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I. Introduction

This paper reviews the status of existing and planned electron linacs. The progress on de-
velopment of superconducting electron linacs is not discussed except for a few remarks on the
SLAC conversion program study. Progress in the superconducting area is being reported in
other papersl’ 2,3 which are being presented to this conference. Because the SLAC accelerator
is the largest existing electron machine and it is located at the authors' home institution, the
main emphasis in this paper is given to reporting developments and plans at SLAC. The paper
includes several recent ideas on the possible achievement of a somewhat higher duty cycle and/
or higher energy from the SLAC accelerator by recirculation of the beam through the accelerator
structure.

II. Status of Existing and Proposed Electron Linacs

In this section, the status and characteristics of a few of the operating and proposed electron
linacs will be given. Actually achieved and projected performance data on 7 electron linacs is
displayed in Table I. Unfortunately, it has not been possible to obtuin complete information on
all of the linacs listed. A few remarks on specific achievements and design characteristics are
given below. The SLAC accelerator will be omitted from the discussion in this section since its
status is covered more fully in later sections.

The ALS accelerator at Saclay began operation in 1968 and has established a laudable set of
performance achievements. The maximum no-load energy is 640 MeV. Its beam pulse length
{10 psec) is longer than that of most other operating linacs. Even so, it has been possible to
obtain beam currents as high as 61 mA peak without seeing any evidence of beam hreakup phe-
nomena. This good performance is attributable to the careful design of the accelerating structure.
However, it is probably also aided by the focusing system which consists of solenoids from Sec-
tion 1 to Section 18 and 11 quadrupole triplets from Section 19 to the end of Section 30. ALS has
achieved an average beam power of 100 kW. New power tests will be run at the end of this year
with the expectation of achieving a 250 kW beam. It has been possible to transmit 90% of the
beam through 0.5% momentum-defining slits. The klystrons for ALS operate at repetition rates
up to 2000 pps and with an 11 usec pulse length. The rf average power output from each of these
tubes is 65 kW. The 10 usec electron beam pulse ai the output of the accelerator is flat within
0.3%. The duty cycle of ALS is 1 to 2%. At 2% duty cycle the maximum no-load energy is 450 MeV.

The MIT accelerator is now under construction and is scheduled to begin operating in 1971,
Its maximum no-load energy (430 MeV) will be somewhat less than that of ALS but its duty cycle
at reduced energy will be as high as ~ 6% (5000 pps and 12 pgsec pulse length). This accelerator
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will have a complement of 10 klvstrons, cach rated at 4 MW peak and 580 kW average power. The
peak power must be reduced to ~1 MW at the maximum dufy cvele. At 15 psec pulse length, flat
tops of 2 0. 06 on modulitor voltage pulses and + 0. 157 on rf power vutput pulses have already
been achieved. The 400 kV gun injection svstem has been in operution for over 1000 hours and
its performance has been excellent. Most of the aceeleralor sections have been manufuctured.
Extreme cire has been tiaken to minimize the danger of beam breakup by huilding four different

tvpes of sections and hy stuggering them as a function of their HEM, | resonunt frequencies.

11

The proposed Amsterdam accelerator will have a maximum no-load energy of 550 MeV and
a duty cyvele of 2.5 to 10%.  In this machine, the maximum pulse repetition rale (2000 pps) is
less than that of the MIT accelerator hut the heam pulse length is considerably longer (~45 psec).
It is expected thut a beam power up lo 200 kW will be obtiained. The aceclerator will be provided
with vf power by 12 klystrons, each having an average power capahility of 100 kW. If achieved,
this wiil be the highest average power per tube of any of the elcectron machines existing or pro-
posed. Al this date, the Amsterdam accelerator has nol yet been authorized.

The 2.3 GeV Orsay accelerator is now the second highest encrgy clectron linae (after SLAC).
The length of this acceelerator was approximately doubled in 1968 to its present length of 350 m.
One of the important roles of this accelerator is to feed the 500 MeV ACO positron-clectron
storage ring.

The 2 GeV Kharkov accelerator began operation in 1965, Unfortunately, this machine has
heen troubled with beam brealkup problems for o long time.  Until recently, the peak bean cur-
rent achicved was ~10 mA, During 1969, the addition of 4 radial slots ¢.4 mm wide in the first
scetion of the aceelerator plus improved focusing resulted in an increase in the beam breakup
threshold to ~13 mA. The slots were formed in the existing section by an electrical discharge
milling technigue using o long wire which passed through the section. Five different slot lengths
were used in the seetion. The 4.5 meter scetion was removed and suhdivided into lengths of
~1 meter for slotting purposes. Trom discussions al the 1969 Yerevan conderence it was under-
stood that work wus underway on the slotting of 4 additional scctions. We have not been able to
learn what beam breukup results were obtained as a resull of thig additional slotting.  The
Khurkov acceleriator has @ relatively low beam duty evele (6 % 10_')). The pulse repetition rate
is 50 pps and the heam pulse length is 1.3 usee. RE power is provided hy 50 - 20 MW klvsirons.
The average tife of these tubes has been - 3000 hours although some have lived as long as 10, 000
hours.

Three notable omissions {rom Table 1 ave the 158 AMeV linae at the National Bureau of
Standards, the 450 MeV linie which scerves as the injector for the storuage ring "Adone' at FPras-
cati and the 1.1 GeV Stanford accelerator.  While complete details are not available on the first
two machines, it is undersiood that neither has changed significantly in the past 2 vears. The
1.1 GeVv sStunford accelerator has been tn operation since 1931, 1L is not being reported in detail
here sinee it is scheduled to bhe shul down at the end of 1970 in order to make room for a new
superconductling uecelerator which will be installed at the same site.  Design details and results

achicved during the development phase of this program arce presented in Ref. 1.
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TII. Recent Performance nd Improvements

This scction of the report deals exclusively with the SLAC acceelerator. The two-mile
machine has now been in operation for over four vears. Activities concerned with the accelera-
tor proper cin he divided into three eategories: improvements in beam performance (e.g.,
higher currents and encrgies), improvementis in flexibility (e.g., better time multiplexing of
beams with different characteristies) and improvements in efficiency and reliability (e.g.,
better klystrons and other components, improved preveniive maintenance, more efficient control
through centralization and computerization). All the work summarized in the next few paragraphs
falls into one or more of these calegories.

