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Abstract

The energy realistically attainable by an electron-
positron storage ring is limited by the RF voltage and
power requirements imposed by synchrotron radiation to
about 100 GeV. To reach energies of 300 x 300 GeV and
higher in a colliding beam machine of reasonable dimen-
sions, we must look to the linac~-collider operating
at an energy gradient on the order of 100 MV/m. Proper
choice of an RF structure for such a collider can mini-
mize the total RF power requirement and the effects of
longitudinal and transverse single-bunch beam loading.
For an operating frequency in the range 4-6 GHz, the
total RF power requirement for a 300 x 300 GeV collider
with a luminosity of 1032 em~2s~! accelerating 10 11
particles per bunch is on the order of 50 MW. To drive
this collider, RF power sources are needed having a peak
output power in the range 1-2 GW. Possibilities for
attaining these peak power levels by direct generation
and by energy storage and fast switching are discussed.

Need for High Gradient Linac-Colliders

If we consider the sequence of ete storage rings
SPEAR/DORIS ~ PEP/PETRA - LEP, we find rough agreement
with the following scaling laws with respect to energy
Eg: circumference ~ E2 » RF power requirement (conven=-
tional RF systems)'VEO, cost ~ Ej 1.5, We can also de-
fine an average gradient E,y as the center-of-mass
energy divided by the ring circumference. This grad-
ient, which is a measure of how much real estate is
required per unit of energy, scales as Epy ~ EO . If
we use these laws to extrapolate to a 300 x 300 GeV
machine, we find that the circumference would be about
300 km, the RF power requirement about 1 GW, the cost
about 5 billion dollars and the average gradient about
2 MV/m. A superconducting or pulsed RF system could
undoubtedly be used to reduce the RF power, but the
cost and the voracious appetite for real estate of such
a high—energy ring would remain as nearly insurmountable
obstacles to its construction. If we are to collide
electrons and positrons at an energy much beyond that
foreseen for LEP (130 GeV with superconducting RF), we
must turn to the concept of two opposing high gradient
linear accelerators firing single bunches of electrons
and positrons at each other: the linac-collider.

Reugh Parameters for a 300 x 300 GeV Linac-Collider

We choose a gradient of 100 MV/m as being realis-
tically attainable in a properly designed accelerating
structure for short RF pulses (<500 ns) at S-band fre-
quencies or higher. A discussion of breakdown limits
in RF structures and a justification of this choice of
accelerating gradient is presented in a later section.
The luminosity for a collider accelerating single
bunches is given by
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where Ny 1s the number of particles per bunch, £, is
the repetition rate and oy and o, are the transverse
beam dimensions at the collision”point. Table I gives
a consistent set of parameters for a 300x 300 GeV
collider with a luminosity of 1032 cm=2s The dis-
ruption parameter and beamstrahlung parameter listed in
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TABLE I
Parameters for a 300 x 300 GeV Collider

Accelerating Gradient
Length (both linacs)
Luminosity

MV/m

km
1032 em2g-1

Particles per Bunch Ny 101t
Repetition Rate f, 200 Hz
Beam Dimensions o%, o¥ 0.7 um
Beta Function at Collision Point B* 1 cm
Bunch Length o, 1 mm
Disruption Parameter D 0.95
Beamstrahlung Parameter § 0.05
Average Current erfr 5 HA
Average Beam Power (both linacs) 3 MW

the above Table are defined and discussed elsewhere.l™3
Very briefly, D is a measure of the fractional change in
radial position of a typical particle in one bunch
during its passage through the electromagnetic fields of
the opposing bunch. D is proportional to Ny0,/8*. For
D the order of unity or larger, a pinch effect squeezes
the bunches radially, enhancing the luminosity. For
D=0.95, this enhancement factor is a little over three.?
The beamstrahlung parameter is the fractional energy
loss due to synchrotron radiation produced by the parti-
cles in one bunch passing through the deflecting fields
of the opposing bunch. At a given energy, § ~ Nb/dzﬂ*
Many trade-offs between these parameters are possible
for a fixed luminosity. For example, § can be increased
by lengthening the bunch, or by decreasing the charge
per bunch and increasing the repetition rate to maintain
the luminosity. It is important to realize that the
single-bunch parameters Nb and-0,, the beam—beam param-
eters £, D and §, the final-focus parameter 8* and the
repetition rate f, are all interrelated. The average
power requirement, of course, is proportional to f,.
Later we will see that the energy spread due to single-
bunch beam loading and the efficiency for the transfer
of energy from the accelerating fields to the beam also
depend upon Ny and 0. Thus Table I should not be con-
sidered an optimized parameter list. It is a possible
starting point for a collider design that will serve to
give us a feeling for the numbers involved.

