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ABSTRACT

The experiments described in this thesis were initially prompted by interest
the radiation loss of relativistic electron rings passing through periodic structures.
Later the same experiments became relevant to the theory of energy loss of electrons
in large storage rings. In both of these cases energy loss to the higher order modes
of the respective structures could seriously limit their effective operation. In these
experiments, single bunches of electrons with intensities up to 7 108 electrons per
bunch are accelerated through the SLAC three-kilometer accelerator, and their en-
ergy spectra are analyzed, Early experiments over a wide energy range (900 MeV to
19 GeV)} demonstrated that the energy loss was proportional to the total charge in the
bunch but was independent of beam energy. The average energy loss of a single bunch
normalized to 10 electrons was initially measured to be 38 MeV.

While this work was starting, E, Keil at CERN, Geneva, Switzerland, was de-
veloping a theory and a computer program based on cavity modal analysis to identify
the higher-order modes which exist in a cavity array and to caleulate the total epergy
delivered to these cavities by a passing relativistic electron bunch. The average en-
ergy loss predicted by Keil's theory was in reasonable agreement with our early ex-
periments. :

Later, more refined experiments at SLAC shed gignificant additional light on
the physical radiation loss process, showing how the position of the electron bunch
with respect to the accelerating wave affects the results. This prompted G. Loew at
SLAC to devise a semiempirical analysis of the problem for which a computer pro-
gram was written by R, Early and B, Woo. This analysis not only yields the average
loss for the entire electron bunch but can also give the energy loas as a function of
time within the bunch and the resulting energy spectrum. The only additional element
that was necessary to complete thia theory was the function giving the response of the
SLAC three-kilometer cavity array to a delta-function beam excitation., This function
was supplied by P, Wilson and K. Bane at SLAC, who had obtained Keil's program in
order to apply it to the design of storage ring cavities for the PEP project, and who
simply performed a modal sum in the time domain of all the accelerator modes. G.
Loew's theory, which now incorporates the Wilson-Bane function, gives very good
agreement with our measured results, It predicts energy spectra very similar to
those obtained experimentally, Its only present shortcoming seems to be that the cal-
culated -average loss is gbmt 35% lower than the recently measured loss of 49,9 MeV
for a single bunch of 107 electrons.

The experiments including much of the equipment development are described in
this thesis and are compared with theoretical predictions made to date.
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PREFACE

I would like tc express my thanks to the many people at

SLAC who belped make this work possible.

On an accelerator the sirze of SLAC no one person cah
gset up ap experiment of this complexity, record data, aand
keop track of all the factors that amight affect the
experimental resuits. 'sy thanks are extendad to
pPr. R.Eiller who vworked closely with me throughout these
experiments. HBis intimate knovwledge of bhoth the accelerator
and the beam switchyard with its energy analysis systel'uege
invaluable in conducting these‘experilents. pr. G. Loew has
functioned as m»y principal in-house thesis advisor and has
participated in wmost of the data taking sessions and data
analysis. ¥ithowt his help this work could mnot have been
perforsed. My thanks also go to Professor ﬁ. Chédoro- who
Bas had the patiepce to guide this work through a period of
eight years as =y faculty thesgis advisor. I anm also
grateful to SLAC technicians Bob Davis, Al Duynham, and
Fred Hooker who spent asany cold bours sitting in cramped
resote locations running collimators and sampling scopes

during the course of these experiments.

Mach of the sanuscript for this thesis was originally

typed bv a most capable sumser student, Kathy Slavin, during
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the susmer of 1975, She also ran wsany of the computer
programs associatied with the gun optics. After the third
revision of the text, she learned how to use a tert-editing
program called FORMAT that is available for wse through the
SLAC computer system. Once the text was emtered into disc
storaqge, revisions could be executed quite easily fros a
local terminal. The final thesis text is copied from the
computer outpunt generated by use of the FORNAT program. A
few minor anomalies in the text materjial having to do with
subscripts should be noted. since the high spaed printer
does not print subscripts, we have chosems ¢to indicate a
subscript by the fellowing notation: B<o>, X<L>, etc. Greek
letters do not appear on the high speed primter, so we have
avolded their use whenever possihle, fhere they are
necessary, they appear spelled out im the text: lambda, psi,
etc., PExcept for this minor inconvenience, "FDORMAT™ has been

a poverful tool in generating and editing this thesis.
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I. INTRODUCTION

The energy loss of charged particles passing through
structures has been the source of much study and experiment
ever since free electrons were first idemtified im a Crook's
tube. An electron .moving in free space carries with it am
electromagnetic field vhich exteads vell beyond the
immediate position of the electron. ¥hen this
electromagnetic field 3interacts with the enviroament
surrouading the electroﬁ, energy can be transferred to or
from the electron. In this experiment, ve are imterested in
measuring the energy that a short bunch of electrons
traveling at close to the velocity of 1light loses while
traveling thromngh a corrugated metaliic structure. Although
not technically rigorous, a pbkysical imsight into the energy

loss mechanism may be obtained by considering Fig.IA1l.

A short bunch of electrons traveling at close ¢to the
velocity of 1light is surrounded by a pancake shaped field
vhich extepds laterally to infinity. 1In a closed aetallic

tube this field is terminated on the coaductor walls by



image charges. TIf the tube is smooth and the walls are both
lossless and non-inductive, the electrom bumch cam transit
the tabe without energy loss. When the field surrounding
the elactron bunch comes to a discontiauwity is the
conducting pipe, as shown in Fiq.IA1, the field expands
laterally with the velocity of 1light d4imto the larger
diameter sectioa. That portion of the €ield which expands
into the cavity is reflected backvard by the dowastreas end-

wall as the electron bunch passes back into the +tube, and

- the energy contained in the reflected portioa of the field

- is lost from the e¢lectron bunch since it can never catch wmp

again vith the electron buach traveling at close to c.

o While this model gives a good imsight into how the

electrona bunch loses energy at a discoatiauity, it is anot

very useful for generating a mathematical model to calculate

~ the effect of real structures. Theoreticians prefer to

- amalyze beam loadimg in closed structures in terms of the

resonant aodes of the structure making use of as many modes
as are mecessary to describe the structure response tﬁ the
delta-function-like electron beam excitatiom. With respect
to linear accelerators, extensive work has been done in
recording pulsed electrom beam energy losses during the
developmeat of the family of accelerators that started with
Electron bunch in tube 9.¥. Hansen's first ssall units and culmimated im the three-

Fig. IAl kilometer accelerator at SLAC. Beaa energy loss to the



fundamental accelerating mode, including the transient
puildup of this process was carefully studied by Chst1d,
Loewt2), and otherst3’y, ¥here electrom beam pulses were
long compared to the distance between beam bunches, this
loss to the fundamental mode dominated the total loss. On
the other hand, the loss for very short pulses of electrons
in a structure in which all of the modes had to be taken
into account was not well known. With the advent of
electron ring accelerator (BRA) studies, and more receatly
large storage rimgs, it becase important to analyze and
measure these losses. This thesis describes the eqeipment
constructed amd experiments conducted at SLAC during the

period from 1968 to 1975 on this beam emergy loss.

ACKGROUND AND ¥ oE_P E_NOERK

some of the earliest theoretical and experimeatal work
or epergy loss of short pulses in acceleratiang structures
was done by Leiss €4} at the Watiomal Burean of Stamdards in
Vashingtoa, D.C. The first short-pulse Neasuremeats
conducted at SLAC were done in 1968 as part of some other
beam dynamics studies by the author. The major impetus for
eabarking on detailed studies of simgle-bunch emergy loss in
the SLAC accelerating structure came in September, 1967, 1In

that year Kolomensky(s)? described the vork of a growp of

Soviet sacientists at Dubna headed by Y.I. Veksler on a new
type of accelerating device called an electron ring
accelerator. This accelerator used very short bunches of
electrons forsed into tight rings. Inside these intense
electron rings a small number of protons were to be trapped
and the whole proton~electron ring combination was to be
accelerated in an appropriate accelerating structure., The
accelerating fields would transfer energy to the electrons
which would in ¢turn transfer the emergy to the protoms.
Simce protons are more massive than electrons, the energy
gain of +the protors would be very large in accelerating
structures of moderate length. 1000GeY proton accelerators
of relatively small size were postulated using this
accelerating method. Since the rings were very short
longitudipally, the energy loss experiemced by these rings
in traversing an accelerating structure was of critical
importance to the feasibility of this accelerating schese.
Several researchers(¢) developed analytical nmodels which
attempted to predict this energy loss. Some of the models
gave 2 loés function witk either a logarithmic or linearly
increasing dependence on beam energy. Others contained no
such dependence. The magritude of the energy loss variled

widely among models.

Since it had been demonstrated in 1968 that SLAC could

make single bunch energy loss measuresents that would be



germane to these studies, the author along with Dr. Riller
and DNr. lLoev began preparations to conduct a definitive set
of experiments *o perform this measuremnent. Initial
measurements produced results whick vere favorable to the
EFA concept, but further studies of the EBA principles by
theoreticians identified areas of 1instablility which

considerably dimmed the initial enthusjasm for ERA.

Iz the mean time, storage rings, in particular the SLAC
storage ring (SPEAR), ware beccming imcreasingly impoxtant
in high energy physics. The SPEAR storage ring has only one
single bunch of electrons, and one single bunch of positrons
c¢irculating in opposite directions imn the ring. The
proposed PEP storage ring will have only three circalating
electron ant positron bunches. The ring guide structure
including the make-up accelerating cavities 1is far froa
spooth. Erergy loss to the higher modes of the accelerating
cavities, and to any other structure suych as beam monitor
devic¢es, vacuum bellows, eotc. could be comnsiderable and
could 1limit the beam intensity, Wilson and Bane, working
with a modal analysis coupnter program of Keil, studied the
arergy loss %o various structures and used our measured
results taken on the SLAC accelerator as a calibration
check-point for their analysis. The problem of noan-resonant
erergy loss as a short, intense bunch of eleétrons passes a

discontinuity is serious in storage rcings, and osr

experimental results cross-check the analytical work

presently being done.

B,  GENERAL EXPERIMENTAL SETUP

The overall site layout of SLAC is shown in Ffig.IBY.
Electrons are injected into the accelerating structure at
the west enﬁ of the accelerator amd +travarse the three
kilometer length, passing through a total of 81416 or so

interacting cavities in the process.

Injected electrons for this experiment consist of a
single bmnch of wmap to 7%108 electrons contaimed within a
tiwe period 11 picoseconds long. The actual bunch shape as
derived from experimental results is shown in Pig.IYYB2
later in this thesis and has a full vidth at half saximum of
2 picoseconds. This bunch rides the crest of the
fundamental accelerating vave in the disc-loaded waveguide
and gains energy at the rate of about 7 MeV¥/meter. The
bunch alse gives up some energy to the fundamental iode in
the form of beam loading. This energy loss is proportional
to charge in the bunch. When the beam comtains many bunches
spaced at the fundamental accelerating msode vavelength (10.5
cm} the energy loss to fundasental wmode beam loading

dominates the losses experienced by the beam. The frequency
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spectrua of a single bunch of electrons has harmonics of the
repetition fregquency with wavelengths dovn to the order of
the bunch length, less than one mm. 'Each of these harmonics
can give gp energy to the disc-locaded waveguide if the
va;eguide presents a real impedance to the harmonic. Bach
cavity of the wavegnide has a spectrum of higher modes which
can be excited by the spactral components of the single
bunch beam. Measuring the total energy loss to these higher
modes in the SLAC accelerating structure is <the object of

this experiment.

At the east end of the accelerator two ebargy anpalysis
systems are available, the larger angle “A™ transport system
being a factor of two more emergy semnsitive. There is also
an energy-analysis systeer at the 2/3 point of the
accelerator vhich was used in sose of the early low-energy
studies. While the electron beam always transits all of the
accelerating cavities, it is possible to excite only enough
sections to produce the beam energy desired. After the
initial studies to deter-ing the energy dependence of the
loss {there was none), the energy for running the rest of
the studies was chosen to be 4 GeV¥. This energy was chosen
as a coapromise: indeed, the energy analysis system measures
delta B/F and this gives better sensitivity at lower values
of E. On the other hand, below U GeV the beam was difficult

to transport.
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[uhile favorable physical conditions existed on the SLAC
“accelerator for achieving good energy loss measuremants, the
equipament for generating, observing and analyzing a single
bunch heam did not exist in a usable form. Equipment that
would achieve this reliably was designed, tested and
installed on the accelerator during the period from 1371 to
1975, The present day setup is shown in block diagram form
in Fig.IB2. It consists of a single-bunch alectron

iniector} three kilometers of interacting‘ disc-loaded

wvaveguide, and an epergy analysis system at the far end.

Energy resolution was set to be D.I%. Accelerator enerqgy
stability on a short term basis is almost an order of

magnitude better than this.

Fxperiments are conducted by setting up a single bhunch
beam containing about 5%10®° electromas aad recording an
energy profile on the X-Y recorder. The beam inteasity can
he transmitted as it is or its intemsity cam be attenwated
ir the injector by means of a ™sieve™ collimator té [+ Py
0.4, and ©0.08 of ¢the initial 5*10® electroms. Energy
profiles are recorded for each of these intensity settings.
The position of <the electromn bunch on the crest of the
‘accelerating wvave is also used as a parameter. Sets of data
are recorded as a function of injection phase. With the aid
of the caompanter program developed by Loew we obtain bunch

size, shape and energy-loss profiles fros these data sets.
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C._ SUKRMARY QOF EXPERYNENTAL FESULIS

puring the time of intense interest in the electron
ring accelerator, a period covering 1970 through 1973, a
number of experiments vere conducted over am energy range of
900 MeV +to 19 GeV, Pecause the overall experimental setup
had not been optimized, there was a copsiderable scatter to
the data. "he significance of small changes in injection
phase had not been recoghized at that time. Nevertheless
the data afforded a reasonable illustratiom of the enecgy
loss profile, and we concluded from it that the energy Joss
of a hunch of electrons traversing the SLAC structure was
independent af heas energy between 300 HeV and 19 GeV. The
loss was linear as a function of charge contained ia the
bunch. Ipitial data reduction by graphical sethods produced
an average energy loss of 38 Me¥ for 10* electrons
traversing the SLAC structure. Later experiments caused

this nuaber to be revised upvards as will be discussed.

During 1974 a concerted effort was made to iaprove
accelerator stability and data-recording techniques. The
interest in PR\ waned as ring instabilitieé becaze a serious
problem. ¥ork or the PEP storage ring project for SLAC
replaced 2PA as the principal motivatior for continuing

these experiments. Several experimental runs vere made

12

usirqg improved data-taking wsethods. Besults of data
analysis vielded not only thke average enerdy loss in a bunch
of 10% electrons (49.9 XeV), but also the charge
distribution in the bunch, and tha profile of the losses
within the bunch. The fundamental mode of éhe accelerating
structure absorbs only abont 20% of the total losses, while

the kigher modes account for the rest.

13
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detalls, a short description of the single-bunch injection

system is herein given.

The single bunch beam used in ihis experiment is
genérated hy a comhination of techniques. A grid-controlled
electron gun is pulsed with a fast Arive pulse delivering a
7 nanosecond pulse out of the gun anode. This beam pulse is
partially bunched in a single cavity buaucher produciesg a
strirg of 120 degree bhunches (at 2856 mHz) during the 7
ranosecond pulse. A transverse team deflector operatimg at
the 722d sub-harwonic of the accelerator freguency deflects
all but ore of these bunchkes out of the accelerator
aperture. The remaining single bunch is further compressed
ir time to 2 picoseconds full width at half maximum in the

travelling wave buncher and the first accelerator section.

1. High Current Guns:

Two different gqunpns are used on the accelerator. Both
are Pierce tvpe +triodas developed at SLAC. They feature
high perveance cathode-anofes, (pervearce im the range of
.20 to .35 micropervsl and bigh mutual conductapnce grid-
cathodes (mutual conductance in the ramngqe of 20 to 55
millimhosi. The qun anode usually rurs at -70 Ke¥. It has
an ocutpnt carrent of up to S5 amps peak when the grid |is

driven with ap A00 wolt fast pulse. The emittance of the

16

tesulting beam is con*ained wvithin a phase space of S5pi ca=
rilliradians. The desigr details of these guns including

the compnter optimization program are given in appendixz 1.

2. The Fas* Pulse Amplifier:

The 7 nanosecond pulse used to drive the gun grid-
catkode is qenerated in conventional NIM electronics at a
voltage level of -1 volt, This vpulse is amplified to a
10 volt lavel in a commercial solid-state wide-band
amplifier. The 10 volt pulse is used as inpaut to a special
broad-hand fast anmplifier whose desigm is described in
detail in appendix 2. This awmplifjer is a seven stage
trarsforerer coupled tuhe circuit using UHF planar triodes.
The output level can he set to any veltage ap to 1,400 volts
pea¥. i 52 and fall times of the amplifier are
3 nanoseconds each, and the amplifjer cam amplify a single
pulse, or a close-spaced train of pulses without d=agrading

the pulse rise tine, or introducierg significant time Jitter.

