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INTRODUCTION:

Maximum beam loading will occur when accelerating protons, where intensities of
1.5-3 x 1013 particles per pulse are anticipated. We shall consider briefly
four aspects of the bunched beam rf cavity interaction problem. These are

static beam loading, transient beam loading, detuning and waveform distortion.



I. Static Beam Loading:

We assume the equivalent circuit shown in Figure 1 is valid. There are two
current sources Ig and Iy with Rg the generator impedance (real) and Rg
representing the cavity lcsses. One can add in parallel a beam resistanceRy =
Vo/Ip sin ¢y and reactance Xp = Vo/ Ip Cos op. Here Iy is the rf comparent of
the beam current with I, = F Tb where I is the DC beam current and O<F<2

depending upon the bunching factor. We have the additional relations

Z = Re CosGe"JO; Y =G seceeJO = G+jB

Ry R Fayra— :
Re = 8 ¢ ;R o VL/CJwr =1/VLCJ Q = Re/wpl =

Rg + Rg

[}

wrCRe >>1 Q) = Re/uwpl I, sin o =1 sindy
2

tan 0 = (w/wp = wpw) Q13 A w = (w - wp) <Kwp

Now we consider the case where the cavity is detuned so that

B = -1/Xp = -Ip cos ¢p/V, which requires that
tano = -IpCosdy/Ve

Then looking into the cavity from the generator one sees a purely resistive load
of Re in parallel with Ry. Hence the generator current will be in phase with
the total cavity voltage V,. If there are no control loops operating i.e.
tuning AGS, phase, or radial then stability of the coherent motions of the beam

bunch is lost when
Ip sin op = Vo/Re = Igo = 21y sin og

or equivalently when Rp = Rg i.e. the power delivered to the beam is the same as
that dissipated in the cavity and generator in parallel. One can write the
total generator current as Ig = Igy *+ Ip sindp so that for og = 30°, F=2, Ig =
Ip = 2 Igo at the stability limit. However, if the control loops are properly

designed then stability cén be obtained for Ib/Igo = 3. Therefore, we shall



adopt as a design criteria the requirement that Rg = Ry and, of course, that the
cavity is detuned according to the relation given above.
If we assume 1013/bunch in the Booster then Tpmax = 6.25 Amp at 1 GeV and

since the bunches will never be less than = 150° long an F=1.67 is reasonable.

~na ~7 QOa

11is gives an Iy = 10.4 Amp so that for Vs, = 8Kv and &5 = 30° & = 36.8° and, we
obtain an Ry = 1.28K Q/gap. Here we assume a total gap voltage of 32 Kv at 1
GeV and a maximum B of 5.77/sec. Now measurements on the present AGS cavities

at 8 Kv and 3.9 MHz indicate an Rp =10.67 KQ/ gap so that an Rg of 1.45 KQ/gap
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to the beam is IRV, sindg =

because the form factor F is not two &, the phase of the rf component of the

beam current is not equal to ¢5 the stable phase angle. However, this does not
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For reasons given below if the present AGS cavity of four gaps is to be
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at least a factor of two. If this can be accomplished by increasing the ferrite
bias current then since the uQ product is essentially constant R, will not

change and the necessary Rg would be the same. An additional requirement of
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reasons outlined later. This would mean about 5KW loss per gap but since V.,
grater and sindp is much smaller initially, the total power requirements would

not increase.

II. Transient Beam Loading:

Transient beam loading will occur in the Booster only at injection where

during the capture process Iy the rf component of beam current will increase
from zero to some initial valve in a time that will be too short for the turning
loop to respond. In order to maintain the proper phase relation between V, and
Iy, a feed forward compensation loop will be employed during the capture process.