A. Higher Energies and Currents

The maximunm no-load cnergy (22.1 GeV) of the uecelerator is prescently limited by the
number of klvstrons on-line (245 tubes) and their output power (~21 MW)Y. Each klystron con-
tributes aboul $0 McV of encrgy. In practice, the maximum cnergy is lower (15~ 20 GeV) he-
cause of klyvstron maintenance and repairs, bhecausc of phase drifts and because of beam Joading
(~ 33 MeV/mA). (For methods of obtaining higher energies, see Scelion IV).

The maximum available current is limiled by encrgy spectrum width, beam breakup and
gun emission ([or chopped beams only, see helow). Spectrum broadening results from a wide
ariety of factors: transient beam loading, ri amplitude and phase variations, finite bunch
width, ete. (Sec for example, Ref. 4, Chapters 6, 7, 8.) While the accelerator was originally
designed for ~1°0 speetrum operation, increasingly higher resolution experiments often require
0.1 to 0.5% encergv-defining slit widths., This results in lower and often less stable pealk currents.

Remedies presently under way include finer control of klvstron timing delavs and improvemoents

in a deviee” ealied "guleh filler, ' This "guleh filler' makes it possible ta add a short rf accel-
erating pulse of the correct amplitude, shape and timing which compensates for energy (and
therefore analvzed current) deficiencies within the pulse.

The second factor limiting the current is beam breakup.  The beam breakup remedial pro-
gram hus been desceribed in many papers {¢.g., scce Ref. 3). Detuning or "dimpling' of the ac-
celerator to shift the HEMp ) resonance (4139.6 MHzy by 4, 2, or ¢ MHz was completed in
Doecember 1969, It increased the beam breakup threshold to 76 mA at 17 GeV and 1.6 psec pulse
length. A final summary of the resulis is given in I'ig. 1. Any further improvements will have
Lo he obtained by increasing the quadrupole focusing strength near the end of the accelerator. It
is cxpected that the pulsed gquadrupoles (see below) which are gradually being added to comple-
ment the de guadrupoles will inereasce the threshold ut high encrgy up to about 50 mA.  In practice,
the currents used hy typical experimenters rarely exceed 50- G0 mA.

The third factor which in the past has limited the current under chopped beam conditions is
gun emission.  This [uctor will be discussed [urther in Scctieon HI. C below.

1. Alulliple Interlaced Beam Operation

IFrom the very beginning the accelerator was theoretically capable of supplying six inter-
laced heams of diverse cenergies and currents. The range in diversity, however, was and still
is limited In the de nature of the steering, locusing and other devices such as the beam loading
delayvs.  An optimum set of steering and focusing conditions for one heam may not be aceeptable

for inother beam.  or extomple, to obtain the highest possible beam breakup threshold, it is

921



Proceedings of the 1970 Proton Linear Accelerator Conference, Batavia, Illinois, USA

necessuary to operate the quadrupoles at the maximum available strength compatible with the
energy of the beam. The de quadrupoles along the accelerator can be adjusted according to a
rising profile or "taper' up to an equivalent maximum of 11 GeV. However, such a "taper™
creates an energy stop-band for any other beam of lower cnergy. Thus, in practice, the accel-
erafor (s operated in either one of two regimes. If one or more of the several beams to be run
at a given time is below 11 GeV, the quadrupole strength profile is set for the beam of lowest
energy. The analyzed current transmitted beyond the energy-defining slits (for 0.2, 0.5, and
1. 0% settings) as o function of energy is then as shown in the lower part of Fig. 2 (assuming the
lowest energy beam is at 4.5 GeV). Conversely, if all beams have energies equal to or greater
than 11 GeV, the quadrupole strength profile is set to its maximum allowable "taper' of 11 GeV.
In this case, the obtainable analyzed currents are as shown in the upper part of Fig. 2.

In summary, the following rules of thumb can be used to predict the peak current that can

he obtained for a 1.6 usec pulse length:

Slit width 0.2% >0.5%
All heams above 11 GeV 25 - 30 mA 50 - 55 mA
One beam in the 5 GeV range 10 mA 18 - 250 mA

The handicap incurred by all beams in the presence of one low energy beam should gradually
disappear over the next 1% months as pulsed quadrupoles and pulsed steering are installed on the
machine between Sectors 10 and 30, Four of these devices which have already been described
in Refs. 5 and 6, are now in operation and 16 more will be forthcoming. At present, these
guadrupoles, three of which are located at the end of the accelerator, are used occasionally to
adjust the beam spot size or angle into the beam switchyard on a pulse-to-pulse basis. Similarly,
the finc control over klystron timing delay is also being instrumented so that in five selected
sectors, it can be varied on a pulse-to-pulse basis. It will be shown in Section IV that these
features will become indispensable when the SPEAR storage ring goes into operation.

C. Injector and Beam Chopper Improvements

For the puast four years, the SLAC guns have proved to be extremely reliable and long-lived
(over 10, 000 hours life). Their only limitation has been encountered when chopped beams are
interlaced with regular beams. This condition calls for extreme requirements, i.e., pulse-to-
pulse gun controel in the mA and ampere ranges. For this reason and in order to increase the
reliability and serviceability of the gun modulator, it was decided over a year ago to install a
sceond gun and gun modulator in the injector area (see Fig. 3). Thus, one of the two guns can
have a higher perveance than the other and it can be used when extremely high rejection ratios
{¢.g., 1 bunch every 100 or 200 nsec) and high emission currents (> 1A} are needed for time-of-
flight experiments. The first off-axis gun was installed in Mareh 1870. The design of the so-
cilled "a-magnel” which causes the 50 - 80 kV beam to loop around and bend by 255 was very
successful and has been operating essentially trouble-free. For the time being, this a-magnet
is capable of operating only as a dc device; thus only one gun can operate at a time. By January
1971 it is expected that it will be replaced by a pulsed magnet and each gun will have its own

modulator. Grid control will be effected by variable height cathode pulsers rather than by the
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present combination of fixed cathode pulsers and variable grid biag, The entire system will be
adjustable on a pulse-to~pulse basis.