3. Wide=-hand Transformer:

The output of the fast amplifi2c is coupled to the gun
grid-cathode through a wide-btand DC isclatior transformer as
the gur grid-cathode iz at a potential_ of =70 Re¥ with

respect to the ground=4 anoéd2. This isolation transforaser
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makes use of traansmission line concepts amd has a S0 ohs
iwpedarnce with a rizxe time of less than one nanosecond. The
design of this transformer and several other transformers
used in *he fast amplifier are discussed in detail in

appendix 1.

a. Transverse Beam Chopper:

There ate several transverse heawm choppers in the
indecter. This 2xperiment wmakes use of a 39.6567 NAz
trarsverse chooper located between the prebuncher and the
buncher at a point wvhere the beam potential is still
=70 Ke¥. The chopper plates are short, and the deflection
is electrostatic. 7The resonator drivisg the plates develops
40 kilovolts peak with an input R.F. ©powver of 30 kilowatts,
The design details of this deflector and a second down-
streas deflectar wvhich also has been used to chop the
electron beam into single bunches is discussed in appendix
8.

5. Fast Peas Synchronizers:

The fundamental repetition rate of the SLAC accelerator
is 360 pulses per second roughly synchronized to the power
line frequency. The accelerator also normally runs at

multiples of 60 PPS up to the 360 PPS rate depending on the
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ecoromics of power consumption and experimental needs. The
160 PPS is divided into & time slots of 60 PPS each. UOse of
the sieve collimator prohibits othar experimental beams from
running sisultanecusly with ours. There are some systesatic
variations in accelerator performance from time slot to time
slot. We avoid these variations by restricting ourselves to

one 60 PPS slot.

The normal accelerated beam pulse is 1.6 microseconds
lomg aad 1is delivered from the gun by pulsing the gun
cathode~grid gap with a conventional cathode pulser. This
cathode pulser is triggered by the common trigger system
which triggers the rest of the accelerator components such
as klystrons, pulsed maganet systems, etc. The trigger
derives from the zaro crossings of the 3 phase power line
and is wunrelated to the RPF klystron drive frequency of the

accelerator.

To generazte single bunches of electrons in the
accelerator we amust pulse the gun and/or chop the bean at a
rate synchronized to the RP bunching structure of the bean.
Thus the need arises of tying the 360 PPS triggers generated
from pover line zero crossings to a fimer timimg scale based
on the PP drive of the accelerator. This is done in the
trigger synchronizer chassis im the injector. Several

experirental beaas besides this particular single baunch beanm
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require RF beam pulse synchronization. The SPEAR storage
ring requires the accelerator to be synchronized to its
operatircg frequency dering injection. Other experiments
running simaoltapeously but on different time slots may
require different synchronization profiles. 4 4
synchronization must be svitchable froe pulse to pulse on a
pattern cortrolled basis. The trigger synchronizer thus has
a broader set of design requirements thﬁn jlst this

experiment vould dictate.

The trigger syhchronizer s constructed using both ECL
and TTL IC 1logic. Circuitry is fabricated uéing wirewrap
techniques ard is packaged in a two-unit NIM wmodule, The
logic diagra® is shown in Fid.IIA2 and a photograph of the
urit with sides removed is shown in Pig.IIA3. The wunit is
self-contained, having its own regulated power supply (+5
voltsy. Both ECL and TTL operate from this comnmon pover
supply, the =2CL operating upside dovhk on the 5 volt bus.
A1l circuit components are mounted on DIP headers so they
plug into the wirawrap socket board along with the IC"s.
This construction technique makes modifications and

additions quite easy as experirents change.

The synchronizer can accept four different
synchronization signals including the special SPEAR

synchronization, In the absepnce of any synchronization
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signal it generates a defaunlt trigger based on the power
line zero crossing only. All other syachronizations cause
the circuit to generate a trigger on one of the first zero
crossings of the synchronizing frequency following the zero

crossing of the pover line frequency.

The synchronization circuit is constructed of TTL logic
elements. A block diagras of this section of the
synchronizer is shown in Fig.ITaM. Gate A combines the
accelerator trigger (%) and synchronizing RF (2) to form a
gated RP signal vhose leading edge may be determined by
either input. One-shot C triggers on the trailing edge of
this gated RPF forming a long pulse whose leading edge is
stable with respect to the synchronizing RF in all cases
except when there is a coincidence between the leading edge
of (1) and a trailing edge of {(2). In this case a variable
height pulse is produced which makes the triggering of C€
unstable. This ambiguity is resolved by delaying the RF {2}
through the gate B and delay D and “andimg™ it in gate ¥
with the output of C. The leading edge of the resalting
pulse +train is always stable with respect to the
synchronizing RF. The one shot F converts this into a
single RF synchronized trigger pulse. This pulse is
returned to the master trigger generator where it is

amplified and distributed as triggers to the accelerator.
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1. Sieve collimators:

In order to measure the beam loading loss as a function
of electron charge in the bunch, one needs to obtain energy
spectra over as wide a charge or beam current range as
possible while keeping all other experimental conditions
constant. In early experiments this beam current control
was achieved by either adjusting gum grid drive or gunm lens
focusing. Poth of these controls affect the transverse bean
size. The bunching and initial accelerating fields are not
totally uniform across the accelerator aperture, so that
electrons at different radii wmay not reach the same
asyaptotic phase on the accelerating wvave. The rode
structure of the disc-loaded guide which contributes to the
beam loading loss has modes vhich vary across the guide
aperture, so that beams with differemt radial extent may
experience different beam loading loss. It was recognized
after the early experiments that it vwould ba preferable to
run the injector at a constant electron beam current and
control the current injected into the rest of the

accelerator with an intercepting collimator.

When the accelerator was constructed, a six position

single hole collimator was imstalled downstream of the
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injector at a point where the beam bad an energy of 35 neV.
This collimator counld attenunate the beam but the amount of
attenuation depended upon the beam size and position in
relation to the collimator aperture. Also because of the
possible non-uniformity of asymptotic phase with respect to
beam radius, a single hole colliiator in intercepting the
outer radial portions of the beam could change the average
asymptotic phase of the transmitted beam. To get around
this probles and the probles of loss variation +to off-axis
modes as the beam size varied, we redesigﬁed the collimator
replacing the set of reduced diameter simgle holes with a
set of reduced transparency sieves, A draving of the sieve
hole pattern and the collimator structure is shown in
Fig.IIB1. The collimator bas four active positions, a beas
stopper position, and a full tramsaission "park® position,
The aperture diameter of the four active positions is 0.5
inch. Into three of these positions, copper slugs with
sieve hole patterns as shown are installed. The hole
density and size were chosen to transmit 70% of the bean
through the first sieve, 30% of the beam through the second
sieve, and 8% of the beam through the third sieve. The
fourth 0.5 1inch diameter open hole was used for the full
transaission aperture. The copper slugs have a useful
diaseter of 0.39 inch and a tkickness of 0.25 inch in the

bean direction. Sieves were fabhricated by an electric
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discharge process which allowed drilling of the square holes
necessary to obtain a 70% transmission density in the first
sieve. The copper sieve slugs were pressed iato the
stainless steel water cooled actuator of the collimator.
The collimator assembly was air-piston actusated from the

injector centrol room.

Actual measurements of beam transmitted througk the
three collimator siaves were vwithin 5% of the design valuwes.
The sieve collimator was used in taking all experimental

data after 1971,

2. Fast Beawm Pickups:

The normal SLAC beam current pulse, vhen apalyzed for
frequency spectrum contains the usual {(sia x) /x shaped video
spectrum, plus this video spectrum superilpcéed on the
accelerator operating frequency, 2856 HHz, and its
harsonics. When the beam is chopped, the frequency spectrum
approaches the continuum characteristic of a delta function
rolling off only at very high frequencies corresponding to
the bunch length. All beam monitors are sensitive to some
part of this spectrum. They develop signals across am
impedance placed in series with the bean pipe. The inmage

charges associated vwith the beam produce a voltage drop



across this impedance as the beam passes. Fig.IIB2 shous a
typical beam pipe and monitor gap, and also a spectrum of a

buachked but unchopped beam.

LIXEAR O SYSTEM: The standard “linear O™ systea oh the
accelerator cohsists of 80 ferrite core toroids each wvound
vith 25 turns of bare copper wire. The wouad toroid
represents a current transformer iam vhich the beam acts as
the primary winding. The low frequency response is limited
by the inductance of the winding, 2s shovn in Fig.IIB3a.
The high frequency response is limited by the stray circuit
capacity. The toroids are used im an integrating mode
prodncing a readout of total charge seen during the pualse.
The rise tiame of the toroid sonitor is 20 mamnoseconds. It
has been observed in experiments that, in spite of rise-tise
limitation, the system accurately indicates integrated
charge ipm a traim of long, short or sinqie bunch pulses,
vherefrom the name "linear Q". The rise time is determjined
by the toroid stray capacity which becomes part of the
integration process without 1loss of system accuracy. In
Fig.I1I82 the linear Q system operates on the lower video
part of the frequency spectrum. ¥o informatiom is generated
on the bunchad structure of the beam, and indeed the monitor
would wvork just as well if the heam had no higher frequency

cosponents. Farther details on this soritor system can be
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found in the material cited in reference 12.

PUNDAMENTAL MODE MICROWAVE MONITORS: Fig.IIB3b depicts
a microvave beam monitor, several of which are used in the
accelerator. This eonitor usegs the heam sSpectra cosponents
at the fundamemtal accelerator bunching frequeacy (2856 BHz)
to excite a resonant cavity placed in the beam. Monitors of
this type can present a large interaction impedance to the
beam and sense small beam curremts. Host of the moise that
limits video monitors is low frequency im origin, related to
klystron nmodulator switching, etc. The wicrowave heas
monitor is insensitive to¢ noise in this region. With a
pixer-IF amplifier system, this meonitor canm observe beaas of
less than 100 picoamps. Like the toroid momitor, the cutput
of this monitor is not very sensitive to the bunch strecture
of the beam, though the beam needs to be bunched at the
fundamental frequency to induce any signal. Pufthet details
on this monitor are foand in the mataerial cited in refereace

13.

HARNONIC MICRONAYE MONITORS: The harmonic asicrovave
monitor is similar to the microvave beam momitor discussed
abave, hut it does provide bunch size inforsation. This

monitor is a cavity tuned to the fifth harmonic of the
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bunching frequency. If bunching were purely .sinusoidal no
fifth harmonic would exist in the beam. Conversely if bunch
shape approached a delta function of carrent, the
fundawental speactrum component at 2856 BHz and all harmonic
components at multiples of 2856 MHz would he eqmal. For a
bunch of electrons contained within a few degrees of the
accelerating vave, the amplitude of the £ifth hacrmonic is
close to that of the fundamental, but varies with bunch
size. Adjusting injector controls to maximize this cawvity
output produces a tightly bunched beam in the accelerator.
This monitor is discussed in more detail im the material

cited in reference 14.

WIDE BAND MONITORS: All monitors so far discussed have
been narrov band in information output insofar as they do
not show the actual bunch structure of the beam. ror this
experiment, seeing the bunch structure is essential for
determining whether or not any satellite bunches exist on
either side of the main bunch. Sampling scopes exist with
time resolution down to 30 picoseconds. The Tektronix 182
sampling plug-in has a resolution of 100 picoseconds which
is adequate for this experiment since adjacent bunches in
the accelerator are spaced by 350 picoseconds. The
principal desiga problem is to construct a beam smonitor

capable of extracting vide band information from the beanm,

3k

and then transmitting this information out of the radiation

area to where the sampling scope can be set up.

First consider the problem of beam pickup. A siwmple
ceramic gap im the beam pipe, shown in Pig.IIB4c, propagates
a wide band of frequencies outward, the high frequency limit
being only the gap capacity. Appropriate resistance loading
across the gap can make this RC time constant less than 100
picoseconds. The main fast wide band monitor used in this
experiment is located in Sector 10 and is shown im Fig.TIBS.
A close-pp view of the gap with resistance loading im place
is shown in Fig.IIB6é. Lovw frequency respomse is determined
by the inductance of the accelerator beam pipe dovnstream of
the gap. This inductarce can be made relatively high by
loading the accelerator pipe wvith ferrite cores. This
particular monitor exibits a voltage drop of . aboat 20%
across an unchopped beam pulse of 1.6 microseconds, making
cross calibration of the fast wmonitor amd the linear o
system possible. An air dielectric coaxial cable connected
to the gap picks ap a portion of the radiated signal. In
the overall design of the mwonitor, care must be taken to
insure that most of the siqnal launched from the gap is
guided into the TENKO1> mode of the cable. Additionally the
design must insure that the part of the signal which does
not enter +the cable is dissipated somevhere, instead of

returning later as reflections and obscuring the response.
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Using ferrites on the beam pipe which are lossy at high
frequencies can help in this dissipation. At the gap the
combined resistance loading of four 50 ohm resistors plas
the 50 ohm output cable iapedance produc;s a 10 ohms Dhean
interaction iapedance. This in turn vyields a monitor
sensitivity of 10 voltssamp when the output of the cable is
viawed tersinated in S0 ohms on a fast scope. When the
waveshape is integrated, the measured outpat of this momitor
yields beam charge which egquals within 10% the charge
measured by the Linear Q system. Pig.I1IB7 shows two
pictures of this monitor's response to a chopped beam. 1In
one case the chopper is phased to produce a single bunch in
the accelerator, and in +the other case it is phased to

produce two bunches.

A second monitor, Fig.IIB8, of similar coastruction is
located beyond the energy analysis slits in the “A" bean
line. The beam pipe here is much larger aad hence the gap
capacity is also larger. This monitor has a rise time of
500 picoseconds, which is insufficienmt to resolve the
bunching structure. For experimental purposes we know from
the Sector 10 moniter when only one bunch exists in the
accelerator, so that this sonitor is only reguired to show
the amplitude of the anergy-analyzed bunch, and not the tisme

structure which is already Kknown.
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3. Sampling Scopes and Trigger Synchronizers:

Two sampling scopes are used in the experiment. One is
located at the top of the penetratjon closest to the Sector
10 fast pickup. This monitor is the broadest band viewing
device on the accelerator and allo¥s us to resclve the
bunching structure of the beam in the accelerator. A sacond
sampling scope is 1located in a vacuum pump house atop the
nA% line of the bean switchyard. Im the Sector 10 setup 75
feet of 17/8" air dielectric cable comnect the scope to the
beam pickup in the tunnel. In the svitchyard the run frox
the pump house to the beam pickup inside the shielded area

is 250 feet.

Fig.IIBB shows a picture of the sampling setup at
Sector 10, The setup in the pump house is similar. Two
scopes are used, one to house the Tektromix 152 saampling
plug-in, and a secocnd to view the real time display of the
beas. It has been found over lomng periods of experimental
time that it is necessary to have a real time scope to make
sure the bean is really present in the accelerator and the
trigger system 1is working and properly patferned. !&thﬁnt
these preliminary assurances, it is difficult to get the
sampling scope properly adjusted to see a siangle bunch bean,
Signal levels from the fast monitors are more than adequate

for good vieving. To prevent input sampling diocde
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destruction, 20db of attenuation is wusuwally included in
series with the sampling scope inmput. Proper triggering is
a critical and much more difficult matter to achieve. As
vas discussed previously, the main trigger of the
accelerator is synchronized to the zero crossings of the a0
KHz chopping BF which define the single bunches. The 80 NH:z
{actually 39.667 ¥Hz) also determines the accelerator
microwave fregquency through a times 72 frequency sultiplier
chain. The synchronized trigger which is distributed over
the four kilometer length of the accelerator and the
svitchyard is stable in the 1 nanosecond/cm range, but the
trigger stability after transport and distribution around &
kiloreters of trigger lines is not stable enough to reliably
trigger a sampling scope operating at 200 picoseconds/ca

sveep rate. A more stable trigger is required.

The main source of "fine" time reference for the
accelerator, the switchyard and the experimental areas is
the accelerator drive 1linpe. This is a high quality,
temperature-controlled 3-1/8 inch copper coaxial cabletis)
that runs the full length of the accelerator and. switchyard
and extends to the variou# experimental areas. A medium
pover 476 (2856/6) MHz CW signal exists on the line and is
ased through times~six multipliers and subboosters to
provide B®F drive for the accelerator klystrons. This

experiment ouses this signal as the "fine®™ timimg reference
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for triggering sawmpling scopes. the #76 #Hz is first
divided down to B0 ¥Hz in a phase locked oscillator chain.
Then this signal is used to generate a syschromized trigger
by combining the 40 AHz zero crossings with the accelerator
trigger in a manmer similar to that discossed ia section
IIAS but using NIN logic instead of IC gates. This setup
can be seen in the lower right hamd portiom of the control
rack as shown in Fig.IIB9. The sampling scope can take only
one sample each accelerator pulse, and this experisent runs
at a maximum rate of 60PPS with some setup occassionally
done at 10PPS. Thus for reasonable resolutiom it takes
several seconds to get a single trace. The sarpling scope
is set up for 200 picoseconds/ce horizontal seasitivity with
the trace covering about 10 cm. Thus the main bunch and a
possible prebunch or postbunck can be seen on-the trace. As
can be seen in Fig.IIB6 the monitor resolution and clarity
are quite adequate to allow adjusteent of injector

parameters for hest single bunch aperation.

4, Remote Controls and Readouts:

one of the time consuming and frustrating aspects of
conducting these experiments is the spread-out nature of the

equipment contrasted with the need to view and work with

Ly

very fast phenomena under very stable conditions. W¥e have
foynd that the accelerator operates most stablj during the
night when temperature changes are ssall, amd there are
fever people around to inadvertently affect #ccelerntot
operation. Refering to Pig.IB1 and Fig.lIC1, the areas of
experimental activity are the injector alcove, the Sector 10
sampling scope coaplex, the svitchyard pump house sampling

scope station, and the main accelaerator control room (BCC).

