the length. 
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The Beam Switchyard 

At the east end of the accelerator, the beam switch- 
yard contains the magnets, collimators, energy-defining 
slits, and other special beam handling and monitoring 
instrumentation required to determine the character- 
istics of the beam and to direct it into any of the three 
experimental areas. Details of the beam switchyard 
equipment and its performance to date are given in 
several reports to this conference. i3-lf3 An overall 
layout of the beam switchyard is shown in Fig. 9. 

The Research Area 

Layout of the Research Area is shown in Fig. 10. 
At this time, it is divided into two general areas. One 
of these areas centers around End Station A. This area 
includes three spectrometers, rated at 20, 8, and 1.6 
GeV. which are used to measure the angles and momenta 
of particles resulting from scattering incident electrons 
and positrons on nuclei. This area also includes a two- 
meter streamer chamber for use in photoproduction ex- 
periments. The second existing research area centers 
around End Station B. This area is concerned with cre- 
ation of secondary particles and experiments to deter- 
mine the characteristics of these particles. At the 
present time, three beams have been constructed: a 
muon beam, a K” beam, and a monochromatic gamma 
beam. Two major instruments which will be used in 
these experiments are a one-meter hydrogen bubble 
chamber and a spark chamber with its associated 54- 
inch magnet. Plans are underway to develop a third 
(central) experimental area. An 82-inch hydrogen bub- 
ble chamber will be moved from LRL, Berkeley,and will 
be used in conjunction with experiments in the central 
research area starting in late 1967. 

Initial Operating Results 

Key Dates 

Perspective regarding the operating results obtained 
to date may be gained from an examination of the “Key 
Dates” given in Table 4. 

An early plan called for construction of a prototype 
length of the machine (one or two sectors) to verify and 
test the mechanical, electrical, and instrumentation de- 
sign features. This plan was not followed because of 
the associated high costs and difficulty of fitting this 
sub-project into the design and production schedules, 
Instead of building separate prototype sectors, the com- 
pletion of the first two sectors (666 feet) of the acceler- 
ator was pushed ahead of the rest. By January 1965 it 
was possible to accelerate a 1.5~GeV beam through 
these two sectors. As a result of these tests a number 
of important but not fundamental changes were made in 
the remaining sectors. Sectors 1 and 2 were later 
modified to correspond to the other sectors in most 
respects. 

It was decided after these first tests to move the 
beam analyzing station originally located at the end of 
Sector 2 to a new location near the beginning of Sector 
20. Recent operating experience has proved that this 
relocation was wise in that it has permitted testing up 
to 2/3 of the machine with a beam even when the beam 
switchyard is unavailable as a result of installation or 
maintenance activities. 

The beam was first accelerated through all 30 sec- 
tors on May 21, 1966. A beam energy of approximately 
10 GeV was obtained at that time. Less than two weeks 
later, on June 2, 1966, the energy was increased to 
18.4 GeV by turning on more klystrons at somewhat 
higher levels and by better phasing of the available 
klystrons. 

On September 20, 1966, the beam was run for the 
first time to Research Area A and to Beam Dump East 
(beyond End Station A). The beam was first sent to 
End Station B on November 1, 1966, and the experi- 
mental program on the B side started immediately after 
this date. 

On December 20, 1966, positrons were first ac- 
celerated from the positron source at the l/3 point in 
the accelerator housing to beam analyzing station No. 2 
at the 2/3 point. 

The two most recent achievements shown in Table 4 
are concerned with maximum energy and maximum 
beam power. On January 10, 1967, a beam energy of 
20.16 GeV was obtained with all but four of the klystrons 
participating. On this occasion, the klystrons were 
operated about 5% below their rated voltage level. On 
January 21, 1967, a beam having an average power of 
170 kilowatts was transmitted to the A beam dump. The 
corresponding parameters were an energy of about 16 
GeV, a peak current of 18.5 mA, 1.6-psec beam pulse 
length, and a repetition rate of 360 pulses per second. 

