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Summa

Ferrites provide a reliable and flexible
means of electronically tuning particle accel-
erator rf cavities without wasting a dispro-
portionate amount of rf power. A systematic
design procedure is presented for a ferrite tuned
rf resonator., Radic frequency considerations,
and use of salient ferrite parameters are the
prime considerations of the design example.
Using requirements set forth in the rf design,
a bias supply desipgn is discussed with respect
to optimization of overall system design,

General Considerations

The design of a ferrite-tuned rf accelerat-
ing system can be accomplished by systematic
design procedures when due attention is given to
several important considerations., The use of
ferrite in rf cavity tuners departs from estab-
lished practice in other uses of ferrites, e.g.,
in transformers, where the portion of the ferrite
B-H loop associated with small values of H is
important. To attain low rf losses in a ferrite-
tuned cavity, the operating point of the ferrite
on its B-H curve should be chosen such that the
ferrite stores rf magnetic energy by domain rota-
tion alone, Thus, the minimum magnetic bias
(Hge) should be sufficient to move the domain
walls entirely to one side of the ferrite speci-
men. Hic should also be reasonably uniform over
the ferrite volume.

To avoid needless dielectric losses in the
ferrite, it should be shielded from the Epf field
in the cavity while being exposed to the Hpf
field. This is accomplished in the cavity shown
in Figure 2 by sandwiching 1 cm thick copper
cooling rings between the 2 cm thick ferrite
rings in the tuner assembly.

The choice of ferrite ring size involves
consideration of maximum rf flux levels, uni-
formity of flux level in the material, bias
supply requirements, and dimensional resonance
in the ferrite in which wavelengths can be quite
short due to U and € both being on the order of
10 times that of vacuum, In practice, the ratio
of o.d., and i.d. of the ferrite rings should not
exceed 1.5 to 1. The maximum rf flux in the
ferrite should not exceed a level which would
result in ferrite heating averaged over the oper-
ating cycle in excess of 1 watt/cm3.

To obtain a system which makes the most econ-
omical use of ferrite, the power supply cost to
obtain the biasing field H4c must be compared to
the cost of rf power generation to reach an over-
all cost minimization,

RF Design

One type of. accelerating structure commonly
used in particle accelerators is the standing-
wave coaxial line cavity. resonator, A tunable
form of this structure type is one which has one
or more accelerating gaps in regions of high
electric field and which contains a quantity of
ferrite material in regioms of high rf magnetic
field, The regions of rf magnetic field contain-
ing the ferrite may be thought of as tuner assemb-
lies which may be used to vary the resonant fre-
quency of the cavity. The resonant frequency of
the cavity is varied over the required schedule
by adjusting the rf permeability, ua , of ferrite
rings contained in each of the tuner assemblies,
To adjust the ferrite permeability, a slowly-
changing magnetic field, Hjc, is impressed in the
tuner assemblies.

For purposes of rf power loss analysis, the
cavity may be considered as a set of coaxial
transmission line segments joined together to
form a resonant circuit, There is an open termi-
nation (loaded by a small capacitance) at each
accelerating gap, and a short-circuit termination
at the end of each ferrite-loaded tuner assembly.
In addition to the obvious transmission line seg-
ments which can be identified with sections of
the cavity, the resonant circuit includes the out-
put circuit of the rf power amplifier (the output
circuit of the power amplifier is substantially a
fixed capacitance of 50 - 100 pofF for calculation
of resonance)., If one cuts the resonant circuit
into two sections at any place in the system
across which energy flows, resonance is charac-
terized by having the reactance of the two sec-
tions equal in magnitude and opposite in sign.

The transmission line segment corresponding
to a tuner assembly merits special attention
since it is partially loaded with the variable up
ferrite, and is responsible for tuning the reso-
nant frequency of the system. We may consider
the tuner as a shorted transmission line less
than a quarter wavelength long which presents a
pair of terminals to the remainder of the system.
This transmission line, even if inhomogeneous in
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v and ¢, and non-uniform in cross-section may be
replaced for purposes of analysis by a uniform
homogeneous line which presents the same reactance
at its terminals and has the same physical length

as does the tuner. Then,
Xtuner = Xuhl = 2¢ tan %E

where
X = reactance
h = length of uniform homogeneous line
= length of tuner
Zo = characteristic impedance of uniform
homogeneous line
v = phase velocity in uniform homogeneous
line,
The subscript uhl indicates the equivalent uniform
homogeneous line,