The injector contains all the controls and monitors
used to set up and transport heams im the fiest 50 feet of
the accelerator. Almost all coatrols in the injector are
remoted to the main control room. Several controls ased in
this experiment inclading tbe sieve collimator coantrol are
not remoted to MCC, so during the experiment a man amst bhe
stationed in the injector. The slow varying horizontal and
vertical outputs of the sampling scope at Sector 10 used to
view the single bunch structure of the beasm are also remoted
to HCC for viewing on a slave scope. This sampliag scope
runs unattended except for an occasional rteadjustasent of

timing.

The second sampling scope setup in pump house 5 " over
the switchyard requires more constant tending. The signal
level is much lower after momentum analysis. The reanote

location of the pusp house and the higher noise environment
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pake it more difficult to maintain good triggering
stability. This sampling scope is directly used in the Jdata
rtecordieq process. After initial adjustment and timing so
that the bear transmitteéd through the slits cam be seen, the
tive sveeping feature of the sampler is disabled and the
sampling time is set manually on the peak of the beam pulse.
The veak height of each beam pulse registers .on the saapler.
The sampler output is a slow varyimg DC signal proportional
to the peak asplitude of be;m pulses transmitted through the
apalyzing slit. This output ard the horizontal sveep outpat
(vher used) are sent to MCC via two wire pairs. There is no
wired voice connection to the pump house, so a two-way radio
js used to communicate with the operator stationed there

durinrg the oxperiment.

During -the running of this experiment a small portable
console js rolied into place alengside one coperating
position of the MCC console. All accelerator coutrols are
available through a2 computer interface system unigque to SLAC
called a touch panel. The face of a CRT is criss-crossed
with a matrix of fine wires. The computer displays a label
under each of these cross Junctioas. when the operator
presses the Jjunction causing the crossed wvires to sake
contact, the computer detects the contact and wmoves the
appropriate accelerator control. many different control

surfaces can be called onto the same touch pamel making all
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the accelerator controls available on just one CRT display.
The portable console contains a fast conventional scope (Tek
495) for viewing toroid beam monitors, and tvo slave long
persistance scopes for vieving the energy amalyzed beanm and
thke sampling scope displays of Sector 10. As wvill be
described in the next section, +the portable console  also
contaiss amn X-Y recorder and the two-speed phasing control
of klystron 5 in Sector 27. Because this phasing coatrol
plays a principal reole in data recording, it has been bhard
vired directly to the portable comsole and does not go
through the normal touch panel control system. The linear Q
readout is diﬁplayed in MCC and the amplitude of the Sector
10 sawpling scope is cross calibrated to this charge sonitor

systen,
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C. ENERGY ANALYSIS AND DATA RECORDING

A typical data taking run requires three 8 hour shifts
of accelerator time. One shift is usually spent getting the
single buach beam set up, focused, and steered dosa the
accelerator. An additional shift is consumed im sampling
scope setap and various random equipment malfanctions. If
luck is on our side, after 2 shifts the accelerator and
jrstrumentation are ready for data taking. The experiment
consists of setting the A-line magnet system at exactly
4 GevV and varving the beam energy by changing the pbase of
one klystron (¥o0.27-5% to scan the energy profile of the
hunch. Such energy spectra are recorded with bunch

intensity and injection phase (theta<0>) as parameters.

1. Bending Magnets and Slits:

M1 of the phenomena that we seek to measure are
contained in a BO MeV or 2% width around the 4 GeV nomibal
peam energy. To study the single buach loading effect
vithin this energy band we need 1 to 2 orders of magnitude
of resolution. F¥hen everything is vorking properly the
overall accelerator enerqgy and beam stability are in the

order of .01% to .05%, for periods of about 10 sinutes.

L8

omentnm analysis is done in the "A® line of the bean
switchyard. An isometric viev of the svitchyard is shown in
Fig.IIC! showing the location of the vacuum pump station and
nCC. A plan view of the switchyard is shown ia Fig.IIC2
shoving the location of the beam pickup behind the energy
analysis slits. The beas bending magnets are B10 through
B13. The energy analysis slit is SL-10. The energy
anpalyzed bean pickup shown in Piq.IIBB is located im the "A"
line beam pipe behind 014, The gereral characteristics of
the ™3A" and "B" transport systems are reproduced in Table 1V
froe reference 15. Note that the energy resolution is a
factor of two better for the ™A™ line analysis systesm,
These experisents are conducted with the aipisem slit
opening of 0.1%, dith accelerator stability almost an order
of magnitnde better than this- figure, the cospoter data
reduction allows us to unfold informationm from the data
vithin 0.1%. A good description of the magnet and slit
system is given in reference 15. Por the purposes of this
experiment we can consider the energy amalysis system to be
stable within the tolerances of our interest. The iotal
enerqgy uncertajinty contributed by maximum possible
transverse beam =size is 0.018% as shown in referemce 15.
Thus for computer data reduction in the vorst case, the slit
can be considered a trapezold baving a 0.14% base width and

a 0.1% flat top. The bending magnets are controlled by the
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It is somevhat cumbersome to vary the magnet

ECC computer.

are also some

There

system center energy in small steps.
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field in the bending magnets to record a spectrum
analysis, we vary the beam energy bf changing the phase of
leaving the bending msagnet and slit
When phased for maximum energy contribution,
95 NeV ta the beam and can also

subtract 95 MeV from the beam when phased 180% from
This energy vernier klystroa is actually used
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point so it can eitber add or subtract emergy.

~ @ u a
|-l T L
oW M -
@ o [
& 3 "
L]
]
-+
oh
2 o o
9 o vl
¢ a2 @ ~
2 - e [~
L | Q
@ L 3]
a2 W o @
] ]
e o
[
S W S
1 ° -
« 0w on L]
o e
-y
Q¢ [+ ]
“ 83 2
-
- oo »
+ H "
@ = o [ ¥ |
(=] 1] « 0
- 0O ~ g n
u?ud [
1X] n »
1] 0 I
@ L p ot e
0w o g |8 B
L) V] - 9
@ = o L~
Lo 2 m HoQ
= W W o
L] o 0~
L-NE ' B -] [T |
- - [ S - ¥
e m ] i
F - s 2
e
@ @ .l s.m..l
~ S E s ° &
w T 9
- @
ibm.y L
£ e o ™~
A T ¥
++ u e
BEE
IC.“.-\

Design characteristics of the beam switchyard transport systems A and B

in block diagraa form in FPig.IP2, amd have bsen

Parameter

System A

System 8

Momenium

Acceptance

Beam characteristics

Resalution

Momentum galibratian

Achromaticity

Isochronism

The transport systerm will operate in the momentum
range from below 1 GeV/c to 25 GeV/e.

The system will accept and pass without lass a beam
with the following phase space: beam radivs
0.3 cm, angular divergence 10 rad, momentum
wigth up to 2.6% total. Actually, the accelerator
provides an election beam of considerably smalier
phase space, but the positron beam has the above
phase space.

The transport system is capable of handling 0.6 MW
of beam power continuousty. The pulse repatition
rate is 0 to 360 pulses/sec, and the puise width is
0.020-1.7usec.

The transport system is capable of resolving ~0.05%
in momenturn at the slit. The mean momentum of
the beam is reproducipie to = 0.02%. The momen-
tum width and mean momentum passed by the
system is independent of the operation of the
acceteratar and the perfarmance of the pulsed
magnets,

The absolute value of the mean momentum passing
through the system is detesmined to —0.2%. The
dispersion at the momentum defining slit is
0.15%/cm

The system is achromatic ; that 5. after leaving the
last Bending magnet, the momentum and trans-
varse position distribution within the beam are
uncorrelated.

After passing throughn the systemn, the longitudinal
extert of the bunch does not exceed =20° RF
phase (at 2856 MHz) for AP/P = -1%: this is
equivalent to a bunch length of =06 cm.

The transport system will aperate in the momentum
range trom balaw 1 GaV/c to 25 GeV/e. The system
can easily be modified to operate up to 40 GeV/e,

The systam will accept and pass without loss a beam
with the following phase space ; beam radius 0.3cm.
angulas divergence 10" rad, momentum width up
o 5.2% total.

The transpart system is capable of handling 0.1 MW
of beam power.

The transport system is capable of resolving =0.1% in
momentum at the slit. The mean mementum of the
beam is reproducible to —0.05%. The momentum
width and mean momentum passed by the system is
independent of the operation of the accelerator and
the performance of the pulsed magnets.

The absolute vatue of the mean momentum passing
through the system is determined to —0.5%. The
disperion at the momentum defining sht is
0.3%/cm.

The system is achromatic ; that is. after laaving the last
bending magnet, the momentum and transverse posi-
tion distribution within the bearn are uncorrelated,

After passing through the system, the longitudinal
extent of the bunch does not exceed =20° RF
phase {a1 2856 MHz) for AP/P=-13%: this is
equivalent 1o a bunch length of 0.6 ¢m,

shown

¥ere

1. ®A*" apnd "3" Transport system parameters
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discussed in previous sections. This section outlines the
procedures used in actual data recording. Once the single
bunch beam has been establishked im the accelerator amnd the
wa® beud analysis system and sampling scopes are working,

the ehergy calibration of the X-Y recorder is begun.

The X axis signal for the recorder is the phase analog
from the energy wernier klystron No.27-5. This signal is
labeled phi<¥> in Pig.IB2. The Y axis sigmal is a slow
varying DC signal from the sampling scope in the pump house.
The actual energy calitbration of the emergy vermier klystron
or the recorder is done as follows:

1. With »a" bend magnets set at exactly & GeV, the slit set
at 0.1% transmission, and Phi<v> set at zero energy
contributiocn, a second energy vernier klystron, usually 27-
6, 1is adjusted for méximum bear transmission through the
slit.

2. Phi<vy> is moved to -309, the zero of the recorder X-
axis, and the ™"A" bend magnet systea is ioved lower in
energy until the transeitted beam signal is againm maximized.
The center energy of the "A" line magnet systes is recorded.
The pen is lowvered and phidv> is pfogranned upward to record
a spectrum with a peak at -1300.

3. The "A" bend magnet systesm is then moved up in energy
10 MeV¥. Rnother energy spectrum 1s recorded amd the center

energy of the magnet systes noted.

54

4. Progressing in 10 MeV steps the whole face of the graph
is ecalibrated in energy with respect to tha ™A™ bend
spectrometer readout.

5. The "A" bhend spectrometer is reset to & Ge¥ and the zero
energy contribution point of Phi<v> is checked to see that
jt is still in the center of the recorder IX-axis. The

energy axis of the recording system is nov calibrated.

The peak current transmitted through the slit varies
with the sieve callimator setting and the injection phase,
theta<0>., Theta<0> is the phase amngle between the crest of
the acceleratimg wawe in the accelerator and the beginning
of the electron bunch. A diagram of this relationshib is
shown in the next section in FPig.IIIB1. Both the recorder
sensitivity and the sampling scope seasitivity controls are
selected and noted, based on optimus amplitude for the data

set being recorded.

Two different data sets are recorded. The first data
set consists of a series of energy spectra recorded for a
low intensity single bunch beam (sieve collimator ia 8%
transsission positian) with theta<0> as a parameter. Such a
recording is shown in Fig.IIC3. Beam loading is relatively
small for this setting, so that the energy spectra show only
the effect of the bunch shape riding the cosine accelerating

vave, As is shown in the next section, the bunch shape can
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be extracted from these plots.

The second data set recorded comsists of four aenergy
spectra taken at a fixed theta<0> setting with collimator
transmission settings of 100%, 70X, #0%, and BX. Such a
plot is shown in Fig.IICH. At least one of these plots is
recorded at each theta<0> setting recorded im Pig.IIC3.
These two types of data sets includimg several spectra taken
at each point form a complete data package which can be

analyzed with Loew's computer program.

Several key factors must be carefully momitored .during
such a data taking run. It is most important +to
continuously observe the beam intemsity display on the bean
pickup sampling scope at Sector 10. There must be only one
bunch in the accelerator and no vestiges of precurser or
trailing bunches. A precurser bunch leaves energy in all
the modes of the accelerator cavities as it passes. These
fields are seen by the =main bunch as it comes along 350
picoseconds later causing the main bunch to leose sore energy
than it would have if +the accelerator cavities had been
empty of fields. This spoils the recorded enmergy spectra.
In principle a trailing bunch should not hurt the data
taking except for the greater-tham-ome-bunch time resolution
of the "A" bend fast pickup. Because of this, a second

bunch will contaminate the sampling of the first bunch and

o1
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alsc spoil data recording.

Peam current in the accelerator is relatively stable,
but can drift downvard as much as 20% during the approximate
two hours that it takes to record a complete data set. Bach
energy spectrum i§ marked with the time of recording and
readings of Linear (Q, and Sector 10 sampling data height.
The actual beam used in the accelerator coatains 5 single
bunches spaced at 100 nanosecond intervals, but only the
first bunch is used for the experiment. The linear ( charge
mopitor system is at the low end of its sensitivity with
just 5*%10* electrons in a single bumch, so we let it look at

5 bunches to get it out of the noise region.

Pecause of very tight requirements on beam stability
apd the many accelerator systems that cam drift off or
salfunction, we wind ap with =auch unusable data in a
recording session, and are lucky to get one good set of data
in an eight honr period. The detailed computer analysis
shovn in the next section is dohe on one good set of data

taken in December, 1974,
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IIT. EXPERIAENTAL RESULTS AND AWALYSIS

A.___RESULTS OF EARLY EXPERIMENTS

A paper entitled "Single Bunch Radiation Loss Studies
at SLACY wvas presented to the 8th Intermational Conference
on High Energy Accelerators at CERN in 1971, Interest vas
quite high in the Electron Ring Accelerator concept, and
there was much concern about higher mode losses that a ring
might experisnce as it was accelerated to high energy. ¥We
vere able to report the results of our experilents vhich
showed that the higher mode losses were independent of beanm

energy, and the losses were linear with charge.

Data for these early experiments was recorded and
analyzed im the following manner. Accelerator parameters,
ircluding injection phase (theta<0>), were optimized so that
we obtained a single peaked spectrum for settings of all
intensities. We can sse nov from information presemnted in a
later section that this corresponded to keeping the bunch
sl1ightly ahead of <crest. A serias of 5 spectra were

recorded at intensities warying over a factor of 20. The
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slit opening was generally wider thap it is in present
experiments, varying from 0.5% at lov energies to 0.1% at
high energies. This tended to integrate and swooth the
data. A4 typical spectra recording is showm in Pig.IIIAY.
The centroid of each of the curves roughly corresponded to
the peak amplitudse. The energy was read as the energy of
the peak of each of the curves. We took several spectra at
each energy satting and averaged the reswlts. Peak bunch
charge varied from 6 to 9*10% electrons and was extrapolated
te 10% electrons, which is the normalized asplitade ve wse
for guoting energy loss figures. There is some question on
the bunch charge calibration of these early experiments. In
recent runs with more precise intensity =monitors we vere

unable +to achieve these apparently higher beam intensities.

Fach energy loss data set taken was analyzed for
limearity of the energy loss versus charge. W%e found no
cases where the loss versus charge showed any deviation from
lirearity outside of rormal experimental error. Pigq.IIIA2
shows amn energy loss versus charge plot takea from two runs
made at 2.5 GeV. The energy axis shown is the energy
contribution of the klystron used to vary the beam center
enerqgy across the slit. Although the absolate value of the
beam energy changed between runs, the slope and linearity of

the spectra remained the same.
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Pig.IIIA3 summarizes the loss measurement results for

the period 1968 to 1971, Table 2 1lists this sane

information in +tabular fora and includes dates of
experiments.
The first single bunch experiment {performed in

September, 1968) used the energy defining slits in the B-

slits were set for 1%

besd of the switchyard. The

transeission. An intercepting beam mopitor behimd the slits

was used for beam observation. One bunch of 3.3*%10%

in enerqgy to a siwilar beam of one

electrons was conpared

quarter this imtensity. Enerqy differences vere seasured by

noting the bending magnet settings at which the high energy

edge of the energy defining slit intercepted these two

beams. This difference amounted to 0.5% enmergy separatioa

of the two beams. Extrapolating this result to 16

electrons gave an enerqgy difference duse to radiation loss of

s Me¥ for a 2 GeV beam., The quality of 1nst£ﬁlentation for

this first experiment was marginal, so the probable error of

N

the result was large.

It vas decided in early 1971 to gproceed further with

initial checkout rwn in Janmary,

these experiments. An

using the energy analysis systes in the A-hend, produced a
seasurement of 42 %e¥ loss for 109 electroms at 2 GeV¥. The

jpstrumentation at that time wag still marginal but by April
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TABLE 2
Radiation Loss of Single Bunches with 109 Electrons

Energy Estimated
Date Energy Change Error #
9/17/68 2 GeV 44 MeV 7 MeV
1/14/71 2 GeV 42 MeV 8 MeV
4/19/71 7 GeV 38 MeV 5 MeV
4/19/71 10 GeV 34 eV 7 MeV
4/19/71 14 GeV 35 MeV 7 MeV
4/19/71 19 GeV 34 eV G MeV
7/14/71 0.9 GeV 30 MeV 7 MeV
7/14/71 1.5 GeV 34 AMeV 5 NMeV{
7/14/11 2 GeV 40 MceV 5 AMeV
7/14/71 2.5 GeV 31 Aev 8 AeV
7/15/71 2.5 GeV 40 MeV 3 MeV
7/15/71 5 GeV 41 MeV 3 \MeV
8/12/71 2.5 GeV 440 NcV 3 MeV
8/12/71 5 Gev 3G MeV 4 eV
8/12/71 12 GeV 34 Mev 6 MeV
8/12/71 17 GeV a8 AoV 5 MeV

*

Experiment done with only 2/3 of accelerator tength.

