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1. Introdu~tion

Tae hield of linear acrelerators has grown 1o be 50 voluminous that compressiag
it into a few elernentary lectures, as is our intention, requires one to he selective in
some 3-Yitrary way. In this first section, we will list some of the broad topies which
the subject of linear accelerators encompasses and thea indicate which of these will be
covered in some detail.

1.1 THE ACCELERATING STRUCTURE ANO THE BEAM

Linear aceelerators consist of two basie elements: the aceelorsting structure and

the particle beam.

The accelerating structure depeads on the type of linac. The main types of linacs

are

1. D€ linacs, like Yan de Graals, io which the strueture consists of some kind
of column of elecirndes. These slertrades sustain a DC eleetric Feld whien
acce'erates a couvinuous stream of particles. DC linacs are limited to a fow tens
of M:V.

2. Induction linacs in which the accelerating electric fielda are ohtained, according
to Faraday's faw, from rhanging magnetic fluxes. ‘These changing magnetic
fluxes are generated by large pulsed currvots driven through linoar arrays of
maznetic toroids. The beam path, alang which the electrie field develops, ean
be considered as the single turn seenniiary of a transformer, Induction linacs
are genersally used in mebomapn .h=current pulsed applications.

3. RF linn ‘o type nn which we will coucentrate here, can be calegorized in
_smber of ways: low frequeney (UHF), microwave frequency (L, S, C. or X-
band). laser {requeney. W or puisad, traveling-wave ot standing-wave; room
temperature or supereondu~ting In all these eases, the structure is a conduet-
ing asray of gaps, ravities or gratsngs akmg which rf waves with an electric field
parallel to the beam can be supported and buslt up through some resonant pro-
ress. IF linaes are nsed for a wide spectrom of applications from injectors into
circular accelerators, 1o enlie igh-2nergy aceelerotors such as SLAC, medical
accelerators, and many others,
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While the accolerating structure con be cousidered the heart of each individual
machine, it ¢annot work without its associated systems such as the power source. the
vacuum, cooling, support and slignment, and instrumentation and contrel systems, It
Is important to note <hat a technological breakthrough in any one of these associated
systems can have profound ¢ffects on the main design of the accelerator.

The second basic eloment of the linac is, of course, the beam and the particles which
compose it. The 1ast majority of linacs today are electron (or positron) machines; they
number about 1400 accelerators of which a large percentage are commercial radiation
therapy machinnms. The other linacs accelerate protons (1) and in a few cases inns.
There are abuut 50 proton or ioo linacs in existence in the world.

Very Jittle will be said in these Iectures about the sources of these particles, guns,
ion .ources, duoplasmatrons, polarized beams, strippers, positeon radiators, ete. This
is an encyclopedic subjirt by itsell with many specialtics and sub-specialties which
cannot protitably be semmarized here. The reader shound not concliude that beeanse
the subject has been leK out, it is not of crucial importance to the design and operation
of & given linae. Not anly does the source have an effect on how well the accelerator
ean perform its function, but in some cases it det_rmines how a new coneept can or
cannot be approached. An example of this is the clectron souree for the linecar ~ollider
for which s conventional electron gun cannot create a beam with a sufficiently small
emittance and must be followed by a damping ring to “cool” it down.

The fundamental probleras in beam dysamics are:
1. Longitudinal bunching and stability,
2. Foeusing and transverse stability, and
3. Steering and transport to a target or inieraction area.

As long as the number at particles or current densily is not too high, the analysis
of many of these problems can be carricd out by foliowing single particle trajeclories
and then formulating the hehavior of the Lram in terms of jts envelope. The important
parameters are transverse emittance, bunch length and energy spectrum,

Far more diffieult are the beam dynamics associated with collective effects such as
emittance growth, beam break-wp, beam-wall and wakefield effects in general. These
problems are tteated in other chapters of this bouk.



1.2 FLAN OF THE LECTURES

I hese leetures came in five sections. The first is this intraduction, ‘The sveond iy
a short chronology of whal are viewed as importani milestones in the field,

The third covers proton lintes. It inteoduces elementary coneepts such s transit
time. shunt impedance, Q. but defers a more systematic diseussion of periodic naec-
celerating structures to the next section. Critical issues such a9 phase stability and
transverse forres are diseussed. Finally. examples of existing facilities are given and

modern developments ere mentioned.

The fourth section contains an elementary discussion of waveguide accelerating
structures. It can be regarded as ap introduction to same of the more advaneed Jreat-
ments of the subject, such as are contained in the book on Linear Aceelerators, edited
by . Lapostolle and A. Septier in 1970, which, except for some recent developments,
i+ undoubtedly the hest single source of detailed information on the subject, The cn-
cyelopedic nature of this volume, 1o which we will henceforth refer to as L, A, partislly

excuses tite sparsity of other references given in these lectures,

The final section is devated to electron accelerators. Taking SLAC as an example,
various Lopics are discussed such as structure design, cheice of parameten, frequency
optimization, beam cutrent, emittance, bunch length and beam loading. Recent de-

velopments and future challenges are mentioned brielly.

Sinee proton and electron machines will be diseussed separately, it may be useful,
before starting, to take a broad ook at the full spectrum of linear aceelerator nppli-
cations shown in Fig. 1. [n this figure, the kinetic energy Eyg, which is the variuble of
greatest interest for mast physies applications. is shown in the horizontal axis and the
norialized velocity {in the form 3 = v/r). which determines much of the finae design
ts plotted along the vertical axis. For particles of a given mass my, these variables are
related by the formmlae:

j’."k. . R f.'!nf; “'1)
J1-3°

| > R
= _mor” (non — relativistically) {1.2)
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Fig. 1. The tull spectrum of lineer nccelerator applications, displayed at appropriate
energies and velocities.
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The carves which result for the various patticles are plotted oo t:: :;::‘ :;
faciliti-s of successively higher energies are indicated. It can lu e b clecroms
are almost slways relativistic while protons {not io mention heavier lnmb}e e
m_ltisfouhbremntbnpmtmmdelmunedeummdm eactibe

different terms.
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2. Some Histocical Milestones

The history of lincac accelerators is bricfly deseribed by J. Blewett in the book |, A.
A technical discussion of some early prajects is contained in the “Linear Accelerator
Issue® of the Review of Scientific Instruments (February 1955).

flere we have chosen to enumerate only some of the important milestones. The
choice has led them to be spread more or Jess yniformly in time emphasizing the
remarkable continuity of progress over a period of more than half a century which
promises to continue into the future. This vniform spread results perhaps in the

slighting of some of the early work when parallel progress was being made at many
laboratories.

The history of linacs can be viewed a5 2 sequence of altempts to fool charged
particles so that they see cumylatively acting voltages across linear arrays of gaps. A
chronology follows, Referencos enn be traced through LA,

1924 A theoretieal paper by G, lsing, Steckholm, deseribes s method for aceelerating
positive ions (canal rays} by applying the olectrical wavefront from a spark discharge
to an array of drift tubes vin {ransmission lines of successively greater lengths.

1928 An experimental paper (including the throry of the betatron) by R. Widerde,
Switzerland, describes the suecessful aceeleration of potassium ions to 50 kV. Figure
2 indicates schematically the setud in which the ions pass successively through three
drift tubes: the first and Jast are grounded, the ceater one is allached to a 1 A1z
aseillator with a valtage of 25 kV, The distance d hotween gaps is adjusted so that
.= ‘;f or d = A

where f is the [requency and A the free space wavelength at that (requency. The
potassinm jons travel from one gap to the next in ona-half an RF period. Since higher
frequeney oscillators did not exist at the time, lighter particles traveling faster could
not be accelerated,
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Fig. 2. The Widerde linac.

1931-35 K. Kiogden (G E.). L. Snodady {Univ. of Virginia) et al., accelerate electrons
from 28 keV 15 2.5 MeV' by applying progressive wavefronts to a drilt tube array.

193i-34 B Lawrence, D. Sloan et al., (V.C7. at Berkeley) build a Widetde-type linne
(Le.. d = grof2} with 30 drift tubes, escillating to 42 kV, dtiven by 7 MHz oscillatars.
Mereury jons are accelerated to 1.28 MeV. Oscillntors of high enough frequency for
protons are still not available. Similar wnrk continut~ at Cornell, in Japan and in
England.

1737-45 W, Hansen and the Varian brothers invent the klystron (at first n low
power deviee) at Stanford. Subsequently, the high power magnetron (2 MW pul ed) is
developed in Cireat Britain for radar purposes as part of the war effort.

1945-47 L. Awvarez, W. Panofsky ot al. (U C. Berkeley) build a 32 MeV proton drift
tobe linac {Fig. 3) three-foet in diameter. forty feet long, powered by 200 Mz war
surplus radas equipanent. As indscated. the Alvarez streecture differs from the Widerde
structure m that all tubis are contained in one large evlindrical tank and are powered
at the same pliase: the distanee hetween dreift tubes is arranged so that the particles
are shielded from the fields when they aze in the decelerating phave Adequate heam
acevptance required that the aceclerating field not have mwuch variation with radius,
thus preciuding operation at ligher frequeney  As will be explained lator, longitudinnl
phase stability turaed out to be satisfactory but transverse foeusing was problematical.
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Fig. 3. An Alvarez Jinae.

1947-4R AL Stanford, W. Hansen, E. Ginzton, W, Kennedy et al., build the Mark 1
digk-lopded linae yielding 4.5 McV electrons in a pine-foot structure powered to | MW
at 2858 MHz. It is the first of a series: Mark 1l {40 MeV): Mark I} (1.2 €ieV): and
SLAC {30 GeV'). Parallel efforts take place in Great Britain, France and the 1'SSR,
and at M.LT. and Yale in the U.S.A.

1852 ). Blewett at BNL shows that alternating-gradient focuning works with guadru-
pole cails inserted in the drift tubes, solving the transverse focusing problem for
protons. The Alvarez linae (with seme modifications) from then on serves as the
medel fur most subsequent proton and ion linaes (up to 200 MeV).

1965-68 P Wilson, A. Schwettman et al , at HEPL, Stanfacd, report the first suc-

cossful nperation of a superconducting linac producing 500 ke\' electrans with three
lvad-coated cells.

1967-60 V. Sarantsev ot al.. at Dubna. USSR, build a linear induction acedterator,
as do D, Keele et al., at LBL, shortly thereafter, bath graups with the intent of
acceleraling electron rings. '

1971  R. koontz, G. Loew, and R. Miller at SLAC for the fiest time arcelerate a single
electron bunch throngh the % tm linac and show experimentally that heam loading is
energy independent.

1972 D, Nagle, E. Knapp ot al, at LASL, Los Alamos. successfully operate their
800-MHz side-coupled cavity linac, LAMPF, and praduce 800 MeV pratons.
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1973 P Wilsan, D Farkas and H. Hogg at SLAC invent the of energy comprossion
scheme calie/d SLED which ie the next five subsequent years gets installed on the 3-km
linac, huosting its energy up to 30 GeV,

1980 R, Stokes vt al, at LASL, suceessfully test RF quadrupoles (up to 2 MaV)
following a 1970 suggestion of I. Kapchinskii and V. Teplyakov, [TEP, Moscow,

1982  H. Grunder, F. Selph, ot al., at LBL.. use the HILAC and Bevatron to accelerate
%% with chargs state —~ 69.
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3. roton Linrar Aceclerators
a1 GENERAL FEATURES

As wan mestioned proviously, the eacly linear aceclerators were restricted to pro-
tons and heavier particles. Yacuum tubes with inferior high frequency characteristics
and various discharge devices were the only RF power sources available. In a single cy-
ele of a 1 MHz oscillator, a highly relativistic particle travels 300 m  a length hard to
conceive for n piece of apparatus in the early days of accelerator physics. A frequency
mni e typical of modern proton accelerators i1 200 MHz. The corresponding Iree space
wavelength Ap is

r
o= —1Hhm . 3.1
0 / (3.1

It the input velocity of a protan is such that

"
== 004
c

corresponding to a kinctic energy
By == 1.17 MeV |

then the distance it travels in one ryele is
d= ::ku =175 em

Il we use drift tubes 10 shield the proten [rom decelerating forees, their Jlength must
be at least half this distance. Precise paramelers for tne FNAL 200 MeV proton
linae injector are given in Table 1. It can be seen that, even at the output end,
the particles are ot highly relativistic. ‘This means that the much higher frequency
periodie structures typical of electron acceterators are not yet appropriate (for reasens
of inefficieney and radial effects to which we will retern).

3.2 TIANSIT TIME FACTOR

Consider a proton passing Lthrough a pill-bux carity as shown in Fig. 4. in which the
maximum potential difference is Vo, If the gap length is ¢ and the instantancous electric

ficld E; in the gap is independent of the longitudinal coordinate z, the maxitnum
electric field iz given by

i1

date 2t ds emew e eav



‘Table ). FNAL 200-MeV Lisear Accelerator Specifieations

Qutput energy

Output momentum tpresd,
tatal for 90%% qf beam

Pesk Beam cyrrent

Emittanee al 200 MeV
{each transverse mode)

200.30 MeV
a7 x 10

100 mA
1.5<-30 oirad-em

Beam pulse lez h 100 ysee
Pulse repetitiona 111 15 pps
Carity resansnt froqueney 201.2% Mt
RF pulse length, warisble to 400 gaec
RF duty factor, matimum 008
Synchronous phase angle, "
from of peak
Cavity sumber 1 2 a 4 § [ ? ] [ ]
Froton energy 1o (MeV) 075 1042 3754 883 €24 )185 )30.0 1805 )B1O
Proiop energy out [MeV) 1042 3754 8418 9280 11056 1300 1805 1810 2003
Cavny leogth (m) 744 1902 1853 1588 15.58 18.5¢ 15.83 15.88 J5.73
Caity diameter (em) “ W ;s 84 8 M M Ou
Drift-tube dinineter {em) 18 19 18 18 19 16 18 &
Bore-bolr dismeter (cm! 20 30 30 30 40 40 40 40 40
15
Cell length L
{Grst cell) (em) G604 222 411 533 6J8 682 733 778 813
{lasy cell) {em) 218 @08 538 815 B79 731 774 EL1 B4
Gap leaph G
{first cell} [em) 130 44 122 )85 406 871 9 M2 213
flast cell) [em) 870 127 193 251 289 308 42 I N7
Gl
|Brat eell) 021 020 030 037 037 040 042 044 048
{last c#lij 031 031 035 041 040 042 044 040 047
Axial traosut-time factor
{first eell] 084 OB5 082 D075 073 063 064 O8) 059
last celly 081 081 075 060 080 065 081 058 055
Efeetin e shunt impedance
{Brst cell) (MO /m) 70 535 448 350 Mo s NS5 S WY
(M=l eedd} (MY m) 107 448 352 285 250 207 100 1B B )49
Dnify space following cavity (m) p22 os 07 )0 1° 1D 1D )D .
Number of full drift tube 58 8 34 28 22 19 20 19 18
Avcrage saial field (M /m) 160 20 26 326 2586 258 2580 258 958
231
Average gap Beld
{first celly (MV fmy 782 100 87 703 €8 64 o1 58 5%
{laat cell} (MY /) 745 845 T2 83 &4 41 58 68 54
Peak surface feld
{first cell) (MV /m) g0 138 131 129 40 141 142 142 M8
st cell} MV /m} 102 07 120 132 M J42 143 145 R
Cavily excitation power {MW) 081 338 2245 248 240 223 285 27" AT
Total power per cavity for ID0 mA (MW) 158 400 511 537 483 458 481 475 488
Total secomulated leogth 1448 m
Total sumber of anit erlls 288.0
Total aumber of full drifi tubes 277.0
Tota) eavity exralalion power 19.6 MW
Total livas rf power for IDDmA  39.8 MW

*Estsmsted
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,E;ﬂ = —g—' (3.2)
and the field varies as
£, = ? cos wt (3.3)
f——d—

ot O — ]
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v

PROTON-]

RF POWER
SOURCE

Fig. 4. Pill-bex resenator accelerating cells.