As a first step in the analysis of a cavity,
functions relating 2. and v to My and the geometric
characteristics of the tuner assembly must be de-
rived for the particular cavity configuration
chosen., This may be done by finding an expres-
sion for the inductance per unit length L' and for
the capacitance per unit length C' which adequately
approximate these functions in the tuner being
analyzed. Then, Z. and v may be obtained as

= 1

At any required resonant frequency w one may
obtain the reactance of the transmission line ele-
ments representing the parts of the cavity other
than the tuner by using straight-forward trans-
mission line impedance relations, It is then
required for resonance that the tuner present a
reactance equal in magnitude, and opposite in
sign., At any frequency w the reactance of the
tuner depends upon its length h, and the ferrite
rf permeability Hp . One starting point for a
ferrite tuner design is the choice of a particular
value of Wp at some frequency in the required
tuning range. A logical choice is to fix the
minimum value of up desired at the highest resonant
frequency required. As one approaches a ferrite
up of 1.0 by increasing the magnetic field, the
biasing current required increases rapidly, (see
Figure 1), sc a choice of a minimum up must include
a consideration of the biasing current require-
ments, which we discuss later,

Having fixed upon a Wppin at wyax, One may
obtain the tuner length then as

h = ¥ arctan X_
w [
where v and Z. are functions of up. At any other
frequency in the tuning range of the cavity, one
may find the ferrite up required using the func-
tions relating X, Z., , v, and Hpe

The rf power absorbed by the ferrite used
to tune the cavity is of great interest when one

June

is designing a system using ferrite-tuned cavities,
The energy stored in the ferrite depends upon the
voltage required at the accelerating gaps, and upon
the ferrite U, calculated to resonate the system at
the required frequency. From experimentally deter-
mined curves (see Figure 1) of ferrite Q vs Has
and the ferrite stored energy U, the rf power loss
is obtained as

wy

P = =,
Q

An accelerating cavity which has been designed
and analyzed by the above procedure is shown in
Figure 2, This cavity contains twec accelerating
gaps connected by a half-wavelength drift tube., The
Hyc necessary for changing the ferrite permeability
is obtained by passing a current through the coax~
ial conductors which contain the ferrite rings,
For this particular design,

Ze = 2/3 VZga
ve$

Z
v = of

/L + uy =
oa

h
where, z _l Ho ln|_‘3 7 -1
oa = 3% 3 * of T 3w
Yo 6U
T ngge

The rf energy stored in the ferrite in each tuner
is

U = HaZof [sin(wi*‘_) cos (y4h)
6 c c
+ wgw_] 12

where Ig is the peak rf current at the short-cir-
cuit termination of the tuner,

Table I lists the cavity parameters for an
18 cps rapid-cycling proton synchrotron., Figure
3 illustrates the variation of cavity shunt pesis-
tance with ferrite biasing.

The shape of the beam loading resistance
curve is characteristic of any rapid cycling pro-
ton synchrotron while the absolute magnitude of
this curve is determined by the beam intensity
chosen for our design illustration,

Bias Supply Design

The rf design discussed above provides a
schedule of the rf incremental permeability re-
quired as a function of time to tune the accel-
erator cavity. Reference to the experimentally
determined relation between Hj., the slowly chang=
ing magnetization, and W,, the rf permeability
then provides a schedule of Hyc for a particular
type of ferrite material (see Figure 1), Assume
the ferrite is in the form of a toroid. The
generation of a slowly changing magnetization
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requires current in conductors arranged so as to
produce a circumferential magnetic field in the
ferrite that is to tune the accelerator cavity.
In the case of a coaxial resonator with a short
at one end, the choice of the inner and outer con-
ductors as the low frequency current path results
in the desired circumferential magnetic field in
the region between the coaxial conductors, For
the one turn bias circuit, the magnetic field
intensity in the region between the conductors is
given by,

H - es /met
de * e amperées/meter

where,

I is the direct current, in amperes, in
the conductors.

r is the radial displacement, in meters,
from the center line of the coaxial system,

From the above equaticn, it is noted that the
ferrite requiring the least Hj. to obtain a given
rf up will require the least energy from the bias
supply, hence, the least costly bias supply.

