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lntrdduction

The controversy over the relative advantages of standing-
. wave and traveling-wave linear accelerators is now in its fourth
decade. It has been fed by a considerable body of misinfor-
- mation. The author hopes in this paper to shed some light on
the subject, and expose some of the falsehoods. The discussion
is directed toward the question of which structure to use for
short pulse high field electron accelerators since it is almost
universally accepted that standing-wave structures are appro-
priate for CW and long pulse accelerators. Three arguments
against standing-wave accelerators are discussed and shown to
be invalid.

The Stanford Myth

The Stanford myth states that a standing-wavecan be con-
sidered to be the superposition of two traveling waves {true!).
It further states each of these traveling waves contributes
equally to the power dissipated in the structure (true!) but
that only the wave traveling in the same direction as the parti-
cle contributes significantly to the acceleration (usually true?).
Thus, concludes the myth, since the acceleration is equal to a
single traveling wave but the power dissipated is twice as great,
the shunt impedance of a standing wave accelerator is half as
large as that for the traveling wave:

1
rsw = 3 rTw Stanford Myth

“where
rsw = shunt impedance of standing wave
rrw = shunt impedance of traveling wave

In either case the shunt impedance is defined as
E?

—_— gue

"= 4Pz

where
Esve = the average accelerating field seen by the particle
dP/dZ = power dissipated in the structure per unit length

The Stanford myth is mostly true and yet irrelevant and
consequently false. It is irrelevant because it does not apply to
the structures always used in SW accelerators for reasons we
shall see.

In Fig. la, a coaxial line is shown with a TEM wave trav-
eling from left to right. The coax line has three radial electric
field probes spaced A/2 apart through its upper wall, and four
probes spaced A/3 apart through its lower wall. Figure 1b
shows the radial electric field E, as a function of Z at time
t = 0. As time progresses the sinusoidal field pattern in Fig. 1b
will move from left to right. In Figs. 1c and d respectively, we
show the signals on the A/2 spaced probes A, B, C and the A/3
probes D, E, F, G as a function of time. It is apparent from
Fig. 1c that it is impossible to determine from the A/2 electric
field probes whether the wave is traveling from left to right,
i.e., from A to B to C or from right to left, i.e., from C to B
to A. It follows that two equal waves traveling from opposite
directions (i.e., a standing wave) could also give the the signals
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seen on probes A, B. and C. Conversely, it is apparent from the
signals from the A/3 probes in Fig. 1d that the wave is trav-
eling from D to E to F to G, i.e., from left to right. A more
careful consideration of Fig. 14 suggests a second possibility:
the wave could be traveling from right to at half the velocity
since it takes twice as long as seen by the probes for the wave
to go from E to D as it does to go from D to E.
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Fig. 1. Electric fields in a coaxial line: a) The coaxial
line; b) Radial electric field as a function of distance
along the line; c) Radial electric field at A/2-spaced
probes vs. time; d) Radial electric field at A/3-spaced
probes vs. time; e} A hypothetical x-mode linac made
from the coaxial line. )

The coaxial line in 1a can, in principal, be made into a
particle accelerator by introducing gaps into the hollow center
conductor as shown in Fig. le. Interrupting the current flow
in the center conductor will produce longitudinal electric field
across the gaps which will accelerate charged particles traveling
inside the center conductor. If the gaps are placed every half-
wavelength, it follows from our discussion above, the particles
will be accelerated whether they are going the same direction
or the opposite as the wave. Therefore, both traveling-wave
components contribute equally to the acceleration of the par-
ticles. Thus the conclusion of the Stanford Myth does not ap-
ply. If, instead, we had spaced the gaps at intervals of A /3 we
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would find we could accelerate particles moving only in the
same direction as the wave if their velocity was equal to the
phase velocity of the wave. Particles moving half as fast could
be accelerated in the opposite direction.