If the proton has an average velocity v and passes through the center of the eavity
at £ = 0, its coordinate is given by

3= vt (3.4)

and its kinetic energy gain while passing through the cavity is

af? el'q

ARy =j-£?/° . cos u\J:'?d.:,,
= vy Sn o/ 2 ;
- wg/2v (3.5)
=BV0T" (3.8}

where the familiar sin z/¢ tetm is calied the trapsit time factor 1y,
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If the proton passes through a setics of cavities, each phased so that the field is
maximum when the particle goea through the center, then cumulative acceleraticn can
take place. We sew, however, that if each resonator gap ¢ is equal to ghp/2 where Mg is
the free space wavelength and 8 = v/e, then Tir is only equal to 0.84 [(sin x/2)/(n/2)],
appreciably less than unity. Toimprove upon this situation, for a given ¥y or power per

unit length, it is clearly advantagenus to reduce the gap length g: this leads naturally
to the ennfigurations shown in Fig. 5

g g~
0 0 ] S 1 1—
I _AC. 2 e
CAVITY NOSE CONES e’ ——

[ — (ALVAREZ DRIFT TUBE

Fig. 5. Structures which increase the transit time factor Ty by decreasing g,

The cavity nose ~one and the leogth of the gaps between Alvarez drift tubes can
both be adjusted to bring T;y closer to unity. Ultimately, reduc.:syg g leads to sparking
due to excessive field gradients. There is little to be gained 1n Ty by reducing g tn
less than, say #hp/4. Table | shows bow the gaps between successive drift tubes in
the nine FNAJ, Alvarez tanks have been adjusted to handle these problems.

3.3 SHUNT IMPEDANCE

The next question that arises is: How much power do we need to obtain a given
amount of energy gain? Power is consumed in basically four areas: the cavity walls,
the beam, the transmission line betweep the source and the cavity, and in reflections
which decrease the power delivered Lo the cavity. For now, let us peglect all but the
first. Unless one nens a supercondorting ravity, appreciable power is discipated in the
walls of a cavity to mantain high fields it The power loct in one eoll, [, is

proportional to V7. The shunt impedance R of the cavity iy defined as:

Ve

R =
Plo:t

(37

If the cavity is of length (', then for 3 multi-cay ity accelesator if is also customary to

i4



define a shunt impedan-e pes yoit length r wheee

_ R (Vy/d)?
"= AT P =)

For a negligible beam intensity and s lossless matched line between the power source
and the cavity, one has by definition:

Proyrce = Frop {39
and the achievable value of V5 becomea
Vo = R Puouree (3.10)
where the peak energy gain, from (3.8} is
AEx = e R TE Prouree (3.11)
Referring again to Table 1 for a numerical examptle, it can be seen that at the injection
end of the FNAL linac, the first tank containing 55 drift tubes has an sverage chunt

impedance

R =38 x10° x 7.4 = 281.2 Megohms

and

Ter =075 .

Then with Pgﬂreg = 0.6 MW
AEy = \f281.2 X (0.75)F X 0.6 = 1.74 MeV .

8.4 CAVITY Q, r/Q AND FILLING TIME

To ealeulate Py, it is necessary to know the quality factor Q of the cavity which
is defined by

=5 (3.12)

15
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where wy is the maximum stared cocrgy and it s sassumed that the only net llow of

power into Lhe cavity exactly replenishes Fl,,,. Combining (3.7} and (3.12) one obtains
the important ratio

R_ Vg
o= uT,. (3.13)
or per unit length,
L
8= wlwald) a14)

Notice that, at a given frequency, this ratio is purely a property of the cavity geometry
and does not depend on the wall material or condition, or on the quality of welds, joints,
etc. It can be measured using, dielectric beads on threads of reds. On the other hand,
the separate quantitics R, ¢ and @ depend on all these factors.

We will return later t+. a discussion of power low along = chain of resonators, but
for now let us notice that the natural damping of a free excited single eavity, by (3.12),

T3

dw t w
i =g (3.15)

As a result, the time for the clectric field to decay to 1/¢ of its initial value is

ty = f {3.16)

2

3.5 PHASE STABILITY AND ADIABATIC DAMPING

When a bunch of protons is injected into a linae, it inevitably has a spread of
velocities. Superficially this suggesta that in a sufficiently long nccelerator, all protons
will eventually drop out of step with the accelerating fields. Fortunately, phase stability
prevents this from occurring.

The important idea is that a particle whise veloeity is somewhas too low gradually
drops back in the bunch, thereby passing the structure at a phase where the acceler-
ation is greater, permitting it eventnally In cateh up and even overtake the center of
the bunch. It is presupprsed that the drift tubes, gaps and ficlds are so arrenged that

one can speak of a reference or synchronons partiele which is accelerated through the

18
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struclure without any longitudinal escillation and defines the bunch center. In prac-
tice, this is achieved by empirically adjusting the phases of the drive to the successive

individual sections of the linac.

It turns out to be simpler to use z, the distance along the accelerator as the
independent variable rather than time. In this section we will use capital letters to
represent the dependent variables for a specific particle. This will permit us to use
lower-case letters to represent deviations away from the variables of the reference
particle. For example, let the particle pass point z at time T. At this time the phase
of the RF accelerating fleld is ¢ = wT. The synchronous particle passes the same
point at time T, and phase ¢, = wT,. The time and phase differences are

'=T— Tg
{3.17)
=0 &, =w(T-T,})=ut .

Referring back to Eq. (3.3), the rate of increase of energy of the synchronous

particle is given by

dEk,
dz

where E;_ spresents the average electric fiel ‘n the vicinity of z, including the transit

=g Fpcosd,

time correction. For maxirnum acceleration, ¢, should be adjusted 1o zero but this
would not yield phase stability as we shall see. For the general particle the rate of

CRETEY Eain is

dE,
dff =q L _cos® . (3.18)

The energy offset ¢ = Ep — Ey;, satisfies

da
e= =1 E .o[cos(®, + ¢) — cos @, {3.10a)

o= —q Eo¢sind, {3.195)

where the dot notation is intended to remind the reader that » enters the equations
the way time does in regular mechanies. Note that we are using ¢ for charge to free

up the symbol & for energy offset.

17



Our intention here {and elsewhere in these lectures) is not to give the most general
formulation but rather to explain the ideas using formulae that are as simple as possi-
ble. Hence we will emphasize the linezrized equation (3.19b) rather than the genoeral,
wonlinear equation {3.18a). For the same reason we will use non-relativistic mechanics
ever though the full relativistic treatment is straightforward (see the article by 1L G.
Hereward in L.A.}. As it happens, [or the critieal early stages of a proton accelerator

where these ideas are most important. the non-relativistic approximation is very good.

[Zquation {3.19h) shows that there is an energy correction proportional Lo the phase
discrepancy ¢ but this is only hall the story. There is also a phase correetion due to
the energy offset ¢ since a more energetic particle has a greater velocity which allows

it to gain in phase. T and T, are given in terms of the velocities V' and V, by

s d: ad
T—/o -i.—.Ta—/o V: . {1.20)
From these and (3.17) we get
. do i |
o=F=v-v) - @2)

It was the simplicity of this telation and the natural occurrence of = in (3.18) which

motivated the choice of = as an independent varizble.

Yelocities and energies are related by

] . ]
Eg = 6m'§‘2 L Ega= éme (3.22)
and as a result
e=, m{Vv:—Vv3) (3.23a)
~mVV - V) (3.23b)

In practice, the coergy spreads tend 1o be very smail and the linearized form {3.23b) is
a satisfactory approximation [more so, for exainple, than the linearized form {3.19b}

which won’t quite do in some cases). Combining (3.21} and (3.23b) we obtain

ut

Frl
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W Yvaiws Semtono fan” by billerentintig (3.24) and substiteting from (3.21)

~1 e ar ’.l "w
o ";:-3’1’1:::"[('”5“’.! + &) = coi §,) (3.254a)
LJ Ll -
= m,..,‘qﬁm sind, . {3.25b)
a

tven the non-linear form (3.25a) has the simple feature that the “foree™, *F°, depends

enly o the displacement ¢ this motivates one to introduce an “cffective potential
vnergy funetion”

”V":—[“F"rfrp
} {3.26)
= agE plsmid, + o) - bensd,] .
ml;;

The effective force is plotted in Fig. 8a and the effective potential is plotted in Fig. 6b.
Clearly Eq. (3.25b) represents an oscillatory system provided that sin®, is negative.
The “frequeney™ of small oscillations is given by

2r . uh} [‘.-"!ﬁiﬂ @.n!
N ,| mvE . (3.27)

Here, since the independent variable is 2, it is the wave number 22/X; which ap-
pears rather than w. . is the dislance along the accelerator for one cycle of longitu-
dinal oscillation to aceur. Note that h; becomes latge as V, increases, Relativistically
this effect is even more pronounced. The correet relativistic exoression differs from

{3.27) by the replacement ¥V, — 7,3, where 4, is the usual relativistic lactor ( l——ﬁ'?]"a.

As usual with oscillators, it is »nlightening to write the cquations of mation in
Hamiltenian form and to discuss the motion in phase space for which the axes are ¢
and ¢ 23 in Fig. 8c. The Hamiltonian is given by

= ~q Eg[sin(®, + 3) — gcosd,] — O:Tfi € (3.28a)

]
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Fig 6. Phase stability graphs.

and the equations of motion (3.19) and (3.24) are

oH
e =21 3.20)
€ a¢ { H
_oH (3.30)
o
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For small oscillations, and dropping a constant term, 3 reduces to

1 ; v w2 .
H= — 1 B |sin b, -—é—";‘,?c . {3.2-8)

When a Hamiitonian does not depend on the independen? vaciable, it is a constant of
the motion. In that case a phase space trajectory is an efhpse with the equation

Fi(¢,e) = Ffi (a constant] . (331

Just as with a pendulma for which the maximum velocity can be calculated if the
maximum height is knuown, or vice versa, we ean oblain
- ] N B w ”
= X E (sin ®yidmaz = —E'}'-VP €maz - {3.32)
In other words, the aspect ratio of the phase space cllipse is determined by the Hamil.
tonian

Emar _ J& £ | sin éal"f"vaa
w

Smaz (333)

But H is not independens of z. The voy fact that we are discussing an accelerator
implies thot Vy varies with = and the ideas preseoled here cannot be applied without
further discussion. If the rate of variation is slow enough, the motion in phase space
will still follow an almost elliptical path close to vne of those shown in Fig. Be. Slow
{or adiabatic) in thiy coutext means that the fractional variation in ¥, should be sieall
as the particle travels a distance A;. 1t is useful to evaluate X, for the data describing
the FNAL linae and given in Tabic 1. You should find that the adiabatic condition is
quite wel' satisfied.

But in such ap adiabatjcally varying situation, the value of (4, ¢) does not remain
even approximately constant. Qn the other haad, jt is not hard to show (e.g., {.andan
and Lifshitz, Mechanics) that the area of the pbase space ellipse is an “adiabatic
invariant.” In other words,

€maaPmaz = constant . (3.34)
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Taken together enzations (3.33) and [3.39}, by fixing both the product and ratio of
€mar 3 Pmqge, fix them individualiy It follows that their variation is given by

1/4
cmu-TlE;u |sin &5 ‘V,a] (3.35)

o,,,_,,rr[ﬁ‘_.o sin®,} V,'?]-m , £3.38)

The latter relation <hows that the bunch naturally shrinks down and becomaes short
compared Lo the phase acceptance Of the linac sections. Even the cnergy spectrum
is. in n manner of xpeaking, damped since one is normally interested in the fractional
energy spread emar/Ey,.

We have not said much about the motion for large amplitudes where (3.28a) must
be used. Mor will we s it is assumed that the reader has already eucountered phase
space plots like Fig. 6c olzewhere  On injection, particles inside the separatrix are
captured. '§ hose outside are largely lost although even some of them ~au he captured
because of adiabatic damping.

20 THANSVERSE DEFOCUSING

There is one undesirable copsequence of the phase stability considerations of the
last section  We saw, following Fq. [3.25b), that longitudinal stabaity requites that
sin®, be negative. Referring barck to Eqs. (3.2) and (3.3), the time rate of change of

the clectric field is

dF; .
=" F.gconwt

which, for the synehronous pacticle becotnes

dE
:"‘ = —-FE.quwsin®, . {3.37)
This expression is positive if theve is longitudinal stability. Looking at Fig. 7 it ean
be seen that fringe fields o the gap region lead te transverse forces. As the proton
enters the gap it feels a focusiog force and, as .t leaves, s defocusing force. There is
a neot defocusing effect sir<e from {3.37) the magnitude of the field is increasing with
time -

2
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A quick way of secing the inevitability of this Jfect is to consider the wotion in a
moving frame of reference in which the synchronous particle is at rest. In this frame
there is only a time-independent clectric field since the phase velocity of the field is
equal to the particle velocity. In this frame, Earnshaw’s theorem which applies to DC
ficlds and potentials excludes the possibility of a potential minimum, and motion in at
least one of the three dimensions must be unstable. Since the longitudinal motion has
been adjusted to be stable, the transverse motion will nat he.

ELECTRIC FIELD

-

-

———
[y

\
\“
\
1
1
i
i1
!
f

\‘\

Fig. 7. Transverse focusing fields in accelerating gaps.

It is possible to show this effect mathematically. So far we have not explicitly
given the z-dependence of the accelerating field other than to =ay that the protons are
inside drift tubes where there is no ficld except at times when the field is in the right
direction. As mentioned above, we can represent this by a traveling wave given by

E. (2,10 =E;0¢05w(l—[0“—:;:-r) . (3.38)

The argument has been arranged so that a particle of speed V, stays at a fixed phase
of the traveling wave. In Sec. 4 we will see how, by Fourier transformation, such a
traveling wave can be obtained for a general accelerating structure, but for now let s

accept (3.38) as the dependence on 7 and { scparately, for example near the center of
one of the accelerating gaps.

We will now use this expression of the field to find the form of the radial Lorentz
foree equation. Taking r as a tronsverse radial displacement and ¢ zs an azimnthal
angle, we can show that, for small r, the form of (3.38) and Maxwell's equations fix the
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other field components. We also assume th o f; vanishes and, assuming «otational

symmetry, that Ey — II, = 0. In the nhsence of free chatge, Gauss's law makes V. £
vanish, ie.,

i) _ BE;
GlUrE=——o~ . {3.39)

For small r, E; will be proportional to r, and ‘ve get

g e

zd
Ep T hf:r) = - E FSIEW(! fﬂ V,} . (3.40)
By Ampére's law
12 oE,
T Br {rig}=eq 3 (3.41)
and from this we obtain
g, . zdy
;= -5 E. ¢ smw(f—fo V,) . (3.42)

We can pow write the radial Lorentz foree equntion for the synchronous particle

d, . ,

g7{m¥) = g(Er = VapoHy)

£ (3.43)

?“" Qey g2

=y, {1— ;) rsind,

where it has beer recognized that the phase factors in (3.38), {3.40) and (3.42) are

the same as in (3.25b), ie., ®,. But since the sign in {3.43) is opposite Lo that in

(3.25b), one or the other must lead to unstable motion which is what we set out to

demosstrate. Tt should be noticed though, by the presence of the factor 1 - g2, that

the defocusing vanishes io the relativistie limit.