2.

277TA4b

Farly energy loss measurerents
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some elements of the single-bunch injection system and fast
bean pickups described in the appendices became available.
The April run was largely used to check out the new
instrumentation and data recording techniques. A fast
survey of radiation loss in the highar energy range produced
the April results Qhovn in Table 2. The dramatic effect of
injector phase, (theta<»), on spectrud vas noted during
this run. During the next experimental rum (July, 1971} two
shifts of available heam time vere used to obtain low energy
data with the spectrometer located at the 2 ks point. A
fast intercepting beam =monitor was placed behind the
existing amalysis foils there. The size of the pickup
corresponded to an 0.4% energy segment of the analyzed beasn.
The pickup and other instrumentation worked well, but the
energy analysis magnet exhibited some hysteresis which made
it difficult to interpret the data., These results are also
shown in Table 2. .Only 3 hours of beam time were available
in the full accelerator mode, and this time was used to

record data at 2.5 and 5 GeV energy points.

The last experimental run to be included in the early
data {(Table 2} took place in August 1971. One full shift of
beas tiwe wvas used to record data at energies of
2.5, 5, 12, and 17 Ge¥. To change the beam current injected
into the accelerator ve used a gun lens to defocus the bean

thus scraping off some of the beam current in the injector
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trarsport system. The effect of theta<0> was studied
further during this run, leading to a decision to develop
the sieve collimator for charge control and a cosputer

program to model the energy gaip and radiation loss process.
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B, LATER EXPERINENTS, CONPUTER DATA PEDUCTION

There was a two and one half year period between August
1971 and March 1978 when the accelerator time alloted to
accelerator physics was used for purposes other than this
experiment. During this time we desigmed@ the sieve
collisator, had it constructed and installed. Loew, with
the help of Woo and Early, started a data redmction coaputer

Progran.

The first of the new series of experiments started in
March, 1974. The axperisental tiwe assigaed to us in March
and July was wsed for equipment checkout and perfecting data
recording techniques. The Dacesber experimental run
produced the data which is analyzed im the next section.
Two spectrum recordings from this data set are shown in Pigq.
IIC3 amd Fig.TIIC4. All of the recordings were first sca;ned
for obvious errors and then converted into tabular fors and
ertered into the computer. The results of the computer data
reduction showed a marked increase in energy loss (49.9 nme¥
versus 38 Xe¥) for a nominal 10® electron bunch. The
maximum current we could traansport through the accelerator
showed up on the instrumentation to be lower by about this
percentage making either the current calibration of the
early data, or the current calibration of the new data

suspect. A last dJata taking rumn was scheduled before the
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Christmas shut-down in 1975. Althoughk much preparation was
made for this rum because we wanted to get precise intensity
calibration data, the accelerator was plagued by several
instabilities which umade +taking of data impossible. We
expect to record more data in futare runs, but not before

this thesis is cospleted.

Loew's coaputer prograam for data reductioa is based on
the following amalysis. The geometry of the bunch with
respect to the accelerating wvave crest aad accelerating
structare is shown imn PFig.IIIB1., In the absence of bean
loading, i. ®., small charge, the total emergy of an

electron is simply

E=E, Cos & (3-1

where E<o> = & Ge¥, and theta is the phase angle of the
.elactton with respect to the crest of the accelerating wave,
Becatse of the finite =1lit width the electrons passing
through the slit actually arise from a finite phase imterval

{theta<2> = theta<1>} such that

AE ' |
E «+ ru .-‘-' Eo Ces ‘9:,_ ‘ (3-2

and

T0

R
Accelerating Wave
Moving With Bunch

|
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[
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IIIB1 Electron hnnch geometry
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AE
E-F = B Ces®,

(3.3)

vhere delta E = 38e¥ for delta E/F = 0.1%. Theta<1> anpd
thétad<2>» correspond to the upper amd lover energy defining
edges of +the slit. This analysis assumes the energy
transnaission throaugh the finite widthk slit iz described by a
pair of step functions resulting from sharp-edged cut-offs
on both sides. In practice the finite transverse beam size
causes the actual slit function to be trapezoidal. This
‘more ‘precise slit function is incorporated in the computer

progran.

For a bench with uniform axial charge distribution, the
charge transamitted through the slit is directly proportional
to {theta<2> - theta<1>}. For a non-uniform distribution,
the phase interval must be wultiplied by an appropriate

distribution function of the form:

'F(e'c _.e_b (3.4)

The actual beam charge distribution is fognmd by calculating
" the predicted spectrus for a uniform charge distribution at
lov current, (1. e. negligible beam loading), and conéaring
it to the actual measured spectrum. The tatio of the two
spectra produces the actual charge distribution. Since

spectra are a functicn of where the odge of the bunch

T2

(theta<D>) is with respect to the accelerating wave, and
this measurement is suobject to some degree of uncertainty,
all the low current spectra shown in Fig.IIC3 are analyzed
to produce charge distributions, and then these
distributions are averaged to get the single distribution
shown in Pig.IITB2 which 1is used in the rest of the bean

loading calculations.

To the energy gain equations gqiven im (3.2) and (3.3),
one mest add an enerqgy loss term accounting for energy
deposited in the disc-loaded vavequide by a passing electron
bunch of non-negligible charge. This term as shown in {3.5)

and (3.6)

h=r
E +£2_£ = £s Cas G f~%—3—5 5(8,-8) Ge-9,) do (3.5)
%,

=

T
E'A?E=E°C°‘el ”df 5 5(e,-0) (-6 de u.e

%%
contains the distribution function, £ (theta<o> - theta) aad
a secont function G{theta - theta<1,2>), a "wake field™ ters
wvhich igitially was an eapirical attesmpt to take into
account the fact that fields induced by early portions of

the bunch uouid decay cor be out of phase for maximua
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deceleration by the time later portions nf the hunchk woultd

come through,
The constants in the beam loading term are as follows:

Alpha is a normalizing term proportlional to "bunch
charge, It can have values 1, 0,7, 0,4, or 08,08 depending

on which sleve collimator pesition Is belng used,

Beta is a scallng factor required to match the
exparimental energy loss wlth the calculated loss when
Wilson's wake=fleld function as described In ‘the next

section Is used,
Phl is tha total width of the heam bunch In degrees,

The wake fleld term, G(theta - theta<l,2>), vias
nriginally chosen emplirically to best matech the data, Based
upon the physical assumption that beam Induced fleld packets
left behlind were made up of many freguencles and that thelir
unretlated phases caused thelr decelerating effect to decay

in a phase angle, psl, the Gaussian funetlon

_ (e-8>"

Ge-g,) = ¥+ 3.7

was chosen for the wake fleld function, Later, as described
In the next section, an actual calculated wake fleld

function obtalned by Witson from Xell's computed mode

T



frequencies was substituted.

the experimental bean loading spectra, an 'exalple of

TABLE 3
vhich vas shown in Pig.IICA, vere converted to tabular form R lon:xpealeNTAL ENERGY LOSS TABULATED DATA
and entered into the computer. The vertical axes of THETACOI> INTG-ET(EIDE  INTG-I(EIDE E<AVGD
P the =3.2 1197726.0¢ 30304309 3947,28 170000
X = lal 3 n 283
spectra curves shown in Fiqg.ITIIB8-Pig.IITBY are in units of c:n 1194531:cc 301:§e§§ gg%g:g% 153333
3.; zggﬁ;x.aa 248,230S 3974,82 - 1.0000
current (i<E>) and the horizomtal axes are im units of fau 47151g'2? }}3:52;? 23;8'38 {‘3838
k WSE .
. den 219136, 50 £5, 2848 3963,77 146099
erergy in Me¥, (B). The expression: é?é%s- gg:sa?.oo 74,2359 3g41.31 1, 0000
Evme THSTAC TElEle  miclge  Save
-3, 1D, 2 1 0.703
, ~ 140 725154, 28 182.6273 3972.91 0:6#4;
A ( E) JE (3.8 0.7 75651%.2% 197 .4844 3971.56 0. 6320
. 2.0 7CIG42,12 179.3552 3980 .50 0.7184
4.0 273562,75 EB,ETRG 1983, 23 C.5979
E W HeT 314919.31 791897 39T6.77 O.,6641
m 1?.9 :gz;gg.g: gg.gag: 3971.29 046518
ARPS Tl £ 5 . 2F s 2P
is proportional to the bunch charge. In turn, the SIEVF = 37 +2e I98T. 35 fem329
a THErf<n> t:;g;g;(ggoE !Trg—éég%oe 3§§3VG) RATIO
. max -3 27 . 67 C.3787
expression: £ /{,(E) JE -1 ;g;;eg.:‘:; gé.gg:ﬁ 979,45 0.3226
O ool 378,12 541 3981, 31 03217
2.2 :;E?;:'%i 101 «862¢ 39R4.90 0ea103
G a ) . 42,6622 3989,44
Erniy - E:AV P 1RH 58,75 4722293 3983, 94 0u3381
Emsis [ (3.9 840 84396.87 21.3394 3978.42 C,.3B60
S y (E)JE 152;-5#_ gim-s.?s 20 .86 44 3967.68 C. 2308
= T“E‘f&°> !N;g;;;tg;oe IN;E-;;E;DE E<AVGY> RATIO
- 1 e 3972.65 C.0771
gives the average energy of each spectrus. The computer ~1.< 2157744 22.€179 3986.23 9.0805
;.; §3ng.?; f2.13:5 3983,02 C.CQ733
24 g, q,3718 3994 .07
calculates these +two quantities for each spectrum taken. 4,0 33452,36 8.370¢ 3996::? g.%ng
g.g 3223%';1 3.,9154 1991,98 0.0748
_ . . .94 2,8919 3985,42 0.,0704
this data set incluldes thirty—-two spectra: eight data sets 17 o 12173.00 1,17634 3973.65 C.0813
taken at theta<0> from -3 degrees to +10 degrees. Each set WERLSS ENERGY LORS FOR S¥10E8 ELECTRONS
. -3,0 12,346
contains spectra takem at the four sieve collimator settings -%:T z1.43
. .} 2&.,50
of 100%, 70%, 40%, and 8% transmission. The results of the i:a 5;:33
6 .7 24,51
jpitial data redaction are shown in table 3. The area N g2.7s
Y -8
integral (3.8), ¢the Ei{P) integral, apd E<avg> are listed 25423 MEV AVERAGE ENERGY LOSS

for each spectrum. The area ratio values using the 1700%

transmission collimator (alpha=1.0) spectra as base are also
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tabulated for each of the eight spectra sets., Some beam is
lost in the accelerator and swvitchyard om a random basis
vhich causes these area ratios to vary from the nombers that
would be expected from the sieve collimator settings. The
average energy loss experienced by the full intensity bear
can be extrapolated by averaging all these data using the

following expression:

(B -E o] [E,0%-Ea(roW)) €, pra-Edssl]l 5.4,
+ ‘ + |
o €2 .32
3

This listing is alsc shown in table 3. Although the spectra
shapes change gquite dramatically with injection phase,
theta<0>, one would not expect the average energy loss to be
a2 function of injection phase. Fig.ITIB3 shovs a graph of
B<avg> versus intensity for the December data. The spread
of all eight curves is within an experimental error margin
of 20%, The best £it for the emergy loss average over all
eight curves 1is a straight line, re-emphasizing that the
loss is linear with charge. The slope of the average of the

eight E<avg> curves is 89.9 ¥eV per 10° electrons.

Returning now to equations (3.5) an (3.6), Loev has
devised a progras to predict energy spectra based on these

eguations. The program searches for the appropriate angular
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excursions of theta between the slit edges tdelta E/2.
These are then multiplied by the proper ‘density function
f(theta<0> - theta), and a slit functiom mentioned ecarlier
in connection with the finite cross-section of the bean.
Using the simple relation, E = E<o>Cos(theta), the final
spectra are calculated. The thirty-tvo experimental spectra
superimposed on the corresponding calcul&ted spectra are
shown on a variable, or normalized energy scale in Pig.IIIBG
through Pig.IIIB6. In these plots the computer chooses the
energy scale to best display the data. This results in
narrov spectra having an expanded emergy scale while wide
spectra have a compressed energy scale. While this scaling
is guite useful vhen inspecting individeal spectra, it nakes
comparison of spectra difficult. The same spectra are
replotted omn a common, or ahsolute energy base in ¥ig.IIIB7
through Pig.IIIBY to allow direct comparison of spectra. 1In
order to get this data wmatch, beta, the scaling factor
betveen experimental and calculated data is taken to be
1.35. This means that the model based on Keil's modal
analysis ylelds a 1loss 3I5% lowver than ve measured
experimentally. Other than this difference, the results

match quite well.
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Cs COBRELATION OF EXPERINENT TO_ THEORY

Before proceeding to a discussion of Keil's energy loss
program and Wilson's energy loss calculations for the SLAC
accelerating guide, it will be wuseful to sketch out
qualitatively soxe aspects of the energy loss incurred wvhen
a group of charged particles tramsit a conducting structure.
Consider first a simple cylindrical closed cavity as shown
in Pig.IIICI.

The cavity is described in (thketa), {r), ()

coordinates and has a full set of TE and TM modes. Assume a
point charge passes through this cavity on the z axis with a
velocity close to c. The charge will excite all modes

having an electric field (E<z>) omn the z axis. These are

the TH<Omn> modes of the cavity. The amount of energy vhich
the moving point charge glves up to each mode will depend on
cavity geometry and will decrease as mode order rises. The
node density increases vith frequency, hovever, s¢ that the
total energy loss to higher modes can be substantial., The
TH<Omn> modes are all syametrical in theta and have an E<z>
field on axis. 1In addition the TH<pma> {(p>0) modes, ihile
having zero E<z> field on axis do have E<z> field off axis

and can be driven by an off-axis beam. It is possible to
calculate the energy loss to each of these modes and sum the

ehergy Jlosses. For a point charge passing through a closed
cavity the sum diverges, indicating that such an array of

cavities is not a sufficiently accurate model of a disc-
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loaded accelerating guide to solve the problem in this
manner. The accelerator cavities have holes which modify
the mode structure and resultant energy loss. Alsc, the
accelerator beam is not a point charge, but has finite axial
and radial dimensions which must be taken into account in

the analysis.

In order to model the accelerating cavities of a disc-
loaded guide wmore accurately, the analysis must take into
account the periodic nature of the stractutre. The
propagating modes in disc-loaded guide have been analyzed by
many authors, a few of vhich are listed in reference 17. We
will outline here a sufficient portion of this analysis to
serve as a background for Keil's emergy 1loss program and
¥ilson's calculations. In any smooth waveguide, the

relationship between v<p> and v<g> is:

/U? /U'& = Cfi (3.17)

so0 since v<g> must alwvays be less than c, v<p> is always
greater than c. In order for an electrom beam to interact
cumulatively with a traveling wave in a guide, the phase
velocity of the wave must egqual the electron beam velocity.
This is not possible in a smooth bore guide since v<p> > c,
but is realizable with a disc~loaded structure. Introducing

periodically spaced discs into a sacoth guide as shown in
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Pig.IIICH causes aultiple reflections of the trawveling wave
within the guwide and modfifies the propagation diagrams as
shown. The propagating region of the guide consists of
pass-bands separated by stop-bands. The successive pass-
bands' correspond to the TH<01a> resomamces of the isolated
cavity. A sisilar band structure exists for each THO®D
propagating wmode. The axial compoment of the field along
the z-axis is no longer described by a simple propagating
wave with a unique phase velocity. 1Imstead the field mast
be Pourier analyzed in z giving rise to a family of "space
harmonics® for each passband. Each of these space harmonics
has a unigqee phase velocity for each frequency in the pass-
band, but all space harmonics share the same group wvelocity

at that frequency.

A single bunch of electrons passing through the disc-
loaded guide will deposit energy in e&ch cavity. Since the
electron bunch is traveling at a velocity very close to c,
the RTF energy deposited in one carvity does not have time to
catch up with the beam in the next cavity. However, the
phase relationship between the resultant fields generated in
adjacent cavities will be that of a wave traveling at c.
The energy deposigeﬁ in each cavity by the beamn will appear
as a geries of propagating waves at fraquencies for which
the phase vwelocity of one of the space harmonics of each

mode is c. On the Brillouin diagram as shown in Fig. IIIC3

ly

these frequencies are determined by the intercepts of the
velocity of light line with the mode lines. This method of
apalysis is sore complicated tham the =single cavwity
resonance model, but it does allow the holes in the guide
discs to be taken into account in calculating beas enerqy

loss.