The capahility of the beam chopping system (sometimes called BKO, for "heam knock-out')
has been expanding steadily during the past year. A block diagram is shown in Fig. 4. TUntil
about one year ago, it consisted of two sets of deflecting plates, one resonant set driven at
40 MHz and the other, nonresonant, drivenatavariable frequency between 5 and 20 Mtlz. The
combination is capahble of producing single bunches every 12,5 nsec and at various other multiples
and intervalg. The currents obtained are shown in Table 2. Morec recently, a fust grid pulser
built for SLAC by E. G. &G. * has been added to the system. It is capable of produeing bunch
trains or bursts as short as 7 nsec, adjustably spaced. Up to three different spacings can be
selected on a pulse-to-pulse basis. When used together with the 40 MUz system, it can produce
single bunch trains. With a high perveance (~ 0.2 microperveance}, 4.5 mA ¢urrents have heen
obtained with single bunch trains spaced 50 nsec apart.

D. Positron Production

The positron source in Sector 11 is used when an experimenter desires monoenergetic
(<12 GeV) positrons. Two modes of positron operation are presently available. The first is
used when positrons (or electrons) from the radiator are used exclusively. In this case the tar-
get {called "wheel' because it is made to rotate to prevent localized high temperatures) occludes
the accelerator pipe completely. All impinging electron beams (with typical encergies of the
order of 6 GeV) are intercepted. The second mede, called the "flicking' mode, is usced when the
positron beams must be run interlaced with electron beams from the injector in Sector ¢. In this
regime the positron radiator is fixed but it only partially occludes the beam aperture (see Fig. 5)
extending 1.5 mm beyond center. The beam aperture in the vicinity of the positron radiator is
17 mm in diameter and the beam is normally focused to about a2 2 mm diameter at the radiator.
Thus, it is not difficult to steer one beam pulse so that it hits the radiator at the center of the
aperture, and to steer a second beam pulse, so that it misses the radiator and gets accelerated
as an electron beam. It is expected that this "flicking mode technique will be used to load the
storage ring beams. (See Section IV.B.)

The positron yields presently attainable and expected in the future are shown in Fig. 6 as a
function of the repetition rate. The decaying portions of the curves are due to the fact that above
a certain repetition rate, the positron radiators are power limited.

E. Control Room Consolidation and Computer Control

For historical reasons, when SLAC was built, it was decided that the accelerator would be
controlled from one control center {"CCR!' the Central Control Room) and the beam switchyard
from another (""DAB', the Data Assembly Building). After two years of operation and experience
with two separate control rooms, the question was raised as to whether operating efficiency
would be increased if the controls were to be centralized in one room. A long and fairly contro-
versial study was carried out and it was concluded that the decision should be deferred in favor
of better local instrumentation and control in both CCR and DARB and improved voice communi-
cation between them. It was also concluded that more experience was needed with the CCR and
DAB control computers (& PDP-9 and SDS-925, respectively) before any consolidation could be

contemplated, either technically, administratively or financially.

*
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More recently, after many of the above requirements had been fulfilled, the question was
opened once again and it was decided that consolidation should now proceed. A plan was de-
veloped that will make it possible to control both the accelerator and the beam switchvard from
the present DAB. The room will be called Main Control Room (see Fig. 7) and should become
operational by about summer 1971. Most of the controls now located in the CCR and DAB will
be left intact. To make the consolidation economically feasible, two features will be used:

a) Most of the signals from CCR to DAB and vice-versa will be transmitted through a com-~
puter link with & 10 kilobit/sec capacity. Only some of the beam guidance signals will be hard-
wired.

b} The control surfaces for the CCR signals now to be located in the DAB will make use of
a novel invenl:ion7 called "touch panel” shown in Figs. 7 and 8. This touch panel consists of two
elements: a TV screen for information display and an orthogonal array of surface wave col-
limated beams launched on the TV glass surface. The transmitters and receivers shown in
Fig. 8 consist of piezoelectric ceramic transducers and lucite wedges cemented on the glass at
regular intervals. FEach intersection of two beams represents one '"pushbutton' which can he
actuated by applying direct finger pressure on the glass. Finger pressure attenuates the re-
ceived signal by ~10 dB. The coordinates of this button are fed to the SDS-925 computer and
used to perform a particular function; this function is generally related to the information dis-
played on the TV screen behind the button. Thus, both the display and the functions of the but-
tons can be reprogrammed at will by means of the proper software. Great flexibility and ver-
satility are thus attained, making it possible to build a "library' of desirable panels, each of
which can be called out by the operators when needed.

A prototype touch panel has recently been installed in the DAPB and has operated success-
fully for more than two months. It is believed that once the basic hardware and software are
developed, an additional panel can be programmed in approximately one week.

Referring back to Fig. 7, much of the present effort involves connecting inputs and outputs
to the PDP-9 in CCR and preparing the link hardware. On the SDS-925, many of the heam
switchyard signals are already available. Most of the effort ahead is in the software area. A
system is being purchased from the Datadisk Corporation, Palo Alto, California, to interface
the SDS-925 computer to 8 (expandable to 16) TV displays. An effort is also being made to
facilitate programming by linking both computers to the IBM 360-91 available at SLAC and doing
some of the printing and assembling on that machine.

F. Klystron Performance and Life

The SLAC accelerator has now been operating for about 4 years which is a sufficient period
of time to allow a reasonably good assessment of the performance and life of the high power
klystrons. The standard version of these tubes is rated at 21 MW peak, 22 kW average power
output. The klystrons typically operate at a repetition rate of 360 pulses per second and a pulse
length of 2.5 usec.