Space charge forces also tend to enlarge the transverse heam size but the effect
just described limits operation cven at low beam current. Early corrective schemes
using electrostatic grids were not very satisfaciory. It was the discovery of alternating-
gradient focusing by Blewett, Courant, Livingston 2nd Snyder and the introduction
of quadrupole magnets inside the drift tubes which solved the problem.
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3.7 APPLICATIONS AND SOME PRACTICAL ASPECTS

For high eneegy physics, the main application of proton and ion linacs is as injectors
inta circular machines, but by themselves they also have numerows applications in
nuclear research and medicine. Included are meson factaries (LAMPF), heavy ion
research (SUPER HILAC, UNILAC, RILAC) and intense neutron sources.

A typical layout of a proton linac is shown in Fig. 8. The source is generally a
metal envelope eantaining a gas (hydrogen or other) which is ionized into a plasma.

The protons {or ions) are formed into a jet through a cylindrical nozzle,

200MHz 200MHz 800 MH:

BNL
Fig. 8. Typical proton or ion linac layout.

This system, called a duoplasmatron (DP), floats al a large negative voltage supplied
by a Cockeroft-Walton supply and emits the protons {or jons) into a bhigh-gradient
accelerator eolumn [CW). This results in particles with an energy of as much as 1
MeV (typically 750 keV] but near ground potential. Photographs of the BNL versions
oi these components are shown in Figs. 9 and 10.

This pulse of protons forms a DC current of perhaps 100 or 200 mA for 100-200
microseconds. The protons then become bunched in the drift space following the
low power, velocity-madulating, 200 MHz buncher labelled By. The second buncher,
B, used for longitudinal phase space matching, injects the protons jnto the Alvarez
linac where the capture efficicncy at a synchronous phase $, = —307 is as much as
805, Figures 11, 12 and 74 show successively more magnified views of the BNL linac.
After 150 or 200 m the protons have been aceelerated to about 200 MeV with a pulse
repetition rate of 10 or 15 pps. The parameters of other injectors. such as that at
FNAL, are similar. At LAMPF this stage is less than hall as loug and achieves 100
MeV with a greater repetition rate {120 pps) and a 500 psec pulse length.
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Fig. 9. Cenkeroft-Walton pre-injector (750 kV)
(BNL-HAEFELE)
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Fig. 10. High-gradient aceelerating coluinn {750 kV).
(BNL)
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Fig. 11. BNL Alvarez lirac from low-energy end.
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P j J ey
Fig. 12. BNL Alvarez linac showing drift tubes, multi-stem
aTrangement, tuning bars, and slugs for ficld stabilization.



R e i a2 L]

Fig. 13. First Alvarez drift tubea {notice sparking).

In all thesé Alvarez linacs, typical average axial fields are in the range of 1 {0 2.5
MV/m, with gap Gelds at 6 to 10 MV/m. Ther= are many lanks, each containing
many Jrift tubes {refer again to, e.g., Table 1). Each tank is supplied with a peak
power of several MW, lypically ~ 5 MW,

To obtain high ¥, the temainder of the LAMPF acceleraior which goes
up to 800 MeV u+ scture at higher frequency, 800 MHz. This structure uses
side-coupled cav - will defer explanation of this important development until a

more systematie fori.. .m for periodic structures has been developed in Sec. 4.

3.8 RECENT DEVELOPMENTS

One recent invention, first proposed in 1670 by I M. Kapchinskii and V. A.
Teplyakor at ITEP in the Soviet Union, is to replace the front end of the linac strue-
ture by a device in which the RF fields that are used for bunching and acceleration
can also serve for transverse focusing. In the USA, the structure which can perform



these combined functions s called the REQ (Q for quadrupole). As mentioned in Sec.
2, RFQ's have now operated suceessfully at several laboratories. Table 2 gives param-
eters for the designs of three such devices.

Table 2. Design Parameters for Three Ditferent RFQ's
Los Alames CERN  BNL2

o ) .. Polarized
fon H- Ht H-
Frequency (MHz) 425 202.586 M1.25
Input energy (MeV) 0.10 0.4% 0.02
Output energy (MeV) 2.00 0.52 0.75
Nominal current {(mA) 100 100 a1
Transmission efficiency (%6 ) 91.4 93.6 100
Qutput emittance® 0.021 0.05 0.011
Length (em) 288.6 138.2 123.4
Peak rf power (kW)* 1020 304 66

3RMS normalized areafw in ¢em mrad units.

bIncludes power required for the 7 manifold and for the beam.

To understand how the RFQ works, refer to the early mode! built at ITEP (Fig. 14)

and the simplified sketeh of the vanes which make up the four oppusing arrays of poles
(Fig. 15).

The fields and currents are said to resonate in a modified T%39 mode Al any
particular distance along the resonant structure, the poles are shaped and powered to
give zn electric quadrupole field. As the fields vary sinusoidally in time, an alternating
gradient with net transverse focusing results, However, since the pules are also given

a sinusoid«l-like radial variation. this configuration leads to longitudinal acceleration
and adiabatic brenching as well.

One reason for which this deviee is of such great interest ia that in 3 small space,
it can replace the very large Cockroft-Walton section of an ordinary injectos, as can
be inferred by noting the typical input and output energics in Table 2. Although the
peak RF powers are relatively high, the RFQ's hold the promise of far better caplure
efficiency and reduced emittance growth at reduced cost.
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Fig. 14. RFQ structure built at ITEP, Moscow.
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Fig. 15. Transverse and longitudinal views of the poles of an RFQ.
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Schemattc driwing of AFQ resanatcr,

FMIT Prototype RFQ

len: Deuteron S E T
Furqueney: 80 WHz W(MaV} 0.073 0.075 06.12; 0.4 2.00
Nominal furrent: 100 =A Lv/s) .01 118 176 178 176
Current Limic: 205 mA [ 1.00 .00 1.12 2.1} 11.13
PARMTEQ RESULTS aiem) 8,31 1,42 1.35 0.B9 1.00
tnput Current: 306 mA r=(=l1 B.31 1.4 1.42 1,82 1,83
Queput Currenci 100 s al(dll'l - -90 a7l ~30 -30
¢ tnpue (90): 0,070 LW 0o 0 0.40  1.97 1.3l
& Oucput (30%): 0,160 v {wy) 185 1A% 18%  18%  I85
=| Input (RMS): 0,017 H 0.20 .82 4.8) &.82 5.20
" outpuc (RMS): 0.016 Lia) o 6.7 130 27 388

CELL. NUMBER

a 73 119 133

:lnn; SHAPER GENTLE BuNCHEP | ACCELERATOR

.K e e e AV ATAAVAVAV AVAN A V)

’ M S A A AVAVAVAV AV AV AT ANAN

4 :

[ L ) ] i
10 200 200 364

VANE LENGTH (CM2

FAIT prototype AFQ pole-tip shepe.
Fig. 16. Characteristics of RFQ for FMIT linac (LANL).
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Figure 16 gives detailed design information for the RFQ for the LANL FMIT
project to accelerate devterons. The cavity containing the 3.88 m long vane shous the
pole profile in the four suceessive sectious of the device: the radial matehing seetion
{RM), the bunch shaper (S), the gentle buncher {GB) and the accelerator (A).

Another interesting modern developmeat is the linear induction aceclerator men-
tioned in Sec. 2. The principle of this accelerator is illustrated by the module shown
in Fig. I7.

LINEAR INDUCTION ACCELERATOR

-

Insulotor | femace M| -Induchion Core

IS

.

=~ - Beom
NN
Spark Gop Switch
Acielerohing

Field
Transmission Line
ond Pulse Forming
Network

H.V. Generotor
Fig. 17. Lineust induction accelerator module,

As stated earlier, the idea of the induction linac is based on Faraday's law. The
accelerating action can be deseribed 23 analogous (o a trapsformer, The primary of the
transformer is excited by a high voltage souree conpected to a pulse forming network,
switch and transmission line. The increasing current flowing through the primary
when the switch is Gred creates a rapidly changing magnetie flux in the toroidal core
(thin-laminated iron or ferrite) which in turn induces a voltage acroas the accelerating
gap. The beam then *an be seen as the secondary winding. The acceierator iisell
consists of an array of such modules whirh can be triggesed in succession at a rate
commensurate with the velocity of the particles, their particular g/m and the
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secoferating field,  Aecdleraling capabilily, expressel as the produet of gap voltage
times pulse Jength, is limilvd by the saturation of the feccomagnetic material, which
in 1urn ix determined by the amount and type of material present. Typical average
gradients of 2.5 MV/m can be reached. The technology of the induction linac seems
to be well suited for very high beam currents {100 to 10,000 A) with short pulses (10
to 2000 nsec) :;t repetition rates up to 100 iz,

The first version of the induction linac was the Astron injector designed and com-
pleted by N. Christofilos at LLNL in 1963. More advaneed versions were built in 1971
at LBL and Dubna for their respective electron-ring accelerator (ERA) projects. The
tdea of the ERA was ta forin and aceelerate eings of electrons and to embed protons
or ions in the potential well of the electrons circulating in the rings. By acceleratig
the rings to relativistic velocities without “spilling” the protous, it was hoped that
extremely high-gradient proton machines could be built. Unforunately, it was diseov-
cred after some time that instabilities would prevent this scheme from being realizable
at high energy. As a result, the ERA projects lost their momertum although at Dubna
this type of accelerator is still used at low encrgy for jons. In the process, however, the
feasibility of practical induction Yinacs for very high eurrents was es.ablished. Table 3
gives the parameters of some induction linaes in existence. Al' of them happen to be
for electrons.

In recent years, the induction ¥inae has been proposed for a new application: heavy
ion fusion. In this application, the linac which is ealled the driver is to produce pulses
of ions such as, fur example, Krypton or Thallium (see Fig. 1) on the order of three
megajouies, This pulsed beam energy, to be achieved by accelerating the ions up o a
maximum of 20 GeV and currents of 15,000 A, is to be focused simultanecously from
several directions onto a denterinm-tritium pellet to produce whal is called inertial
confinement fusion. The pulse longth of the induction linac modules car be reduced
along the machine as the epergy of the ions increases and the time of passage through
them decreases. Typically, the pulse length mizght he 2000 nsec al the front end and
20 usec at the output. Progressive beam bunching is obtained by shaping the current
pulses from the pulse forming networks so a3 o produce a positive voltage ramp
withio cach module. Thus, later particles with higher energies cateh up with earljer
ones at lower energies. Even at ar outpul epergy of 20 GeV, the particles are still
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non-relativistic and final power amplifica*’inn up to several tera-watts can be ohtaioed
by longitudinal bunch compression in the transport Jines Jeading 1o impact on the

peilet.
Table 3. Parameters for Typical Induction Acceleratora
Astron lojector ERA Injector NEP 2 Injector  ATA
Accelerator Livermore Berkeley Dubna Livermore
1063 187 1971 1983
Kinetic energy, 37 4.0 30 50
MeV
Beam current on 350 200 250 10,000
target, A
Pulse duration, 300 2-45 500 50
ns
Pulse energy, 0.4 0.1 as 25
kJ
Rep rate, pps 0-80 0-5 50 B
Number of 300 17 750 200

switch modules
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4. Particle Acceleration by Guided Waves

We will naw present a somewhat more general discussion of particle acceleration
by guided waves. As we have seen in the previous section, a series of appropriately
phased accelerating gaps, separated by drift spaces, can be analyzed simply to give
a satisfactory deseription of a proton linac. The present disenssion will inclnde such
structures as a speeial case but will forus on the guided wave itself rather than on
the details of the structure. in the interest of simplicity we will concentrate mainly
on particles with speeds near the velocity of light (ie., electrons) although the same
formalisin applics also to slower particles. Rather than building on our previous dis-
cussion of proton aceelerators, we will begin again and consider the general problemn

of partich: acceleration by an electromaguetic wave.

1.1 MOTIVATION

As my 'ntioned before, we are coneentrating on particles with velocity near ¢ and this
makes it ntural to attempt to use an eleciromagnetic wave in [ree space since it travels
at the sam- speed and might have a cumulative effect on the particles. Unfortunately,
siuch a wave has the property that ils E and H-field are orthogonal in space and have
components only in the transverse plane perpendicular to the direction of propagation.
Sinee, in addition, the wave is bound to be of limited transverse extent, only ane of
two outeares is possible. Either the particles start along a direction exaetly collinear
with the wave, in which case they see no force at all (i.e., the transverse eleetric and
magnetic forces cancel exactly); or they start at a slight angle, in which case the
transverse component of the E-field produces some acceleration aleng the direction of
motion of the particles but the effect is nol cumulative because the patticles soon find

themselves outside of the field of the wave.

There are two ways araund this difficulty: either one keeps bending the beam back
into the wave or one reflects the wave back into the beamn. ‘The first is the principle of
the Inverse Free-Electron Laser which is discussed elsewhere in these Proceediogy. The
secand one is the principle of all linacs using rf waveguides. An appropriate waveguide
can redirect the electromagnetic wave to keep it superimposed on the particle trajec-
tory. At the same time, it can also be such that it has a longitudinal electric field in

the direction needed to impart energy to the particles. To have a cumulative effect,
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however, the particles apd the wave must be synchronous. As we wili now see, it is
the need for the simultaneity of these conditions which presents the main challenge to

the accelerator structure designer
We will now go through a short eview of guided waves Lo clarify these points.
4.2 WAVE CONFINED BY PARALLEL PLANES

Figure 18{a} shows two plane waves propagating in free space at angle # on either
side of the z-axis, and with their E-fields lying in the - plane (the plane of the paper).
‘The lines represent a snapshot of wavefronts of maximum |2} at a fixed time. They
are labelled 4, —, +, etc., to indicate whether E points lefL or right. The {ree space
wavelength Ag is shown. It is given by

M=rc . (4.1)

At a few of the inteisections of the wavelronts the victor sums of the fields due to
the two waves are shown. On the dashed lines the E-field is transverse to the z-axis.
Along these lines it is permissible lo place a mirrer fi.e, a conducting plane} without
afecting the fields.

Now the two waves can be thought of as bouncing back and [orth between the two
conducting planes. Changing our perception somewhat, we can see in Fig. 18(b!} that
there is a single wave having a longitudinal component of £ and propagating in the
direction of the z-axis. The guide wavelength X, is shown. It is the distance along the
z-axis after which the pattern repeats and it i3 given by

bY)
p——
g cos f

as can be deduced from the geometry of the figure

We are now confronted hy one of the obstacles which tends to loil our efforts, 1 we
wait for a time 27/.w which is ane period of oscillation, the pattern will have advanced

a distance Ag. That is, the phase velocity is

w ¢ c
= Ap - = = . 4.
Y=g TN cosd (4.3)
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z DIRECTION OF THE
9 TWO PLANE WAVES

POSSIBLE LOCATIONS
FOR CONDUCTING PLANES

LONGITUDINAL
Es

Fig. 18. (a) Tbe origin of longitudinal electric fields in guided waves, and {b) their
configuration between two parallel conducting planes.
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Since cos# is less than 1, the phase velocity is greater than ¢. Since the particle
to be accelerated is necessaniy traveling at a velocity lower than e, ont wave cannot
yel be used for camulative acceleration.