The rf up versus Hye curves are obtained
from measurements on toroids of rectangular cross
section where Hy. is defined as the magnetization
intensity at a specified magnetic radius called r,

;er'rl
Tnlro/ry)

where,

ri is the inner radius of the rectangular
toroid,
r2 is the outer radius of the rectangular
toroid,

The bias current required is proportional to
T, Therefore, one should make rp and r) as small
as the rf considerations allow., Using P and the
schedule of Hy, versus time required, one may
determine a schedule of current required versus
time,

Determination of Required Voltage

The circuit representation of the coaxial
bias supply conducteors is equivalent to a lumped-
parameter circuit consisting of a resistance, a
fixed air-core inductance, and a ferrite-core
inductance, The ferrite-core inductance value
depends on the incremental permeability of the
ferrite at the bias supply frequency. The per=-
meability (Mpq.) may be determined from the slope
of the Bgc - Hdc curve at the desired magnetiza-
tion, The bias supply voltage as a function of
time may be calculated using the current schedule,
the fixed circuit parameters, and the slope of the
Bye = Hgc curve to determine the ferrite-core
inductance at each value of Hy.,

The designer may choose a bidirectional bias
system that drives the ferrite from H; to Hy on
one acceleration cycle (see Figure u4), and from
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~H) to -Hy on the next acceleration cycle, or a
unidirectional bias supply which drives the fer-
rite between Hj; and Hy in the first quadrant only.
In either case, it may be desired to supply the
reactive volt-ampere component of the bias from a
suitable resonant circuit configuratien.

In the case of a bidirectional bias system,
the energy lost in the ferrite in each bias cycle
(two accelerator cycles) is represented by the
area enclosed by the hysteresis loop. Such a
system (Case I) would have to supply sufficient
energy to supply the circulating bias current plus
the energy lost in the ferrite and I%R losses in
the coaxial conductors,

In the case of a unidirectional bias system
(Case II), a current which changes in magnitude,
but not direction, is supplied to drive the fer-
rite from H; to H,, and back. The energy lost in
the ferrite is represented by a minor hysteresis
loop between P; and Pp, which is quite small for
the operating range of Mp usually selected and the
ferrite materials investigated for use in acceler-
ator cavities,

Illustration of a Particular Des%g&

To illustrate the above discussion, the accel-
erator cavity design shown in Figure 2 was inves-
tigated for each of the two modes of operation dis-
cused, The dc resistance of the cavity bias cur-
rent path is obtained by summing the resistance
of its parts. The path includes a 1/2 inch thick
copper inner conductor, a 1/2 inch thick copper
shorting plate, a 1/2 inch thick copper outer con~-
ductor, and portions of the tank walls. To give

an idea of the necessary currents, one notes that
the rf Hp range as determined from the rf consider-
ations is 6.27 to 1,50, The required Hj is thus
4,78 kiloamperes/meter, and the Hp is 28.1 kilo-
amperes/meter (for a typical ferrite material).
As seen from Figure 2, the inner radius of the
ferrite is 0,215 meters, and the outer radius is
0,32 meters, hence the required currents reach
46 kiloamperes,

Case I

For a bidirectional current bias supply, the
energy lost per accelerator cycle In the ferrite
is represented by one-half the area enclosed by
the ferrite hysteresis loop (note that we dis-
tinguish between accelerator guide field cycle,
and bias supply cycle).

Over the range of frequencies (dc to 60 cps)
considered for rapid-cycling accelerator operation
we have used an experimentally-determined formula
to represent the hysteresis loop area., For the
ferrite under discussion, the energy loss per
accelerator cycle (twice the bias supply frequency)
is given by,

Ug = 299 1n(f) + 206
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where,

Ug = ferrite energy loss in joules per
cubic meter.
f = accelerator repetition frequency in
cps.

In an 18 cps accelerator, using cavities de-
scribed in Table I, the bias supply energy lost

in the ferrite per accelerator cycle is 129 joules
per cavity.