Through June 30, 1970 a total of 4, 527, 500 klystron hours have been accumulated during
somewhat more than 17 guarters of operation. The total number of failures through the same
date was 289; thus, the cumulative mean-time-hbetween-failures (MTBF)} was ~15, 700 hours.
The mean age of all tubes which have failed was 5, 650 hours. The cumulative MTBT has been

roughly constant at around 13, 000 hours for the past 3 years. On the other hand, the mean age
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ol all failed tubes has inereased from 1, 060 to 3, 6530 hours during this same period and is con-
tinuing to rise at this time. Klystron operating statistics during the entire life ol the aceceleralor
are showninFig. 9. The age distribution of all the klvstrons now in operation on the aceckerator
and the life distribution of all the failed tubes are shown in Fig., 10, It can be seen from the
upper eraph that somewhat more than 107 (107 tubes) ol the tubes atiached to the machine have
operated more than 15, 000 hours.  Abouwt 3¢ of the tubes have operuated more than 20, 000 hours.
On the other hand, the peak of the failure distribution occurs at a relatively low age: ahout 25%
of the failed tubes have expired at an age of 1, 000 hours or less.

As discussed in Section Iv. AL the replacement of the 20 MW klystrons by higher power (30
MW) tubes is now underway. The replacement oceurs as the existing tubes fuil. Operating
experience with the 30 MW tubes is still insufficient to allow a prediction of their life under
these more elevated operaling conditions.

IV. Tuture Plans and Possibilitics

A. High Power Klyslrons

As discussed in Section II1. F, the SLAC 21 MW klystrons are being gradually replaced hy
30 MW klystrons through the normaul attrition process. At this dale, 4 scelors comprising 32
klvstron stations are now equipped with the higher power tubes. Basicully. the increase in
klvstron power has been accomplished v meuans of the following aclions: 1) the klyvstron elli-
cieney huas heen inereased from 38 - 0% to 42 - 44% by meuns of optimizing gun design, drift
lengths and focusing conditions: and 2) the operating voltage has been increased from ~245 kv
Lo ~ 265 kV. The existing modulators are capable of the higher power operation without modifi-
cation. As the number of higher power Klystrong atiached Lo the aceelerator grudually increases,
the maximum encrgy capability of the aceeterator will inerease accordingly.  When the accel-
eritor is equipped with o tull complement of 30 MW lubes 2 -3 vears from now. its maximmm
cnergy will hive increased from the present maximum of abowt 22,1 GeV Lo aboul 25 GeV.

I3. Injection into SPEAR

One ol the mijor developments in the next 18 months at SLAC will be the inception of the
SPEAR electron-positron storage ring.* The construction of this projeet will not only constitute
R (:h:L]l(:ngL'H per se bul it will also tux many of the existing linoe systems involved in injecting
the positron dand ¢lectron heams to be stored. It is bevend the purpese of this paper to describe
these in detail,  Somce of the essential elements are shown in Fig. 11. The goal {s to store e”
and ¢~ currents of aboul €. 5 amps cach, which correspond to about 2 > 1012 particles of each
gign. This would be un easy Lask if it were not for three constraints.

4}  The SPEAR rf is 42 MHz: the harmonic numhber is 31, i.c., there are 31 huckets
available around the ring  which cian be [Hled: actually. since only one ring will be built initiadly,
heam-beam instabilities will dictate that it he possible to fill only 4 smull number of buckets,
perhaps one, two or three. ** These buckets are 1742 MHz or ~ 24 nsec apirt: upon injection,

. 0 . -
cach of them should he <1207 electrical or ~7-9 nsec long.

-
Final approval for construction of this ring has not vel been given hut is expected shortly,
B
During testing and in ense the second ring should get buill, this restriction will be lifted.
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b) Because of the particular tune (5-1/4 betatron wavelengths per turn) that has been chosen,
each bucket, before damping, would come back to the point of injection after 4 revolutions
around the ring. Each bucket takes 730 nsec per revolution. In practice, this means that only
2 bucket-trains (spaced 730 nsec apart) can be injected per accelerator pulse (1.6 nsec). (See
lower part of Fig. 11 where two 3-bucket trains have been shown as an example.)

¢) After each injection pulse it is necessary to let the betatron and synchrotron oscillations
damp out sufficiently before the kicker magnet can be turned on again. This damping time is
50 msce and corresponds to a filling rate of 20 pps.

The net result of these restrictions is that it may take about 5 minutes to fill the ring with
positrons and slightly less for electrons (because these are available somewhat more copiously
from the positron source).

Since the storage ring will need to be loaded quite often and on very short notice, it is
expected that about 20 pps will have to be reserved at all times. Each beam will run at a low
repetition rate with an energy of 1.5 GeV. Either the tuneup dump or the slit in beam line 15
will be used for energy analysis. The proper synchronization of the SPEAR rf and the injection
chopping rate will probably be achieved by means of short synch pulses generated from the
42 MHz rf and sent to the injector via the drive line. Notice that in order to fill the same buckets
on consceutive machine pulses, these synch pulses will be indispensable. As discussed in
Section III. C, they will be used to trigger the E.G. & G. pulser. To make the SPEAR beams
compatible with other beams, the positron source will be operated in the "flicking mode'
{Section I, ). The pulsed quadrupoles and dipoles {see Section III. B} along the machine will be
used to transmit the 1.5 GeV beams interlaced with other higher energy beams. All these prob-
lems will be very interesting to synchronize.

C. Upgrading of the Accelerator - Medium and Long-Range Plans and Possibilities

The gradual increase of the accelerator energy up to 25 GeV (see Section IV. A) and the
inception of SPEAR (discussed in Section IV. B) constitute two of the medium-range plans of the
laboratory. Certain other ideas for upgrading the duty cycle and the energy of the machine are
under consideration. None of these ideas has progressed past the conceptual stage at this time.