In order to attain a gradient of 100 MV/m, both an
appropriate accelerating structure and an adequate RF
power source are needed. We consider the structure
problem first. Once the structure design is chosen, the
RF power requirement is also specified. In the con-
cluding sections, present and future RF sources which
might meet this requirement are considered.

Structure Parameters

We must first dispose of the question of traveling
wave vs standing wave structures. For a standing wave
structure, there is an unavoidable loss in efficiency
due to reflected power during filling. For an unmodu-
lated (flat-top) incident klystron pulse, the best one
can do is to transfer 81% of the energy in the pulse
into energy stored in the structure.* Furthermore, the
parameter r/Q which, as will be shown later, determines
the efficiency for conversion of stored energy into
accelerating gradient, is usually lower for standing
wave structures. For these reasons we consider only
traveling wave structures here, although a parallel
analysis could readily be made for the standing wave
case. Following are some traveling wave structure param-
eters which are important for the design of a collider.
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Filling Time Ty = Lg/v,, where Lg is the struc-
ture length per feed and Vg is the group velocity.

Attenuation Parameter 1t = wLg/2vgQ = Tg/Tgq,
where w is the RF angular frequency, Q is the unloaded
Q of a shorted resonant section of structure and Tgy =
2Q/w is the unloaded filling time of such a shorted
section. Note that T scales with frequency as w3

Shunt Impedance per Umit Length r. The accelera-
ting gradient E; at any point in the structure is re-
lated to the power dissipation per unit length in the
walls of the structure by E; = r dP/dz. Since E, will
vary over the structure 1ength we can define an aver—
age gradient Ea \' /LS, where Vg is the voltage gained
in length Lg. In terms of the peak klystron power Pk’

we have .
_ P
Ei = f(T)
£(1) = (Z/T)(l—e-T)Z mo2t(l-T+12/2) .

varies with frequency as r ~ wl/z.

The Parameter k defined by Eg = 4kowS where wg
is the stored energy per unit length. k, is related
to the ratio r/Q by k; (w/4) (x/Q).

It has units of
V/C/m or Q/s/m. The average gradient over length Lg is

Note that r

=2 _
Ea = 4k0wkns

(1-e"T2/2 =

[

n f(t)/21

s
where wi is the energy in the klystron pulse per unit
length and ng is the structure efficiencg k has a
strong dependence on frequency: . We can de—
fine a normalized peak power per ungt length by P,

Pk/(L rE2) = 1/f(t). The functions P, and ng are
plotted 1n Fig. 1. The figure shows the incompatibility
between minimum peak power requirement and good struc—
ture efficiency. The best compromise is given by a 1

in the range 0.3-0.4.
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Fig. 1. Structure efficiency and
normalized peak power per unit length
as a function of the attenuation
parameter T.

The Ratio ﬁs/Ea, where £, is the peak electric
field on the surface of the structure. The maximum
attainable gradient is presumably limited by breakdown
effects initiated by electric fields at the surface of
the structure. The breakdown field at the surface may
be a function of frequency, pulse length and the de-
tailed physical and chemical surface properties. A low
ratio fls/Ea is obviously desirable, but may not be the
controlling factor. For the SLAC disk-loaded structure,
ﬁs/Ea = 2.1. This structure has been tested in a
traveling wave resonant ring to Ey = 40 MV/m without
breakdown.® The maximum surface field was therefore
about 85 MV/m with no breakdown at an effective pulse
length on the order of 1 us. On the other hand, an S-
band standing wave side-coupled structure for a medical