We gain additional insight if we consider the standing-wave
accelerator to be a chain of N coupled resonators. The voltage
across the accelerating gap of the n'* resonator is:

cos wit (1)

where 7g/(N —1) is the phase shift from cell to cell in a travel-
ing wave. The resonance condition requires that q be an integer
such that

0<g¢g<(N-1)
The time when a particle gets to the center of the n** gap

Z ¢

where .
v is the particle velocity
£ is the periodic length

(nlv_—l)l"rq cos w (n '; l)t (2)

Maximum energy gain occurs for the synchronism condition

w! q

where p is an integer.

Va = Vocos

Then the total voltage gain is

> J (n—1)mqg
V=ZV,=Vchosz—ﬁ (3)
n=1 n=1
V=¥ for 0#g¢g#N -1 (4)
When
: g=0 or N-1 5)
V =NV,

Note that the factor 1/2 for other than 0 or 7 modes arises
from two factors: 1) the voltages across the gaps are not all
equal but rather have a cosine distribution,

x(n—1)g
(N-1)

and 2) the particles don’t arrive at the gaps at the maximum
field time but rather there is a cosine phase dependence,

coswu
v

We are now ready to calculate the shunt impedance. When

0#g#(N-1)

the power dissipated is

1 N
-2
ch=l
W3 & (ot
e N-1

where R, is the single cell shunt impedance.

N
2R,

P=_—_V2

The total structure shunt impedance is

R Vo ()

- N
Po(&w)
N
RT=7RC O£¢g#N-1 (6)
For xg/(N — 1) = 0 or x or for traveling wave
P NV§
R,
V=NV
= . e _
Rr = NR.; N_1="" (7

Needless to say almost all standing-wave accelerators are
built in 0 mode or # mode (i.e., 7g/(N — 1) =0, or x). How-
ever, until the early sixties these modes had one very serious
drawback, the group velocity is approximately zero. The group
velocity is the energy propagation velocity. A zero group ve-
locity means the structure is poor at delivering energy to the
beam and that the field profile is very sensitive to beam current
and mechanical tolerance. The development in the early sixties
of what is sometimes called resonant coupling eliminated this
problem. The resonant coupling as developed at Los Alamos!
for  mode structures is best understood by considering the
case for ¢ = 4 in Eq. (1), i.e., 7¢/(N — 1) = n/2. In fact, it is
a semantic question whether the Los Alamos structure is 7 /2
mode or 7 mode. For ¢ = 4 Eq. (1) becomes

Va = Voeos(n — 1) % cos wi (8)

when we see that V, = Vp when n is odd and V,, = 0 when n
is even. The shunt impedance is

N
RT—?Rc

but that is not surprising since half the cells have zero fields.
Since the voltage across the even numbered cells is zero, there is
no need for them to be on the beam axis, so Los Alamos moved
them off-axis and created the side-coupled structure shown in
Fig. 2. This structure is electrically a /2 mode, but in terms
of its interaction with beams it is a 7-mode structure. An alter-
native to moving the unexcited or coupling cavities off-axis is
to shrink their length as shown in the “on-axis” coupled struc-
ture also shown in Fig. 2. Since these structures are electrically
a /2 mode, they are in the middle of the pass band (half-way
between 0 mode and 7 mode) where the group velocity is the
greatest. .
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Fig. 2. Two biperiédic (resonantly coupled m-mode)
linac structures.

One may ask how close to # mode must one be for V =
NV,? The answer is that if the structure is exactly periodic and
the boundary condition #¢g/{N — 1) = mx with m an integer
is met exactly, then the structure must be exactly » mode.
For example, if the phase shift per cell is exactly 997 /100 the
structure must be 100 cells long to meet the periodic boundary
condition and one finds V = (N/2)Vp = 50V,

Reality, of course, is never perfect and no structure is per-
fectly tuned. If the terminations have an appropriate reactance
a 30 cell structure could be resonant in the 997 /100 mode. If
the resonant frequency of the first and last cavity is the same
and a&juéted appropriately, the maximum field can be in the
center of the structure. In this case one gets a shunt impedance
which is 93% of the x-mode shunt impedance or in other words
a shunt impedance per cavity which is 93% of the single-cavity
shunt impedance. =

Z. D. Farkas? calculated the shunt impedance per unit
length for a disk-loaded waveguide structure shown in Fig. 3.
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Fig.3. Structure used for computer calculations of shunt
impedance in Fig. 4.