Before addressing this problem, we should discuss some other preliminary questions
regarding waveguides. The conducting wall could be moved ont to any cf the other
planes on which E; vanishes and this iutzoduces the possibility of different waveguide
modes. Also, it is natural to “close” our waveguide, for example by making it rectan-
gular through the addition of conducting walls parallel to the plane of the paper; this
makes even more modes possible. In this case it is still possible, although harder, to
visualize our wave as made up of plane waves reflecting off the walls - four waves must
be used. Rather than attempting this, we shall withdraw Lo &8 more abstract treatment
based on Maxwell's equations. The wave we are considering has a transverse Bz and
a longitudinal E; component but only a transverse Hy magnetic component, which
makes it a so-called TM wave. All field cor}lfxc-:r:e-n-t; can hl-a_ci;ived from E; which
satisfies the wave equation

a°F

. 2
gt +E: = -""":g E; {4.4)

where we have already built in some assumptions which we will now spell out. We
have assumed a time dependence of the form e®* and a z-dependence =7 where 4 is

complex:

v=a+j8 . (4.5)

Also, for simplicity, we are limiting ourselves to the case of Fig. 18 with no w
dependence. By inspection, we guess o solution satislying (4.4) and the boundary
conditions at z = 0 and z = a, with amplitude C,

E. = Csin (w:) e (4.8)

For pow, a is the gnide width. Substituting {-4.8) into {4.4) we obtain, for this simplest
possible case, the relation between guide wavelength and frequency

AV 4 wz
_(a) + 3T = - ¢9 . (47’




For ather modes the first term is changed, but for simplicity we will not generalize
the notation to cover all cases. The roader shorld be aware of the fact that some of
the following formulae, though correct in form, may need appropriate modification for
other modes.

If there is no attenuation, a vanishes and (4.7) yiclds
2 2
A=) -5 (4.8)

c 4]

where 3 is the wave number carresponding to the guide wavelenpgth 2,

2r
g= t\_g . (4.9)

This 8 (which should really be called 8; or k;) must not be confused with the usual
B = v/e used for relativistic particles. Expression (4.8) is called a dispersion relation.
It ean be rewritten in terms of the “cut-off frequency,” a term to be justified shortly,
given by

We=—¢C {4.10)

whereby it becomes
P ) A
= a2l —-wd) . (4.11)

The graph of w versus @ in this field is called a Brillouin diagram. It is easily recognized
to be a hyperbola (see Fig. 19). When w drops below w., # becomes imaginary and
there is Do more propagation. That i why we is called the cut-off frequency.

Following the usual analysis of a dispersion relation, the phase velocity is given by
<

V1= lwefw)?

which, as expected, i greater than ¢, as can also be note.' from the slopes shown in

Fig. 19.

(4.12)
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Fig 190. Brillouin diagram fur guided waves in an unloaded guide.

It is useful to think about the situation at the extremes of this graph. At high w,
(4.11) becomes the free space linear relation between frequency and wave number, In
Fig. 18 this corresponds to wavelronts that are very close together (Ag — Mg, § — w/¢}
and the wave travels freely down the guide, like a flashlight heam in 8 bollow tube.
We have already seen that, although the speed vy is close to desired, the wave is pot

suitable for acceleration because its E-field is transverse.

At the low frequency extreme, the lines in Fig. 18(a) are as wide apart as they can
be while stil} allowing the picture to be completed; that is, the spacing from 4- to —
should be a,

which agrees with {4.10). The wave number 3 is very small, eorresponding to large
guide wavelength and large phase velocity. In this case the wave bounces back and
forth at right angles to the guide; it is nouv useful for acceleration because of the high
value of vp.

Since accelerator guides are generally circular, perhaps more iime than is justified
has nlready been devoted to rectangular guides and parallel plapes ip particular. But
there are a few more points which can illustrate our ideas in Lhis simple case, free from
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the intrusion af complicated geometry and mathematics, These have to do with power
flow and dissipation in the walls.

The non-vanishing transverse field components between infinite parallel planes ¢ -
responding to E: in (4.6) are given, using Maxwell's equations, by

n
o 1at abz_ —z
Lz == n"E dr —'—- ( w'*(—~)e
(4.13)
2 a
__, wega ek L wgo Iy oz
Hy=-—j e J ﬂ_ﬁbcos(“)e .

The power flow Py, is oblained by integrating the average Poynting veclor over a
transverse plane

Fir =5 Re [ Ecbjdzay . (4.14)

Sinece we are assuming that there is no y-depandence, ie, the paralle] planes are infinite
in y, we don't have to satisfy the boundary conditions on any bottom or top plane.

For a height &, with 54 = j7 taken as pure imagivary, we get
o ith
Pr=C cwazs . {4.15)

The standard method for calculating power loss in the walls (an issue of dominant
importance in finear accelerators) is to take the felds obtained above for the lossless
case 10 enaleulate the walt currents. In our case, the loss is in the side walls where, by
Ampere’s law, the inngitudinal eur U I- per height b is given by

I=Hypb .

Althaugh the model is not conceptually quite correct, one obtaina the correct answer
if one assumes that this current flows uniformly in a skin depth & given by

where g9 = 47 X 1077 henry/m and ¢ is the conductivity in mhos/m. The average

power lost in a short length dz of height b of the two siJe walls is of the form 2 x émzR,
i.e., given by

dF, lost _ |H b uJ 2¢Za’C%b
o L — AT
TR ST 1)
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whore {g8)™1 is the skin resistance fe. To account for this loss, the propagalion

constant must have a small real part given by

Essentially the same information can be quantified by defining 2 @ factor for the
gnide

[ 1 IPY)

T T 4.19)
dﬂ'oal/d‘: {

where 1w, is the stored energy per ubit length. This quantity can be caleulated from
the maximum electric field, averaged over a wavelength:

Q=

€ a
weg =2 [}EII‘ + |E;]2] ab

(4.20)
=% [( J +1]c ab
which yields
_ mrol{ 2 ) + 11\/.00/&0 a21)

SRg

Finally, there 33 one miore relation belween these quantities. If the energy travels

with the group velocity vy, then

Prr = vy wy (4.22)
where
dw Ptr
vy = d_,i o (1.23)

Note that in Fig. 18, the group velocity is the slope of the w — 8 diam.am. It is
equal to zero at cutoff {w = w() and ~qual to ¢ when w — co. The reader can verify

that both definitions of vy are equivalent and that @ and a are related by the equation
o= wflnQ.
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For a practical accelerator structure, all of the above quantities would have (o be
caleulated. In what follows we will not attempt this as it ean become quite complicated,
Conceptually, however, these calculations are not different from those which have just
been done. The exact formulae, if they can be obtained in closed form, resemble the
ones we have just derived as far as dimensional {actars are concerned. The numerical
factors, of course, depend on the exact geometry.

4.3 CIRCULAR WAVEGUIDE

Most linear accelerator structures have configurations with circular cross sections.
To simplify matters, let us take the case where there is just one boundary, r = b. If
we limit oursclves to TAM modes with no f-dependence, the wave equation of (4.4} can

be replaced by

8°E: 10E: o w?
Tty VB B (1.24)

The other non-vanishing fields are given in terms of E; by

jueg OF:

Hy= — .25
] w2 o {4.25)
__ 7 9E:
E, = i o (4.26)
where
w2
=44 E) {4.27)

The simplest solution of (4.24) is the so-called TMy; mode where the first subseript
(0) denotes zero-¢ variation and the second (1) denotes one radial variation. For this

mode the fields become
E; =C J‘olkcr)e-’vz

Jweg —

Er =21 € Ii{ker)e™?
ke
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If one compares expressions {4.28) with thase of (4.8) and (4.13), one sees that the
main changes are that Bessel functions have replaced sine and cosine functions. The
waveguide radius becomes involved because of the requirement that £ vanish at r =
b, which means that kb must be the frst zero of Jo(k.t):

keb = 2.405 . {4.20)
The guide dispersion relation takes the form of (.11} i the entoff frequency is defined
b

¢
b

Note that, as claimed earlier, this expression differs from (4.10) only by a dimensionless

We = kcc = 2.405 (4.30)

numerical factor, in this case 2.405 instead of x. All the other waveguide properties
such as Py, Piu, @, Q can be calculated as for the case described in Sec. 4.3.
We will not make the effort to do this because the TAp; mode still suffers from the
shortcoming that the phase velocity, as given by (4.12), is greater than ¢, making it
useless for cumulative acceieration. However, having obtained the field expressions for
the circular waveguide, we can profitably return to our cylindrical resonator originally
discussed 1o Secs. 3.2, 3.3 and 3.4.

4.4 CYLINDRICAL RESONATOR

Iu the circular waveguide, the dispersion relation {£.11} determines the longitudinal

propagation constant as a function of w:

W w2\
= (1_&2) . (431

<

if however the guide is capped off at bothk ends by conducting planes as shown in Fig.
20, a constraint is placed on 3, and w can only assume discrete values corresponding
to resonances. As in Fig. 18, the boundary conditions at the plane surfaces can be
satisfied by superimposing two waves of appropriate wuvelength, one going left, one
right. The result is a standing wave. A simple possibility is to take the mode where

E, = 0 at the planc surfoces and
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Fig. 20. Cylindrieal rosonator,
i.e,
Using {(4.11) and (4.30) this yields for the resonant frequency
2405\ ma/e
wr =c[(—£- ) +(E)] . (4.32)

This is the so-called TAfp;; mode which hns one variation in the z-coordinate, It
turns outl, however, that in a cylindriea) waveguide, there s an even lower mode (the
one used in Alvarez linacs) in whick E, vanishes not just at the ends, as required by
the condueting planes, but everywhere. For this mede ), is infinite, which makes 3
zero. The resonant [requency is

we = 2.-:05: (4.3%

which is independent of 4. This mode is called the TMpjp mode. The expressions for
the field given by {4.28) are reduced to
E; = Jﬂ(kef)
c {1.34}
Hp=—j 7 Jilker)
where 7 = (0/¢g)"/? = 377 chma. From these, using the delinitions of :he shunt
impedance R {(3.7) and Q (3.12] or (4.19}, it s passible to show that
"2‘2
R= — — — —ymm .35
Rynld +5) THED) (4.35)
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and

n 204
Q=g A+ oD (4.36)
where K, = 1/ob i3 as defined previously. [t would be igstruclive for the reader to
verily these expressions and to get 9 feeliog for the magnitndes involved by working

out sor.e Dumerical examples Jor R, @, R/Q and Ty at 200 MHz {4 = 8m) and 2856
MH2 (d = 3.5cm).

Note that far this calculation we have neglected the effect of the holes at the enda
of the resonator, needed to let the particles pass, As we discussed earlier, a linear
accelevator can be built by stringing many such cavities together and adjusting their
phases to the beam ta give cumulative energy gain. However, rather than assuming
that these cavities are independently driven, we will now iry to anslyze the model
where they are connected together into a periodic chain of coupled resonators.

4.5 WAVE PROPAGATION IN COUPLED RESONATOR CilIAINS

For simplicity we will ste-t with the simplest possibie resonator, namely an LC
circuit. The pillbox resonator in the TMpyp mode 15 indeed little more than an LC
cirenit where C, is the capacity between the end plates and L is the inductance of
the toroidal outer region where the magnetic Seld is predominant, Representing the
coupling between resonators by a parallel capacitance 2C)p, the circuit diagrsm for the
chain is shown is Fig. 21.

11Cs 11Cs 11Cs
1] al ml
2Cp 2Ce
2Cp:':./i;>:|: in “— [ ipam =—=2Cp
_——qn\—

L L L
Fig. 2L. Chaiu of lightly ccupled resonators.

Note that in the limit of large Cp, the resonators are uacoupled. For the pillbox
resonators this wovld correspond to having no beam bole. To insure that we are ~lase




to that situation, we will assume that
CoC, . (4.37)

We do not intend to imply that representing the coupling by a capacitance is an obvious
moadel for the actual coupling, but it is simple and leads to the same qualitative results
s more complicated models.

It was L. Brillouin who first systematized the analysis of such periodic chains, bat
the essentisl results we require can he derived in a few lines. Applying Kirchol's
current law to the nth Jaop in Fig. 21 yields

2 1 . , | N .
(m-c;; + 3.;67‘ +JdL)lu -JT.J.;IE:;('R+! -+ ln-l’ =0

or

el — 2cos(Ad)in 41, =0 {4.38)
where

CF 24
cos(fd) = L + ek ol (4.39)
o

From the point of view of the present discussion we have simply introdveed a new
symbol [3d) which is & certuin combination of w and the circuit parameters. But,
nnturally, our choice of symboi anticipales identifying this quantity with the previously
defined quantities 7 and d.

Two solutions of the diferenve equalion (4.38) are
in = ::;l'nﬁd-l-qbo) (R=0,1,2,..) (4.40)

as can be checked with standard trigonotaetic identities. 1f # as defined by {4.30) is
real, then (4 40) will represeur standing wave solutions which the structnrz can support.
Remember that it is implicit ia an impedance equation such as (4.3 hat the time
dependence e is assumed and the real part is to be tuken. By superimpusing the
two salutions {4.40} wi*h proper phase, unatienuated traveling ~aves going in . ther
direction can be formed. The condition for B to be real is that

“1< s <1 (4.41)
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which can be re-expressed a3 a band of propagatiog frequencies
g X WL Wy . (4.42)

The frequencies wy and - defining the limits of the band are obtained by combining
{4.39) and (4.41) to give

g = Wli' (4.43)

1 C,
Wy = m‘:(l + ?J—) . (4.44)
Approximation {4.37) w. : used ia obtainiag wy. Note that the subscripts on wp and
wp are the curresponding values of the angle 34 at the band edges.

The Brillouin diagram for this structure is shown in Fig. 22 which is & graph of
(4.30). The band of proy igating frequencies includes the resonant frequeney 1/ /IT,
of the uncoupled resonat rs. Far weak coupling (Cp much larger than C,) the band is
nartaw, and far strong coupling (Cp cleser to Gy it is broad. In fact, we have

Av_ur-uwo Ci
wp wn Cp

b

w.

(4.45)

0 4 >
0 /2 w Bd

Fig. 22. Brllouin diagram for a chain of coupled LC circuits.




Certain fealures of this Brillouin diagram are important properties of periodic
structures in general, It is even in Ad and periodic in Ad with period 2= since these
are both properties of the function cos 8d. The dashed extensions in Fig. 23 convey
this offoet. Dut this extension is superfiuaus for the system we are discussing since,
in (4.40), shifting A4 by 2= does not alter the solution. This is due to the fact that
our single cells are fully described by one vasiable {the loop cusrent) and continuous
variation of the argument is not defined. On the other hand, our single ceil could be
more complicated, For example, suppose it had 2 mode of oscillation at some higher
frequency as well. This would lead to arother propagatine band as shown in Fig. 23.
For linear circuits, these modes do uot influence each other. For reasons to which we

will rotuen, we have chosen to emphasize the band —7 < gd < 0 as the principal
band for the higher mode.