linac showed breakdown at E_ = 74 MV/m for a pulse
length of 4 to 5 ps.® A shorter pulse length appears
to be helpful in increasing the breakdown limit, as
might be expected. The value of E /Ea can be lowered
to about 1.6 in a disk-loaded structure by proper disk
shaping and choice of mode.’ Still lower values of

s/Ea are possible, a structure has been developed6 at
Varian with E /E5 = 1.23. Note, finally, that the
breakdown field should increase with increasing fre-
quency. In view of the preceding facts, a gradient of
100 MV/m does not seem unreasonable for very short pulse
lengths, perhaps at a frequency somewhat greater than
S-band, assuming also that careful attention is paid to
the details of structure geometry.

Higher-Order Modes. Higher-order longitudinal
modes are important for single-bunch beam loading. To
compute these effects, it is useful to introduce the
concept of the wake potential, or wake function. If a
point unit charge is sent along the axis of a traveling
wave structure, it will interact with all modes having
a phase velocity equal to the particle velocity vg
(usually taken as vg ® c). The strength of the inter-
action with_the n-th mode is characterized by the param-
eter ky = Ef/4w,, where E, is the synchronous axial
field and wy, the energy per unit length. The total wake
field seen at distance ct behind the unit exciting
charge can be shown to bed

ZZk.ncos w,T ,
n

w(t) =

where wp is the angular frequency of the n-th mode. In
any practical calculation of the wake function, a finite
number of modes are computed and an approximation is made
for the very high frequency modes. The wake function
computed8 in this manner for the SLAC disk-~loaded
structure is shown in Fig. 2.
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Fig. 2. Longitudinal wake potential
per cell for the SLAC disk-loaded
structure.

It is important to know how the magnitude of the
wake varies as a function of the radius a of the beam
aperture. For the SLAC structure (a=1.16 cm), a com—
putation of the wake for various values of a shows? that
w(0) varies as a~1.68 Of course, the value of ko for
the fundamental mode will also decrease with increasing
a, as shown in Fig. 3. Near a=1.16, k, varies as
a=0.66, Thus the wake at T = 0 and the corresponding
single-bunch beam loading effects decrease faster with
increasing beam aperture than does the fundamental mode
structure parameter k,.

The transverse deflection wake must also be con-
sidered in the design of a collider.l0 For dipole de-
flecting modes in a disk-loaded structure, the synchron-
ous E, field component varies linearly with radius from
zero on the axis to E, at the radius of the beam aper-
ture. For each mode an interaction parameter ky can be
defined as in the lingitudinal case using E; = Ep at
r=a. If a unit charge passes through the structure at
radius r;, the deflection wake at a distance cT behind
the charge is given by8
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Fig. 3. Structure parameter kO as a
function of beam aperture radius for
a disk-loaded structure for two values
of disk thickness t (t/x = 0.056 for
the SLAC structure).

LA (1) = (2r1c/a2) ; (kn/wn) sin w T .

with units of volts per coulomb per meter (ewl/c gives
the transverse momentum kick per unit length of travel
through the structure). For small 1, the transverse
wake increases linearly from zero at 1t =0 with slope
(2r1c/az)§:kn. The transverse dipole wake is seen to
decrease more rapidly with increasing disk hole radius
than the longitudinal wake by an additional factor of
a~2. This dependence on a has been varified for the
SLAC structure; computationsg show that the slope of
the dipole wake for T+0 varies as a~3-

Promising Structures for Colliders

Several different structures are under investiga-
tion at SLAC which might have higher values of r/Q (or
ko) than the disk-loaded structure for a given beam
aperture. Some of these structures are described and
illustrated in Ref. 11. Of particular interest because
of its simplicity and because it has been the subject
of the most extensive past measurements is the jungle
gym structure (a round pipe loaded by pairs of trans-—
verse bars having an alternating vertical and horizontal
alignment). The group velocity of the jungle gym struc-
ture tends to be considerably higher than for the disk-
loaded structure. Typically, v./c ® 0.20 for the /2
mode (taking the periodic length to be between adjacent
bar pairs), and ® 0.10 for the n/3 mode. Table II com-
pares the parameters of several structures at three
frequencies of interest for a collider. Values of r,
kg» Q and vg/c for the n/2-mode jungle gym are scaled
from values measuredl? at 714 MHz for a structure used
for several years as an RF cavity in the Cornell syn-
chrotron. Values for the n/3-mode jungle gym are esti-
mated from some old measurements!3 made at the Stanford
University Microwave Laboratory. Some of the newer
structures being measured at SLAC appear to give similar
values for vy/c and k; for the n/3 mode.5 The k, for
the disk-loaded structure with a=1.50 is obtained from
Fig. 3; vg/c is scaled as a". The disk and washer
structure is shown for comparison. Note that, although
the Q and shunt impedance are very high, the value of
k, is very low compared to the jungle gym.