1. Increased Duty Cycle., In the first and simplest of these schemes (see Recirculation

Method 2 in Section IV. C. 4 below for discussion of another method of increasing duty cycle),

the duty eycle of the accelerator i1s increased by a factor of twe, but only at the expense of
reducing the heam encrgy by a factor of ﬁ There are two variations of this method. In the
first variation, the cxisting 6-ohm pulsc forming network in the klystron modulator is split into
two parts, cach having a characteristic impedance of 12 chms as shown schematically in Fig. 12.
The task of splitting the network in this fashion is quite simple. The network is already divided
in this manner because originally two thyratrons were needed to switch the network pulse cur-
rent. At a later date, single thyratrons capable of handling the entire current became available
and repluced the dual thyratrons., The basic network configuration was not changed at that time.
For the present purposes a separate thvratren switeh is again provided for each half of the net-
work. The first thyratron is triggered to discharge the first half-network through the pulse
transformer. This action provides a reduced (see below) voltage pulse to the klystrons. The
klystron in turn produces an output rf pulse suitable for accelerating an electron beam pulse.

At a time 1/720 sec later, the second thryratron is triggered to discharge the second half-network
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through the pulse transformer. Thus, the maximum repetition rate of the aceelerator has heen
effectively increased from 360 to 720 pulses per second. It would also be possible to provide
trains of unegually spaced pulses, if desired. An extreme variation of this idea would consist of
two successive pulses with no space between, giving in effect a single pulse of double length.

In the schemes just described the effective network impedance Z is twice as high as in the
case where the two half-networks are switched simultaneously. Since the effective capacitance
is one-half as high for one half-network as for two, the pulse length (r = 2CZ) is the samc whether
the half-networks are fired separately or simultancously. The klystron beam voltage for each
pulse (assuming a pulse network voltage of 41.6 kV) will be ~197 kV which will result in an rf
power output of ~12 MW,

Since the klystron impedance varies as VI_<1/2 where VK is the klyvstron beam voltage, there
is an impedance mismatch between the half-network impedance (12 ohms) and the klystron im-
pedance (~ 7.8 ohms) referred to the primary side of the pulse transformer. A mismatch of
this type means that there will be a positive backswing of the voltage pulse applied to the klystron
during the 2.5 psec period following the main pulse and additional negative and positive pulses
of decreasing amplitudes during successive 2.5 usec periods. These alternating pulses are
undesirable and may cause instabilities or damage to the modulator components or to the kiy-
stron. It may be necessary to decrease the turns ratio of the pulse transformer from 12 to
~9.5 in order to obtain a good impedance match between the kilystron and pulse transiormer.
This change would also result in a slight increase in the klystron beam voltage to ~201 kv. It
would be desirable to provide a simple tap on the primary of the pulse transformer so that the
turns ratio could easily be changed externally to satisfy the requirements of either normal 360
pps accelerator operation or 720 pps operation as described above.

Assuming that the double pulse operation described above proves feasible, the klystron
power oufput in each pulse could be ~12 MW. The energy gain in the accelerator due to each
kiystron is ~20ﬁ MeV where P is the klystron outpvt in MW. For P = 12 MW, the contribution
of each kiystron during each accelerator pulse would be ~89.3 MeV, or a total no-load energy
gain of 16.6 GeV for 240 klystrons in operation.

In a second variation of this method one modulator supplies pulse power to two klystrons
in parallel during each pulsing action. At a time 1/720 second later {or other time separation,
if desired) an adjacent modulator supplies pulse power to the same two klystrons, In this vari-
ation it is not necessary to split the pulse forming network inside the modulator into 2 parts and
to provide a second thyratron switching tube. The circuit arrangement is shown schematically
in Fig. 13. The net energy gain for the two variations of this duty cycle doubling scheme is the
same. Inthe second variation, it may also be desirable to provide taps on the primaries of the
pulse transformers so that impedance matching can be accomplished. Variation 2 has an advan-
tage over variation 1 in that an additional thyratron is not required in each modulator. It is also
possible that, because the circuits associated with the generation of the two closely spaced pulses
are separately housed in two different modulators, variation 2 will encounter fewer difficulties
and instabilities stemming from pulse-to-pulse interactions than variation 1. However, in
variation 2, an additional pulse cable is required to each klystron and an additional coaxial con-

nector must be provided on each transformer tank,
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2. Increased Beam Energy. In recent months, various particle physics experimental

results obtained at SLAC have triggerced renewed interest in the 25-40 GeV range. One of the
"hrute force' methods of increasing the energy is to double the number of klystrons ( — 28 GeV)
or to quadruple it (—10 GeV). These schemes originally called Stage 1-1/2 and Stage 2 are
striightforward but they are very costly. Another old idea which has recently been revivedg’ 10

is that of recirculating and reaccelerating the beam. Several methods are presently being con-
sidercd. All have one feature in common: a beam transport system with the correct optical
properties. Figure 14 illustrates two possible configurations. The first or "racetrack" system
{uppoer half of figure) consists of two 180° bends and one two-mile long separate return path.

The second (lower half of figure) consists of two ~360° bends in the shape of "tear drops;' the
return path can be installed in the accelerator housing.

The "racetrack’ system requires half as many magnets and power supplies but necessitates
a sccond Lunnel, expanded real estate with additional utilities, vacuum system, monitors, beam
guidince, cte. The "double tear drop™ svstem, which seems more attractive, requires ~720"
worth of hending magnets but can make use of the existing tunnel, the recirculating path being a
small pipe parallel to the accelerator. (It has even been suggested that this pipe could be the
accelerator itself, although this method would increase the transient beam-loading by 35 MeV/mA).