An added complication to this analysis lies in the fact
that the SLAC disc-loaded guide is mot truly periodic. A
truly periodic structure is a constant impedance guide wvhere
all cavities have identical dimensions. In such a structure
the accelerating E<z> field drops expobentially along the
leagth of the ten=fcot section as power is lost to guide
attennation. The SLAC disc-loaded guide is a constant
gradient structure in which the dimensions of each cavity in
the ten foot saction are varied to produce a constant E<z>
accelerating field@ Adespite the attennation of power flow.
Thus no two cavities are alike in the ten foot section and
the structure is not truly periodic. Keil's analysis
requires the assuaption of periodicity, so for the sake of
these calculations, we assume the SLAC disc-loaded structure
is made up of identical waverage cavities" which act
approximately as the real set of cavities. Wilson uses the
"average cavity" dimensions as shown in Fig.IXICUG which arve

those of cavity #4845 in the constant gradiemt SLAC structure.
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A coaputer progras written by Keilt1®) calculates the
(n) wmode frequencies, osega<n>, of a given periodic disc-
loaded gunide that have an B<z> field om axis and propagate
at the beasm velocity.  Assusing a point charge beam, the
program then calculates a beam interaction constant ([A<n>)
from which the energy loss (U<n>} to that mode can be
derived., Keil's analyszis proceeds as follows. The field
created by a moving point charge is obtaired froa the wave
equation for the vector potential n<?,t>:

2o baﬁ ?
\va' ! iy = =M, (3.12)

-
vhere 4 is the current density relating to the wmoving
charge. FKeil 1looks for the solution Iin the form of a sam

over the eigenfunctions of the hopogeneous egquation

r s
v - E"! %—% =0 (3.13)

vhere
AT =Z g () A () (3. 1)
i

Introducing the appropriate boundary conditions and field
satching requirements gives rise to a matrir equation in the

forn

o4

[5]|] -0

vhere propagating modes vith phase velocities synchronous to
the beam velocity occur at freguencies corresponding to-the
zeros of the determinant (P). The program evalwmates D in
steps deltac<omega> and where successive evalvations Cross
through zero it stops, finds the exact fraquemcy, oRega<n>,
at vhich the dJdetermibant is zero, and evaluates .the
associated fleld coefficient, A<n>, These frequencies aleng
with the field coefficients are tabulated for use in the

next portion of the progran.

As omega increases, the mcde density increases and the
delta<omegad> step must be reduced so as not to overlook two
closely spaced modes., The mode search becomes more and sore
time consumming as omega increases. Yor the SLAC disc-
loaded guide the first 816 modes have been identified in

this manner and the field coefficients calculated.

A second method of estimating beam energy loss in disc-
loaded guide was devised by Sesslerts> and is known as the
optical rescnator model. It is based on an analegy between
& set of infinite plates with circular holes and a pair of
circular sirrors. The latter has been extensively treated
ip conjunction with optical resonators. This mcdel produces

an analytical formula for energy loss as a function of
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frequency. The wodel's validity 1is limited as frequency

. decreases since the discs in disc¢~-lcaded guide are not

~infinite plates, but are terminated in conducting rings.

Bane has programsed Sessler's formula for computation and
compared the results with the energy loss calculated with
the =modal analysis. For +the SLAC disc-loaded guide

consisting of “"average cavities®™ the energy loss as a

) function of frequency for a point cbarge of 10% electrons is

shown dim Pig.IITICS for both the modal and optical resonator
models for a 39 bunch. In the overlap region, the two

models bave the same shape, but differ in amplitude by 30%.

Wilson uses both of these wmodels in predicting the
total energy loss experienced by a poimt charge beam. The
optical resonator model is scaled to match the 1loss
predicted by the modal method in the overlap regiom, and the
tvo results are then used to make a sinéie énergy loss
vEeLSus frequency plot. ¥ilson multiplies the loss
calculated for a point charge beam at each fregquency,
ocmega<n>, by a reduction factor based on actual bunch 1en§th
of the form:

_ UJNa‘}?
e ce (3. 16}

This expression assumes the bunch is Gaussian in shape where

sigma<z> is the bunch length, (standard deviation). Summing
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the modes in this manner produces an energy loss for a 2

degree bunch, 107 electrons of 35,9 MeV, Energy loss based
on the optical resonator model above thls mode summatlion
adds another 3,7 MeV glving a total loss of 39,6 MeV far
this case as compared to our experimental loss of 43,9 MeV,
This 1leaves a dlscrepancy between the two of 26%, This
method of calculating loss does not take Into account the
possible energy 1loss to the TM(pmn> (p>0) modes mentioned
earller, If the beam is symmetric In theta and on axls
throughout the accelerator, these modes are not exclted,
The beam s not totally symmetrlé, however, and it Is not
always centered In all parts of tﬁe accelerator guide, Thus
It is possible that these-off-axls modes may be exclted and
extract energy from the beam, This could account for some
of the 26% discrepancy hetween the measured energy 1nss and
the 1loss predicted by Wilson, Differences In bunch shape
between the experimental shape shown In Fig,I1IB2 and the
Gausstan shape Wllson used for hls calculatlon could aeccount

for the remalning d!fference,

Loew's data reduction program produces energy loss
Information as a functlon of electron poeslition within the
buneh as expressed by Egs, (3,5) and (3,6), Conslder the
finite 1length beam bunch to be divided Into many sub-
bunches, The flelds generated by preceding sub-bunches act

on all followling sub~bunches, At those frequencles for
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whiek the bunch tength |Is short compared to the fleld
wavelenzgth, the fields left by preceding sub-bunches
decelerate followling sﬁb-bunches. As fleld freguencles
increase and wavelengths grow sherter, followlng sub-bunches
expetrlence filelds from precedlng sub~hunches which are out
of ~ phase 'for makImum deceleration, Loev and Miller
or!glna!lyrtook this effeet I[nte acecount by using the
emplrical wake fleld functlon shown In equation (3,7), At 2
later date Wilson and Bane calculated this functlon for the
SLAC structure as shown In Flg,111C6 by usling Kell's program
to ldentify all the higher order modes exclited by a delta
functlion beam, By substituting thils function for the
nriginal empirical wake fleld function, Loew's propram

produced the gond agreement between eaxperimental and

calculated spectra shown in Flg,l1IBL through Flg_ I1IR9,
COHCLUSIONS

The résults of thls experiment are of slgnificance to
the deslgn of presently proposed and future storage rings,
The energy loss to hlgher modes of thg ring structures
cannot be Ignored, and Indeed may set an upper limlit to tha
oparating frequency of the stnrage ring R,F, systam because
thls frequency In turn determines the ultimate bunch length,
By chodsfng a tower frequency, the bunch becomes longer, and
the energy 1nss to hlgher 6rder mndes decreases, On the

other hand, going to & higher frequency results In a more

100

econnrmical and compact system, The dilemma created by this
problem is now being studied by the deslgners of the PEP
storage rlng but no frequency has been chosen as yet, This
experiment cross-checked calculations and cold-test
measurements made by Wilson on proposed PEP structures and
confirmed roughly the magnitude of the hlgher mode loss and

the valldlty of the computed wake~-fleld funetion,

e trled to he as meticulous as pessible In setting up
and conducting these experiments, Vie were favorakly
Impressed by the conslstency and degree of mateh between the
experimental spectra and the calculated curves, The only
najor discrepancy that Is un-explained by simple
experimental error 1is the 35% Jlower average energy loss
predicted by the theory, It s possible- thkat this
alfference could be explalned by an error in our lntensity
measurements or by additional losses to off-axis mndes which
the themry does not take Into account, Further work Is

Indlcated to resolve thls dlfferenca,
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1. _High Current Gupn Desiqn:

High current gun design in this context refers to
electron guns having peak output currents in the range of 1
to S5 amps with emittances of less than Spl ca«milliradians
at ~70 KeV. One such gqgun is shown wmounted om the
accelerator in Pig.I¥A1, Guns used at SLAC were designed
using an electron trajectory Program written by
Aerrmannsfeldtt 72, Field and ray plots shown in the

following discussion are the result of this program.

The original family of guns used at SLAC was designed
by #8erk and Miller.(®? These guns used a spherical cathode
and grid aﬁd had a peak output current of 1 a=mp. 6Grid drive
for full output was 800 volts. Cutoff bhias voltage was -50
volts. Cathode~to-anode potential wvas 50 to 930 kilovolts.
The size and angular divergence of the electron beam exiting
the anode were guite important since they detecrsined the
transport characteristics of the injector and the beam size
in the accelerator. Electron beaw g=ometry is described in
a six-dimensional space nade up of three position
coordinates and three =mosentum coordinates. For an
unbunched beaw as it exits the anode, the longitudinal

position coordinate is unimportant. If omne neglects the
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effect of thermal enerqgy varfation when electrons are
emitted from the cathode, the longitudinal somentus is Just
the momentum the electrons gain traversing the cathode-arode
potential. If one assumes cylindrical syametry for the gun
structure, the remaining four coordinates reduce to two, the
exit radius, and the exit radial mowentusm. Osing these
coordinates to define a plane, each electrom occupies a
point on the plane, and the collection of electroms forming
the beam occupies an area on the plane. The plane 1s known
as transverse phase space, and the area occupied by the bean
is called transverse beam emittance. Im this type of gqun
design, longitudinal and transverse momentum scale for a
given gun geometry, so it is sometimes more convenient to
express transverse momentum as am angle given by the
derivative, drrsdz. In these units the emittance of the
original SLAC gun wvas 1.2pi cam-milliradians at -70 KeV¥.
This gun worked well on the accelerator, and it was not
until we began to contemplate short pulse, high intensity
beam gemeration and chopping systems that we started to look
for higher current capability. To meet these requireaents
the aunthor with +the help of Dr. R.Miller embarked upon an
improvement program aimed at increasing cerreat output and
decreasing the drive requirements. Design optimization
centered on the improvement of two parameters, the perveance

of the cathode-anode region, and the autual tramscornductance

10k

of the cathode~-grid region. Perveance is a geometric factor
associated with the electrode shapes in a gun. It gives the
relationship between cathode-anode voltage and cathode
current when the cathode -is operated under space=-charge-

limited conditions:

K ="§—% (.1

¥ith cathode voltage held comrstant an increase im perveance
increases cathode currcent propertionately. Nutual
transconductance is a property of the cathode-grid region.
It is a condnctance defined by the ratio of incremental
change in gun current for an incremental change in grid

voltage:

AT

Gm = (8.2
A V%

An increase in g<a> reduces the required grid drive voltage
for a given gun carrent outpuat. The current density
requirement for the cathode of the o¢ld gum was wvery
coaservative, less than 1t amp/cmZ, It was decided to use
the same cathode at an increased current density. Fig.IVA2
shows a cross-section of the origimal gun as it was built
after desigm coptimization by the computer program. Fig.IVA3

shows a computer generated plot of the potemtial boundaries
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and beam trajectories for this qun. Beferring to this
figure we cam point out scme features of this gun design
program. The program assumes circular symsetcy of gun
electrodes. The ountpnt plot shows a half cross-section of
the gun electrodes and beam profile. The region of interest
ics divided iato a field of about 8,000 mesh points. A
cross-~section of the metal qun electrodes is drawn to a
converient scale on this field of wesh points (in this case
.025 inchs/mesh unity. These wetal sarfaces represent
Dirichlet bhoucdaries on which the potentials are known and
specified in the prograe input. Then to complete the
bourndary conditions, boundary surfaces between glectrodes
must be chosen which are Neumann bourdaries on which the
mormal component of the electric field is assumed to be
zerc. Both the Dirichlet and the Neumann boundaries are
read into the computer by specifying a set of mesh points
closest to the boundaries along with a pair of imterpolation
numbers, delta x and delta y, that give the distance froa
the mesh point to the boundary. A time-saving featere of
this program is an interpolation subroutine which allows the
user to specify only nesh points im the regions where the
boundaries are changing shape. The computer interpolates
between given points to get the missing points amd can fit
curved as well as straight segments wvith this subroutine.

Once the boundaries and the boundary potentials are read

108

intc the computer, the program proceeds to find fjelds aad

electron trajectories in the defined regions as follows.

Using Laplace'’s equatiom tke program first calcelates
the poténtial at each mesh point from the potentials given
on the boundary electrodes. The emitting surface of the
cathode boundary has heen specified in the inpat
information. The programs néxt takes the calculated
potentials in front of this cathode surface, and using the
Child-langmuir equation for space-charge-limited eaission
calculates the current emitted from a set of comcentric
rings of cathode area. Making am initial assumption that
these rings of current pass through the gum region as
cylinders, the program solves Poisson's equation for the
potentials at all the mesh points in the presence of this
charge. From this set of potential points, the trajectories
of each of the current segments are calculated. Iith.this
nev curremt distribution Poissoan's equationris again solved,
and the whole procéss iz jterated unstil thke solutions
converge. Pinally, by an algorithm described in reference
7, the exit radius and transverse momentum of each curreat
ray is used to calculate a number corresponding to exit beanm

emittance.

fesults of thase operations appear im the printost of

this program. Two important numbers ocbtained from the
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printout are gun current and beam emittance. ddditional
information is obtained from observing the trajectory plot
shown im Fig.IVA3, The program constructs this plot by
first draving ¢the electrode boundaries from the given
pirichlet and Neumann conditions. It then draws on this
same gplot a set of rays emanating from the cathode and
following the electron trajectories for each current segment
calculated. Pinally it dravs a set of equipoteatial lines
through the active region. A second plot, shown in
Fig.IVA4, is made of drsdz as a function of anode exit
radiuns - (r} for each ray. drsdz  is proportional to
transverse momentus for a given cathode-anode woltage, and
hence this plot gives a pictorial view of beam emittance and
i= useful in modifying ¢the gun geometry to aininize

emittance,

The original gun design was based on approximating the
characteristics of an ideal spherical diode. The grid
electrode was positioned at an equipotential surface located
at 1% of the anode voltage. The outer regiom of the grid
electrode was then shaped tn approximate the fields at bean
edge which would he obtained with an ideal spherical diode.
The sinimum emittance for an ideal spherical diode is
datermined by the area and temperature of the cathodet(®),

The formula for this area is aivem by:
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AT z
A=7}.‘:mc ] MeV

mct - cm {8.3)
where r<e> is the cathode radius, m is the resat mass of the
electron, ¢ 1is the . welocity of 1light, k is Boltzmann's
constant and T is the absolute temperature of the cathode.
For the original SLAC gun shown in Fig.I¥i2, this yields a
minimum emittance of 0.43pi cm-milliradiams. This is a
noise-source term taking into account the thermal velocity
with vhich electrons leave the cathode, The gun program
assumes this velocity to be zerc and bhence does not include
this terw in the emittance it calculates. The eaittance
calculated by the gun program for these designs are usualiy
an order of magnitude larger than this thermal emittance so.
its exclusion from the calculatiom is nunimportant. 1In
designs requiring much ssaller beam emittances, this thermal

ters would have to be included in the design consideration.

What follows is a description of the step~by-step
process of making design iwprovements op a gom with the aia
of the cowputer. We shov three computer rums in this
process. The actual number of runs used in the real design
vas wmany times greater. In this case ve were attempting to
increase the qun pérveance by a factor of 3 and the gun

mutual transconductance also by a factor of 3.
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The initial qun redesign effort centered on increasing
the gun perveance. The computer plot of the origimal gun

vas previously shown in PFig.IVAl. Eerveance can be

increased by reducing the cathode-anode spacing. Fig.IVAS

shows a diode solution of this gun with a longer nose anode.
The diode current has gone wp from 1.7 amps to 6.5 amsps.
Several obs=ervations can be made fros Fig.IVAS. firSt, the
field gradient around tha anode nose as deduced Eroi.the
spacing betwvean equipotential lines is twice that in the
origiral gun. This would lead to high voltage breakdo-n'at
relatively lovw voltage 1levels and must be corrected by
further shape wmodifications. The 6.5 amp cwrrent obtaiped
for this run indicated the general anode shape and the
cathode-anode spacing was in the right range to produce a
S amp qun. The heam emittance was up a facter of three, an
acceptable amount considering that the current was up 2a
factor of four. Some emittance isprovement was still

expected on the final design.

The anode shape vas modified as shoin in Fig.IVAS6. The
nose was wmade broader to reduce the field gradiext, and it
vas moved back 3 mesh units from the cathode to reduce the
perveance. This produced a curreat output of 5.8 amps, and
the field gradient in the vicinity of the anode was now
lower. The emittance was isproved to 8.2pi cm-milliradjans

at =70 Kev. This completed the portion of the gun design

1n3
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related to cerrent and perveance. There resained now the
job of selecting the location of the grid and the optimunm

grid potential.

In theoretical gun design it is normal to place the
grid on one of the equipotential surfaces in the diode
solution. Thus if ¢the gqrid is drivea ¢to the fall
equipotential voltage, beam emittance of the diode solumtion
is preserved. This gives the best beam emittance at the
waximus rated current of the gqun. At lover beam curreats,
the esittance is larger, but this just causes more of the
beam to he lost on the collimating apertures of the injector
tracsport system without affecting the beam emittance in the

accelerator.