He calculated the shunt impedance for a number of traveling
wave modes using the program KN7C.3 He then calculated the
shunt impedance for the same modes as standing waves in the
same structures using the programn URMEL.4 Finally, he made
a series of calculations of standing-wave structures in which
the end cells were not standard. This was done by moving the
right-hand boundary in Fig. 3 so the right-hand cell was not
precisely half of the other cells. Since the left-hand boundary

is a Neumann boundary, the structure being calculated is a°

structure with symmetry around the left boundary. That is, a
structure with three full equal cells and with identical partial
cells on each end. By moving the right-hand boundary he was
able, in effect, to tune the resonant frequency of the end cells
in a five-cell structure. The shunt impedances calculated are
shown in Fig. 4.
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Fig. 4. Shunt impedance of traveling- and standing-
wave modes in disk-loaded waveguide.?
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Fig.5. Field distributions for three standing-wavemodes
shown in Fig. 4: a) 37/4-mode; b) 159°-mode; c) -
mode.



The standing-wave modes with the periodic boundary con-
dition of Eq. (2) are shown as triangles. They have half the
shunt impedance per unit length of the same mode in a trav-
eling wave with the exception of the 7 mode. The standing-
wave modes with aperiodic boundary conditions are shown as
squares. They lie on a continuous curve between the 3x/4
mode on the Vrw /2 curve to the m-mode on the Vrw curve.
This transition can be understood by considering Fig. 5a, b
and c, in which EZ(z) is plotted for the 37 /4 mode, the 159°-
modée and the 7-mode respectively. It is apparent that the
field strength gets progressively more uniform from cell to cell
as one moves from the 37/4-mode with periodic boundaries to
the 159°-mode with aperiodic boundaries to the x-mode.

Reflections from Standing-Wave Accelerators

Reflections from standing-wave accelerators are a serious
concern because klystrons can be destroyed by reflected power.
Any high g resonant cavity reflects a large fraction of the in-
cident power during the beginning of the filling time. Fur-
thermore, a standing-wave accelerator can only be matched
for some nominal current. For either a higher or lower cur-
rent, power will be reflected from the structure. For low-power
accelerators the solution is normally to put an isolator or a
circulator between the klystron or other microwave source and
the load. However, isolators do not presently exist for the
very high power levels used in most high energy short pulse
linear accelerators. Fortunately, a very simple remedy exists.
If each klystron drives two standing wave accelerator sections
(Fig. 6) through a 3 db hybrid, if the waveguides to the sec-
tions are equal in length, and if the two sections present the
same impedance to the waveguide, then the reflections will add
constructively in the fourth arm of the hybrid.

Accelerator Sections ~——\
i

2 3
X
3 db Hybrid \ Reflected Power

4  Goes to Load
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Fig.6. Configuration for avoiding reflection from standing-
wave structure.

Thus the reflected power will go to the dummy load. This
technique has been tested thoroughly at SLAC, for it is pre-
cisely the way the energy storage cavities in the SLED system
work. Each SLAC klystron drives two SLED cavities (loaded
Q = 20,000) through a 3 db hybrid and the reflected and
reradiated power is transmitted through the fourth arm of the
hybrid. In the SLED case the fourth arm goes to the accel-
erator rather than a dummy load. The reflected power from
the SLED cavities would surely damage the klystrons were it
not for the isolating property of the hybrid when used in this
fashion. The 3 db hybrid gives only 6 db isolation against re-
flection from arcs in the structures, since the two structures
will only very rarely arc in exactly the same place on the same
pulse so as to produce the desired interference between the two
reflected waves.