The optical requirements of the beam transport system depend on the method of reaccelera-
tion. Two recirculation methods are described below. In the first method, the present modu-
lators ure moedified according Lo one of the two schemes described in C.1 ahove so that they can
produce two consecutive pulses (but at a lower voltage). However, in this case, the trigger
system causes the pulses to be spaced ~20 ysec apart instead of 1/720 second as in the duty-
cyele doubling scheme. The beam only recirculates once and the energy acquired on each pass
is ~14-16 GeV for a tota] of 28-32 GeV, In thc second method, the beam, after the first pass
(15 - 20 GeV), is stored until 1/360th of a second (~ 2.8 msec) later, when the next rf pulse
comes along and gives the beam an extra 20 GeV for a total of 35-~40 GeV (Ref. 11).

If the heam recirculales only once, the transport system must be very close to isochronous
to preserve the longitudinal phase space required by the rf accelerating wave. For multiple
passes (~120), huilding a nearly isochronous system may prove impossible, The system might
function much like a fixed energy synchrotron with a "make-up'' rf section and with longitudinal
phasc stabilily. It remains to be scen whether such a trangport system can be built and whether
it can he matched into the accelerator for the last pass, As synchrotron designers know, the
statistical nature of the synchrotron radiation causes transverse phase space broadening,
Further work must be done to determine the damping and antidamping characteristics of the
syslem, Whether the lattice would be of the A. G. or separated function type is not known at
this time.

J.  Recirculation Method 1. In this method, as noted above, the beam only recirculates

once and thus only 3 transits of the beam along the accelerator length are reguired. The first
of these transits is the usual accelerator passage in Lhe forward direction through the accelera-
tor structure. The second transit, which occurs after the beam is bent through 360" {or 1800)
in the rescarch area, is in the backward direction to return the heam to the injection end of the
muchine. This reverse transit can occur within the accelerator tube itself, within a separate

tube located in the underground Accelcerator Housing or in a tube located outside and parallel to

928



Proceedings of the 1970 Proton Linear Accelerator Conference, Batavia, Illinois, USA

the Accelerator Housing (see Fig. 14). The third transit, which occurs after another 360° {or
1800) bend at the injector end, is a second acceleration passage through the accelerator. The
second aceeleration transit occurs approximately 20 psec after the first acceleration transit.
Thus, it is necessary to provide two pulses of rf power separated by ~20 psee from each klystron.
The no-load energy gain in the first accelerating transit is ~16.6 GeV as calculated in Section
Iv.C.1. Assuming that a beam current of 20 mA is accelerated during this transit, the energy
loss due to beam loading is 0.70 GeV. The beam energy ut the end of the first passage is thus
15.9 GeV. The encrgy loss due to radiation in a 360 bend at the target end of the accelerator
is 0.11 GeV. Assuming that 5 mA are lost in this bend, the surviving 13 mA beam would losc
0.52 GeV duc to excitation of the accelerator structure by the heam. Another energy loss of
0.10 mA GeV would oceur in the 360° bend at the injector end of the accelerator. If another

5 mA of beam current is lost in the second bend, the remaining 10 mA beum will incur a further
0.35 GeV energy loss due to beam loading in the sccond acceleration passage. Thus, the net
energy gain would amount to 16,6 - 0.70 ~ 0.11 - 0.52 - 0,10+ 16.6 - 0.35 = 31.4 GeV. For
the same assumed current losses, the net energy guin would he roughly 0.6 GeV higher (~32. 0
GeV) if the bends ab the ends of the accelerator were 1807 euch and the beam were iransported
to the injector end through a tube located outside of the Accelerator Housing.

4.  Recirculation Method 2 (Ref. 11).  As indicated above, the sccond method would require

no modification of the existing klystron-modulator system in that the beam would be accelerated
once dnd then recirculited many times (~120) until the next rf pulse came long, ~2.8 msec
Inter. On the other hand, the synchrotron radiation losses would have to be made up on a CW
hasis. The propesed idea is to put 0 superconducting linae section in the return loop or in one
of the lear-drop loops. Estimates of power requirements are as follows.
The synchrotron radiation loss is given l)y12
ao vl
U - 5.85 % 10752 \T ev/360° turn
where V is the beam energy in electron volts and r is the radius of curvature in meters. The
power required depends on the current (i) which is being recirculated:
_ Uit 5.85 > 10797 % vt i

l)
T Trcosf

watts

whoere is the SLAC pulse length (~ 1.5 psec), T is the recivculation time (~20 usec) and 0 js
the beam angle [rom crest. Assuming a bending radius of 50 m, and 5 mA recirculating current
aned 80, one oblains the requirements shown in Table 3.

The rf power figures in Table 3 assume that the electrons are riding on cresl. For phase
stability, these numbers would have to be inereased by perhaps as much as 507, Nolice that
beeiuse of the fourth-power dependence on V, the power reguirements increase very rapidly with
the first "pass' energy. Reflerring to some of the results given in Section IV. D, satisfying the
power demand for o 15 GeV, 720" bend wowld reqguire 4- 6 20 kW klvstrons and associated super-
conducting aceelerator seetions.  Such a requirement would not seem unrcusonable.

in this method, however, where rf power and energy spectrum width are at a premium, it
would be impossible to use the two-mile aceelerator itself as the return path. A second inex-
pensive pipe would be used,  An alternate injector could be installed to simplify the "ecoexistence™

problem of the high c¢nergy beam (on its last pass) with the low energy beam (just being injected).
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Ag seen, cven disregarding cost, sceveral complicated problems would have to be solved
before this method could be implemented. On the other hand, it would have the advantage that
after the first pass (15 - 20 GeV), the system could be used as a beam stretcher with a 7% duty
evele, Another pessibility to be contemplated would be to complete the circle in the BSY loop
and usc it as a storage ring.

It has heen pointed out that both transport systems are suspiciously reminiscent of one or
two clectron synchrotrons. While this is partially true, it should also be pointed out that in con-
trast to a synchrotron, these loops operate at fixed field., It would not be straightforward to
build a 360 pps synchrotron injector into the SLAC linac.