#hile in theory the gun grid cam be placed along aay
eguipotential line, in practice several othker factors not
taken into account in the computer sclution mast be
considered. The grid is a mesh structure of finme wires, and
not an infinitely thin electron-transparent equipotential
surface. If +he wmesh size is significant compared to the
grid-cathode spacing, control and focusing characteristics
of the grid start to .deviate considerably from the computer
wodel. Oxide coated cathodes operate at 800 degrees
Cerntigrade. All metal cathodes can run as high as 1600

deqrees Centigqrade. If the grid is pcsitioned wvery close to
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the cathoda the radiated beat can cause the grid to reach a
t;nperature 1t which it ﬁill emit electroms. This liaits
the cytoff-current ch&ractecistic of the gun. Closer
éathode—qrid spacing also puts more esphasis on mechanical
tolerances and their variation with tesperature. If spacing
ié pot held constant across the cathode surface, gun
emittance suffers. In the limit a shorted grid to cathode
cAan cause tﬁe gun to fail altogether. & last conéideration
on grid-cathode spacing cbncetns the stability limits of
ircreasingly hiqgh mutual transéonductance. At so;e point,
jead inductances within the gun will allow a positive
feedback situation to exist between the grid and cathode
which will cause either oscillatioms or bistable current

outputs for some drive levels. This has been encountered on

some of these high current guns.,

The original SLAC gun had a grid-cathode spacing of 0.1V
inches. This spacing corresponded to the grid beinmg located
at the 1% anode equipotential surface and yielded the fuil
qun cutput at a grid drive of T00 volts for an anode voltage
of 70 kv. With the modified anode of the mev gua, the same
0.1 inch spacing corresponded to a 1.7% anode eguipotential
surface. This spacing would have required a grid .ﬂtitt of
1,300 volts to get a 5 amp cutput from the gun. One of the
original design objectives ir this gun modification was to

be able to drive the nev gun to fell output with a grid

a7



drive pulse of about 000 volts. The 800 volt equipotential
in the diode solution of Fig.IVA6 was at 0.04 inch spacing
from the cathade. Becaunse of the computer mesh size in
Fig.IVA6 it was not possihle to specify a grid electrode
boundarv at this location. A two~to-one scale expansion of
the cathode region vas made in the program and appropriate
potemtial bhoundaries in the Neumanan areas veré introduced to
keep the fields the sase as ia the snalier scale diode
solution. A grid elactrode spaced at 0.08 inches froa the
cathode was laid on this pev scale, and after several
computer runs it was found that a grid voltage of 480 velts
vould approximate the results of tbe diode Qolution. This

is shown in Fig.IVa?.

An 0.04 inch spacing was considered quite ssall in view
of the wmechanical probleas that might arise. 1Ir spite of
this we decided to constuct a gun vwith the nev anode
configuration and a 9grid with 0.0% ipch grid-cathode
spacitg. The results were guite gratifying. After cathode
conversion the gun produced S amps output sith a drive
voltage of 40O wolts. This first gun wvas installed on the
accelerator, but in the ©process :f imstallation, a small
vacuum leak developed wvhich poisoned the cathode
sufficiently to cause temperature lisiting at about 2 amps.
Some evidence of grid-cathode arcing at negative cutoft

potentials in excess of -700 volts vas obsarved. Actumal
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tutoff vas observed at a potenginl of =35 volts. It was
usual to run the gun wvith a fixed height drive pslse of 1000
volts and to obtain current control with a variable negative
biasg. Barlier guns wvere capable of withstamdiag -1,500
volte of bias. Since we could achieve full drive with less

than 500 volts, the =700 volt bims 1limit was acceptable.

-

The initial test setup 4id not allow wms to look for
positive~feadback instabilities, and after the gun wvas
jnstalled on the accelerator the catioda poisoaing precladed

their possible observance.

Two more guns of this design were constructed and found
to operate in the 5 amp range with drive voltages of about
500 volts. The first of +these was installed on the
accelerator in place of the poisomed gum, and we prosptly
ohserved our first high mutonal transcondnctance
instabilities. As grid - drive was increased, gun current
increased smoothly until a current of 2.5 amps was reached.
At this point the trailing edge of the 1.6 microsecond
current pulse jumped to 3 amps. As the grid drive was
increased further the transition between the two current
levels moved earlier in the pulse. Continuing to increase
grid drive caused the cathode current to become talpefat-ne
limited, thus reducing the transconductance and eliminating

the effect. The effect could also be eliminated completely
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by reducing the cathode temperature to the point where the
cathode became reaperature limited before the effact
started. This still allowed an output curremt of at least 2
amps from tﬁe gun. MAfter these observations were nade on
the accelerator, the gun resaining im the lab vas set wp and
justrusented for further study of this phemosinon. In the
lab the second gun produced SOMHZ oscillations at
approyimately the same current threshold. The difference
between the lab setup and the accelerator vas that in the
lab the gni was coupled %o the driving pulser by only a fev
feat of cable, uhile-on the accelerator the pulser was ia
the klystrom gallery and the gun was in the tunnel with 100
feet of cable betveen them. When a long length of cable was
added in the lab setup, a bistable condition similar to that
observed on the accelerator resulted. No further work bhas
been done ob this probles as it does not affect the very
short pulse operation for which this gqum was ﬂesigned. For
longer pulses which are always used at lover currents,

reduction of the cathode temperature eliminates the problea.

The guns descriked above suffered from shorter cathode
1ife tharn the original lower current series. This problen
coupled with the high transconductance instabilities caused
us to reduce hoth perveance and transconductaace in later
designs. The current SLAC standard gun mow has ar average 2

amp output with a drive of 500 volts.
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A different approach to gun design was taken lately
which =makes use of préfabricated cathode-grid assenmblies
from UHF planar triodes. Both Eimac and Machlett
mapufactore these +twmbes in large quantities. The current
output of such cathodes is in excess of 10 amps and the
qrid-cathode wsutual transconductance 1is guoted as 30,000
microshos and frequently exceeds 50,000 wsicroshos. This
transconductapce is a factor of three larger than the SLAC
standard gun. Cutoff voltage is lesé than -40 volts. seal
Rorris at EGG ias being supplied with unconverted cathode~
grid assemblies from production rums of these tmbes. BHe had
incorporated this stracture into a gumn design for the EGG
accelerator at Santa Barbara. We borroved the idea and
designed our own gun wusing this structure mounted in our
standard ceramic qun envelope. Fig.IVAB shows a cross-
section of this new gun. The cathode conversion time is
guite short, typically 1less than tvo bours. We have
achieved peak currents in excess of # amps with grid drive
levels of only 200 volts. While the observed lifetime of
the three cathodes we hava uted to date on the accelerator
is short by the early SLAC gun standards, the cathodes have
lasted omne accelerator cycle each (two months). ¥%e 2:1pect
lifetime to improve as our fabricatiom amd processing

techniques become hetter.

lz22

Grid-Cathode Assembly
" Gold-Wire Vacuum Seal

IVA8 High corrent,
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From the gun-anode output to the accelerator imput the
elactron bLeams froa each gun are transported by a systes of
thin lenses and.are bent onto the accelerator axis by two
pulsed mirror magnets known as alpha magnets. AR unexpected
benefit from this nev gun design was an imncrease im the beanm
transmission through this region from 70% to 90%. The bean
from the nev gun seeas to bave a smaller emjittance than that
of +the old gun, although computer calculations shov similar
computed emittance. This could be due to a more aniform
cathode-grid spacing in the prefabricated assemblies. This
wvould not shov up in cowputer sclutions as the computer

assumes perfect circmlar syssetry.

Because of the closer cathode~grid spacierg and finer
mesh grid the new gun cannot withstand high grid-cathode
potentials without arcing and damage to the structure. It
.45 ideally suited for fast pulsing of the grid since the
qfid-cathode structure is coaxial and very short. With
pulsing techniques describted in appendix 2 we have achieved
in excess of 2 amps output im a pulse less than 5
nanoseconds full width at half maximus. The gen itself is
capable of producing pulses of less than one nanosecoad rise
time, but this requires a very fast grid pul#er sourted in
close proximity to the gun on the high voltage terminal.
Such a pulser was designed apd breadboarded, bat

difficulties in making it work imn conjunction with other
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conventional pulser systess caused this approach to fast
pulse generation to be abandoned. Imstead ve have gemerated
very short, and single R¥ bunch pulses with a variety of

trapsverse beam chopping techhiques described in nppcndit a,
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2, Fast Pulse Amplifier Desjiqn:

Parly in the consideration of this experiment the need
was recognized for a method of gemerating fast rige time,
short electron pulses from the gun. This need also becane
evident in the requirements of various time-of-flight
experiments being proposed by High Energy Physics users.
Two very different methods of injecting short pulses of
electrons into the accelerator were considered. The first
method envisioned constructing a fast rise time pulsing
system to modulate the gun grid. The second method utilized
resonant daflector plates to sweep the bunched bean
transversely across an aperture, thus choppimg it into a
train of short pulses. Ultimately both methods of fast
pulse generation vere developed and installed on the
accelerator. This experiment uses a coabination of both

methods to produce a single bunch beaum.

Por the fast rise time pulsing system, two avennes of
development wvere open. Fast rise time, line-type pulser
systems using spark gqaps, mercury relays, or avalanche
transistors could produce pulses with rise tises of less
than 3 nanoseconds. They could not, however, be pulsed at
repetition rates above one aegaheriz, por vas the triggering
stability sufficiently good for our application. Interest

centered omn a fast rise time pulse ampliffier vhich could
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directly drive the gun grid with a train of short pulses,
Dr. Norris and Mr. Hapst at the Santa Barbara accelerator
facility of BEGG had developed a fast pulse amplifier using
UHF planar triodes that came close to =meeting oaur
requirements. Through a trapsfer cf AEC funds we purchased
one of these units from BGG. Over the last several years at
SLAC we extensively modified this design and constructed our
own units which are currently in use for this experisent and
other SLAC Physics users. In the process we made extensive
studies of OHF planar triodeas, broadbard coupling
transformers, and interstage matching techmniques. The
followinq discussion illustrates the desigm process used in

producing our present amplifiers.

UHF planar triodes are characterized by high peak plate
current capabilities, lov interelectrode capacity, and high
rransconductance. The specifications of the planar triode
that wve bhave used in our amplifiers are showa in Fig.IVA9.
The form of the fast amplifier that we are currently using
is divided into three subchassis, a lov level amplifier, a
high level amplifier, and the power supply. The aaplifier
staging is shown in Pig.IVA10. This figure also shows the
single stage equivalent circeit used 1ip the conputer
analysis described later in this secticn. Although the same
tube is used throughout the amsplifier, the ragion of

operation on the tube characteristic changes with the drive
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Cathode: Oxide Coated, Unipotential

Heater: Voltage ............ 6.3:0.3 V
Current, at 6.3 volts . . .. 130 A
«wdnsconductance {Average):
Ih= 160 mAdc, (200m)\/cm2) e 38 mmhos
Amplification Factor (Average) . ... 80
Ditect Interelectrode Capacitance
Grid-Cathode .. ............ 8.0 pF
Grid-Plate . .. ... ..iuuuunn 2.25 pF
Plate-Cathode {(maximum) . ... .. 0,06 pF
., Cut-off Bias3 (maximam) . ....... =30V
m
PULSE MODULATOR DR PULSE AMPLIFIER PULSE CATHODE CURRENT .. ... ... 7.5 AMPERES
SERVICE DG PLATE GURRENT ... ......... 150 MILLIAMPERES
AVERAGE PLATE DISSIPATION
ABSOLUTE MAXIMUM RATINGS Foreed Air Cooling [7211) <« . v v .o 100 WATTS
. GRID DISSIPATION (Averagal. . . . . . 2 WATTS
DCPLATE VOLTAGE ... ... .. 2600 VOLTS PULSE DURATION . .. ... ........ 6
PEAK PLATE VOLTAGE . . . .\ .\ - 3500 VOLTS DUTY FACTOR o .vuvnsansens o 0033
DG GRID VOLTAGE . ... .... 150 VOLTS CUTOFEMU ..o iiieeaenannnn 60
INSTANTANEQUS PEAK GAID-
CATHODE VOLTAGE
Grid negative to cathoda . . .. -700 VOLTS
Grid positive to cathode ., ., 150 VOLTS

CHBAET 1y
-

TLATE VAR Pk} T 23T

IVA9 7211 Tube spaciflications
128

2777A8d

——— Td
Ve, NON - LINEAR
VR(T)

(1) gm_r__—'—’io(f)
—‘_-I——b £ |n ral -
e RN

vin ST INVERSION | v (1) R_ #Rg = Cq
TRANSFORMER | |

AMPLIFIER STAGE EQUIVALENT CIRCUIT

B+ B+ B POWER
AMPLIFIER
3 STAGES E 1
pr-———— = hn —_——am
. . DRIVER
1 |
3-72i ﬂﬂ\\-\ 72l ~
:'_E ! SPUTTER 4 _75, 1400V
] A
oV | i 100V TUBES
gt A M o
| ] [ T
i _[“ | -
! F3 | = 3 3
T : —

MIGH LEVEL AMPLIFIER ¥

IVA10 Fast amplifier staging

129



level. Imnterstage coupling-inversion transformers are of
the daistributed type discussed in more detail im the next
section. For pnr purposes here wae may consider thea ideal
1:1 inversion transformers with a single pass delay in the
range of 3 to 7 nanoseconds. The characteristic iampedance
of each transformer is either S0 ohms or %92 ohms depending
on the cable with which it is wound. Circuit reactance
consists wmostly of plate capacity, transformer capacity,
grid capacity including Killer input capacity of the
folloving stage, and general stray capacity associated with
transformer transitions and physical layout of the stages.
With a good mechanical 1layout, the sum total of this
capacity is usually less tham 35 picofarads. Individwal
stage gains are low, usually about 2-8, so the Niller

capacity does not dominate the sum.

c<gp> i = 2 picofarad
C<socket> = $ picofarad
C<transformer> = 6 picofarad
c<gk> = 8 picofarad
C<gp{A+ 1) niller> = 8 picofarad
C<stray> = 8 picofarad
c<total> =33 picofarad

A rough approxisation to interstage rise times can be

obtained from anm BC time constant calculation:
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RCI2>DC<total>=(92) {(33*10-12)= 3 panoseconds
RCS0>C<total>=(50) {(33*%10—12)= 1.7 nanoseconds

Fig.IVA11 shows a picture series of a single 3 nanosecond
rise time, 7 nanosecond full vidth at half maximus pulse, as
it progresses through the amplifier. The series contains
two sets of seven pictures eaéh. The left-bhand series shows
a single 7 nanosecond pulse as it transits the seven stages
of the amplifier. In each case the smaller trace is the
jmput to the grid as shown in £i9.IVA10. The output of the
stage as viewed on the grid of the next stage is the larger
of the two signals shown. There is a picture shown for each
stage and the pictures are mounted to show the progression
of interstage time delays. The right-hand series of
pletures contain the same information as the left-hand
series, but the scope sensitivity has been gdjusted to
display input and output pulses wvith equal asplitude, and
the time base has been moved to superimpose the two pulses
so that the shape change from input tc output cam be readily
seen. HWe will use this series in descriptions of the Jgain
and reflectiorn analysis. Wote im the right-hand series of
pictures, the amplifier does not degrade the 3 nanosecond
rise time of the input pulse, but it does stretch the pulse

length, and adds some satellite pulses to the trailing edge.

Because of the drive sensitive grid impedances and

nonlinear g<a> characteristics of tubes operating froa
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SINGLE PULSE PROGRESSICN THROUGH AMPLIFIER
Sns/cm

5V/iem STAGE | GRID TO STAGE 2 GRID

10v/cm STAGE 2 GRID TO STAGE 3 GRiD

20V/em STAGE 3 GRID TO STAGE 4 GRID

STAGE 4 GRID TO LOW
LEVEL QUTPUT
(500 TERMINATION)

100Wem STAGEI_C? GRID

STAGE 6 GRID

STAGE € GRID

iCOV/cm TO
STAGE 7A GRID

STAGE_7A GRID
200v/cm TO

HIGH LEVEL CUTPUT
(5050 TERMINATION)

prtle]

IVA11 FPast amplifier pulse response
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cutoff to saturation, it is most convenient to use a -dynamic
impedance plot as shown in IVA12 to analyze stage operation.
on this plot the y axis represents current and the «x axis
represents voltage, making the face of the graph an
impedance surface. The tube g<a> for the given plate
voltage and operating region is first plotted by taking
points from the transfer characteristics shown in Pig.IVAY.
Tn the same manner the dynamic grid impedance of the
following stage is plotted. The characteristic impedance of
the interstage transformer, %<o», is drawn on the graph.
The grid matching resistoer, B<L>, is also drawn on the
graph. Grid capacity sust be taken into etffect and this can

be done on the impedance plot in the following way.

For this example we can describe the palse to be

amplified as a cosine squared function

glm# A (8.5)
V(f)=V°Cos (—};— '%‘342‘4%
ot Vi) = _\ég ( I+ Cos(%’?)) (#.5)

where ¥<o> is the peak amplitude of the pulse and t<o> is
the baseline width of the puise, For the impedance plot we

need to know the effect of the grid capacity im terms of 1
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as a function of ¥ for a specific pulse givem by ¥<o> and

t<od>.

. d Vi) -
AlE) = Ca 37 (8.6

Fliminating t between (4.5) apd (%.6) yields:

A (V) = - C "-Vn Sw [Co.s‘, ) -7

This function can be tabulated for any set of parameters,

Cc<g>, ¥<o>, t<o>. 1In this particular analysis, the value of

t<o> is 10 manoseconds, and the value of the -grid capacity.

is taken as 20 picofarads including Siller impet capacity
and other stray capacity. The function 1s roughly
semicircular and is double-valued as a functiom of ¥, being
pbsitive as ¥ increases and negative as ¥V decreases. This
corresponds to current being delivered to the capacitor
during the rise time of the pulse and spilling out of it
duaring the fall time. The effect of this is shown on the
ispedance plot of Fig.IWA12. The positive impedance tends

to help the overall stage satch during the pulse rise time,
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Stage 1

7 V Drive
Measured Gain 2.5
Predicted Gain 2.8
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but durimg the fall time the negative impedance causes the
pulse to be lengthened in time anﬁ ‘also causes a high
jmpedarce reflection to be launched back through the
jntetrstage traansformer. Since the preceding tube plate does
not look like a latched-terlination, bat instead_looks like
a high resistance in parallel with a small capacitance, the
signal is reflected a second time and can return to the grid
tvo transformer delays later with positive voltage
components that can cause satellite pulses in the amplifier

output if they are mot suppressed.

