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Introduction. The proposal for the AGS 
conversion to a higher intensity machine is 
predicated on 500 MeV injection. 

This injection energy gaises the space 
charge limit to about 2 x 12 protons/pulse. 
The corresponding rf requirements, if we main- 
tain the twelfth harmonic for acceleration, 
necessitate a frequency swing from 3.5 mc/sec 
to 4.45 mcfsec. The proposal includes an 
additional main magnet power supply which in- 
creases the rate of rise of field by a factor 
of two, This sets the requirement of about 
twice the volts/turn to be developed by the 
rf system. 

A proposed ferrite accelerating cavity 
has been investigated which will use ferrite 
rings which either exist in the present cavities 
or are within the capability of the manufac- 
turers with regard to both magnetic properties 
and physical dimensions. This cavity can also 
serve to accelerate protons in the existing 
AGS, covering the frequency range from 1.4 
mc/sec to 4.45 mc/sec with a voltage 50% great- 
er than we now have. 

The methods of computing impedance, losses, 
beam loading, and saturation characteristics 
for a number of possibilities of ring size and 
permeability will be described. 

I. General Considerations 

The limiting factor in designing a ferrite 
cavity is the maximum power density which we 
can allow, since this determines the heating 
and temperature rise behavior. This, of course, 
is also coupled to the cooling method selected. 
Using the present AGS cavity as a guide, a 
power density of about 0.3 watts/cc was selec- 
ted as a design level. In our present struc- 
ture the value of power density is about 0.28 
watts/cc at the inside radius of the ferrite. 
We can allow the value to increase if a more 
efficient cooling system is provided, using 
a higher flow of chilled water, for example, 
to cool the copper plates which interleave the 
ferrite. In subsequent calculations 0.3 watts/ 
CC at the inside radii of the ferrite rings was 
used as a selection guide for p and Q. 

The voltage applied to each cavity, at 
present, is 8 kV peak rf. We wish to reduce 
the number of cavities from 12 to 10 and with 
the increased rate of rise the voltage re- 
quirement becomes 18 kV peak rf per cavity. 

&& carried out under contract with U.S. 
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The effects of beam loading may be considered by 
looking at the cavity as an impedance driven from 
two sources. One is the rf power amplifier, the 
other is an equivalent generator representing 
the beam. The relative phase of the two ge2era- 
tors is known. The P.A. phase is either 30 'or 
lS0" (below and above transition) with respect to 
the center of the proton bunch. The beam equiva- 
lent generator is at a phase of 270' with respect 
to the bunch center, that is, it induces an out 
of phase voltage across the gap. The sum of 
these two voltages must equal the required 18 kV. 
The magnitude of the beam equivalent generator is: 

Nf 
V=IZ, I-,,E$ 

I = equiv. beam current 
N = prg:;ns 1n ring 
f rot= n-- 

For 2x10i3 
Z = Impedance/i-f station 

protons/pulse at frf=4.45 mc/sec., 

I = 2x1o13x4.45x1o6 

12x6~10~~ 
= 1.25 Amps. 

V = 1.252 
sta 

The corresponding rf P.A. voltage, for 2 = 
5000R would be, adding vectorially for a sum of 
18 kV, V =20.3 kV. 

pa 

The cavity, however, still only sees the 
resultant 18 kV and all calculations for the 
cavity itself are based on this figure. 

As a first consideration, to reduce the high 
power levels which would exist if the cavity volt- 
age is raised to 18 kV, we can increase the size 
of the ferrite rings. The flux density in the 
rings is inversely proportional to the radius 
while the volume increases as the square of the 
radius. This is a very inefficient utilization 
of the ferrite. One method of equalizing the 
flux distribution is to have the permeability 
increase with increasing radius. Unfortunately, 
this can be done only in discrete steps and a 
two step arrangement was selected. The outer 
ring would have a permeability about twice that 
in the inner ring. 

One possible structure would use the exist- 
ing ferrite, p = 400, air gapped to a )I T 200 
for the inner gings. The outer rings would main- 
tain a w, = 400. 

II Flux density and Q determination 

The first calculations were done by consid- 
ering the cavity to be made up of a series of 
annular rings. The voltage determines Brf vs r, 
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Q vs B has been measured and if we assume a 
power density, an initial point is determined. 

All subsequent calculations assume an 
axial length of ferrite, t = 80cm per cavity, 
and two cavities in parallel per station. 

From rl to r,, B = Br $ . 

r 
From r to r B=B 3. 

3 4' 3r 

Also, for a given excitation B is propor- 
tional to *, and inversely proportional to r. 

p rl 
Therefore, B3 = *I B1 

'"1 3 
. 