The advantages of recirculation method 1 over method 2 are: 1) only two additional one-way
trunsits of the accelerator length are required instead of ~240 transits as required in method 1;
2) the superconducting accelerator section to make up for energy losses in the 360° bends at the
end of the accelerator is not required; 3) fewer additional instrumentation and control circuits
and devices are necded: 4) since only one transit in the backward direction is required, it may
be feasible to use the accelerator itself as the transmission path; 5) the problems associated
with minimizing beam loss and preserving isochronicity should be less; and 6) the overall cost
should be less. The disadvantages of method 1 compared to method 2 are: 1) the net energy
gain is somewhat lower; 2) the modulators and klystrons are operated in a new mode for which
component life and reliability data are not available; and 3) it is not possible to obtain a "stretched"
heurn as in method 2.

In both recirculation methods, the beam breakup threshold will undoubtedly be reduced below
the level obtained for a single acceleration passage. One might expect that the threshold would
be lower for method 2 with many transits than for method 1 with only a single recirculation of
the heam. The resistive wall effect and the excitation of higher order modes in the vacuum pipe
may also cause beam transmission problems but these phenomena have not yet been studied in
detail,

D. Conversion to Superconducting SLAC

A study of the feasibility of converting the two-mile SLAC accelerator to a superconducting
machine has been carricd out for the past 1-1/2 years. 13,14 Design goals are a beam energy
of 100 GeV and a duty cycle of 6%. S8ince the rf losses are proportional to the sguare of the
energy gradient, higher duty cycles are possible at lower energies without increasing the ca-
pacity of the refrigeration system. For example, a 24% duty cycle should be achievable at a
beam energy of 30 GeV and a 100% duty cycle at an energy of 25 GeV. The basic design parame-
ters at the 100 GeV energy level are given in Table 4.

The feasibility study described in Ref. 13 has encompassed not only the accelerator struc-
ture itself but also the associated equipment and facilities which comprise a complete accelera-
tor complex. In these studies, efforts have been made to select accelerator parameters which
would utilize as many of the existing systems and facilities as possible without detracting from
the scientific utility of the machine to a significant degree.

Studics of superconducting materials are now in progress at SLAC. The objectives of this
program are to demonstrite the feasibility of obtaining an energy gradient of 33 MeV/m and to
obtain sufficiently low surface resistance to permit operation at a 6% (or higher) duty cycle with

a reasonable refrigeration system capacity. Although several materials including lead,
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technetium, and niobium have been investigated, the results obtained to date indicate that niobium
is the optimum choice at this time. SLAC studies have becn confined to structures fabricated
from bulk or sheet niobium. Other techniques such as electroplating and vacuum evaporating
may be investigated later.

The niobium material is first formed in cells or half-cells by either machining, electro-
shaping* or coining. The components are then joined together by electron beam welding. In
order to minimize the possibility of obtaining excessive field emission or reaching the critical
mugnetic field at gradients below the design level, the welding passes are made from the inside
of the cavity. This technique produces a smoother {finish than can be obtained from an outside
welding pass.

After fabrication, the cavities are processed by etching in an acid bath, vacuum firing at a
temperature of 1600 - ZOOOOC, etching again, and then refiring at high temperature. The vacuum
firing of the small X-band test cavitics is accomplished by induction heating inside a quartz vacu-
um envelope.

The electron beam welder now in use at SLAC is a Hamilton-Standard 25 kW model. A rec-
tangular vacuum chamber 5 ft wide, 5 ft high, and 9 ft long is nearing completion. This chamber
will permit electron beam welding operations at a base pressure of 10_7 torr. A new furnace
with a hot zone approximately 5 inches in diameter and 8-1/2 inches in length is being constructed.
When this furnace is completed, S-band cavities and short S-band accelerator structures can be
processed at temperatures up to 2000°C and at pressures of 10_9 torr.

Recent measurements at X-band and at a temperature of about 1.85%K in an electron beam
welded TEg14q cavity have given a Q of 3.4 X 109 and a rf magnetic breakdown field of ~700gauss.
1.8 the value of @ at 2856 MHz would be ~ 2.5x 101,

This is approximately a factor of 6 better than required for the two-mile accelerator conversion

Assuming that Q scales with frequency as {~

(sec Table 4). However, the breakdown field must still be improved somewhat (to approximately
1000 gauss) to allow fulure uccelerator operation at a gradient of 33 MeV/m. It is hoped that
better processing techniques, improvement of cavity configuration, and perhaps the shift from a
TEgyq to a TMg;q test cavity will result in further improvement in the magnetic breakdown field.
Fields of approximately 1000 gauss have already been attained in TM X-band niobium cavities by
Turncaure and Viet!® at the Hansen Laboratories of Physics at Stanford University.

The optimum shapes of disk loaded accelerator structures have been studied at SLAC by
Helm? and Herrmannsfeldt §_t__a_1.3 with the aid of two different computer programs. The program
used in the work discussed in Ref. 2 calculates the properties of traveling-wave linac structures
employving a functional expansion of the fields rather than by using the mesh technique. The
second program employed in the work described in Ref. 3 is a new Fortran version of the
LALAIG’ 17

originally written to study standing-wave structures and the results have to be somewhat modified

program written at the Los Alamos Scientific Laboratory, The LASL program wus

for traveling-wave structures. These studies have attempted to optimize the various cavity
parameters such as shunt impedance, Q, and r/Q. In addition, particular emphasis hag been
placed upon minimizing the ratios of pecak-to-effective electric and magnetic fields since these

guantities will determine the maximum gradient which can be sustained in the resulting accelerator

*
Trademark of Cincinnati Shaper Company.
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structure. The result is obviously somewhat of a compromisc and indicates that a cavity opera-
ting in the 27/3 mode and having & slight bulge in the disk tip and an elliptical cross section at
the outer wall possesses the best overall characteristics. Such a structure huving a peak-to-
effective electric field ratio of 1. 66 and a peak-magnetic-to-peak-electric ficld ratio of 31 G/
{MeV/m) is described in more detail in Refs. 2 and 3.