RF Power Requirements for a 300 x 300 GeV Collider

Using the structure parameters given in Table II,
the unloaded RF power requirements can be estimated for
two 3-km linacs operating at a gradient of 100 MV/m.

We assume 1000 RF power sources spaced 6 m apart and a
repetition rate of 200 Hz. The first column in Table
IIT gives the klystron (or power source) pulse length,
assumed to be equal to the filling time. In the second

TABLE II

Comparison of Structure for a Collider

r kg / Lg T¢
ee/m w/pc/my @ Ve S @ ) T
2856 MHz
Disk-Loaded 56 19 13,300 .012 3 .83 .57
(a=1.16 cm)
Disk-Loaded 46 16 13,000 .035 6 .57 .40
(a=1.50 cm)
Disk and Washer 76 11 32,000 <« ~ == ==
Jungle Gym (n/2) 51 25 9,000 .20 6 .10 .10
Jungle Gym (m/3) 60 30 9,000 .10 6 .20 .20
4040 MHz
Jungle Gym (w/2) 61 50 7,500 .20 6 .10 .18
Jungle Gym (n/3) 71 60 7,500 .10 6 .20 .35
5712 MHz
Jungle Gym (w/2) 72 100 6,500 .20 6 .10 .28
Jungle Gym (m/3) 85 120 6,500 .10 6 .20 .57
TABLE III
RF Power Requirements' for a 3x3 km Collider
with E; = 100 MV/m
Tp W n Py Pe/Pioe
(us) () S W) (kW) /(MW)
2856 MHz
Disk-Loaded .83 1320 .58 1600 270
(a=1.16 cm)
Disk-Loaded .57 1340 .68 2350 275
(a=1.50 cm)
Jungle Gym (n/2) .10 650 .91 6500 130
Jungle Gym (n/3) .20 620 .82 3100 120
4040 MHz
Jungle Gym (n/2) .10 335 .84 3400 67
Jungle Gym (n/3) .20 350 .71 1750 70
5712 MHz_
Jungle Gym (n/2) .10 190 .76 1900 38
Jungle Gym (7/3) .20 210 .58 1050 42

column, W, = Low, is the energy in the klystron pulse.
The efficiency for transfer of energy from the RF source
pulse to effective stored energy in the structure is n..
The peak power that each klystron or power source must
deliver is Pk'_ The last column gives the average power
per klystron, Py, and the total RF power requirement,
Prot = 1000 Py. Note the expected correlation between
high structure efficiency and high peak power. The last
entry in the Table is clearly the most favorable. The
total average RF power requirement is less than 50 MW,
and the peak power per source is only 1 GW. But is the
stored energy adequate to accelerate the required charge
per bunch? The energy required by each bunch per klys-
tron is 6eEgNp = 10J. This is modest compared to the
fundamental-mode stored energy of 210J, and would indi-
cate an energy spread due to beam loading on the order
of 2% 7 . However, higher-order modes also contribute to
beam loading and to the energy spread. These effects
are considered in the next section.

Single-Bunch Beam Loading

An analytic expression which describes the SLAC
wake potential to an accuracy of better than a few per-
cent for 0 < T < 50 ps is

A exp [—(T/B)n] s

where A=7.92 V/pC/cell = 75.5 V/pC/m, B=6.13 ps and

w(t) =
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n=0.605. The contribution to the beam loading voltage
at time t due to a charge dq = I(t)dr at time T is
w(t-T1) I(1) dt. The principle of causality for charges
traveling close to the velocity of light requires that
the wake vanish for T>t. In computing the beam loading
voltage, we need only comsider contributions from charge
elements that are ahead in the bunch (earlier in time)
such that T <t. Thus the total single-bunch beam
loading voltage is

t
Eb(t) = ]w(t- 1) I(t) dt .