1
5 % ° & 5 %
Fig. 23. Brillouin diagram for a chain of cells, each having two modes.

As usual with dispersiou relations, the Drillouin diagram can be used to extract
phase and group velocitics, Teking d as the physical length of one cell and with w/c as
the vertical axis, the slope of a 45° line, as shown, corresponds to a phase velocity equal
to ¢, which is required for an electron accelerator. This condition fixes the operating
frequency ol the interscetion point. Apother general feature is that the group velocity
{given by the slope dw/dA) is always less than ¢ and vanishes at wy and at wy.
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4.6 PERIODICALLY LOADED STRUCTURES

We now have to face up to the fact that a linear aceelerator is more complicated
then a chain of one-dimensiunal resonatars. The individual eells support not just one,
but many modes and it may pot he justified to treat the caupling as weak. While the
Iatter fear is somewhat uniounded, it still makes sense Lo atiack the problem from yet
another point of view — analyzing the structure as a periodically-loaded waveguide,

This brings us back to the question which was left open in seetion 4.2: how do
we slow down the phase velocity of a waveguide? Far the chain of pillbox resonators
the trick was easy since in the lowest mode the frequeney is independent of the length
d and in the weak coupling limit the resonators can be phased independently. There
are many other ways of slowing down the phase velocity, som« of which are shown in
Fig. 24.

Of these structuses, the simplest is the iris-load=d c; disk-loaded waveguide, This
is just another name for the pillbox resonator chain which we have been diseussing,
except that now the iris hole radius, g, has become larger. Treating the irisey as
perturbations, we can ask what effect they have on the waveguide modes, If thereis a
wave propagating along the guide in the +z direction, there will be a reflection at vach
jris. For a band of frequencies, these reffections will interlere destructively because
of the phase shifts resulting from the spatial separation of the irises. Ay & result, at
these frequencies the irises will have only a miner effect on the propagation and the
dispersion relation will resemble Fig. 19.

But there are certain frequencies, Wy, for which the reflected waves froin suecesuve
irises are exactly in phase. At such frequencies, unattenvated propagation is impossible
since reflections necessarily result in comparable amplitudes for forward and backward
going waves. Standicg waves are possible, however. The condition fur this “Bragg”
reflection is

3=3,. n=012,... (4.48)

since this makes the phase advance in going ahead to the next iris and then back an
integral multiple «f 2x. This situation is again characterized by a vanishing group
velocity,
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Fiz. 24. Some slow-wave struciures.
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We can also anticipate that for frequencies near wyy there will be a strang efeet
of the irises on the dispersion relation between w and 3. To investigate this, consider
Fig. 25 in which we have guessed two standiog-wave field configurations of apposite
symmetry rehative to the irises. In the figures, lines and arrows indicate electrir fields,
and circles indicate magnetie fields. It ean be seen that in eate (b}, since E, vanishes
at the lacations of the itises, the presence or absence of the irises does not have much
effect. For this case then, the relation between w and 2 will be very similar to that
for a waveguide without irises. But in case {a) the ficlds cannot be as drawn since the
presence of the irises must force E, to vanish there, at least at the rad. .: positions
occupied by the metal irises. In other words, currents flowing in the irises cause the
standing wave of wavelength 2d to have a dilferent (actually lower) frequency than if
the irises were not there.

aaTaN A
<L DR

{o) 5)

Fig. 25. “Guessed” standing-wave field configurations of upposite symmetry with
respect to 'the irises at the stop band. Lines and arrows indicate electrie fields, rireles

indicate magnetic fields.

We now have in kand all the elements required to complete qualitatively the Dril-
lonin diagram lor the disk-loaded waveguide (Fig. 26} We can start with Fig. 19 for
the unloaded guide. As 3 increases away from zero, w will initially follow the hyperbole
but will then flatten cut and become horizontal at § = w/d where the group velocity
must vanish. We have just seen that there is another frequency giving this same wave
number and that, furthermore, it lies on the hyperbola for the unloaded guide. This
allows us to complete the branch between 3 = n/d and 3 = 2n/d.
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Fig. 28. Brillouin diagram for a disk-loaded waveguide.
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Sirmlar considerations lead to suecessively higher branches. Again, for an electron
accelerator, possible operating points lie on the 452 line. Clearly, the loading disks are
capable of lowering the branches to intersect this line as shown. For normal operation,

the intersection with tbe lowest branch is chosen. It is indicated by wyp, Spp.
4.7 SPACE HARMONICS

A more quantitative understanding and completion of Fig. 28 requires that one
find 2 method to calculate the exact dispersion relation and the corresponding electric
and magnetic field expressioas for a given slow-wave structure. To match the periodic
boundary conditions showu in Fig. 27, it is customary to invoke a theorem ascribed
to the French mathematician, Floquet. This theorem states that for a given mode
of propagation at a given steady-state frequency, the fields at one cross section diffec
from those one period away only by a complex constant.

| —

ST
B || [

e

Fig. 27. Defipition of periodic planes {z;) and {z; + d} for the application of Floquet's

Theorem, and regions | and Il for the formulation of the boundary value problem.

The proof of the theonrem lies in the fact that when a structure of infinite length is
displaced along its ax.s by one peried, it cannot be distinguished from its original self.
(For a mure formal proof, see, e.g., Landau and Lifshitz, Mechanics).

Suppose we write

Efr, 2,8} = Fir, z) e~ ifa? ot {4.47)

where F(r,z) is 2 periodic function of z with period d, Spd < =, #-dependence is

excluded, and propagation is assumed ie the positive z-direction. Referring to planes
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(27) and (2; + d) in Fig. 27, expression (4.47) becomes:

At z=1z Elr,z,1) = Fir,z;) e Por git

at z=az+d Elr 2 +d 1) = F(r,z; + d) e Folartd] git (449
But by definition
flrozy+d)y=Fir.z;}) . {4.49)
Thus
Elr,zy +d,f) = E(r,z;, t) e 9 (4.50)

quite independently of where z; is taken, which indicates that the form of (4.47) indeed
obeys Floquet's Theorrm. Since F(r, z) is periodic, we can expand it in a spatial Fourier
geries of the form:

n=ta2 2y

Fir.z)= Y. Caglrje™¢? 14.51)

n=-00
where n is an integer which can take all ; sitive and negative values. It can be shown
that under rotational symmetry, the solution given in (4.47) becomes

n=+o0

E(I", z, t’ = Z C an Jo(krnr) ej{bff"‘ﬁnl’ (-l52)
=00
where
2
n =80 + ? ' (4.53)
k%, =k®- g%, (4.54)

C is the usual amplitude factor, and ay is the amplitude of the n'® so-called space
harmonic.

There are several methods of determining the an amplitudes of these space har-
monics jor a given structure. Before we mention them, we must make a oumber of
observations regarding Eqs. (4.51) through {4.54),
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The fact that the expansion contains all positive as well as negative integers
artises from the fact that we have assumed an even structure (with reflection

aymmetry with respect to the origin, z = 0}.

The wave E_(r, z, f) which meets the boundary conditions of the periodieally
loaded struc‘ure is made up of space harmomnic compoaents which eazh havea
different propagation ronstant {4.53). However, once fyg(w) is known, all B,'s

are known,

Each space harmonic bas a different phase velocity given by
w
fp + 257

For any n < 0, the phase velncity of the space Larmonic is negative, i.e.,

vpn == {4-55)

a particle would have to travel in the negative direction to remnain in phase
with it. The continnous lines in Fig. 26 all belong to a wave whose energy {or
“eroup”) travels in the positive direction, and conversely for the dotted lines. At
the wqp intercepts, since the w — # curves are simply translations of themselves

by 2nm/d, all have the same slope corresponding to the same group velocity.

In the definition of shunt impedance (3.8) and r/Q (3.14), the values of Vp/d
that should be used are those of the spac harmonic which is synchronized with

the particle. In most cases. that is the fundamental, i.e., ag.

From (4.52) and (4.54) it is seen that the terms anJolkrnr} are not constant as
a functicn of radius. 1If kf,, is negative, k.q becomes imaginary and Jy changes
inte fa, which instead of falling of with r, itcreases, There is one notable
exception whici turns out to be extremely fortunate for the operation of linear
accelerators. Indeed, when n = @ aed vp = ¢, ,63 = k% and krp = 0, which
makes Jp = 1 and the accelerating feld icdependent of radius. As a result,
acceleration and energy acquired are independent of the radial position of the

synchronous particle.

The actual variation of w versus 3y depends on the relative diameters (24 and
2b) of regions I and 11 in Fig. 27. When 2a & 2b, the passbands are very
narrow until, when 2a = 0, there is no more passband at all. (_Ionversely, when
2a — 25, the passband becomes very wide until finaily, we get back to the pure

T\fgy cirrular waveguide mode.
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Vau e el e phase stult per periad for the fundamental is generally made on
vas Lasia ol wheto the lighest shunt kupelance per unit length o o be obtained.
fuapatieds of vlecteic Geld configurations for the canes where ffpd = 0, £/2,
$a & aud 1 are shown in Fig. 28. Somewhat looscly, these 0, x/2, 2x/3 and =
vaditigutations are also cafled modes, not o be confused with TAf, TE modes
o1 supetprsitions thereof, Note that these field configurations have been chosen
al such au inistant in time that they can interchangeably represent a traveling
wave of the maximuam of a standing wave. As will be seen later, for traveling-
wave aceelerators of the disk-loaded type, the optimum choice is fpd = 2r/3
{120°). For standing-wave accelerators, it is fyd = 7 or /2. as shown in Sec.
1.8),
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Fig. 28. Snapshoiz of electric field conBgurations for disk-loaded sizactures with
various phase shifts per period {also loosely called “modes™)

The w ~ 3 diagram can be determined exaetly, point-hy-print, by obtaining the
resonant frequencies of stueks of n cavitien, whieh have {n 4 1) resonances, one for
each value of Spd. For cxomple, o stack of three cavities can resonate for Jpd = 0,
Bod = n/3, fod = 2x/3 and Bod = w. The lrequencies can be obtained either
experimentally or by means of computer prograims sueh as SUPERFISH or LALA
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which find the resonances and calculate the fields for standing wares. A conversion
formula can then be.used to obtain the felds for the traveling waves. The fields
ean also be found expetimentally by means of bead perturbation techaiques in cavity
structures. An example of 2 field pr file for the Sod = 2/2 “mode” iz shown in Fig.
29.

Fig. 29. Example of approxiiaste axial £ -field amplitude {or Spd = n/2 * mode.”
This is a snapshot of a traveling wave at a given time.

Yet another theoretical approach to cbtain the fields is to set up general soluticns
in the two tegions () and (T1) shown in Fig. 27 (sometimes called “tube” and “slot”
fields) and then to mateh these solutions along the common boundary. This approach
was first used successfully in the early days (1848) by W. Walkinshaw, io Eogland,
long before the advent of the modern field-mapping computer codes.

Once the ficlds are obtained, a simple Fourier-type analysis ran be used to get the
space harmonic amplitudes, The other structure parametars such as ¢, @, vy, vy, ¢
and r/Q can thep also be calculated from the definitions and by the tachnigues intro-
duced in Sec. 4.2. This entire snbject is discussed in detail in o Inter chapter by E.
Keil

Betnre we leave the subject of space barmonics and Brillonin diagrams, we should
return briefly to the sccond passband shown in Figs. 23 and 26. As we hinted carlier,
this passband has its ofigin in the second “normal mode™ of vseillatios of the colls mak-
ing up the chain. From what we bave Jenrned about rhe lowest passband, the n =0
space harmonic of this higher band propagates in the negative direction (dw/df < 0).
To call attention to this fact in Fig. 26. we have drawn this branch as o dasbed line.



Beeause of this property, this passband is often referred to belonging to a backward
wave, 1.¢., the Sundamental has its phase veloeity and group velocity going in opposite
direction.

The existence of this and higher passhands can be responsible for serious insta-
bilities in the aperation of linear accelerators, even though the RF sources driving
them do not. i principle supply power at these frequencies. What happens is that the
short bunches of relutivistic electrons can excite the structure at frequencies at which
these higher modes are synchronous or quasi-synchronous with the bunches, whereby
their amplitnde can grow, cither through feedback nr cumulative interaction. This
interaction can lead to deloterious effects such as beam deflection zpd vltimate beam
breakup. Such effects can Imit the achievable beam current in multi-bunch beams
and cause emittance growth in single-bunch beams, These problems are treated in »
later lecture on instabilities by A, Chao.

4.8 TRAVELING WAVES OR STANDING WAVES?

Unti} now, nat much has been said about how the fields are established in the linae
and where the rf power ia fed into the structure. There are basically three ways in
which this can be done.

In the first, the structure is of the traveling-wave type, in which case the power
is fed in at one end, propagates through the structure with some attenuation and the
baiance is zbsorbed in a load {Fig. 30a). Steady-state i3 reached when the structure

is filled with cnergy after one pass. For a length €, the filling time is {F = €/ ;.

In the second, the structure is of the sianding-wave type, in which case there is only
nne coupler, either at one end or in the middle of the structure (Fig. 30b). The fields
build up through multiple reflections, the number of reflections of any consequence
being determined by the wall losses. If the siructure is long and the wall losses are
high. the number of refleetions that add any significant field is small, and vice versa.
IF the structure is matehed to the power souree, there is 2 so-called @y or loaded @
assoriated with it whick is equal to half the Qg essociated with the wall losses, The
maximum field build-up is attained with an expopeptial time constant {y = 2@ fw
or Qo/w, as defined in expression (3.16). In three Glling times, the fields attain 95% of

their ultimate value. One of the questions that must inevitably be asked is: aren’t the
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reflected waves useless since they bave their pbase velocity in the wrong direction and
hence do not deliver any net energy to the beam? The answer is that this is indeed true
for al! values of Aod 7 . However, when fgd = x, the n = 0 space harmonie of the
forward wave coalesces with the n = —1 space harmonic of the backward wave and
both contribute energy to the beam if it is in synchronism. As a result, all standing-
wave linacs are built in the so-called a#~-mode, or in & variation thereof, as we will see
in the next section.

(o) P
l l Load

(b)

{c)

Lood

(&=

Fig. 30. Linacs with (a) traveling-wave, (b} standing-wave and (c) traveling-wave with

feedback structures and source power F,.

The third method, shown in Fig. 30c, which was proposed in England in 1049 by
R.-Shersby-Harvie and L. Mullett, is to feed the power left aver at the output end of
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the traveling-wave structure back te the input via a low-loss waveguide. At this point
this power can be recombined at the correct phase with Lhe source power by means
of a beidge. In this scheme, the backward-wave problem is circumvented at the cost
of considerable complexily. This scheme has few advantages aver the standing-wave
scheme and has been used rarely.

The question of how ane chooses between a traveling-wave structyre and a standing-
wave siructure depends on the desired application and a pumber of other constraints
such as the available ¢f power, energy and length, and the required pulse length and
duty eycle.