1n general, V = n(P = nAB = nmBA x lOWsvolts 
for sinusoidal excitation, where 0 = flux, 
A = area in sq. cm., and B = rf flux density in 
gauss. Integrating: 

r u 
V tot 

'tdr+ 
r 

-.$ rlBIJ: $dr}xlO*. 

1 C-l 

gives the cavity impedance. A similar set of num- 
bers is derived starting at rs, again using the 
power density criterion as the starting point. 

This is a cumbersome method and requires a 
great deal of work for any set of assumptions. 
The first step in simplification was to derive an 
empirical expression for Q vs B from measured data. 
A general hyperbola, (Q + &)(B + m) = n was fitted 
at three points and the expression: 

Q= 
3000 
B+8+ a 

was found to hold very well. The subsequent pro- 
cedure is, for a starting point value of B, to 
evaluate Q from the required power density and the 
constant "a" is then determined. The major as- 
sumption is that the shape of the curve stays con- 
stant with Q level changes (as the ferrite is 
saturated, the Q increases). 

The relation of Q to B is determined as fol- 
lows for the initial point: P.D. = Power density, 
watts/cc. 

v2 
Q=== 

U2B2A2 x lo-is 

2xvol.xP.D.x'~x4n~~xlO-~ 

For a differential section: 

A = tdr, a = 2nr, volume = A x a. 

Reducing and using frequency in megacycles 

f B2 
' = 40~ P.D. 

III Calculations Impedance 

(3) 

But n = 1, therefore 

r 

At resonance, Z = ULQ. The contributions to 
impedance from the inner and outer rings must be 
computed individually. 

V = ux x 10-s rlBI (In " f 
1 

(1) From rr to ra, Z=mLQ=2rrfx4nurR B+8 + a) x 10e9 A(E 

Given V, m:, and the dimensions, B may be 
calculated. 

For the existing rings r = 1Ocm. The vol- 
ume of a one centimeter annul?ar ring is 5290~~. 
For a power density of 0.30 m/cc, P = 1587 watts. 
The voltage contributed by this segment is: 

V = 'JJBIA x lo-*, where A = 1 x t sq. cm: 

and the impedance for this segment is: 

v" Z = z = c&Q, L = 4nWn2 % x lo-' hy. 

V2 -- Therefore Q - 2cuLp (2) 

The dependence of Q on B is a measured 
function and each subsequent annular segment can 
be calculated. The sum of the impedance values 

A=tdr, 4=2nr, B=B1 2 
r 

Substituting: 

dZ = KLdr (s 
11 

+ t), where K1=4n;ilftx10-' 

Integrating: 

z = 3000 LT ‘1 lnB r +8r * Kia 1" >I 
5 rl +8r2 

11 1 1 
r 2 

zl= z 
I 

= 120nu1fmcln 
r1 Ba + 4 

a 

r r1 (Bl +8) 
1 r 

+ .3217n1fmca In $- (4) 
1 
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Similarly: r 

1 

4 c+8r 
z2 = z = 120n~affmcln 4 

r 
c+8r2 

3 r. 
+.32nkafmca In * 

r 3 

Where c = 
“2 
T Bl '1 ' f in mc/sec 

1 

(5) 

2 tot/cav = Z1 f Zs (6) 

z +z 
Z totfsta = + (ha) 

Powerlsta = 
4 v” tot =- 2Z 

Zl + z2 
(6b) 

sta 

The preceding equations are, as yet, com- 
pletely arbitrary in the selection of a value 
for Q. To relate the expressions to a known 
ferrite, some values of pQf must be determined. 
For Ferroxcube NH used in the AGS, the average 
+Q at 1.4 mc/sec as measured on 1000 rings was 
6000 or WQf = 8400. From examination of opera- 
ting power amplifiers the wf increases by 
about 70% as the ferrite is saturated and tuned 
to 4.45 mcfsec. A conservative increase of 50% 
to a PQf = 12,600 at 4.45 mc/sec has been selec- 
ted. A linear dependence of @f vs f is assum- 
ed and thus +Q vs f may be plotted. These rep- 
resent maximum values and since the maximum Q 
occurs at the outer radii of the inner and outer 
rings these points are used for initialacompu- 
tations. At any frequency p = pLo (1.4 , and 
the maximum Q is determined. 77-j 

mc 

IV Sample Computation 

Let r1 = 10 cm, ra =17.5cm,r = 3 
r = 25 cm 

4 

v = l&V t = 8Ocm f = 3.5 mc/sec (for5m 
injection) 

20 cm, 

MeV 

At 1.4 mc, pa 
gapping). 