In addition to the work already described, other investigations of superconducting structures
are also being carried out at SLAC. These include topics such as: 1) breakdown fields and
residual loss; 2) nonlinear effects at high field levels: 3) radiation damage effects: 4) field emis-
sion; 5) thermal conductivity of materials: and 6) cavity deformation due to rf fields. These
studies are discussed in more detail in Ref. 14.

The investigations just listed are limited by available manpower and finaticial support.
Furthermore, there is no assurance that all of the potential problems which will be encountered
in operating superconducting accelerators have yet been identificd. For these reasons, it has
been decided to proceed, in parallel with the basic investigations, with the construction of a
short test accelerator. This program is referred to as Project Leapfrog. Leapfrog differs
from other superconducting accelerators heing planned or fabricated elsewhere in that the a2ccel-
erator structure is a constituent part of a traveling-wave resonant ring rather than being operated
as a standing-wave device. This tentative design choice has been made not only for Leapfrog but
also for the two-mile conversion study since it appears that the peak-to-effective field ratios in
this structure are 20 to 30% lower than the equivalent values in a practical standing-wuave accel-
erator. The Leapfrog accelerator structure is 52.5 ¢m (15 cavities) in length. In general, the
rf and gradient characteristics of this small accelerator are similar to those already discussed
in conjunction with the two-mile accelerator conversion. The Leapfrog accelerator is shown
inside of its dewur assembly in Fig. 15. The dewar is approximately 2 ft in diameter and 5 ft
high. The thickness of the S-band cavity walls will be ~0. 100 inches. The rectangular wave-
guide return loop will be fabricated from 1/8 in thick niobium sheet. Leapfrog is being designed
for a grudient of 33 MeV/m. Tor a power input of ~860 W from the Klystron, the circulating
power at rated beam current (48 pA) will be 30 MW. The design loaded energy is 17.2 MeV. On
a schedule basis, Leapfrog is divided into 2 stages. Ih Stage 1, the accelerator will be tested
with rf power only (without a beam) to check the capability of obtaining the design gradient and to
determine the feasihility of phasing and matching the feedback loop. This stage should be com-
plete by the end of calendar yvear 1970, In Stage 2, the accelerator will be placed in a new hori-
zontal dewar and operated with an electron heam.

13,14 , \ .
5 (based on 1969 prices) of converting the two-mile accelerator to a super-

Cost cstimates
conducting version range from 367 M to $79 M, the exact cost depending upon the final {feasibility
of various design alternates. The above figures inelude & 25% contingency and are bascd upon an

operating frequency of 2856 MHz.
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TABLE 2

CHOPPED BEAM CAPABILITY OF THE CHOPPING SYSTEM (17 GeV)

Chopper Frequency

Burst Spacing

Max. Average Pulsce
Current through 1% Slits

40 MH=z

40+ 20 MHz
40 + 20 MHz
40 + 10 MH=z
40 + 6.6 MHz

6.6+20 MHz
{continuously variable)

40 + 10 MHz + pulsed
steering bias

40 + 10 MHz + < 50 nsec
pulse on gun

12.5
25 nsec (single bunch/burst)

nsec (single bunch/burst)

25 nsec (several bunches/burst)
50 nsec (single bunch/burst)
75 nsec (single bunch/burst)

75 - 25 nsec (several bunches/burst)
100 nsec (single bunch/burst)

one bunch (~ 10 psec long)

~ 10 mA
~ 8 mA
~ 12 mA
~ 2.0 mA
~ 2 mA

i1 - 15 mA (gun limited)
~1 mA

~1 09 electrons

TABLE 3

POWER REQUIREMENTS FOR SUPERCONDUCTING LINAC "MAKE-UP"

SECTION ASSUMING 50 m RADIUS AND 5 mA BEAM RIDING ON CREST

Energy after first pass (GeV)

Magnetic field required (kG)

Synchrotron radiation energy

loss (MeV)
per 360° bend
per 72 0Y bend

RF power requirements (kW)

for 360° bend
for 720° bend

90
180

34
68

20
15.3
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TABLE 4

PARAMETERS OF A TWO-MILE 1060 GeV SUPERCONDUCTING ACCELERATOR*

Operating frequency 2856 MHz
Length 30060 m

T 1.72 x 10 o/m
Q 4.0 10°
Loaded energy (max) 160 GeV
Duty cycle 1/16
Peak beam current 48 A
Average beam current 3uA

Peak beam power 4,8 MW
Average beam power 0.3 MW
Number of klystrons 240

Peak power per klystron 20 kW
Average power per klystron 1.25 kw

Type of rf structure

Number of accelerator sections

TW with rf feedbuck loop
480

Length of accelerator section 20 ft

Filling time (to 63.2%) 18 msec

Power dissipated in accelerator 12, 000 W (4.0 W/m)
Pulse length (rf) .25 sec

Pulse length (beam) 0.24 sec

Time off between rf pulses 3.75 sec

Accelerator attenuation factor (r)
Feedback attenuation factor ()
Bridge ratio (g)

Circulating power PO at T}max

37.0 %1077 ncpers
3.7 x 10_7 nepers
0.546 x 10

54.6 MW

*
The values of parameters in this table are hased upon operation at 100 GeV.
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FIG. 2--Analyzed peak beam current vs. energy for three slit

widths and two quadrupole tapers.
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FIG. 9--Klystron operations statistics.
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DISCUSSION
P. R. Tunnicliffe (AECL): How much power is there in the Leapfrog and how much in

the recirculation?

G, A. Loew (SLAC): We will use approximately a kilowatt in Leapfrog, but that

depends on whether there is a beam in it or not. The recirculating power will be
about 30 megawatts, i.e., if we achieve the Q's and if we don't reach the quenching
fields that would quench the whole thing.

B. Cork (ANL): Are there any special requirements in order to make the system

synchronous with a radicfrequency separator ?

G. A, Loew: We have thought about that but first of all we have to try and design the
system with just an accelerator. If it then turns out that we can't solve the
isochronous problem without it, there is a way of helping with a separator, but hope -

fully we won't need that, We hope to do without a separator.
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