The following general ecomments and comparisons can be made:

1,

Since the standing-wave structure is generally built with a fixed coupling, it
¢annot be matched under all conditions. One can show that if the power source
bos a refatively short rf pulse length {measured in a few £p-'s), at best 80% of
the rf energy can be delivered to the structure during the pulse. The remaining
20%% is reflected to the soyrce. This mismateh ¢an under certain conditions
be destabilizing to the source, causing frequency pulling, phase oscillations and
fluctuations in output power. Furthermore, since the fields take several filling
times (2@ /w) to build up to their final value, the beam will vary in energy
throughout the rf pulse if it is injected after, say one filling time, and the total
pulse is only a few filling times long. If the application calls for a precisely
defined particle energy, this is then an unacceptable disadvantage. Therefore,
in all such cases, the traveling-wave linac, which reaches steady-state in one
filling time, is favored over its standing-wave counterpart.

On the other hand, standing-wave structures such as the side-coupled or the
disk-and-washer structure can be designed to have shunt impedances as much
s 50% higber than traveling-wave struclures al the same frequeney. This ad-
vantage also prevails for pbase veloeities in the range 0.3 < »/e < 0.8 where
disk-loaded structures are relatively inefficient. If the pulkse lepgth is fong or in-
finite, i.e., the machine is CW, whatever energy is wasted during the filling time
is negligible. Conversely, the traveling-wave structure, for a long pulse, always
wastes io 8 load that power which is left at the output end. Thus, long-pulse
proton linacs like the LAMPF accelerator, and all CW linacs use standing-wave
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structures. Two examples of CW machines are the room temperature structures
proposcd for microtrons, and the superconducting structures which reach shunt
impedances 101 to 10° higher than at room temperature. A thied example is the
structure used in all e storage rirgs. lu this case, the standing-wave structure

meets the extra requirement that it can accelerate particles of oppasite chacges
in opposite directions.

3. There is one case which falls between those deseribed above, ‘That iy the case
where one wants to obtain a high gradient in a short length with a source of
relatively low power {e.g., 3 magnetron) and a pulse length of a few flling times.
Typical applications of this case are the short medical necelerators and special
sections for injectors and positron sources. The standing-wave struciure here is
at an advantage because the one-way wall losses are low and the large number of
reflected waves can build up the Belds to a high level. Were the reflected energy
to be dissipated in an external load after a single pass, most of the power would
be wasted. The only way to make the traveling-wave structure competitive in
this sit :ation would be to greatly increase the tilling time of the sbort section
by lowzring its group velocity accordingly. This in turn would increase the
er-,gy density and the fields. However, 1o achieve this very low group velocity,
one would have to reduce the iris diameter considerably. This would lead to
beam transmission problems and also to difficulty with dimensional tolerances.
Consequent]y, in these cases, designers are willing to live with the disadvantages
of the standing-wave structure discussed earlier in order to achieve the required
high energy within a very short length,

4.9 RESONANT COUPLING

There is one problem in the above discussion of stending-wave structures that ssill
peeds to be elaborated becausy it has led to important innovations. We bave seen
that using the 7-p-2de is indeed $he way to make use of both forward and backward
waves. The prcolem, however, is that if we resonate a structure of reasopable length,
say 50 cavities, at wop where Sppd == , it will contain 50 hall-wave. ‘ngths at this
frequency. Adjacent to it, however, there will be a frequency at which it will conlain
49 half-wavelengths or for which & = 49/50 x. Since the w — # curve has zero
slope at A,,x = d, the neighboring cesonance at Sd = 49/50 = will be extremely
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close 10 wop, to the point where any small cavity mistuning, frequency modulation or
beam lnading will txcite the neighboring mode (or modes). In the jargon, the x-mode
is 2aid to be very unatable, If, on the olher hand, wop were in the middle of the
pass-band, i.c., at flgd = 7 /2, the slope of the w — F curve would be greatest, and
maximum frequency separaticn {or mode stability) would be achieved. This line of
reasoning led E. Kaapp at LANL o invent the sidewcoupled cavity stracture in the
early 1960%. Figure 31 makes the invention yaderstandable, Figure 31a shows the
standing-wave structure resonating in the x/2-mode. Clearly, this configuration is
ineflicient compared Lo the 7-mode siuce under sleady-siate conditions, every second
cavily is unexciled and produces no acceleration. Figure 31b shows a modification
where the excited cavities have been stretched and the unexcited savities have been
shrunk, Every covity however, short or long, is still tuned to the same frequeney. Thus
the #/2 mode and its inherent stability nre preserved, Finally, Fig. 31c illustrates the
diseantinuous step in the invention: the empty “useless™ cavily has been placed on
the side, off the beam line. From the ef point of view, the mode remains 7/2 but for
the beam, it has hecome x-like, The side-cavities which do the coupling are empty
but resonent, the feature which is responsible for the name of “resonant coupling.”
Figure 31d shows the physical embodiment of tha idea. The accelerating cavities are
shaped and provided with nose cones for maximum shupt impedance, and the coupling
cavities are staggered to reduce asymmetrivy introduced by the slots.

Another way of looki'ng at what has been done is to consider the w— A plots which
nceompany Fig. 310, b and ¢. The double perindicity (in 21b) would normally lead 10
a Lreak and o stop-band in the w =3 curve at the #/2 point: Lwo branches are formed
ns in Fig. 28. However., through the process of resonant coupling, what is called “con-
fluence” between the two branches is achieved, as showo in Fig. 3lc, re-establishing
the stability of the 7/2 mode. Thus in conclusion, at the cast of somne extra complex-
ity, the side-coupled cavity chain and a number of other structures based on the same
principle have yiclded the best of two worlds over 3 wide range of particle velocities:
good efficiency of the #-mode, and insensitivity to fabrication errors and beam loading
of the x/2-mode. The resonant posts or slugs vsed in the Alvarez structure shown
earlier in Fig. 12 rre another example of the same idea ak lower frequency.
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5. Electron Linear Accelerators

[n this last section we will cover in very broad terms a few of the major desiga
and operating features specific Lo eleciron linacs. A number of references will be made
ta the SLAC linear accelorator as an example. For more details, the reader should
consult the book an the Stanford Two-Afile Accelergior, R. B. Neal, General Editor,
W. A. Benjamin Inc., 1068, hereafter abbreviated 5. T.M.A., as well as L.A. referred
to carlier.

5.1 THE MAIN ELEMENTS

The main clements of an clectron linac are shown in Fig. 32. The electron gun is
a triode consisting of a thermionic cathode, a wire-mesh control grid and an anode.
The potential difference between the eathade and the anode is typically 80 kV which
gives the electrons a veloeity of ¢/2. The grid is normally held at a voltage somewhat
negative (~ 50 V) with respect Lo the cathede so that the gun is biased off except
when & beam pulse is needed. To trigger the gun, a positive pulse, typically of a
few hundred volts, is applied for the desired length of time. Fast transistor pulse
circuitry has improved in the fast few years Lo the point where beamn pulses as short as
one of two nanaseconds are now achiovable. Most electron linacs aoperate with beam
pulses In the 1-10 psee range at repetition rates up to 500 and cven 1000 pps. The
continuous stream of electrony omt of the gun first passes through a prebuncher. This
in o single low-Q re-entrant eavity supplied with typically ~ 2 kW of ¢l power at the
fundamental frequency. The function of this prebuncher is to veloeity-modulate the
clectrons with peak gap voltages up to 10-25 kV so that early particles are slowed down
and late particles are speeded up. As a zesult of this process, lougitudinal compression
or bunching results,

At a distance of 30 ¢m downstroam, onecan get on the order of 705 of the electrons
into a phase interval of 70 clectrical degrees. At this point, a refinement which is not
shown in the figure is somotimes used 1o diseard a large fraction of the bunches. This
is a transverse electric Geld rf beam chopper which can act as ar additional gate (say
for single bunches every 12.5 nsec if the chapper frequency is 40 Milz) by deflecting all
bunches exeept the ones that go through at zero-crassing. Yet another variation is to
combine the prebuncher and the chopper into one rf eavity at a subharmonie frequency
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of the accelerator. This scheme then produces a teain of mote widely spaced and longer
bunches with a potential of packing mare charge ipto cach of them. Combined with

a fast grid pulser, it ean generate a single buach. This secheme is being used for the
SLAC Linear Collider {SLC]) injectar.

HIGH VOLTAGE
MQOULATOR HIGH POWER

KLYSTRON
l PEAK POWER P

< ’_L 3¢ LOAD
2 4 g —— \
=l o il
TFGHONDE I BUNCHER ACCELERATOR
U
VELOCITY
MODULAT ING
PREBUNCHER IN ouT
Ad=~TO® ~30° ~58

Fig. 32. An electron linac (or the beginaing of anet)

The next element in Fig. 32 is the buncher. At SLAC this is a 4-cell-long, 27/3-
mode, traveling-wave section with a constant phase veloeity of 0.75 ¢ and a maximum
power inpat of 2 MW . The bunches emerge from it with a Xinetie energy of about 250
keV in a phase interval of 30°. Bunching takes phase here becnuse on the average the
entering bunches are made te ride ahead of the crest and early electrons at first get
slowed down while later ones get aceelerated. Being slower than the wave when they
enter the section, they then all rise towards the crest and gain energy. In addition
1o this aserage motion, they perform spproximately one quarier-wave oseillation with
respect to the central electron: the buncher acts like a quarter-wave impedance match-
ing transformer in the e — & space »f Fig. 5, between the prebuncher on the one side
and the accelerator section op the other. The arcelgra®dr seetion is a traveling-wave
structure with phase velocity ¢. In the SLAC case, as will be deseribed later, it is an
5-Band, constant-gradient, 27 /3-mode, 3-meter loog structure. The 30° long bunches
are cansed to enter it arcund the field null abead of crest, and they asymptotically
approach the crest of the wave as they are accelerated. Ualike the peotons at lower
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velocities, they do this monotonically without oscillations. A simple expression for this
asymptotic motion will be given in sub-section 5.3. At the output of the first accelera-
tor section, the electron bunches are 5° long and their energy s typically on the order
of 30 McV for an of power inpot P of 16 MW. This power is typically supplicd by a
high power klystron which in turn is pulsed by a high voltage modulator. RF power
is also supplied to the buncher and to the prebuncher.

In addition to these accelerating and bunching fields, the electrons are acled vpon
by their own space charge forces, radial rf fields from the structures, stray magnetic
fields, and in case of very high currents, wakefields which they themselves induce and
leave behind. For all these reasons, steering, degaussing and focusing devices, not
shown in Fig. 32, are also incorporated into the design of the linear accelerator. As
an example, in the SLAC injector, there are two thin magnetic lenses o focus the
beam. The first lens is located downstream of the gun, and the prebuncher gap is
placed at the beam waist formed by this first lens. The second lens is located after the
prebuncher and produces a second waist at the entrance of the buncher, These waists,
i.e., points of minimum beam diameter, are created at those points where one wants

to minimize the effects of radial ficlds which generally grow linearly with radius.

Along the buncher and the aceelerator section there is almost always a solenoidal
DC magnet field of a few kilogauss. The required focusing action of the axial magnetie
field is obtained because there are radial DC fields where the beam enters the solenocid.
This produces an azimuthal force causing the beam to begin to spiral. The azimuthal

velocity and the axial field produce the desired inward force.

The lincar aceelerator which has been described so far either ends at this point, in
which case the beam is extracied for whatever use it is destined; or it just constitutes
the injector or beginning of a longer, multisection machine such as the Orsay, Saclay,
Kharkov, KEK, MIT, NIKIIEF, SLAC and many other linacs in the world. The design
that has been described is fairly standard. The anly major varianee is in the buncher
which in a number of short aceclerators is designed with a tapered phase veloeity which
gently forms and “escorts™ the bunches up to the velocity of light. The buncher and
the accelerator in this case are constructed in one section powered at the upstream
end. In the low energy (4-8 MeV} medical linacs, the rf source is a 2MW magnetron

and the structure, as discussed in See. 4.8, is generally of the standing-wave type,
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under one meter of length. Solenoidal focusing can sometimes be avoided by using the
alternating-gradient focusing effect of the 7-mode radial fields in each eavity.

Referring back to Fig. 1, it should be noted that in all these machines, when
the electrons have acquired a kinctic energy of 3 MeV, they have already reached a
velocity of 0.99 ¢, i.e., they are totally relativistic. Hence, the beam dynamics “drama”
described eariier for protons in Secs. 3.5 and 3.8, which takes place over hundreds of

meters in a machine such as LAMPF, is played in an electron linac in the first meter!

The longer, higher encrgy electron linacs simply use many separately powered
sections. The trade-off between -rf power and length is generally resolved on the basis
of economics, technological factors, the availability of land and the cost of AC power
to operate the machine over a number of years. In addition to the 5f structures,
kiystrons and modulators, these lunger machines use periodic focusing systems in the
form of FODO arrays, quadrupole doublets or triplets. Of course they also have their
assoeiated vacuum, mechanical support, cooling, instrumentation and eontrel, and
other support systems. For positron operation, they generally have a tungsten target
which is inserted at a point where the electrons bave achieved a few hundred MeV,
or at SLAC 510 GeV. The positrons are generated in a wide forward cone which
must he focused by a high fieid solenoid so that the beam can be contained within the

transverse adinittance of the subsequent accclerator sections.

All these subjects are described in murh greater detail in L. A, and S T.M.A.

5.2 STRUCTURE DESIGN, CHOICE OF PARAMETERS AND ENFRGY GAIN

ilaving described the main elements of a “generic” clectron linac, we will now re-
turn once more to the strurture and to some of the practical choices invalved in its
design. The first choice is to select the general type of structure. In what follows we
will concentrate on the simple traveling-wave disk-loaded s*ructure. Only a few com-
ments will be made on standing-wave structurey for the sake of comparison. The most
critical parameters to be chosen are the frequency, the phase-shift per cell, and the
attenuation per section. On the attenuation, there is in addition a sub-choice between
two possibilities. Either the attenuation is kept constant as a funcetion of length ic the
section and the strueture is uniform. in which case the power decays exponentially: the

siructure is called “constant impedance.™ Or the attennation is increased as a [unc-
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o of Yemsvd W sapuiing The disensions of the structure so that the power decays
Haohon 4mA shie Bebdia hapt constant: the structyre is called “constast gradient.” To
At apad she olloc of (hese parameters, it is bhest o ealeulste the electton energy
wipen v vetiige oof e shnt tnpedance per unit length, redefined once more as

E?

r= :ﬁm (5.])

whete 2 1 nwow the electric fleld amplitude of the fundamental, synchronous space
harmonie,

The other quantities of interest Uefined earlier are:

r K

5= 5.2
Q wwy (5:2)

_. WWa
Q= —dFP/dx (5:3)

~dP/dz
5P (5.4)
R P =Ug Wy {5 5}
i
[rom which one can get the relation

[

a= §'va - ) (5.6)

For a section of length ¢, the kinetic energy gain per section for a synchronous electron
riding on the wave crest is then

t
Afg =¢ j , Bl ds . (5.7)
For the consiant-impedance case,  is not a function of = and from {5.1) we get
E*(z) = 2ar Pz} (5.8)

whereby the integration of {5.7) leads to

1-

f—’) (27)% (Por)!f2 (5.9)

AEK=¢(
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where Py is the input power to the section aed

r=at . (5.10)

For the constant-gradient case, the form of a(z) that leads to a constant E{z) must
be determiped. To do this in closed form, we will assume that we can neglect the
variations of r and @ that occur if the structure dimensions are modified to adjust
afz), and that, in fact, the only quantity that changes rapidly is the group velocity in
{5.6). Since from (5.1)

E*z I——r‘-'ﬂ) - (5.11)

if one wants to make E{z) consiant, dP(c)/dx must be kept constant. Then redefining
(5.10) as

!
r=/o a(z)dz | (5.12)
the linear deeaying profile of P(z) must be given by
P(s)= Pt - 31— ¢7) (5.13)
whereby
1—e —2r
afz) = 51 — _“ agess (5.14)
and

wt 1 —,n—e”'n
vy{z) = - . 5.15
We can see that to get a constant-gradient profile, we must let the group velority
decrease linearly with the same slope as the power. This is obvions if we refer to (5.5)
since then w,; is also constant. We can now obtain the kinetic energy gsin for the
constant-gradient section. Expression {5.7) is simply AEy = £FEY and since, from
{5.13)

D ==y, (5.16)
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using (5.11} we obtain
AE = e[l — e 2Py r g!l2 (5.17)

Using expressions (5.9) and (5.17), we can now draw some very general conclusions.