¥ith the help of Barbara Woo, a computer prograamer at
SLAC, this analysis scheme vas programmed for colputatiop in

the following wmanper.

1. An §i(t) is read into the cosputer. This i(t) is a
single pulse of current in time with no double-valued
perturbations on either the rise or fall tise, and no
satellite pulses following the initial pelse. When the
analysis deals with the first stage of anm amplifier this,
ift) is just the current delivered from the pulse gemerator
as seen through the 50 ohm transmissios line impedance. For
the case of a later amplifier stage this i(t) is the plate

current of the previous stage.

2. The 2Z<0> of the input transmission line, or the

136

transeission line making up the interstage transformer is

read in along with the estimated grid capacity, C<g>.

3. A voltage as seen on the grid assuming a matched

termication of 72<o> is calculated from:

Vio (Y = 2, 4 () -9

Since the input cable delay or interstage transformer delay
is 1lomg with respect to the pulse length, this ¥<go>(t) is
the voltage seen at the input to the cable. The voltage as
seer at the other end of the line at the grid is ¥<gn>(t},
vhere n is an iteration number. all nonlinear impedances
are specified as a function of V<gn>(t). Using ¥<go>(t) to

get the problem started we let V<q1>(t} = Y<go> (t).

N, From this v<g1>(t) a current

Lo = AV (6.9)
e L ar

is calculated. The problem is divided into two parts, obe
corresponding to the rise tisme of the input curreat pulse,
and the second corrasponding to the fall tiwme. A double-
valued fapction I<Cqg1> (¥<g>) is interpolated from I<Cg1>(t})

and v<g1>(t).
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6. The dynamic grid ispedance R<g> is read jin as a
tabulated fumction I<g>(¥<(g>). The loading resistor R<L> is

also entered.

7. A load resistor current, I<L>{V<g>) is calculated froa

V. .
Iocy)= 2 10

8. The total current ICT>»(V<g1>} is nov obtained from the

SUR

IT(Vﬁl)'-'- Icscvﬁ’)“} Ia(VS")“.IL(U&J) (.11

TCTY (Vg 1), 149> (¥<g>), I<CC>(V<g1>) and I<L>{¥<g>) are
plotted on the impedance surface. Such a plot is showvwn in
Fig.IVA13. Z<o> is also plotted on this surface to shovw the

relative stage match,

9. Ir Step 3 wve assumed that the voltage ¥<q1>(t) as seen
on the grid was derived from an i{t) flowing in a matched
load 2<o>». Based on this we obtained am actuoal dynamilc
I<T>(¥<g1>) present at the grid Junction for the given

¥<q1>(t). Proa these tabulated functions real forvard and
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VOLTAGE

IVA14 Fowvward

and reverse tipe furciions

1L0

2777A7S

reverse voltage functions on the tramsaission lime can be

calculated as follows:

Zo I-rcvp) - V&,
z

(8.12)

VR\(V n) =

and

v}-‘-|(u$i> = Vi' - VRI (¥.13)

10. ¥<F1> and ¥<R1> are then interpolated back into time
functions using Vv<g1>{t) as the tramslator. The ressalting
V<F1>(t), V<RI>({t) along with V¥<go>(t) are plotted in
Pig.IVA4, We now have a consistest solutiom, but the
solution is for an assumed wave-shape on the grid, not the
actual wave-shape present. ¥#e bhave calculated what the
input voltage,V<F1>{t), is for this assumed grid voltage,
¥<g1>(t). By altering the assumed grid voltage wave-shape
vith the following three corrections, ve can approximate a
pew grid voltage wave-shape which when entered into the
program will produce an 4input voltage wvave-shape <that

matches the actumal input voltage vava-shape.

11. Three corrections are made to V¥gi>(t): a tine
correctjon, a delay correction and an amplitude correction.

Pig.XIVA15 shovs the geometry of these corrections. We are
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trying to find a v<g2>(t) which will produace a V<F2>(t) that
matches ¥<go>(t}. To this end the half-height widths, (T<2>
and T<1>, of ¥<PI1>(t} and v<go>{t) are calculated. The
time delays (T<d2> and T<d1>) from the zero referemce point
to the centers of the half-beight widths are ﬁlso calculated
and their difference taken to produce a delay differential,

delta<T>. The ratio

T
R, = —=
v T

(4. 14)

is also calcmlated. W®ith these two numbers, delta<T> and

R<n>, the following corrections are made:

a. V<F1>({t) is expabded in time by R<n> about T<d2>.

b. The expanded V<F1>(t) is delayed in time by delta T.

c. The amplitude difference between V<go>(t} and the
expanded and delayed ¥<F1>(t) is taken and added to
Y<q0>(t). 7

d. This amplitade corrected ¥<go>(t) is then expanded in
time by R<n> about T<a1>.

. The corrected, expanded ¥<go>(t) is delayed by delta<T>.

This modified function now becomes ¥<g2>(t} which is
the input for a second iteration of the program. Ia most
cases, the resultimg ¥<P2>(t) now matches quite closely the
original v¥<go>(t). ?ig.I¥YA16 shows a typical exasple of

this match.
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12. The pulse shape as seen at the grid for a given inmput
i(yy is V<§2?(t) plus a delayed réflection'terl‘based on
v<g2> {t} and the plate capacity, C<p>. The progras solves
the tise-domaln diffefentinl equation that describes the
reflection of ¥<B2>({t) at the capacity (C<p>) loaded input
junction, amd adds this reflected term to ¥<g2>(t). The

-expression:
Var @) = Vg (1) 7 Ve (H-244) (. 15)

describes the final voltzge waveshape as seen or the grid,

an example of which is shown in Fig.IVA17.

1®, The last operation is to read in the dynamic g<m>
characteristic for +the tube. With this characteristic the
tube plate current may be calculated from ¥<g¥>(t) giving a
final output i<o>(t) for a given input i([t). This is shown

in Fig.IVA1B.

This computer program is useful ip predicting stage
gains, pulse shapes, and satellite pulses due to reflections
from nonlinear grid impedances and capacitance effects. The
program can be iterated through an asplifier, stage by
stage, but the cumulative effects of satellite bunches
canrot be simulated simply because of the multiple valued

nature of the derivative in Step A, Stage biasing will
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normally be chosen so that sigpnificant satellite bunches

will not appear in the output.

With these cosputation tools in hand, we can look in
sore detail at the amplifier staging &s shown in Pig.IVA10.
The lov level amplifier chassis contains four tubes. The
input voltage ¢to the first stage is 10 volts peak. The
rominal stage gain is 2, and for four stages this yields an
output voltage of 160 volts. Since there is no feedback in
thé amplifier the gain is directly dependent on the tube
gand. Tubes have a publiished transconductance of
30 millimhos and routirely rum in erxcess of 50 =millishos
vhen nev. A set of new tubes in the amplifier will produce
a total gaim of 25 for an output voltage of 250 volts. End
of 1life which occurs between 1,000 and 2,000 hours of tube
operation is considered to take place when the g<m> bhas
deteriorated to a value which produces a gain of 10 for an

amplifier output of 100 volts.

The first three asplifier stages operate with sose DC
guiescent current to provide a sinimum g<a> at low signal
levels. W®ithout cutoff biasing to eliminate traansformer
reflections, much <care aust be taken in stage matching to
keep the reflected sigrals as small as passibdle. To keep
the residual reflections fros cascading throughk the

amplifier, the 1lengths of the transformer vindings are
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staggered so that the reflections fros each stage do not add
to one another. The fourth stage is an output driver stage
which couples the output to a S50 chm line. It has been
found that it is oseful to divide the total amplifier systea
inte 4tvo chassis to Xeep problems of internal feedback from
output to input to a minimua. The four lov level stages

operate at a 700 volt plate potential with cathode biasing.

The high level awplifier consists of a driver stage, 2
splitter stage, and a pair of plate woltage programsable

power output stages. Plate vcltage for these stages is 2

~kllovolts with the ocutput astage havimg a s=separate

programmable 0-2 kilovolt pover supply. pias is fixed, =50
volts on the first stage, and -100 volts on the temaining
stages. The high level amplifier has a nominal gain of 16
vhen tubes are new. The noainal imput is 100 volts from the
lov level amplifier. Since the low level amplifier can have
an actual ountpat of as =such as 250 volts, appropriate
attenuation is used between the tvo amplifier sections to
keep the input to the high level amplifier at 100 volts, Iis
tubes age some of +this attenvation is removed. Tube
deterioration shows uwp in the high level amplifier as a
decrease ir tube g<m> and alsc as a peak cathode current
lisitation 4in the splitter and output stages. The noainal
output of the high level amplifier is 1,000 volts. with new

tubes it can be as high as 1,600 volts. End of tmbe life is
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T =8%18

2 afeg

reached vhen the amplifier output drops below 800 volts.
This usumally occurs between 1,000 and 2,000 hours of

operation.

_ Return now to Fig.IVA11 vhich shows a2 test pulse as it

transits the amplifier. The input pulse has been
approximated by a Gaussian function and used as an inpet for
the computer program, Fig.IVA19 shows the computer solution
for the four lowv level amplifier stages. Comparing these
curves to the experimental response shows a degree of match
vwhich will make this program wuseful in further amplifier
design. This particular anplifier wvas optimized uslng
graphical techsiqgues and much cut and try. For designing
and optimizing future fast pulse amplifiers, this program
should prove gquite useful, Fig.IVA20 shovs a picture of our

present amplifier system.
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3. ¥ide-bhand Transformer Design:

The wide-band transmission line type transformer has
been discussed in the 1literature for some Yyears. Tvo
articles, oné by Winningstand¢®) and the other by
ButhroffC10) descrihe the principles and some emhodiments of
this class of devices. $e will describe here our own

designs, based on these techniques.

A review of the general principles is in order.
Fig.I1IVA21t shoss a pictorial view of an idealized
transmission line inversion transforser. Comsider the input
and output pnlsed signals as electromagnetic waves launched
on and retrieved from the transmission line. At the input
to the tramnsformer the entering vave sees two impedances,
the real impedance Z<o> of the coaxial cable, usually 50 to
95 ohms, plus a cowplex impedance T<1>, usually high and due
to the ferrite cores mostly reactive, of the tramsition
regior and the space between the ground plane and the outer
sheath of the coaxial cable. The power im the input wave
divides betweem these two impedances with pmost of it
entering the coaxial cable in the fundamental TEN aode.
Once withim the cable the signal is subject only to the
norsal dispersion and attenuation characteristics of the
cable itself. A sisilar sitwation exists at the outpat

transition. Hfere, hovever, the pntside of the coax is not
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IVvA21 Transmission line transforxer
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grounded, but the center conductor is. This presents a
slightly more complicated output transition for the wave
vhere the output iwpedance consists of the real load
impedance Z<L> ip parallel with a complex impedance Z<2>
determined by the spatial configuration of the output
transition and the impedance of the outside of the coax with

respect to the ground plane.

in developing practical transforaers, two
considerations nust be kept in mind. To wmirimize
transmission losses, Z<o> must be matched to Z<L>. 2Z<1> and
Z<2> must be kept large in the active transformer bandwidth.
Becanse these +4transformers have relatively long signal
propagation lengths, % to 12 nanoseconds, care must be taken
to reduce mismatches at the input and ocutput transitions to
keep portions of the signal pulse from being reflected back
and forth in the transformer and causing unvanted spuricus
pulses in the ocutput, The transformer desiqmn thus focuses
on tvo regions, the high frequency end of the passband where
wvavelengths in the signal are nsually short with respect to
the transformer propagation delay, and the 1low £frequency
region where each conductor loop of the tramnsformer looks
more like a single turp lusped coil element. An equivalent
circuit for a typlical transaission line transformer is shown
in Fig.I¥YA22. 1In this model we assume that none of the

sighal is lost or dispersed in the transmission line that
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makes up the transforser. For short lengths (1 to & feet},
of good coax cable or parallel wire transsission line, this
is a good assumption. To illustrate this explanation we
vill analyze the transformer shown 4in Pig.IVA23 and
diagrammed schematically in Fig.IVA28. An input signal 4is
lJaunched onh a pair of coaxial cables commected im series.
Each of these coaxial cables has a characteristic impedance
of 50 ohms which, neglacting tramnsition effects, gives the
transforser a 100 ohm impedance. That portion ﬁf the input
signal wvhich dces not enter the tvo coaxial cables is
accounted for by R<1> and C<1>, B8<1> accounts for that
portion of the signal launched on the outside of the cables
and dissipated in the ferrite coreg. C<1> accounts for the
portion of the signal absorbed by higher order non-
propagating modes necessary to match beoundary conditions at
the transition. All of these modes absorb current during
the rise time of a pulse apd then return it to the circuit
during the fall tise. Thus they can be approximated by a
capacity. These two impedances and their secondary
connterparts affect the high fregquency response and match of
the transformer. The primary and secondary impedances may
or may not be lumped together depending on the length of the
transformer amd the rise time of the pulse. In the
transformer of TFig.IVA23 the cable length is short (2-1/2

inches at a propagation velocity of 9 inches per nanosecond)
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coapared to a 2 nanosecond rise time, so the tvo impedances
can be summed. R<1> and BC2> are usually fairly high and do
not play an isportant part in the transformer response
except to add a component of attenunatiom to the tramsaitted
signal. C<1> apd C<2> detersine the minimum rise time of
the transformer in that they have to be charged through the
finite source impedance of the input driver. Note that in
this model there is no first-order limit om the transforser
high frequency response, given a zero impedance drive
source. In practice +the upper frequeamcy limit of a
transformer is determined by the (C<1>+C<{(2>}R<B0urce> tine
constant. If the transformer is losng compared to the signal
rise +time, C<1> and C<2> cannnot be lumped together, and a
more coaplex analysis must be done taking into accouat the
reflections generated by €<1> amd C<2> within the
transformer. AR exasple of this analysis was showa in the
previous section. In the exaspla shown, (C<1>+C<2>) is
estimated to be 20 picofarads and the source impedance is 50
obhms 50 that the time constant is 1 nanosecond. Fig.IVA25
shows a picture of the input and output pulse response of
the -transforler. This transformer was a low voltage
prototype of the high voltage isolation transforser

discnssed later in this section.

The lover side of the passband is governed by the
inductances L<1> and L<2>. These may be susmed in all cases
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SHORT PULSE RESPONSE

I volt/cm INPUT

2 volts/cm QUTPUT

INPUT: FIRST PULSE
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INPUT IMPEDANCE 75 OHMS
QUTPUT IMPEDANCE 300 OHMS

SS 2 nsec/cm
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| volt/em INPUT
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as the transformer is always short with respect to the low
frequency cutoff wvavelength. As in the high fregquency case,
the impedance generated by 1L<1> and L<2> in parallel does
not limit directly the low frequency response given a zero
impedance drive source. Por a finite 1nped£nce drive source
the low frequency cutoff is given by the
(L<total>) /E<sowrce> time constant. In the exasple shown
twenty ferrite cores produce a single turm inductance of 55
sicrobenrys each for the primary and secondary loops. Given
a 50 oha R<source> impedance this yields a lov frequency
time constant of 550 nanoseconds. Note that since the
cables are wmaking only a single pass through the ferrite
cores, the fields in the ferrite remain low even for fairly
high applied voltages, In practice this class of
transformers ig limited in peak voltage handling capability

only by the cable insulation.

" A second class of transformers similar té this design
uses parallel wire transmission lines. This design permits
higher impedance transformers to be comstructed and also
allovs 2 to 1 step-up or step-down ratios. Two of thése
transforsers are shown in Fig.IVA26 and Fig.XIYA27.
Pig.IVA27 is a 2:1 isolation-ipversion transformer, 300 to

75 ohmg, whose response is shown in Pig.IVA2B,
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The transformers used in some versions of the fast
amplifier are shown in Fig.IVA29. The left-hand transformer
{s wound with 95 oha cable. These transformers are
elactrically nuch longer than  the above described
transformers, but their low frequency bandpass 1limit is a
factor of three lower due to multiple turms om the core.
This is required in the fast amplifiers to pass a close-
spaced train of short pulses. Thay are electrically long
compared to the pulse Tise times, so the approximation
sethods shown in the last section must be used for designing
circuitry using these transformers. The experimental pulse
response of the 50 ohm transformser shown is pictared in

Fig.IVA30,

Another transformer similar in desigm to that shown in
7ig.IVA23 but scaled up in size is shown in Fig.IVA31. This
is a 1:1 5S0-ohm isolation-inversion trarsformer with a
100 xvdc isolation capability. This tramsforser is used to
couple the output of the fast pulser to the gun grid on the
-70 kvdc high voltage deck. The response of this
transformer is showa in Pig.IVA32. It is easy to envision
wany Aifferent designs for varicus needs. The fast beans
pickups described im the next section, although very
different devices, make use of the same operating

principles.
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4, __Beam chopping desigg

Two resonant chopping systeas are used in the SLAC
injector. As shown in Pig.IVA33, the first chopper is
located {ust downstream of the prebuncher. At this point
the electron beam is bunched to about 120 degrees, and is
still at thke =70 kv injection potential. This first chopper
is a high povered large anqle deflector comsisting of forked
deflector plates that are 8 ca long, with a separation of 2
cHm. A scraper aperture located 10 cm downstreams at the
entrance to the traveling wave buncher serves to eliminate
those portions of the deflected beam outside of the
acceleratnor acceptance angle. The resopator attached to
this chopper develops a voltage in excess of 40 kilovolts
peak FEF swing at the accelerator frequency’s . T2nd
subharsonic, 39.667 MHz. The deflecting fields thus
generated are sufficient to deflect all electrous bunches on
tha scraper except those passing the deflectioa plates at
zero crossings of the RP deflecting voltage. Since there
are tvo zero crossings per RY cycle, every 36th banch in the
normal electron beam is transnittqd producing a series of

single electron bunches with 12.5 nanosecond spacing.