-0

Plots of this expression using the SLAC wake function
and a Gaussian bunch I(t) = exp[-t2c?/203] are shown in
Fig. 4 for three bunch lengths. Note that the amplitude
of the beam loading voltage depends strongly on bunch
length, and that peak voltage occurs well behind (t >0)
the bunch center.

o
[N}
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5 Beom Loading Voltage  (MV/m/i0'particles)

Time  (ps) o

Fig. 4. Single-bunch beam loading
voltage for the SLAC disk~loaded
structure for three values of bunch
length.

The total energy gain per unit length in the pre-
sence of an external RF accelerating gradient can be
obtained by superposition:

E(t) = Ea[cos (wt -8) - Eb(t)/Ea] R
where 6 is the phase angle of the bunch center with

respect to the crest (6 >0 is ahead of the crest). The
average energy gain per particle in a bunch with charge

q = eNy is
fE(t) I(t) dt .

The beam efficiency (ratio of energy gained by the beam
to the stored energy per unit length) is

E:

=

- r 2.
. | 4erkOE . w Nb
W EZ E :
s a a

Finally, we must consider the energy spread within
the bunch due to single-bunch beam loading. The actual
energy distribution function dN/dE can be quite complex,
and there is not space to display these functions in
detail here. The width of this distribution can be
minimized by adjusting the phase angle 6. In Fig. 5
this optimum phase angle is shown as a function of the
number of particles per bunch for three bunch lengths
and two RF frequencies. The wake for the SLAC disk-
loaded structure is again used (this is the only struc-
ture that is at present amenable to an analytic calcu-
lation of the wake), and an unloaded gradient of 100
MV/m is assumed. The energy spread at the optimum phase
angle is shown in Fig. 6. The energy spread is defined
such that 90% of the particles are contained within this
width. Note that for Ny = 1011, the energy spread is
less than 2% for all cases except ¢,=2 mm at 5712 MHz.
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Fig. 5. Phase angle which minimizes the single-
bunch beam loading energy spread as a function of
particles per bunch for E; = 100 MV/m.
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Fig. 6. Minimum energy spread as a function
of particles per bunch.

As the number of particles per bunch increases,
the phase angle 6 increases and the average energy gain
per_particle will decrease. This is shown in Fig. 7.

As E falls below about 0.9 E,, it might be desirable to
work with 6 closer to the crest and accept an energy
spread which 1s somewhat larger than the minimum. Many
such trade-offs are possible which cannot be described
in detail here.

Finally, the beam efficiency as a function of
particles per bunch is shown in Fig. 8. Because we have
chosen a very high gradient, the efficiency is quite low,
about 1%, for Ny = 10!! at 2856 MHz. The efficiency
increases to about 47 at 5712 MHz.

The preceding results are summarized in Table IV
for our standard collider conditions: E, = 100 MV/m,

Ny, = 1011, G, = 1.0 nmm. A n/3-mode jungle gym structure
is assumed. We can extrapolate from the computed results
for a disk-loaded structure to the jungle gym structure
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TABLE IV

Single-Bunch Collider Parameters at Three Frequencies

Frequency Y Vg = AE/Ea
n n E/E o

(MHz) (J/m) 8 (I/m) b a (%)

2856 103 .82 82 1.9 .98 0.6

4040 58 .71 41 3.6 .955 1.2

5712 35 .58 20 7.1 .92 2.2

using the difference in stored energy per unit length.
Taking ws(JG)/ws(DL) = x = 0.47, the values of AE/E, in
Table IV have been scaled from Fig. 6 in proportion to
x~1/2, yhile E/E, has been scaled from Fig. 7 using
l—x'l/z. The efficiency scales as x .