Filling Time for Standing-Wave Accelerators

Since any resonant system approaches steady-state expo-
nentially, it takes quite a number of time constants to get very
close to the steady state. For example, it takes 4.6 time con-
stants to reach 99% of steady state; 6.9 time constants for
99.9%. However, for a modern high current, high energy accel-
erator designed for high energy and nuclear physics it is rea-
sonable to design the structure so that the beam loaded energy
is about 80% of the unloaded energy. A standing-wave accel-
erator reaches 80% of steady state in 1.6 time constants. The
appropriate time constant is the time constant when loaded by
input coupling iris:

;= 2Qo
w(l + 8)

where 8 is the coupling constant which is measured as the
VSWR with the beam off. Since the coupling is chosen so
that the structure is approximately matched with beam on,
this time constant may be a factor of three shorter than the
unloaded time constant. In a study done by the author on
a conventional standing-wave structure for CEBAF the time
from the beginning of the RF pulse until the beginning of the
beam pulse was .8 usec (exactly the same as for the SLAC
structure). However, the response of the standing-wave struc-
ture to an external RF pulse, and the response of the structure
to a beam, are both exponentials with exactly the same time
constant. Therefore, if the beam is turned on at precisely the
instant when the structure reaches the steady-state value with
the beam on, then the beam energy stays right at that steady
state value as shown in Fig. 7.
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Fig. 7. Energy transients in standing-wave accelerators.

If less than full beam current is desired, the same proce-
dure is followed except that when the beam is turned on, the
RF power is reduced. The reduction of RF power can be ac-
complished by reducing the RF drive to klystrons with fast
solid-state attenuators, or by removing the drive from certain
klystrons with fast RF switches or a combination of both. The
voltage through a standing-wave structure of length L is given

)

20/ irL t—t
V= 12 ( 27 — T _.___[ — - b
(rLP) (1 o (1 e ) 1—exp ;
where i, is the time where the beam is turned on and the

1+8
current ¢+ = 0 for ¢t < t,, and is constant for t > ¢;,. If one




chooses t; so that

wrL
1+

_ (rLpyr 282 (_‘_b)
= (rLP) 178 exp | —7

one finds that for t > ¢,

v () e ()]

so V is constant for ¢t > t;. It follows that the right time to
turn the beam on is

irL

ty = 1én ———Zﬁl/?(rLP)l/ﬁ

If B has been adjusted so that there is no reflection from the
structure when the beam is on, this can be expressed as

-1

ty =71ln 25

This procedure for compensating for the beam
loading energy transient is easier than that employed
in traveling-wave accelerators. With traveling-wave
accelerators, the response of the structure to the beam
has a different functional dependence on time than
the response to an external RF source. Hence, to get
good beam loading compensation, it is necessary to
turn on the compensating klystrons at a number of
different times in order to synthesize the inverse of
the beam loading transient with the klystrons.

Quantitative Comparison

Now that we have discussed the three major considerations
that were once thought to eliminate standing-wave structures
as candidates for short pulse, high energy electron linacs, we
must look quantitatively at both standing-wavestructures and
traveling-wavestructures to see which is superior. From Fig. 4,
we might conclude that the 27 /3 traveling wave strcture was
the clear choice since it has the highest shunt impedance, about
20% higher than the m-mode. The reason for this is that the
calculations were done for the flat disk-loaded waveguideshown
in Fig. 3. The shunt impedance per unit length falls off to the
left of 27 /3 because the increasing number of disks per unit
length increase the conductor surface areas per unit length and
hence the losses. To the right of 2x/3 the shunt impedance
decreases because the transit time factor

sin A¢/2

T = ——A¢/2

decreases rapidly beyond a phase shift per cell A¢ of 120°.
However, nose cones or drift tubes can be added to the disks
so that the accelerating gap need not increase in length as the
number of cells per wavelength decreases. In this case the shunt
impedance increases monotonically with increasing phase shift
up to 7 mode.

The side coupled structure shown in Fig. 2 has been op-
timized in recent years to achieve shunt impedances in excess
of 100 Mfl/m at S-band as compared with 57 M(1/m for the
SLAC strcture. The very high shunt impedances are obtained
by reducing the beams aperture to 6 mm diameter—smaller

than most accelerator designers would feel comfortable with
for a long research accelerator. However, a shunt impedance
of 80 M1/m can be obtained at 2856 MHz with a 10 mm
diameter beam aperture. This cavity is scaled (and slightly
modified) from the structure designed by LANL, for the NBS
Microtron.5® The nose cone shape, cavity radius, and gap
length are optimized for shunt impedance.