= 400, c;1 = 200 (by air 
0 0 

At 3.5 mc, IL = = 32. 2 64, ~"1 

r J1 r 
From eq. 1 V=?otxlO-s r,B1(ln$+: ln $) 

1 1 3 

r r 
In 2 = .56, In Q = .23 

r r 1 3 

10 Bl = 100 gauss Bs= 100 x z-5 = 57.3 gauss 

p rl 
B3 = B z F = 100 gauss 

l pl 3 

20 B, = 100 x 5 = 80 gauss 

From the curve of 19 vs f, at 3.5 mc/sec, 
&Q=3230 

3230 
At ra, Q = 32 = 101. At a, Q = 50.5 

At ra: a = Q 
3000 - - = 101 
B+8 

- 3ooo = 55. 
57.3~a 

3000 
From rr to ra: Q = ~+g + 55. 

Then at rl: B = 100 gauss, 

3000 
Q = 108 

- + 55 = 82.8 

and at rl from eq. 3: 

P.D. = $&j = &~3~x~$d = .33 watts/cc. 

3000 
Similarly at rk: a=50.5 -88 = 16.3 

At rs, Q = 3000 108 + 16.3 = 44.1 and 

P.D. = 3.5 x 10" 
40x64x44.1 = 

.32 watts/cc. 

For the impedance computation using eq. 4 
and 5 

Zl= lZor'x32x3.5 In 1ox1oo-~-14o lO(108) 

z2 
2x100x10+8x25 

= 12Onx64x3.5 In 2x100x10+8x20 

+.32nx64~3.5x16.3~.23 = 237Ofi 

2 tot/cav = 798On Z station = 39900 

P station = w2= 40.6kw dissipation 

in cavity. 

V Saturation Requirements 

.4"nI In general H = e oersteds if I is in 

amperes, fi in centimeters. In the following 
discussion H will be expressed as nI or ampere 
turns/cm. z- 

From measured data for i-~ vs H the equation: 

400 $ = ~06 holds within 5% for H> 2 ampere- 
- . 

turns/cm. 

If an air gap, la, is introduced, the equiv- 
alent magnetic path length is E eq. = pfaa+af 

where u f and Lf are the permeability and path 

length in the ferrite. 
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Then: H(r) = i i +2nr 
fa 

"f&f 
P af = 2nr, 

eq = GfLa+if 

In a differential section 

dL = 4n p 2 A 
eq 

n 5 x 10m3 microhenries 

A-tdr, R=Yinr, n=l 

s r 
2 4" w t dr 

10 
-3 

L= - x 
r 

eq 2nr 
1 

*', 
L = 2t x lo-jr IJI dr =2txlO" 

1 eq 1: 

J 

.', 
L = 4'rpft x 10" dr r1pfia+2nr 

L = 2pft x 10+1n 
pf.ta+2nr 2 
wfaa+2nrl 

But if we wish CL = 200 
eq 

r 
L = 2~ t n'ln 5 x 10-a in general. 

eq 1 

Equating: 

L = 2i! t In > x 10-3= 
elf 1,+2W2 

c'4 
2~ftx10-31n b , +2nr 

a fa 1 

pf la+2nr2 J r 
In =31n$ 

Pf la+Znrl wf 1 

For the numerical case used previously 
r 

1 
= lOcm, re = 17.5cm 

r 

(8) 

I& = .56, P f = 400, p = 200 
r eq 1 

ln400 La + 35n = 2 400 aa + 35n 
400 Ra t- 20n 2 ' 400 ia + 2On = 1*323 

and $a = .208 cm. 

To saturate the outer unsplit ring with 

PI2 
= 400 to an effective permeability of 64 

(to tune to 3.5 mc/sec> we can compute the re- 
quired saturating current. For a differential 
section, as before: 

A dL = 4ni~. 2 x lo- yh 

400 From eq. 7, P = s = $- n=l 
~~-0.6 

&zEL 
I-1.2nr 

dL = 4nsnr z x 1o-3 ph 

= 1.6nt dr __ Wh 
I-l.Wr 

I-1.2nr 
4 L = l.(irlt' 

J 
- = - 

r3 
I-1.2nra 

(9) 

I-1.2nr 
L= - $ In 

I-1.2nr 4 ph (10) 
3 

But for u eff = 64 
r r 

-3 
L = 2wt In f x 10-3= 128 t In 9.10 * 

3 3 

Equating the two expressions for L, 

I-1.2nr r 
-$t In 4 = 128+ln -3 

I-1.2nr 
g x10 ) 

3 3 
r 

In 4 = .23 
r 3 

In 
I - 1.2nr4 

I - 1.2"'s = -.02208 

I - 1.2-r r = 25cm 

I - 1.2nrI 
= -9781 4 

r = 20cm 3 
I = 942 amperes 

To reach 4.45 cm/set a saturating current of 
about 1500 amperes is required. 

To check that the split ring saturates in a 
like ratio we must determine the effective per- 
meability with a saturating current of 942 amps. 