Beam Characteristics: Energy, Spectrum Loading and 
Power 

The electron energy gained in the multi-section ac- 
celerator of constant gradient design is given by: 

v = (lwe--) l/2 c (Pnfr) I/2- !$X 
N 

(1-;;Z) 

where 

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 
r = RF attenuation in acceleration section in nepers 

The first term in this equation is the “no-load” energy, 
i.e., the energy for negligible beam current. The 
second term is the energy correction due to the pres- 
ence of peak beam current i. Inserting the design 
parameters of the SLAC accelerator (N = 960, P = 3.05 
meters, r = 53 megohms/meter, and T= 0.57 nepers) 
into the above equation and taking into account tne tact 
that each klystron feeds its power equally into four ac- 
celerator sections and that some of the power (0.54 k 
0.1 dB) is dissipated in the waveguides connecting the 
klystrons to the accelerator, the result is 

V GeV = 0.020 C (p1LIw.‘2 - 0.035 imA 

This equation is plotted in Fig. 11 for the case where 
the outputs of all klystrons are assumed to be the same 
and equal to 21 megawatts, In this case, the no-load 
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energy is seen to be 22.0 GeV. The beam energy de- 
creases from the no-load value at the rate of 35 MeV/mA 
(independent of input power level). Also shown in the 
same figure is the average beam power obtained by 
multiplying the above energy equation by the peak beam 
current i and then by the beam duty cycle. Theoretical- 
ly, the power transferred to the beam is maximum when 
the peak current is such that the beam energy is reduced 
to one-half of the no-load value, i. e. , in this case to 11 
GeV. The peak current corresponding to maximum 
average beam power (~2. 1 MW in this example) is equal 
to zz 312 mA. The design current and the corresponding 
design energy and average beam power for the SLAC ac- 
celerator are 50 mA, 20 GeV, and 600 kW, respectively. 
These design values are indicated in Fig. 11. Design 
values of beam current and beam power have not yet 
been achieved due to the onset of beam break-up phe- 
nomena as discussed in a later section. However, the 
coefficients in the energy design equation have been 
verified within e,xperimental accuracy (about 2%). 

Typical energy spectra are shown in Fig. 12. The 
higher energy spectrum resulted from relatively light 
beam loading (i = 2.0 mA) . A higher beam current 
(i = 25 mA) led to a lower energy beam spectrum having 
0.80 GeV less energy than the first. The lower energy 
spectrum is broader than the higher energy spectrum 
due to the presence of electrons in a high energy tail. 
This tail is due to those electrons which pass through 
the accelerator early in the beam pulse before the beam 
has extracted a significant amount of stored rf energy. 
Broadening of the spectrum in this manner is usually 
undesirable in physics applications of the beam. One 
useful method of compensating for this effect consists 
of delaying the time of triggering one or more of the ac- 
celerator sectors. Then the first electrons during the 
pulse pass through the sector when it is not completely 
filled and therefore gain less than the maximum energy 
potential. Later electrons encounter a situation where 
the sector is completely filled but some of the stored 
energy has been extracted by the pioneering electrons. 
By properly adjusting the trigger delay to the sector it 
is possible to achieve near equality in the energies of 
the earlier and later electrons. Compensation obtainable 
with this technique is indicated in Fig. 13 where the dot- 
ted curve represents the uncompensated spectrum and 
the full curve is the compensated spectrum achieved by 
trigger delay to one sector. 

The spectrum width at half maximum for the cases 
shown in Fig. 12 is approximately 1. 3q,, of which about 
0.9?, is attributable to resolution of the measurement 
devices. In more recent runs with careful adjustment of 
beam parameters, spectra with widths of z 0. 2Y, have 
been measured. 

Beam Transmission 

Careful measurements have shown that more than 90% 
of the beam current measured near the injector, say at 
beam analyzing station No. 1 located at the 40-foot 
point, is preserved during passage through the entire 
machine, This favorable result arises from the effective 
performance of the beam position and intensity monitors, 
the steerin and focusing systems, and the long ion 
chambers. F9 The microwave position monitors located 
in the drift space at the end of each sector are capable 
of indicating the transverse position of the beam within 

+0.5 mm. The long ion chamber, which is an argon - 
filled coaxial line installed alongside the accelerator, 
enables the operator to detect beam losses and from 
the times of arrival of the ionization signals to resolve 
their location within one to two hundred feet. 

Beam optics measurements at beam analyzing 
station No. 1, located 40 feet from the injector, have 
shown that 80% of the injected beam is contained in a 
transverse phase space of 1.2 x low2 (MeV/c) (cm). A 
second measurement in the beam switchyard at the end 
of the accelerator indicates that the same fraction of 
the beam is contained in a transverse phase space of 
about 3 x 10d2 (MeV/c)(cm). Since the beam dinmeter 
at that point is roughly 0.4 cm, the angular divergence 
of the be m in the energy range of 10 to 20 GeV is less 
than IO-’ radians. 