Both expressions depend on the factor (Py r £)//2. “he trade-off between Py and €
mentioned earlier is immediately apparent. For maxin m energy gain, one wants to
maximize r and the factors of r. From Fig. 33, we see the behavior of r 23 a function

of the number n of disks per wavelength. The solid curves are caleulated for an array
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Fig. 33. Shunt impedance per un.t length versus number n of disks per wavelength

for various thicknesses {.

of pillboxes of diameter 2b with zero-iris diameter {2a = 0}. For this reason, they are
somewhat higher than the experimentzl values shown by the dashed curves. Both sets
are taken for three values of disk-thickaess ¢, vpfe = 1 and / = 2856 MHz. It is
seen that a broad maximum is obtained for n = 3 disks/Xg, i.e., for the 27/3-mode
discussed earlier. For this reason, this mode was selected for the SLAC linac. The
thicker value of ¢ (0.230"} was selected for greater mechanical strength and because
it permils a greater radius of curvature on the disk edge, which decreases the risk of

electrical breakdown.
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The lactors of 7 in Eqs. (5.9) and {5.17} are compared in Fig. 34. It is scen that for
small r, they are about equal and that for r ~ 1, they are close to 0.9. The valuc of
7 = 0.57 was selected for the SLAC linac as a broad compromise between maximizing
energy and minimizing the eflect of beam loading (see next sub-section) and the Glling
time (1 = 2Q7/w). The constant-gradient design was selected because of a pumber of
advantages such as lower ratio of peak-to-average field and uniform power dissipation
per unit length. It also turned out ez-post-facto that the constant-gradient structure,
due to its non-modular construction, is less susceptible to cumnulative beam breakup
because the eflective interaction length with the synchronous transverse deflecting
mode is foreshortened.

1.0 T T T T T
Constont -Grodiens
o8l Structure N
g. Constant -
< 0.6 Impedonce
s Structure
a.
L 04 -
k4
wl
9 0.2 -
0 1 1 | 1 i
O 0.2 04 06 0B IO

T
Fig. 34. Normalized energy gain versus r.

The choice of 1f frequedcey is also made oa the basis of a broad set of criteria. Table
4, which is taken from S.T.M.A.. shows the [requency dependence of sume of the key
parameters. The single most important quantity is the shunt impedance r which varies
as f/2. Since Q falls as f~1/2, ru/Q which is a measure of E2/w,, varies as f2. This
is obviously correct since the volume per unit length of structure varies as f~2, all
transverse dimensions varying as f—!. Thus, any linac design for which one wants
to maximize the beam energy and in which the stored energy is discarded after each
oulse, will be favored by high frequency. On the other nand, the frequency cannot be
increased indefinitely because the decreased iris diameter (2a) eventueally becomes a
fimitation, both from the point of view of beam interception and transverse wakeficlds

which scale roughly as (2a)™3. Also, at lower frequency, the larger energy stored makes
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e sloactur ' sensitic e beam boulmg, Funally, there are factors which, although
pot as fundamental, ras be just an important such as the availability of high power
1f sources as s fonetion of frequency, and the absclute machining tolerances. For all
these reasons the SLAC Irequenty was set ab 2858 M1iz or 10.5 em wavelength. Most
other Tinacs in the world are built at the same frequency or nearby, in the vicinity of
3000 Mllz. The final dimensions of the SLAC sections are shown in Fig. 35, together
with the linear profile of the normali: .4 group velocity {vy/c) and tbe resulting shunt
impedance. As we see, r{z) has an average value of 57 M?/m and it varies slowly with
2, which makes oue original assumptions acceptable. Figure 38 is o photograph of the
final 3.05 meter-long SLAC ec- “ant-gradient section with its input and output
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Fig 35. Variations of 25, 2e, vy/c and the shupt ir.pedance r (corrected for the
fundamental space barmonic) as a hanctiop ol cavity number along SLAC 3.05 meter
constant-gradient cection for £ = 0.230 in.
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Table 4.
Frequency Dependence of Principal Linear Accelerator Parameters

prelerence
Frequency = ——ee e

Pa{mw dependence  High Ltow Notes
Shunt impedancs por unit length (r) yn X a
RF lass facior {(2) e X F ]
Filling time {ty) J-n X 2b
Tatal RF peak power S X ab,c
RF feed interval {7} ¥ At X s b
Na. of RF feeds Jns X 8,0 d
RF peak pawer r.er feed J-? X s, b, e
RF energy stored in accalerstor S X abc
Beam loading (—dV/di) S X a,b,d
Peak beam ecurrant et rmaximum

canversion afficiency J-a X ab.cf
Diameter of beam aperture I x a
Maximum RF ~ower available frem

singla saur I3 X e
Maximum parmissible elastric field

strengih fn X A
Re! live Irequency and diman-

sional tolerensus P X ab
Absolute wavelenoth and dimen-

sional wlerances f-ue X ab
. wwer dissipation capability of

accelargtor struciure f il x abd

wdwwtsaﬁngofmﬁumdmmmummm
b. For same RF attenvation in attelersios section betwesn fesds.
c. For flixed slectron energy and 1ol length.

0. For fixed 10138 length,

&, When liited by cathode gmission,

L. When limited by beam lozding.

q. Approximate; er .prical.
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Fig. 33. SLAC 3.0% meter-long constant-gradient accelerator section.

couplers. Using Fq. (6.17), the reader should verify that the energy obtained per
acetion, taking into aceount ~ 10% feed losses, is approximately

AEk =10¢ \[Papy MeV . (5.18)
If the power of a 36 MW klystron is split four ways, as it is .* SLAC, tken
AEy = 30MeV/aection

or 120 MeV /klystron.

In compatison, a matehed standing-wave structure yields a steady-state energy of
AEy = ¢ (Pytr)}? {5.19)

with values of v that can be 50% higher. Thus, in principle, energies that are 25%
higher eould be obtsined for the same values of Fy snd 2. In actual fact, beeause of all
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the difiiculties listed under Secs. 4.8 aud 4.9, such standing.wave structures are only
built for the special applications discussed carliez.

5.3 BEAM CURRENT. EMITTANCE, BUNCH LENGTH AND BEAM LOADING

'n the preceding sub-section, not much has been said about the beam itself, its
characteristics, its ochavior and its effect on the struciure. The subject of beam
dynamics in an eleciron linac is again so vast that we cannot hope to ¢\ it justice in
the space allotted here. Thus only a few aspects of the problem will be touched upon.

A buneh of electrons ean generally be characterized by the total number of particies
contained in it, the transverse emittance, the bunch length and v . energy spectrum.
In addition, the beam, which is generally made of a train of bunches, hus o pulse
length and a repetition rate {unless it is CV), and the nntion of l.eam power can be
associated with it. We will now discuss thes:: varinus properties, illustrating thom with

some practical examples.

Total number of particles per bunch.  Typieally, in an e'ectron linac. the total num-
ber of electrons per buneh is in the range 107 - 10", For example, the SLAC linae,
when it tccelerates a beam of 50 mA peak current within 2 1.6 ysec pulse, produces a
train of ~ 3000 bunches and a total of 5 X 161! _lectruns per pulse. Thus, the numbcr
of electrons per bunch in this case is 102 and the beam energy per pulse at 25 GeV is
2000 joules, or 720 kilowatts at 360 pulsesfsec, i.e., close to one megawatt! The goal
of the SI.C project at SLAC is to obtain single bunches of electrons and positrons of
5 X 10-? particles, i.e., of 500 times greater intensity. Such single bunches with ~ 8
nonocoulombs of charge at 50 eV will carry an energy of 400 joules, or 72 kilowatts
at 180 pulses fsec.

By contrast, a medical linac at 5 MeV, 200 mA peak current and a duty cycle of
1073 can deliver to its x-ray target a power of one kilowatt.

Transverse emittance.  Assuming a bunch of Gaussian or other not tea unreasonable
shape, one can define transverse emittarnces ¢,0% and a’,o{,, where o; and oy are
the rms transverse dimensions of the bunch and o} and o} are the corresponding
rms angular dimensions; for a single particle Z = pz/p; = pz/78mpc sud §f =
Py/p: = p:/71Bmoc. The pr and py's refer to transverse moments and v is the usual
(1—B%~1/2. Oftten, the above quantities are defined as Syozo; and Byoye), or simply
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nazol and "]'O'yo"y when 3 — 1. These quantities have the rdvantage of beipg invariant
with energy. They are measured in many different units of wirich some typical cnes
are mge - cm aor (McV/e) em. Since the second unit is twice as big as the first, the
emittance measured in (MeV/c) ¢m is half that in mgc - em. In the z, pz and g, py
phase-space planes, Gaussian beam cenvelopes are represented by ellipses and one often
quotes the above quantities multiplied by 7 to denote emittance areas {see Fig. 37).
According Lo Liouville’s Theorem, these areas are invariant provided that caly non-
dissipative forces act on the particles.

x-0xi$ (a}

. . . - Logasithmic

Fig. 37, (a) Logarithmic orbit due to it ' '

initial deflection dg at zg showing i :

Z-0xi%

contracted Jength L; (b) Rotation of ‘;,

transverse phase-space ellipse from

- o, i)

injector to aceelerator output. Initial Eeect o
Eltipse at (Pa)mas
Wais! (40 Mev)

Xmoay 3

Linac (40GEV})

As an example, a recent transverse emittance measirement for a single b 1. of
5 % 1019 electrons out of the proposed 40 MeV SLC injector gave ~ 7.5 X ..~ 7
{MeV/z) evn. This means that if this beam is foensed 1o a waist of 0.75 ¢m radius, its
angular divergence is 0.25 mrad. If there were no transverse emittance growth along
the accelerator, at say 40 GeV, the angular divergence would shrink to 0.25 prad for
the same 0.75 cm waist (see proof below). Even thaugh the above emittance from
the injector is quite sinoll, the SLC requires that the emittance at the final focus be
no greater than 1.5 X 1073 xr (MeV/c) cm or five times smaller. This explains why
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damping rings to “cool” the beams downstream of the jnjector had to be added in the
SLC design.

The transverse beam dynamies in the injector of a linear accelerator are compli-
cated by the presence of space charee forces and radial defocusing forces due to waves
and particles which are not yet moving at the velocity of light. We have scen earlier
from Eq. (3.43) that as 8, — 1, the magnetic and electric forces from a synchronous
wave cancel each other. Thus, leaving out all other spurious forces, the transverse

equation of motion of an electron in the z- (or y}-plane past the injector is given by

dp:
G 0 (5.20)

but since dz = ¢ di, we can rewrite this equation a3

8-, e

Integrating, we obtain

d_.z = const 5.22
7 dZ - ( . )
which confirms the correctness of the assumption we made above.

Since under these conditions the quantity 4 dz/dz is conserved along the length of
the linac, we can make it equal to /g &y at zp, say at the output of the injector. Then
a seeond integration Teads to

z = dz
dr = ~p¥, — 5.23
2 Yo uf:o p (5.23)

and if we assume that the energy grows linearly as 4 = 4’z where + is constant, then

r—zg=2ptn’ {5.24)
v )
or
b4
r—zo="Hzaln — . {5.25)
2y

Looking at Fig. 37a, we see that an electron starting at zp with energy 9p (where
actually zp is defined as g/}, T == zo and angle @, will end up at z with transverse
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displacement 2 4 fpzpfnz/zg. It i3 as if the length 2 — #p has been contracted to
L=ztnz/zp. Thus il 2p = 3 m, z = 3000 m, ¥ = 26.66/m, the 2097 m length
looks like it has been contracted to 20.7 . The orbits instead of heing linear are
logarithmie.

It is instructive to follow the evolution of the phase-space ellipse from its waist
at the output of the injector (40 MeV) to its final configuration at the output of the
accelerator {40 GeV). Since p;z cannot grow beyond (po)maz and the two {zg)mgz points
represent rays which are parallel to the z-axis and therefore cannot be deflected by
an inerease in energy, the ellipse has no choice but to get elongated between the two
(Pp)maz horizontal lines while remaining fixed at the two (zg)mez points. It can be
shown thai as the ellipse gets clongated, the (2)mgz coordinate is given by

0
. z\2
Ir{nn: = {IO}?nar + (00:0 €n ‘_'—0) (5.28)

where 0p = (Pp)mar/Pzn- In the example we chese, zg = 0.75 cm, 0y = 0.25 mrad,
zofn zfzg = 20.7 m, we find that 2,3 = 0.91 cm. We see that the radius of the beam,
in the absence of any transverse emittance growth, would barely need any [ocusing to
stay within the aperture of the accelerator irises. In actual fact, however, emitiance
growth does take place because of the effects discussed earlier, and a FODO array or
other quadrupole focusing system is indeed required. The description of these systems
is beyond the scope of these lectures.

Bunch length.  In sub-section 5.1, we have described qualitatively how the bunches
are formed in the injector of a linear accelerator. Following the electrons from the gun
through a prebuncher and » buncher is a complicated problem which is best done by
8 computer. However, when the particles finally enter ihe vp = ¢ constant-gradient
accelerator section, there is a fairly simple oxpression for the asymptotic phase ¢ of
an electron of velocity vy = e entering with phase ¢g relative to the wave:

2 (1 - ,60)‘!9

(e ] ¢w = C03 ¢|] -_—— mﬁ (5.27)

14
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Unlike for protons, the phase origin is taken at the field null, 90 ahead of crest
{Fig. 38) and o = ¢ Exg/mpc®. °  When the factor 27/a [{1 — Bo)/(1 + o) /? is
made equal 1o 1 throngh the proper choize of a (o = 3.63 if By = 1/2, or @ = 2.37
if Ay = 3/4), then an electron, entering the acceleratnr at ¢o = 0, asymptatically

approaches the crest, g0 = —x/2. For small phase extents dmg around ¢g = 0, it
ean be shown that

2
T &
¢03Q"""-_D J

2

i.e., all other electrons end up behind the crest. For example, if —1/4 < ¢y < 1/4
radian, then —[7/2 + 1/32] € 4 < —#/2 radian, i.e., a 30° bunch ends up in less
than a 2° bunch. Typically, at SLAC, bunches over s wide range of charge have
been measured to contain most of their charge witiin 3°. The asymptotic charge
distribution is not quite Gaussian, even if that of the entering bunch is (which is
generally not the case either). For the SLC. it is planned to have most of the 5 X 101°
electrons within 20°.