In the split ring: 

I 
H=irEea+af= 

I 
pf Aa+2nr 

From eq. 7 H = 400 + 0.6~~ and therefore 

I 
45'J+l. bJf 

pfaa+2nr = pf 

This yields 0.6 cLfeJ?a - (I-400 fia-l.,2"r) gLf 

+ 8OOrrr = 0. 

Solving for uf: 

where K = 1-400ta-!.2nr 
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If Ka2>1920nrAa, JK2 - 192Cnr~azK-192~raa 

III the worst case for .&a = .208cm and 
r = 17.5cm we can find the value of I for 192Orr 
Ja = 2% of K". i.e. P = 50 x 192On Ja = 
9.6 x lO"n .6a = 6.26 x 10". This represents a 
negligible error in the approximation. 

I = 250+400aa+1.2nr = 250+83.2+66.1 ';- 400 amps. 

Thus for IX00 amperes the value of uf 
becomes: 

pf 
= K + (K-1920TTr la). 

2K 
1.2 aa 

Using the negative sign this simplifies to pf = 

800 nr 
I-400aa - l.Zirr' 

The equivalent permeability with an air 
gap is: 

p equiv = "f 
A, + aa 

2nr 
+ equiv = 2nr 

800 nr/I-400 aa-1.2nr+ aa 

equiv 
800 nr 

iL = I _ 1 . 2nr . 

This is identical to equation 9 for the 
unsplit ring and the equivalent permeability 
for a split ring with a small air gap and high- 
ly saturated (in this case I>400 amperes) is 
independent of the air gap length. 

We may now find the effective permeability 
of the entire inner ring by applying equation 10. 

t an 
I - 1.2nre 

I - 1.2rrrl ph 

r 
also L = 2 CLeff t en $ x 10 

-3 
izh 

I. 

L2 
r 

2 
= 17.5cm, r1 = lOcm, dn - = .56. r 

1 

Solving u eff = 37.7. If the inner and 
outer rings saturated and maintained the same 
ratio of permeability, u eff should be 32. This 
indicates that the inner air gapped ring will 
not saturate as rapidly as the outer ring. The 
difference is not critical because at the inner 
radius r = lOcm, where the power density is 
greatest, the permeability would actually be, 
for 942 amperes, 400 

'=H-0.6 = 27.8. 

As was mentioned earlier the ideal condition 
for u vs r would have the u increase with r to 
crowd flux to the outside. As a dc bias is ap- 
plied just this condition prevails. At r = lOcm, 
p = 27.8 in the above case but at r=17.5 cm, 
p = 50.3. In the outer ring at r = 20cm, in ~57.5; 
at r = 25cm, p = 74. 

VI Injection at 50 MeV 

If we inject protons at 50 MeV and if we use 
the present rate of rise of magnetic field, the 
frequency range to be covered extends from 1.4Omcf 
set to 4.45 mcfsec. A set of computations similar 
to those done above but with a cavity voltage of 
12 kV instead of 18 kV yields impedance and power 
density values consistent with our design criteria. 
The maximum power density which occurs at the r=lO 
cm point is 0.27 W/cc and the minimum station im- 
pedance is 2700 ohms as compared to about 18000hms 
in the existing cavities. 

VII Cavity Electrical Length 

It is important that the electrical length of 
the cavity stay well under one quarter wavelength 
in order to ensure a relatively uniform flux dis- 
tribution in an axial direction. The unsaturated 
inductance in the existing cavity is 

r 
L = 2p,t In " x 1O-3 = 37.6ph 

1 

For two cavities in parallel L=l8.&3ph. The 
electrical length of this cavity is about twenty 
degrees. In the proposed cavity 

r r 
L =(2p1t In $ + 2p2t In 4) x 10e3 = 32.6uh 

7 3 
The electrical length should be slightly smaller 
in the new cavity. 

VIII Auxiliary Equipment 

The proposed cavity appears to be perfectly 
feasible and could be constructed in a similar way 
to our present cavities. Rings 50cm O.D. have 
been fabricated and supplied to the Princeton-Pen- 
nsylvania Accelerator and although these had an 
ID of 30cm, the change in dimension should not be 
too great a problem. 

The saturating supply concept would change. 
One design would use a large high current Supply 
feeding all the cavity bias circuits in series. A 
separate transistor bank by-pass circuit at each 
station would tune the cavity. 

The power amplifier would have to be capable 
of supplying the cavity losses plus the beam load- 
ing. A power output rating at each station of 
100 k!J would be adequate. 

Ix Cone 111s ion 

Further work is necessary to determine wheth- 
er the selected permeability ratio and dimensions 
give the maximum performance. However, the num- 
bers selected do yield a workable system and could 
be used to construct a prototype. 