Tests to date have demonstrated the capability of 
accelerating at least three beams in a time-interlaced 
manner. Spectra of three low energy interlaced beams 
measured at beam analyzing station No. 2 in Sector 20 
are shown in Fig. 14. Independent control of the ener ‘y, 
intensity, and pulse length of each beam is feasible. 209 
This capability permits the simultaneous performance 
of several independent experiments in physically sepa- 
rated areas. The trigger “pattern” for these beams is 
set by the operator in the Central Control Room and is 
sent to the appropriate areas: the injector, the ac- 
celerator sectors, the beam switchyard pulse magnets, 
and to the experimental areas. The beam intensity pre- 
sentation observed by the operator for two interlaced 
beams of energies 11 and 5.65 GeV is shown in Fig. 15. 
Two base line traces are shown. The height of each 
dot above the corresponding base line is proportional 
to the beam intensity at the end of a particular sector. 
These signals originate at toroid-type intensity moni- 
tors located in the drift space at the end of each sector. 
Similar displays are viewed by the operator to ascertain 
vertical and horizontal beam position relative to the ac- 
celerator axis at the end of each sector. In this in- 
stance, the dots lie on the base line when the beam is 
perfectly centered. Displacement of the dot above or 
below the base line implies a right or left, or upward 
or downward displacement of the beam from the axis. 

Beam Break-Up and Remedial Measures 

Phenomena associated with beam break-up in the 
SLAC accelerator and the theoretical explanation of 
these phenomena have been given elsewhere. 21y 22 In 
addition, the most recent results are being prs%ented 
to this conference in a separate invited paper. A 
summary of the present status is as follows: Beam 
break-up phenomena have limited the maximum peak 
current through the entire two-mile accelerator to ap- 
proximately 20 m-4 at the maximum energy gradient. 
This is about 40% of the design current level. Higher 
currents can be accelerated to intermediate points along 
the accelerator . Higher currents at a given position 
along the accelerator are also achievable by reducing 
the beam pulse length. Lower energy gradients lead to 
reduced threshold current levels. In general, the 
product 

it z 

d&z 2 constant, where 
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i is the peak beam current at which beam break-up 
occurs, tp is the length of the beam pulse as limited 
by break-up, z is the distance from the injector to the 
closest position where current is lost at time t during 
the beam pulse, and dV/dz is the average energy 
gradient in the accelerator. 

While the presently available current is adequate for 
all presently scheduled experimental purposes, it is 
highly probable that future experiments will require 
higher current. Therefore, means of increasing the 
beam break-up current threshold are now being incor- 
porated in the accelerator. 

Present steps which are being taken consist of 
strengthening the focusing along the accelerator. The 
original focusing system consisted of 30 quadrupole 
triplets, with one triplet being located at the end of 
each 333-foot accelerator sector. In addition, 14 speci- 
al triplets were used for focusing positrons produced by 
the positron source at the l/3 point along the accelera- 
tor . Each triplet consists of a coaxial set of two A- 
type quadrupoles at the ends and one B-type quadrupole 
in the center. The B quadrupoles are twice as long as 
the A quadrupoles and thus for a given current have 
twice the focusing strength. Originally, triplets were 
chosen rather than doublets because calculations 
showed that they would introduce less steering errors 
in the presence of short-term misalignments due to 
thermal effects in the support structures. However, 
actual measurements with the completed accelerator 
have shown that misalignment effects are small enough 
that doublets can be used without difficulty and that the 
focusing effect of the doublets is equal to that of the 
triplets. This permits rearrangement of the quadru- 
poles as follows: 

a. Remove all of the longer (B) quads from Sectors 
1 through 29 and from special positron triplets. 

b. Install doublets consisting of B-type quadru- 
poles in the drift sections of Sectors 10 through 29. 
Procure larger regulated power supplies capable of 15 
amperes output for these doublets. 

c. Install doublets consisting of A-type quadru- 
poles in the drift sections of Sectors 1 through 9. Use 
standard power supplies (7 amperes maximum current) 
with these doublets, 

d. Install the remaining A-type quadrupoles as 
singlets between 40-foot girders in the first six sectors; 
use standard power supplies with these singlets. 

With the quadrupole arrangement just described, it 
will be possible to taper the quadrupole current linearly 
from Sector 1 through Sector 29 so as to obtain the same 
effective betatron wavelength for the electron orbits over 
the entire accelerator length. Previously, it was pos- 
sible to taper only up to 7 amperes quadrupole current. 
When the plan just discussed is completed it should be 
possible to taper up to an effective value of 30 amperes. 
It is expected that these measures will result in an in- 
crease of peak beam current to the design value of 50 
mA. Preliminary tests with partial completion of the 
rearrangement described above has resulted in an in- 
crease of beam break-up threshold current in accord 
with theoretical expectations, 

In addition to the straight-forward or “brute-force” 
technique described above, other schemes for alleviating 

beam break-up phenomena are also being studied. These 
include microwave filter and feed-back schemes and in- 
jector noise reduction schemes. Work in these areas 
is still preliminary and no significant progress can yet 
be reported. 