Asympiohc Bunth

Fig. 38. Asymptotic bunching process in ‘I

. : \ Entering Bynch
vp == ¢ constant-gradient accelerator ‘
. . . ]
section with value of a optimized - - - é
" = 0 1
for entrance conditions. H \\1—2/
Direction of Wave —— !

Energy spectrum due to bunch length and beam loading.  The last beam property of
great .nterest to linac builders and users which we will consider iy the energy spectrum,
namely, how monochromatic is the beam? Typically, one wants to have ali the electrons
within an energy spectrum width of 16 or less. There are two effects inherent to how
an electron linac works which bear on the spectrum. The first one ia the bunch length
which by its very nature implies that all electrons within it do not receive the same

energy, either because they are not on the same part of the wave or because of their

® Not te be confused with the atienuation/ubpit length o defized earlier!
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own wakefields. ‘The second one is beam loading from bunch to bunch due to energy
removal {rom the structure by each bunch: this effect can reach steady-state after a
certain number of bunches. In addition to these two inherent effects, there are a pumber
of other techn:tagical effects which can be detrimental to the speetrum width such as
poar injection conditions, phase and (requency modulation in the master oscillator,
poor amplitude and phase stability of the of sources, poar accelerator temperature
control and many others. We will not examine these.

In a mutlti-section linac with individually phase controllable kiystrons, it is possible

Lo phase cach tube so that a bunch of {* ¢ length A¢ is centered on the erest. Then
it is easy to show that

§ AEg Ao (AP

‘&EI:‘ =1-—cos g o = {5.28)
of ~ 0.129% for Ap = 1/10 radian. The rcader can convince himsell that this is the
best that cap be done for 2 low current buoch in which wakefields do not play a role.
Indeed, this effect results from the shape of the cosine wave and nothing can be done
about it, not even rocking the bunch from one side of the ¢rest Lo the otber, which
is sometimes suggested! This would only work if the top of the wave were a triangle
instead of a curve. On the other hand, if the bunch is highly charged as in the SLC, the
energy decrease due to the wakeficld effect of the head on the ta*! ean be compensated
for by locating the bunch ahead of crest at the proper phase, which to first order can
cancel the decrease if the slopes can be matched.

Coming back to the low current case, it is often asked what the effect of misphasing
individual klystrons is on the beam. The answer 18 that to first order, misphasing
individual klystrons only decreases the maximum reachahle energy but does not affect
the spectrum. Indeed, it can easily be shown that the {A$)2/8 rule still applies as long
as on average, the bunch travels centered on crest.

The beam lo-ading effcct, which has bheen roferred to several times earlier, comes
about because the rf energy stored in the linac structure is reduced as suceessive
bunches get accelerated and extract energy from it. The effect goes through a tran-
sient phase until a new lower equilibrium encrgy level is attained. ib o ‘raveling-wave
structure, it can be seen intuitively that cach bunch that traverses it sels up instanta-

neous rf field “packets™ in each covity at the veloeity of light (except in the buncher).
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These packets thep travel down the structure in phase at the group velocity. 11 the
train of bunches continues, there is 8 build-up of felds versus 2, even thongh the pack-
ots get attepuated with distance. Steady-state is reached when the packet generated
in the first cavity reaches the last. As it happens, this is exactly the definition of the
flling time 7. Thus if we inject a train of bunches afier one filling time, i.c., when
the section if filled, it takes an additional filling time before steady-state is reached.

We will give a short derivation of the steady-state casc and let the transicnt case

be understood intuitively. If a peak current of intensity i is assumed, our power loss
equation (3.4) must be written as

dP . (dP .
P (520)

assuming that the electrons are synchronous and ride on the crest. Then, differentiat-
ing the expression

E’=2arP (5.30)
with respect to z, we get
. dE da dpP
E-d;—rP et (5.31)

Substituting (5.20) for dP/dz in (5.31}, —E*/r for (dP/dz), . avd E*{2ar for P. we
obtain the general differential equation

dE 1 da -
o= —aE(l = yo dz) —an . (5.32)

1t {ollows that for the @n_.f-tgml._-li_r_qp_g(_tllat_me case

E e aE—ari (5.33)

and for the constant-gradient case, replacing da/dz by its value given by (5.14),

dE

= -an (5.34)

The solutions are:
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Constant-Impedance

Y e= Jige” % - rill — 7 ™) {5.35}

where Fo = (20?‘[’0}112,

Constant-Gradient
\ . ir z oy
b=£0+§€n[l—z(l—e"} (5.36)
where
il ,I"_!

Ey = (2aqr Py = [TTP‘! (1—e2 o (5.37)

The energy equations are then obtained by simple integration, as in {5.7):

Constant-impedance
— T o aT
AFg = e(l’of'r}l/' {27)”2 l+ - v‘:'rf(l - A!——TE-—) (5.38)

Constant-Gradient

. —n
AEj = elPyr)M? (1 — %)) /2 - e_'z_',f(l — 121%:;1') . (5.99)
We can see that when € = 0, expressions (5.38) and {5.39) collapse back te (5.9) and
{5.17) respectively. The reader can verify that for the SLAC conditions vsed for (5.18)
and { = 50 mA, 7 = 0.57, the energy reduction per section due to beam loading
under steady-state conditjons is 2 MeV out of 30 MeV or 8.79%. The steady-state field
profiles along a section given by (5.35) and (5.36) are sketched in Fig. 39a. The shaded
areas show the reduction due to heam loading. The encrgies are the integrais under
the respective curves. Figure 30b gives the evolution of energy as a function of time.
The interval between D and #p shows the energy increase as the séetion is filling, the
second interval between g and 2#5 shows the transient decrease due to injection of
the beam at t = tr, and the third interval {{ > {g) shows the steady-state energy.

The beam loading efflect, as cap be seen. is inherent to the operation of the linac.

Once steady-state is reached, it has no effect on Lhe spectrum width, unless the current
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itsell fluctuates. If the beam pulse length itsell is only on the order of 214, which is
the case at SLAC, half the beam pulse is in the transicnl state. The remedy which
is often used to reduce this overall spectrum broadening effect is ta inject the beam
somewhat earlier than at time {g so that the first bunches see their energy reduced
as well. With a large enough pumber of klystrons, it is possible to stagger the onset
of the rf in suceessive sections so that the two effects caneel cach other dawn to less
than 1% (Fig. 39¢). Thus, the steady-state reduction cannot be avoided but at least
its effect on the spectrum «an be minimized.
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Fig. 39. Effect of beam loadigg: (a} on E-ficld profiles in sections, (b} on energy AEK

delivered versus time, {¢) on energy AEy if beam is injected before { = {F.
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In standing-wave accelerators, beam loading is of conrse also present. However,
since the beam-induced waves are eaused to bounce back and forth just like the ex-

ternally supplied waves, the reduced field profile takes several flling times to reach
steady-state.

5.4 RECENT DEVELOPMENTS AND FUTURE CHALLENGES

During the past few years, progress in the design of linear electron accelerators
has been made on a broad front. Industrial manufacturers have specialized in the
production of a large number of medical and radiographic linacs. Their contribution
has been strong in the areas high rf-to-beam encrgy conversion efficiency, high shunt
impedance standing-wave structures, minimum externa) focusing, good packaging, and
in some specialized machines excellent emittance characteristios through the design of
very high voltage electron guns (up to ~ 400 kV). In some cases, linacs have been
built to produce beam pulses in the 10-20 nsce range with currents up to 20 A. In
the universities, the accent at laboratories such as MIT, ALS (Saclay) and NIKHEF
{Amsterdam) has been op linacs with duty cycles up to 109%. The challenge there
has been to obtain rcasonable currents (~ 20 mA) for long pulses {10-40 psec) with
excellent emittances and without the onsel of beam breakup.

At laboratories in the U.S. such as HEPL and SLAC (Stanford}, University of
Illinois and Cornell, in Germany at Karlsruhe and Wuppertal, in Switzerland at CERN,
and in Japan at KEK, considerable effort has gone into investigating superconducting
structures for linaes, microtrons and storage rings. The hope to build CW linacs
with accelerating gradients up to the theoretical himit of 30 MV/m in nicbium has
not been realized so far. On the other hand, much progress has been made towards
understanding and overcoming some of the major obstacles iu the field such as the onset
of multipactoring and thermo-magnetic breakdown due to impurities in the nichium.
Thus, withk a few tens of watts of power, several laboratories have been able to obtain
gradients of 2-4 MV/m fairly routinely under CW conditions. The entire subject of rf

superconductivity in its application to accelerators is dealt by M. Tigner, elsewhere in
this book.

Other institutions have built or used a variety of dedicated low duty-cycle linacs
for injection of electrons {and positrons) into storage rings. This calegory includes
several [aboratories such as Cornell, Frascati, Orsay, DESY, Novosibirsk, the Photon
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Factory at KEK. and in the future the LEP injector at CERN and two injector linacs
being planned in the P.R.C. (Beijing and Helei). A large 4 GeV linac, with 200 mA
peak current and high repetition rate {1000 pps) is presently being designed as an
injector to a streteher ring for the National Electron Accelerator Laboratory (NEAL)
at Newport News (Virginia).

Another area where innovation has taken place is in the field of rf energy compres-
sion. The attempt here has been to gain electron energy without increasing average
or even kiystron peak power. The basic scheme, invented at SLAC by P. Wilson, D.
Farkas and H. Hogg, has been called SLED, an acronym for SLAC Energy Develop-
ment. (For a general reference, see for example, Z. . Farkas, H. A. Hogg, G. A. Loew
and P. E. Wilson, Proceedings of the IX*® International Conference on High Energy
Accelerators, SLAC (1974), page 576). The principle is illustrated in Figs. 40 and 41.

LiNAC WITHDUT SLED

KLYSTHDN

CCELERATOR

V%

LINAC WATH SLED CAVITIES

r frase  NLYSTROM
SHETER o

Fig. 40. The SLED pnacipie.

Referring to the top of Fig. 40, we see that under normal non-SLED operation, the rf
drive pulse which is amplified by the klystron is directly transmilted to the linac. The
SLED system, which is shown at the bottom of Fig. 40, has two major components:
a 180° fast phase shifter oo the drive side of the klystron and two high-Q@ (Qo =
100, 000) eavities on the output side of the tube witk a 2 db coupler connected as



shown. During the first past of the pulse, the phase of the rf drive signal is reversed
and the rf cavities fill up with cnergy with that phase. Because of the 3 db coupler, no
energy is reflected to the klystron, The fields emitted by the cavities add algebraically
with the fields reflected by the eavity coupling irises, and the power flows toward the
accelerator. Exactly one linac filling time (~ 0.8 gsec) before the end of the pulse, the
phase of the drive signal is flipped back by 180°: as a result both cavities discharge
their energy into the aceclerator. The discharging pulse amplitude is increased by the
fact that the klystron pulse adds to it. The output pulse [ength is tailored exactly to

fill the aceelerator sections at one instant of time.

SLED DPTIONS

I I
PULSE LENGTH 25us  Sps
EFFECTIVE POWER Wl
GMEC E 2 315
ENERGY GAIN .4 .78

REPETITION RATE 36Qpps 180 pps

SLED I

SLED I

00T
Fig. 41. Comparison of two rf pulse length options for SLED showing how a longer

charging time increases the output pulse amplitude.

It can be seen intuitively that the longer the time to charge the cavilies, the more
energy there is available at the time of the discharge. On the other hand, there is a
limit to this process because of the copper losses in the cavities. Figure 41 shows two
rf pulse length options in what is obviously a eontinuum. Much beyond 5 psec, one
reaches a point of diminishing returns. The two cases of 2.5 and 5 psec with their
respective energy gains and pulse shapes are given because the first one equals the

pulse length that was initially avaiiable on the SLAC accelerator and the second, in



conjunction with a 50 MW klystron, would satisly the 50 GeV energy requirements of
the SLC. The two repetition raf-s in combination with the corresponding pulse lengths

require the same AC power.

Note that while the SLED system is indeed a form of energy compression, it is
not perfect because the cavilies start cut by rejecting the energy. then absorh some
of it themselves, and finally do not emit nice reclangnlar pulses. Thus, for example,
the power gain in the 5 psec case, instead of being § psec/0.8 psec, i.e., 6.25, is only
3.15. The idea in itse!l, however, has been applied with considerable success and other
laboratories such as CERN and the High Energy Iostitute at Beijing a. . adopting it
for their linac designs.

In the preceding pages. we have referred a number of times to the SLC or Linear
Collider project at SLAC. Of all the known applications of electron and positron
linaes, this is probably the most challenging because it puts to a test and stretches to a
maximum the capabilities of these accelerators. For the SLC to hecome operational, we
must improve our understanding and control of beam generation, injection, emittance,
beam centering and focusing to keep the emittance from growing, energy spectrum,
phase and amplitude stability of the klystrons, positron generation acd mnany others.
These problems are discussed elsewhere in this book by R. Stiening.

The SLC will be the first test-bed for these ideas. Beyond this first 50 GeV-on-50
GeV et linear collider, it is now being asked whether machines of this type could be
built in the 1-2 TeV range. This question will of course be much easier to answer after
some cxperience has been obtained with the SLC. However, one problem ran already
be focused on new. This is 1he problem of epergy consumption. We wiil end these

loctures with a simple example which might stimulate the reader to think further,

[t is not clear at this point where the ultimate limits of acee'erating gradient will
he nor what factors will determine the length of the accelerator. Suppose we want to
build a 1 TeV-on-1 TeV e* collider -y we have two choices of gradient: 20 MV/m
{conservative, attainable now) or 100 MV/m (less conservative, yet to be tested). The
respective lengths wonld be 50 km and 10 km/linac. Returning once more to Eq {5.2)

and rewriting it as
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o (5.40)
we see ibat even if we are able to bring the energy onto the axis of the acceleraior
at 100% efficiency, it will take a large number of joulea to establish the flelds. Table
5 summarizes the results, assuming that r/Q = 5000{1/m at 2856 MIfz. The power
reqnirements are wotked out for an example where the two linacs are pulsed 200 times
per second to reach the overall desired lumincsity. Each pulse is wsed to accelerate n
bunches (4 < n < 10) which will at most remove 20% of the stored energy. Unless
something very ingenious is done, the remaining 80% energy will be wasted. Note
further that the real power eunsumption will be at least twice the rf power consumption
beeause of all the inefficiencies involved in converting AC to 1[. In a lew years, at
20.10/kW-h, 1/2 GW of power will cost 850,000/hr. It is quickly seen that there will
be a strong incentive to improve upon the numbcrs in this table, I'wo avenues suggest
themselves. One is to increose the frequency sinee wr/Q scales as w?. The other is to
invent a method of recovering the energy for sume uselul purpose. The challenge is
yours!

Wy =

Table 5.
rf Energy and Power Needs for a 1 TeV-on-1 TeV e¢* Lincar
Collider Assuming No Losses in Establishing Fields

Gradient (MV/m) 20 100

Length/linae {km) 1] 10

rf Frequency (MHz) 2856 2858

wy; (Joules/m) 4.47 11173

Total energy stored/linac/pulse (MJ) 0.223 Lu7

f Power/2 linacs/200 pps (MW) 89.36 446.8
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