The rms current required to achieve the de=~
sired magnetization is 32.4 kiloamperes, If the
calculated current waveform is decomposed into
its Fourier series representation, it is seen
that no significant energy is required at fre-
quencies higher than 27 cps. At this frequency,
the skin effect increase in the dc resistance of
the bias circuit conductors is approximately 9%.
The conductor energy loss per accelerator cycle
at any frequency f may be written for this example
as

Ug = .68 % 103 , 78
£ £1/72

where

UR = 1%R loss per cavity in joules,
This is 223 joules per cycle for the case of the
18 cps accelerator,

The recoverable energy required to bias the
ferrite to the rf p, required is represented by
the area Bp - P3 = P - By on the ferrite
hysteresis loop, Figure 4, This energy (area)
does not change appreciably over the range of
accelerator operating frequencies considered, An
energy of 1,320 joules per cubic meter is required
for the ferrite considered in this design,

The total real power that must be supplied
to the accelerator cavity by the bias supply is
given by the product of the total energy losses
per cycle and the operating frequency., For the
18 cps accelerator in our example, the real power
demand of the bias system is 6.38 KW per cavity.
In addition, 2.88 KVA of circulating power must
be supplied per cavity.

Case II

In the case of a unidirectional current
supply, the energy lost per accelerator cycle in
the ferrite is represented by a minor hysteresis
loop between Pj and Pp. The change in minor loop
area is not significant with frequency. For the
ferrite under discussion, the energy lost per
cycle is 66 joules per cubic meter,

Figure 5 shows the calculated bias current and
voltage waveforms required for the sample cavity
design., A Fourier series representation of the
bias current waveform is,

I(t) = 29,8 - 20,9 cos (wt + 0,178)
- 4,u8 cos (2wt + 0,130)
+ 0,926 cos (3wt + 2,45)
- 0,065 cos (Hwt + 0.914) + ,uesas
where,

I(t) is the bias current in kiloamperes
at time t (in seconds),

w = 27f
f = the accelerator repetition frequency
in cps.

The same rms current is required as in Case
I, as the rf u, range desired is the same. The
calculated bias current waveform differs from
Case ‘I, In an 18 cps accelerator no significant
energy is carried by frequency components higher
than 36 cps. The skin effect increase in dc re-
sistance at this frequency is 19%, and the IR
energy loss per accelerator cycle may be written,

3 164
U = 3.68 x 10 +
R ; F1/2
where the definitions of symbols used in Case I
apply. The joule heating loss in the copper con-
ductors at 18 cps is 244 joules per cavity per
accelerator cycle,

The recoverable energy required in this case
is represented by the area B, - P; - Py - By (see
Figure %), For the ferrite considered, 1,300
joules per cubic meter are required per cavity.
This energy requirement does not change appreciably
with frequency.

In this case, the real power demand per cavity
in an 18 cps accelerator is 4,52 kW, The reactive
power that must be supplied is 2,83 KVA,

A summary of the bias power requirement per
cavity for an 18 cps accelerator is presented
below:

Case I Case II
Bidirectional Unidirectional
Current Current
Bias Circuit Copper Loss 4,01 kW 4,38 kW
Hysteresis Power Loss in
the Ferrite 3.32 KW 0,144 kW
Required Circulating
Volt/Amperes 2,88 KVA 2.83 KVA
Cavity Bias Power Demand
(Peak Volts Times Peak
Amperes) 9.21 KVA 7.35 KVA
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TLBLE I. CAVITY PARAMETERS.

Ferrite Tuners - Totals for two tuners/cavity

Territe density

Ferrite weight

Ferrite volume

Welight of copper cooling rings

Resistance of bias circuit at 36 cps, 23°C

u7|200 amps

Yaximum Hge b

8,030 amps
1.68 meters

1"

Ainimum Hye
Ferrite My injection

Ferrite My ejection

RF Parameters

Cavity peak voltage (across 2 gaps /cavity)

v 53 kV

Axial field strength i a Yo T cemmeaen
ia ie g n gap, = o

Cavity rf current (at current maximum)

Cavity Z, (tapers from 80 O at gap to
20 Q at center)

Hae (at location of ferrite)

4,7 gm/cm3
1,250 1bs.
121,000 cmd
1,250 1bs,

8,3 micro-ohms

28,1 kiloamperes/meter

4,78 kiloamperes/meter

6.3

1.5

53 kV
2.7 kV/cm
910 amperes

60 ohms

540 amperes/meter

ferrite Q
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Fig. 1. Ferrite Characteristics.
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