Klystron Status and Performance 

Among the principal accelerator components, 
klystrons are being singled out for special review be- 
cause of their significant role in accelerator perform- 
ance and reliability and their high costs. Because of 
these factors, the early decision was made to procure 
these tubes from several sources so that there would 
always be back-stops against technical and production 
difficulties involving one or two vendors. In addition, 
SLAC itself chose to fabricate a reasonable number of 
the production tubes both for insurance purposes and 
also to afford a ready means of developing and testing 
improved models of klystrons. 

A total of 245 klystrons is required to fill all the 
sockets along the accelerator. These tubes are rated 
at 21 MW peak and 21 kW average power output. Their 
design capability is somewhat higher than these ratings. 

A basic tube design with permanent magnet focusing 
was first developed at SLAC. Later, four commercial 
firms developed models based upon the SLAC design but 
differing in design and fabrication details. All of these 
tubes were mechanically and electrically interchange- 
able. Klystron models fabricated by SIAC and the four 
commercial companies are shown in Fig. 16. These 
developments led to three production contracts. The 
present status of these procurements and the SLAC in- 
house program is given in Table 5. These procure- 
ments did not all start at the same time. All tubes 
being procured are designed to be repairable. Thus, 
the total number of tubes being procured allows both 
for a quantity sufficient to fill the repair cycle and a 
suitable quantity of spares. SLAC has negotiated an 
extended warranty agreement with one of the vendors 
wherein, after initial purchase of a tube, SLAC pays a 
fixed hourly rate for the first 1500 hours of operation 
of the tube and a decreased rate thereafter. Under 
this arrangement, the manufacturer agrees to replace 
a failed tube with a tube meeting original specifications 
at no additional cost to SLAC. 

Klystron operating experience to date is summarized 
in Table 6. Tube operating hours by quarter and cumu- 
lative tube hours are given. Also given are the number 
of failures and average life at failure on both a quarterly 
and a cumulative basis. In terms of the cumulative 
values, one klystron failure has occurred for each 6000 
operating tube hours. This is, of course, not an ac- 
curate measure of tube life expectancy except after many 
generations. An attempt to predict mean life on the 
basis of the present meager experience is shown in 
Fig. 17, where life at failure for each tube has been 
plotted against the fraction of tubes which have failed. 
The horizontal scale is constructed so that a normal 
failure distribution will result in a straight line when 
life at failure is plotted as indicated above. The data 
plotted omits all failures of the tubes of one of the 
manufacturers since the failure rate for this company 
is about seven times the average failure rate for the 
other two companies and SLAC. Both optimistic and 
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pessimistic prediction lines are shown in the graph. 
Where these lines cross the 50% failure coordinate, the 
corresponding mean time to failure may be read on the 
vertical scale. The optimistic and pessimistic values 
of mean time to failure are 7000 and 4000 hours, re- 
spectively. A better prediction of tube life must await 
more operating results. 

SLAC has continued to do development work on 
klystrons during the construction and operating periods. 
Recently, an experimental SLAC klystron, when 
operated at a beam voltage of 300 kV, produced a peak 
power output of 42 MW with an efficiency of 45%. While 
tubes having these improved characteristics are a 
long way from production, this result indicates that at 
some time in the future a significant increase in power 
output of production klystrons may be possible. Many 
questions relating to stability and life must, of course, 
first be resolved. 

Operating Statistics 

Operating statistics for the first seven months of 
FY 67 are shown in Fig. 18. 

The number of klystron hours depends not only 
upon the total hours of operation but also upon the beam 
energy. Allowing about 556 reserve, approximately 13 
klystrons are needed for each GeV. By the end of 
January 1967, a total of approximately 365,000 klystron 
hours had been run in FY 67. The rate of usage has 
continued to rise, exceeding 21,000 klystron hours in 
recent weeks. It now appears that the total for all of 
FY 67 will be approximately 750,000 klystron hours. 

Useful beam hours are also shown in Fig. 18. Ap- 
proximately 1900 useful hours were run in the first 
sel’en months of FY 67. Flat regions of the beam hour 
curve correspond to weeks when the accelerator was 
shut down for modifications. 

The cumulative number of trouble reports for all 
types of failures reported during the seven-month 
period reached a level of approximately 3300. From the 
graph it appears that the number of trouble reports is 
rising more rapidly than either klystron hours or use- 
ful beam hours. This gloomy indication is believed to 
be suspect since the listing of troubles has become 
more thorough and efficient as the year has gone on. 