This first deflection process is electrostatic. The
beas deflectimg plates are short with respect to the RY
deflecting wavelength., The deflector plates are forked to
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let most of the deflected beam pass through without hitting
the plates. To first order the;e electrons produce no bean
loading if they do not intercept the deflecting plates.
There is some small secénd order effect having  to do - with
beam transit time. The beam loading from intercepted beanm
is most pronounced on the phase of the deflecting voltage.
It causes a phase pushing which on an intense bean
progressively delays the RP Tero crossings durihg the bean
pulse so that a phase setting vhich produces good single
bunchk beam chopping at the Leqininq of the pulse is
significantly off phase by the end of the pulse. A careful
compromise phase setting is usualiy sufficient to produce
acceptable single bhunch beam choppirg across the whole
pulse. It is also iwportant in this chopping process to
have the bean steered through the center of the deflecting
plates. A wmis-steered beam canses the chopping on adjacent
zero crossings of the RF to be dissimilar due to the offset.
111 of these effects are observable on the fast beam pickup
instrumentation. In practice the setup of a chopped beam is
straightforvard. Once set up, the only operating control
which has to be adjusted periodically is the phase of the RF

amplifier that is driving the chopper.

The resonator which drives the chopper plates is a
quarter wave coaxial step-up 1line schematically shown in

FPig.IVA38. Two pictures of this resonator are shown in
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Pig.IVA3S. Twvo degrees of freedoms are necessary to produce
a matcked 50 ohm input into the resonator at the chopping
frequency. The design of the circuit shown leaves a number
of. degrees of freedom including primary capacity 1loading,
primary loop inductance, mutual coupling inductance,
secondary loop inductance, cable 1length, and Jdeflecting
plate capacity. Some of these are determined by physical
geometry while others such as loop inductance and loading
capacity are .roughly determined to get the ovwerall circuit
in the.right tuning range. Mechanically it 1s easiest ¢to
use the wmutual coupling inductance and the line length as
fine adjuétlents in bringing the resonator into correct
tune, The tuhing process is accomplisked by looking- into
the input of the resonator with an R<x> bridge and adjusting
these +two parameters s0 that a 50 ohm impedance with no
reactive compoment is achieved at the desired resonant

frequency.

The design of the deflector is as follows. The
gqeometry is given in Fig.IVA3le. Using the relativistic

mechanliecs given in reference 11, the deflection sensitivity

is
cky
bk |+ hice
vV o 2e Ey L1+ £Ee (4. 16)
P Y

¥ is the deflecting voltage and can be written as
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V<o>sin omega<dclt. ¥ must reach a valae sufficient to
deflect the beam out of the aperture (2d) in one period of
the 2856 MHz bunching frequency; (I<BE>). The bean size is
about the same as the aperture size so this dictates a total
required deflection of about 24. The deflecting wvoltage

required can be written in terms of all these parameters as

follows:
ek
Vo = 4da Eb | tome .1
° b 1 Sau(ukTL) | + {%%%

Substituting numbers into this equation,
a=0.5 cn a=2.0 cm
h=8.0 cm 1=10.0 cm
B<b>=-7T0,000 volts omega<c>=2.49*10® rad/sec
Cc=10 picofarads T<B>=3.5%1010 gec

The solution to (4.17) is

vo =~ 37J ‘303 voLTS (4.18)

The resonant circuit can be approximated by a siaple single
tuned circuit for power requirement calculations. 0 of the

resonator shown in Fig.IVAIS measures about 100.
Q_ w‘c
R~

{1.29)
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where R<T> is the shunt resistance across the equivalent

single tuned circuit.

P - (4. 20)

S50

P =

.27
2 q

Substituting numbers into this equatiom yields P = 17.§

kilowatts. 0 and C values are only approximate, so the

deflection amplifier was designed for 50 kilowatts, and

generally runs in the 25 to 35 kilowatt range.

The second resonant deflector shown in Fig.IVA37 is
downstream of the first accelerator section at a point where
the beam energy is 35 Eev. Fig.1VA38 shows this reqgion of
the accelerator. Here the beam is fully relativistic so a
different deflecting scheme is required. This deflector is
a gquarter wave resonant strip line device using an external
luaped element coupler apd inductor to complete the
resonator. This 1is showh schesatically in Pig.IVA39.
Details of the input coupler-resonator are shown in
Fig.IVAa0. Both halves of the strip line are connected to
ground at the upstream end of the deflector plates. Both

downstream ends are brought omt on adjacent feedthroughks in
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IVAL) Coupler-resonator details
182

2PTINIE

the vacuum envelope. The length of the strip lime structure
is {Just slightly shorter than lambda/8 at the deflecting
frequency of 39.667 ¥Hz. Thus vhen looking into the plates
at this frequency one sees a high and slightly inductive
impedance. This inductance in parallel with the secondary
inductance of the step-up transforser resonates with the
secondary capacitor to fora the total resonator. The BR<x>
bridge is used to tune this resonator alsc. The two degrees
of freedom used to bring the resonator into a S0 ohm satch
condition are the primary-secondary mutual indactance, and
the secondary inductance. Both of these are adjusted by
appropriately berding the 1/4" copper coils that make up

these eleaments.

Thig deflector is presently being used at a2 low power
to generate the 1 nanosecond pulses used to fill SPEAR. In
this mode it operates at the 31st suobharmonic of the SPEAR
cavity frequency, 39.69 MNHEz. The fast pulsers previously
described inject two 10 nanosecond pulses spaced 800
nanoseconds apart into the accelerator. This deflector
system operating synéhronously with the injected pulses
reduces their length to 1 nanosecomd each. The deflector
has also been tested at higher power for use as a single
bunck chopper to function in a manner sisilar to the first
deflector plates. The Q of the resonator, about 200, is low

enough that the difference between the 319.69 RHz used for
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SPEAR drive and the 39.667 MRz used for single bunch
chopping drive is insignificant. The results of these tests
showed that the plates had sufficient deflecting capability
to produce clean single bunches in the accelerator, and
vithout the bheam loading effects inherent in the first large
angle chopper. In this case there is almost no deflection
in the plate region itself, with all electromns beirg lost on
the downstream collimators. There is, hovever, only ope
resonant deflector system installed, so that when SPEAR
runs, which is most of the tise, this second chopping option

cannpot be used.

To understand the operation of this beam deflector, we
must consider the standing wave in the deflector plate
region to be composed of two traielinq waves propegating in
opposite directions on the striplise. The force on the

electrons within the stripline is given by

E :e(é’ +4-f:'x_é) (5.22)

For a traveling TEM wave on a parallel plate +transaission
line in a vacuum, the E and B fialds can be described as
followss

E, Juw, (+ 7 )

E e =1 = € (4.23)

18%

Jw TZ
cz,x):i'i—" «(#3E)

Bﬁ (4.2%)

The top sighs are for forward traveling vaves and the bottos

signs are for reverse traveling waves.

Substituting (4.23) and (B8.28) into (4.22) apd letting

v¢ed>=c, as is the case for a relativistic beam, vields

[] _i - _‘
E = eEo Jw (1FE) ch(*+'§') (4.25)

e + e

By inspection of (4.25) we can see that a TEN vave traveling
in the beam direction produces no transverse force, while a
TEM wave traveling opposite to the beam direction produaces a

net force of:

Jw (:l'+—*—
Fx =2e Eo e~ ¢ C) {4.26)

This equation gives the force acting on an electron anyvhere

in the deflection region (zy at any time (t). The

deflection angle phi can he defined as:

¢ - Px (8.27)
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vhere P<z> and P<x> are the transverse and longitudinal
momenta respectively. Assuming P<x> is zero entering the

deflection region, the relativistic force eqmation

(4.28)

_ d
P = 4%

can be integrated to yield

-
Px '—'S Fed (4.29
°

where the electron velocity vw<zd>=c, the variable of

jptegration can be changed to z as follows:

L .
Fx____é_g E d2 L (#e30)

vhere T is the length of the deflecting region.

7o find the total integrated force on the electror vwe
sust take dimto account that the electron is transiting the
deflection region at ¢ and sees an apparently advancing time
vith respect to the deflecting field frame. Hence in (b.26)

we substitute
. .
- -_— “-31
A= (2 +2 ( )

where t<o> 18 the entering time of the electron into the
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deflecting plate region. This yields the following momentam

egquation:
L

. H Z

et J 2WeT

p= 2 o we s Se < 4§z .32
C 4]

carrying out this integration 1ields

PX: eto ercto[El\.}%% ___':l ' (%.33)

We

Combining complex terms and taking the real part yields:

Px = C;HEH [SN (Wc(fo {--ZE':)) ‘”SIU (wc fa)] (4.34)

Making use of a trigonometric identity changes this to

E. .
Px :ZZJG [Cos(wcft*'i’)) Sm(ﬁ%ﬁ)] | (8.35)

wvhere the cosine term contains the entrance time t<o> and
the sine term ig the geometric factor determining deflection

sensitivity. Baximum deflection sensitivity is obtained

wvhen:
we L _ I (4. 36)
c 2

or
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L ",_i— ' {4.37)

vhere

2 =327¢

u.38
W, { }

and lambda is the wavelength of the deflecting woltage. In
practice, L is usmally made slightly less than lambda/t
since the deflection sensitivity is sinusoidal in L and the
last 20% or 20% of 1L produce little additional deflection
sensitivity. This choice is dictated by the s=scarcity of
available interaction space along the beaw line, and the

need to conserve this space for other instruseats.

The time dependent deflection is described by the

cosine term. When

we(to4£)=0,™ (4.39)

waxisum deflection occurs. For

3

wc(i',,-i--:::):—zq— ?-;-T (4.40)

no deflection occurs. This corresponds to entrance values

of t€<o> as follows:
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foc_nnx) = (—-%) oR (-—an,—:--f__;)

(I L 2T L (3-61

In the case where L=lambda/h these periods reduce to:

Ao Craxy = I o 3Tc
't 4 (%.82)

Te

Ay (NuLLY = O OR I

where T<c> is the period of the deflecting frequency
omega<ci>. Thus there are twe nulls per cycle of the
chopping RF amd the beam chopping periodicity vill be dounble

the RF perjiodicity.

Aaving thus described the deflecting mechanisa we can
proceed to calculate the input power required for a typical
resonant line deflector to get single bunch chopping of the
beam. The design problem consists of two parts. The
mimimus deflecting angle aust be determined from the beam
transport geometry. Then the 1line 4ispedance of the
deflecting structure must be detersined and related to the
E-field in the beam region. The resonator 0 is estimated or

weasured, and froa this the input pover canm be calculated.

Consider the deflection problem first. Two collimators
A and B im Pig.IVA33 define a maximum phase space acceptance
for the beam. Any electrons whick wake it through both
these collimators car in principle be transported through

the rest of the accelerator by the accelerator focuring
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systea. The 10 meter long regqgiom between the two
collimators contains three accelerator sections each of
which contributes about 35 HeV per section to the
longitudinal wosentum of the beanm. In the deflection
process most of the unwanted electrons are scraped off on
the first collimator, A, bat the final collimation whick
eliminates adjacent bunches for single bunch'chopping takes
place on collimator B. In calculating the deflection angle
phi<B> the longitudinal momentum increase experienced im the
three accelerator sections =must be taken into account.
Fig.IVA41 shows the dimensions of this problem. All of the
angles are quite swall compared to the scale shown so we can
approximate them with ¢the ratios of dimeasions directly.

Thus

g,z %
A= (4.43)
di

and ¢ ~ Xo (R.an)
8- T
d+d2
vhere phi<id> is the deflection angle required to scrape
electrons on the first collisator and phi«<B'> is the angle
necessary to scrape electrons on the second collimator in
the absence of acceleration fros sectioms 1A, 1B, and 1C.
In the preseace of acceleration the angle phi<B> required to

scrape oh collimator B is derived as follows. The emergy
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after the injector acceleratot section and at the deflestion

plates is E<a>. The momentum P<z> at this point is thus

Ea

Poo = - (4.45)

Then ¢B & P (4. 06)
Pzo

The angle phi anywhere along the beam path can be defined as

(f):_P’..‘.. - _‘IL (4.47)
f dz
P<z> can be written in terms of the geometry as follows
E
Pp = —— FOR otz & d)
/e .48
Ea +1<5i2) roa di¢2$d, (449
z

(8.97) can be written in integral form

Ji‘”l

X, = Px S o dz (4.89)
2 _ _

and substituting (4.48) into (N.N9) yields
JH-JZ

dz d2
d S 4.50
S 2 (dy-3d;) 132 ] ¢ '

carrying out the integration yields
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X _c B J o dz B ()
e - i 7 (.51
and solving for P<x> yields
ta Xo
Po===| T e (.52
3

Equation (u4.52) determines the mimimus tracsverse sosentus
necessary to scrape the heam on collimator B vhen the three
sections are powered. The actunal deflection amgle ip the
plate regior is then given by equation (4.86). In the

exaaple at hand, the geometric factors are as follows:

d<1>=2,.1 meters
d<2>=10 meters
x<o>=1,0 centimeters
E<a>=35 NeV

c=3%108 leters/sicond

The required transverse mosentum is thus:

E ~4
Px = —-cq' (14.4 x10 ) .
e Pg = f =z 4.4 >c10—q RADIANS (4.5%)
8" Peo ~

The deflection angle %o scrape electrons on the fircst

collimator is 4ust
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-3 .
¢A = 4,34 »1IC Raplavs (4.55)

We can nov look at the deflecting strﬁcture itself aﬁd
deteraine the power necessary to get this regquaired
deflectior. Adjacent bunches of the 2856 NMHz bunched bean
are 350 picoseconds (T<b>} apart. 1Inm equation (4.35) we
aust rTeach a mimimmm P<x> at (t<null> + T<bd). This is for
a beamn vwith zero trahsverse dimansions. To take into
account the real heam which has dimensions on the order of
half the scraping aperture, ¢B is increased by a factor of
1.5. Solving equation (4.35) for B, under these conditions

yields

3w, Py '

o 1€ Cos “JC()L&"'”“‘B*TB*%) Smﬂé&

{4.56)
In this example the constants are
osega<c>=2,.89%10% rad/sec
P<x>=135(.00144) Rae¥/C
T<b>=1.5%1040 sgec
1=1.5 meters
Substituting numbers into (#.56) yields
E<o>=11,400 volts/meter
For the parallel plate’ traveling . vave lire as shown in
Fig.IVAuD, this dictates a peak vcltage in the traveling

wvave of
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v<peak>»=6,660 volts

vhere the plate separation is 1.75 ca. Note that as far as
the resomant circuit is concerned the driving end at the
vacuus feedthroughs sees twice this voltage, or 13,320 volts
plate-to-plate when the cosponents of the forvard and
reverse 2 fields add. This is the peak voltage seen AcCroOss
the lumped resonator. Tie 0 of the actumal stracture
measures about 100. has a value of about 200. The Q0 could
be mhde higher but then the fillimg time would become
longer, and the total power to excite the structure for a
beam pulse would not change greatly. The necessary drive
pover car be calculated from the structare impedance ({Z<o>)
and the resonator ¢ given the peak deflecting woltage
¥<peak>. Z<o> of the structure can either be measured or
calculated approximately from the geometry. Since the
plates are a pailr of triangular structures hougsed ir a
cylindrical vacuums envelope as shovn in Fig.IVAU2 they can
be approximated for ispedance calcnlations by a balanced
shielded twinax line. 2Z<o> for this structure is

hA\Z
h [ 1)
_ —————— (8.57
4 ] +(}1)z'

.d

vhers the comstants are as shown in Pig,.IVAA2. Dimensions

Z - lEO.ﬁ” ;

in this case are as follows:

h= 3,8 ca
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D=7.75cm

1T IAT

ITvaLZ Teiuax line opprosinetion
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d

1.75 cm

D= T.75 cm
Substituting these valunes into eguation (&8.57) yvyields the
approximate impedance Z<o> = 117 ohas.

we U
Q - [4 JToRED (“-58)

Pprauﬂn'rfo

The resonator is equivalent to a half wvave length of
trapnsmission line shorted on the ends vith anr impedance

7¢o>. Pover flov on a transaission lipe is g_iven by

2
. VPEAK

PFLOUJ = “.59
2 Zo

Now the resonator is lasbda/2 long with pover flowing in

both directions due to the foward and reverse vaves, 50 the

total stored energy is .
"
z Veear ]__5_
" Usroren = z %o 2 (4.60)
c
p<dissipated> is thus
. 2
_ 7T Veeax
P .
DISHPRTED — o (4.61)
Z, &

suhstituting in

¥<peak>=6,660 volts
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g = 100

1<o> = 117 ohms
ve get P<D> = 12 kilowatts., The asmplifjer used to drive
this resonator is a unit jdentical to that used to drive the
upstrean resonator and can deliver 50 kilovatts peak power
into a S50 ohs load. VYoltage breakdowa in air across the
resonator capacitors lisits the peak pover that cam bhe used

cn this deflector.
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