Similar optimization can be done for traveling wave struc-
tures. Three possible designs are shown in Fig. 8. Figure 8a is
a standard 27 /3 SLAC structure. The figure shows 1-1/2 cells
from LALA computer output. Figure 8b is a modified struc-
ture with about 15% higher shunt impedance. Figure 8¢ is a
7 /8 half-cell with the same shape as the optimized structure
used in the NBS Microtron. The shunt impedance should be
78 Ml/m. Magnetic field coupling holes would be required
between cells since coupling through the beam hole would be
extremely small. This cavity has not been physically modeled.
At the 77/8 mode, v, is only 38% of the midband value, so
the coupling slots will need to be large and the coupling losses
might be excessive. The optimum may be somewhere between
3r/4 and T /8.
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Fig. 8. Traveling-wave structures: a) SLAC 2r/3 disk-
loaded structure, r = 57 M{l/m; b) SLAC 27 /3 mod-
ified to raise Q, r = 65 Mf}/m; c¢) Optimized 7x/8
travelling-wavestructure, r ~ 78 MQ1/m.

The author participated in a design study carried out at
CEBAF which attempted to compare these structures with
side coupled standing-wave structures. For a constant gradi-
ent traveling-wave structure the power required to achieve a



voltage gain of V in an accelerator structure is

1 irl 2re~?r \1?
Prw = rf(l —e~2%) [V + 2 (1 T1- e"')]

where 7 is the attenuation through the structure.

For the standing-wave structure

_(1+p)? it 12
Fsw =415 [V *a +ﬂ)]

For each of the traveling-wave structures except the SLAC
structure, the attenuation was chosen to minimize the aver-
age power required. For the SLAC structure the attenuation
was .57, i.e., the actual value for the existing SLAC structure.
The following parameters were fixed by other aspects of the
CEBAF design:

Linac energy = 2 GeV

Linac active length = 105 meters

Peak current = 200 mA

Beam pulse length = 2.4 usec

A comparison of the different structures is shown in Table 1.

Table 1
Linac
r Tess r. Cost
Structuge _ MQ/m) MQ/m) B r Tecs $M
Side coupled {SCS) 80 80 2 100% 30
Optimized 7x/8 TW 78 67 T 84% 33
(Fig. 8c)
Modified SLAC " 66 56 65 T70% 34
{Fig. 8b)
SLAC (Fig. 8a) 57 44 57  55% 35

The effective shunt impedance . includes the power lost
in the load for the traveling-wave or reflected in the standing-
wave structure. For the side-coupled structure in this example,
this turned out to be negligible at full current when the average
power had been minimized. For the traveling-wave structure
the load power varied from about 20% to 15%. The choice
probably finally comes down to economics and so the last col-
umn gives estimated costs for the linacs including klystrons,
klystron modulator, rectangular waveguide, and accelerator
structure, but no instrumentation and control, no beam steer-
ing and focusing. The SLAC structure was estimated to cost
about 20% less per unit length than the side-coupled structure,
but required 80% more RF power and hence the increased cost
of klystrons and modulators made the overall cost of the accel-
erator more expensive. The author is happy to let each reader
do his own cost estimates.

A comparison was also done for a CEBAF design in which
the beam was not recirculated through the linac. For this case
the overall length of the accelerator became a free parameter
to be optimized and the beam pulse length was 1.2 usec. This
case also favored the standing-wave structure by about 10% in
costs.

Standing-wave accelerator structures are certainly compet-
itive and probably superior in the domain of short pulse elec-
tron linacs, which for many years have been considered to be
the exclusive domain of traveling-wavestructures. The one pa-
rameter region in which traveling-wavestructures are probably
superior is when the beam pulse is negligibly small compred
with the natural time constant of the structure, 7 = 2Q/w,
such as linear colliders and storage ring injectors. This is par-
ticularly true when energy storage cavities are used for pulse
compression (e.g., SLED). The RF pulse from such systems
has the form

Py=Po (1 - c"'/')

so the power incident on the structure is maximum when the
reflection coefficient from a standing-wave structure is maxi-
mum.
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