During the last quarter of calendar 1966, the ac- 
celerator was manned for a total of 156 eight-hour 
shifts. This total manned time was utilized as follows: 

Useful high energy beam 40 2% 
Useful low energy beam 22: 1’; 
Search/shutdown time 7.756 
Tune-up time 6. 8!1, 
Scheduled maintenance 8. S!i 
Accelerator failure 5 3’“. 
Beam OFF at experimenter’s request (<‘: 9.1,i 

TOTAL 100. 0% 

This was the first quarter in which physics research 
took place. It is expected that the fraction of the total 
manned time resulting in useful beam operation will 
increase as more experience is accumulated. 
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9/62 

12/62 

Z/63 

2/m 

6/m 

10/m 

we.3 

U/63 

6/M 

9m 

l/65 

l/65 

3/65 

3/G 

R/65 

4,67 

7/w 

9/63 774,825 44,023 

8/83 188,305 15.000 

11/m 341,238 28,000 

12/83 751,041 31,855 

lo/84 4,710,417 124,355 

6/65 3,804,28cJ 381,483 
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24 

21 
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34 

28 

78 
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3: 
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Table 3. General Accelerator Specifications. 

5TAGE I STAGE II 

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 (ma) 

Positron Energy 

Positron average beam current’ 

Multiple beam capability 

Operating frequency 

10,000 feet 

10 feet 

960 

245 

6-24MW 

1 - 360 pps 

2.5 psec 

0.83 psec 

11.1 -22.2 G?v 

10 - 20 Gev 

25 - 50 mA 

15 - 30 pA 

0.15 -0.6 Mw 

0.01 - 2.1 psec 

* 0.5% 

1.4 - 14.8 Gev 

1.5pA 

10,000 feet 

10 feet 

960 

960 

6 - 24 MW 

1 - 360 pps 

2.5qec 

0.83 psec 

22.2 -44.4 Gev 

20 - 40 Gev 

50 - 100 mA 

30 - 60rA 

0.6 -2.4 MW 

0.0, - 2.1 ~sec 

* 0.5% 

14.8 - 29.6 Gel’ 

1.5,1A 

3 interlaced beams with independentlj 
adjustable pulse length sod Current 

2856 Mchec 2856 MC/WC 

. 
For 100 kW of incident electron beam power at positron source located 
at 113 point along accelerator length. 

April 1957 

September 1961 

April 1962 

January 1965 

April 21, 1966 

May 21, 1966 

June 2, 1966 

September 16, 1966 

September 20, 19G6 

November 1, 1966 

December 20, 1966 

January 10, 1967 

January 21, 1967 

Table 4. Key Dates. 

Proposal for two-mile accelerator 

Authorization by Congress 

Contract with AEC 

1.5-GeV beam through two sectors 

Beam to Z/3 point (Sector 20) 

Beam through 30 sectors to Beam Switchyard 

18.4-GeV beam in Beam Switchyard (tune-up dump) 

Beam to A-Beam Dump in Beam Switchyard 

Beam to Research Area A and Beam Dump East 

Beam to Research Area B 

Accelerated c+ beam from Positron Source 

20. 16-GeV achieved 

110 KW of average beam powor into A Beam Dump 

Table 5. Klystron Status as of February 1, 196’7. 

Suppllcr 

RCA 

Sperry 

Litton 

SLAC 

Litton * 

E imac* 

‘Total 
contract 

Aweptcd to ilatr 111sta 
_--- 

216 1Ri 99 

30 110 29 

144 ‘ix 68 

,-I4 54 14 

G G .i 

6 6 2 

TOTAL 506 120 245 

“Special 6-tube contract 

243 Klystrons :Lre reC{ulrCZd 10 1111 XII :IC(.L!lC’L.rLII~I SOCkClh. 

Table 6. Klystron Usage and Failures. 
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Fig. 1. SLAC “On-Site” Employment. 
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Fig. 4. Number of Procurement Actions and Associ- 
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Fig. 5. Integrated Total Costs and Commitments for 
Overall SLAC Construction Project. 

715 

Fig. 6. Air View of SLAC Site Showing the Two-Mile Accelerator, the Research Facilities, and the Princi- 
pal Laboratories and Shops. 
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Fig. 7. Overall Layout of the Two-Mile Accelerator. 
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Fig. 9. Overall Layout of BeamSwitchyard. Fig. 9. Overall Layout of BeamSwitchyard. 
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Fig. 16. Klystron Models Manufactured by SLAC and 
Four Commercial Companies. 
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