Bunch Trains

1t is possible to improve the effective luminosity
and beam efficiency of a collider by accelerating trains

At this bunch spacing, higher modes have effectively
decohered, and for each following bunch only the super-
position of the fundamental beam loading voltages from
those bunches which have already passed through the
structure need be considered. Successive bunches can
be directed, using fast kickers, to different interac-
tion regions. This allows a number of experiments to
be run in parallel, although at successively lower
energies for each successive bunch.

The long-range fundamental-mode wake per bunch is
AEg = 2kgq = 2erk0. The average energy of the n-th
bunch is therefore

- - E; AE,
E(n) = E; - (n-1)4E; = E_ i - (n-1) T, )

The efficiency for m bunches is, using q/ws= ZAEO/Ea,

o _
AE. | E AE
= 4 Zea) = om 0|1 _ m-1) "0
My (™) Vs Zl" B =z Ey [Ea 2 E,

Results for a train of four bunches with Nb = 1011,
assuming a 7/3-mode jungle gym structure at E; = 100 MV/m
are given in Table V. Note that the beam efficiency is
quite reasonable at the two higher frequencies, while

the energy of the fourth bunch is still an acceptable
fraction of the unloaded energy. For convenience, the
peak power per klystron (source) and the total average
power is repeated from Table III.

TABLE V

Collider Parameters for a Train of Four Bunches

~

Frequency nb(4) E(A)/El Ptot Pk
(MHz) (%) (MW) (W)
2856 7.4 .95 120 3100
4040 14.2 .90 70 1700
5712 26.5 .805 42 1050

Power Sources

As we have seen from previous sections, a peak
power in the range 1 to 3 GW in the frequency range
5712 to 2856 MHz is required to attain a gradient of
100 MV/m in accelerating structures which seem promising
for a linac-colliding. The required pulse length is
about 200 ns. In Table VI some present and potential
power sources are listed which might meet this require-
ment.

The first row gives approximate parameters for a
conventional klystron now under considerationl" at SLAC.
The pulse length of this device (¥ 1 us) is longer than
required for our present application, but of course the
peak power is too low. A 1 GW peak power klystron at
3.35 GHz with a very short pulse length (™15 ns) has
been built by Varian, but the tube failed before it
could be tested to full power and the development has
not been pursued farther.!® A more promising method for
extending the power capability of a conventional klys-—
tron has been suggested by Lebacqz.16 By placing seven
cathodes and beams within the same vacuum envelope,
arranged in a hexagonal manner around a central beam,
the power output could be increased to the level of 1 GW.
The cost and focusing power requirements of such a tube
would be considerably less than seven times that of a
single unit. The MEQATRON, proposed by Maschke,!7 also
employs a multiple-beam array (using electrostatic
focusing) to achieve a high net perveance. Although no
tube of this type has yet been designed at the required
peak power level, the basic concept seems promising.

A very high peak power output (500 MW at 3.2 GHz

of bunches spaced apart by about ten wavelengths or more. and 30 ns pulse length) has been obtained from a coaxial
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TABLE VI
High Power Pulsed RF Sources

Micro- Beam Beam Beam Estimated RF
Perveance Voltage Current Impedance Efficiency Power
(1076a/v3/2) (1) (ka) ©) ¢3) )
Conventional Klystron 2 450 0.6 750 55 150
Multiple Beam Klystron 7x2 450 4.2 110 55 1050
Crossed-Field Amplifier 13 600 6.0 100 50 1800
Photocathode Device A 10 600 4.6 130 65 1800
Photocathode Device B 10 1000 10.0 100 75 7500

magnetron.19 The beam parameters and potential power
output at 50% efficiency are given in the third row of
Table VI. Although the device as constructed is an
oscillator, it might well be possible to produce an
amplifier counterpart.

The final two rows in Table VI represent a possible
new concept for a high peak power microwave device. The
concept is illustrated in Fig. 9. A photocathode is
illuminated by a laser modulated at a microwave fre-
quency. Bunches of electrons emitted during the peaks
of the laser illumination are accelerated to high volt-
age and at the same time compressed in lateral dimen-
sions to a sufficiently small fraction of an RF wave-
length for good coupling to the fields in an RF output
cavity. Because the electrons are emitted in bunches
from the cathode, the long drift length required by a
klystron for bunching at relativistic velocities is
eliminated. By emitting the bunches at low density from
a cathode with a large area, then compressing the beam
laterally after the electrons have attained a high velo-
city, the effects of longitudinal and transverse space
charge defocusing are reduced. The concept of a photo-
cathode microwave device has been under study by a
group19 at SLAC. The device has been proposed independ-
ently by R. 0. Hunter of Western Research Corporation.20
In particular, Hunter introduced the idea of lateral
compression after emission at low density to reduce
space charge effects.
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Fig. 9. Schematic of a photocathode
microwave device.

Energy Storage and Switching

Another method for obtaining very high peak pulsed
power is by storing the energy from a klystron pulse
over a relatively long period in a high Q resonator,
then switching the stored energy out rapidly in about
_the f1lling time of the structure. A schematic of the

method is shown in Fig. 10. Detailed expressions for
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Fig. 10. Pulse compression by energy storage

and switching.

the efficiency of energy transfer between the klystron
pulse and storage cavity are given in Ref. 21 and are
summarized in the Appendix. As an example, consider an
80 MW peak power klystron with a pulse length of 4 us.

A copper energy storage cavity with a radius of 30 cm
would have an unloaded TE-mode Q of 3.4x 105 at 5712
MHz. Energy can be transferred to the cavity with an
efficiency of 67%, and from the cavity to two n/3-mode
jungle gym structures 3 m in length (t=0.28) with an
efficiency of 58%. Thus the stored energy per unit
length is 21 J/m, the unloaded gradient is 100 MV/m, and
the total energy of a 3-km accelerator is 300 GeV. By
doubling the pulse length to 8 us, the gradient increas-
es to 133 MV/m and the total energy to 400 GeV. This,
of course, assumes an ideal switch and ignores breakdown
limitations. Figure 11 shows the energy as a functiomn
of klystron pulse length for two frequencies and klystron
peak power levels. Note that the unloaded Q of a
spherical resonator in a TE mode is just the radius di-
vided by the skin depth.

The idea of energy storage and switching was intro-
duced by Birx, Dick, Little, Mercereau and Scalapino.22
The critical component in the technique is the switch.
Birx and Scalapino23 describe an electron beam switch
and show that an electron density of at least 1012/cm3
is needed to produce an adequate short. A low pressure
gas discharge switch has subsequently been developed at
Lawrence Livermore Laboratory; a peak power of 160 MW
has been switched at S-band using a shorted length of
S-band waveguide as a storage cavity.z“ With an adequate
development effort, energy storage with fast switching
could provide an alternative means to attain the peak
power required to drive a high energy collider.

Appendix

Let To = 2Q /w be the unloaded fi1ling time for an
energy stofage cavity, Tp the klystron pulse length, B8;
the input cavity coupling coefficient and B,, the output
coupling coefficient with the switch off. Define
u = uo(1+-814-820) where uoo= Tp/To. Then the efficiency

—-6-
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Fig. 11. Energy as a function of pulse length for

a 3-km accelerator using energy storage and
switching.

for the transfer of energy from the klystron pulse to
the storage cavity is (see Ref. 21 for details),
_20 - eH? By

u L+ 8+ 8y

c

By adjusting 81, the efficiency can be optimized for a
given value of Ug. In the limit p, << 1, the maximum
efficiency approaches 81.5%. The maximum efficiency as
a function of uy is shown by the top curve in Fig. A-1
(T =0, vg > 1)

{percent)

MAXIMUM EFFICIENCY

- vo
Fig. A-1.

PLITIYES

Maximum energy transfer efficiency vs vg.

Next, we give the efficiency for transfer of ener-
gy from the cavity to the structure (again see Ref. 21
for a detailed derivation). Define Tg = LS/v R
Vo = TS/T0 and v = vo(l + B8y + Bo) where B, 1s the out-

-7-

put cavity coupling coefficient with the swith on. Then
-v,2 B
2

- Zv(e-T—e )
(v_T)Z 1+Bl+82

s

assuming a constant impedance structure. Again, the
efficiency can be maximized for a given v, and t. The
maximum efficiency is plotted in Fig. A-1 as a function
of v, for various values of .
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