The signal from a sum pickup electrode will be filtered and the rf component of

< dlal 1D 4 22U plilUkipy S lTULIOUR will Jeo2 < LUHPOILICHL

the beam current after amplification will be added in the proper phase with the

cavity drive signal to cancel the beam induced signal at fpp. This will require



some additional reactive current from the generator until the turning ioop has
made the necessary correction of 6. One can minimize the required reactive
current transient by detuning the cavity by 6/2 prior to injection. The proper
operation of this compensation requires a fast phase lock loop to be functioning
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III. Detuning:

1

ion energy O the detuning angle is negative so that
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we > wpp and for Q; >>1 we can write

Aw - IbReCOS®b= ~IpCosdy _- IhCosdy =IbRoCOS®b

fal ~ T

Wy 2Q1C 2wpCVg 2Icir 2 Vo

o

We shall calculate Aw for the present AGS cavity where C the gap capacity is

DTC .. 8 .-..—-: ..A PRY 4= La oo ~1 —~ s - ho) O AT o~ amo Al s ey e [ ¥ =g A MLl o~
DI HUHL « 56. wWe uot LIl vdlUuteos du . 74 allu OO Ui J.b s AlpP. 1111

Aw - 10.4 x .8 = @ . 1n=2
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wp 16 x .375 x 21 x 3.9
or Aw= - 5.68 x 2 mx 3.9 x 104 = -2 7222 x 103
That is the cavity resonance is about 222Kc above fp.r at 1 GeV for Vo = 4 x 8
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principal effect of the detuning is to produce some impedance at (fpp + fg) or

4fy. 1In order to calculate the value of this impedance we use the expression

tan 8 = (w/ - wp/w) Q1
Wr

to find © with w = wpp + wg, wp = wpp + 27x222x103 and then evaluate

Z =RgCost e 9°. We find for Qp = wCRe = 11.75

r 5.2 4,122\ ) ' i
tan @ =" B 11.75 = 5.6 or 6 = 79.9°
4,122

5.

-

1.28 x 103 x .176 (1.176 + .984j)Q
(50 + 2215)0

thus Z (5.2 MHz)

]



It is the real part of this impedance that could drive the n=2 coupled bunch
mode. The total real impedance for four gaps of 160Q could be tolerated since

in the event the bunches become unstable due to a lack of Landau damping (not

Vo b =y

likely due to the almost full bucket) a simple single channel feedback loop as
used on the CERN Booster or the NSLS UV ring can be employed to suppress the
oscillations. However, an increase in the gap capacity by a factor of at least

two is desirable for other reasons so we calculate A w and Z for this case also.
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Then we find tan © = 12.34 or @ = 85.37° and Z = (8.4 + 102j)Q so that the
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total real impedance at 5.2 MHZ would be nearly 33Q.

Here we are concerned with the beam induced voltages at harmonics of the
rf voltage i.e. at 6 f,, 9f,, etc. Since they will alter the shape of the

buckets defined bv s 7 nf..)/n where in our
CUCKEeLS qaellned DY S 4 /N Where 1n ouwr

v’r‘f. Nk s
case n=6,9,12 etc. are relevant. For frequencies well above resonance Zggy =
“J/w Cgap sO that we have

Zoay/n = ~3/2m?f.Cq

and calculate the valves at injection (f,=827Kc) and 1GeV(fy=1.3MHZ) for the
present AGS cavity with Cg=375uuf and n=6. We obtain |Zo/6 |=14.30 @ 4.96MHz and
iZc/6i =9.10 at 7.8 MHz. Now the cavity impedance is not the only source of
beam induced voltage. We must also consider the space charge term due to

impedance presented to the beam by the vacuum chamber. This can be written as

z : ,
SC = -j goZy/2BY2
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radius. We shall assume g, = 1.25 and find at 200 MeV

Zge/n = —j347Q

and at 1 GeV



Since we will have four accelerating gaps the impedance at 1 GeV due to the rf
stations would be -j36Q at n=6 and 57 Q at injection. In order to reduce this
impedance relative to Zg,/n at these frequencies we propose that the gap
capacity be increased by at least a factor of two so that at injection where the

bucket is full the cavity contribution at 2f.p will be less than 10% of Zge/n.

It is possible to calculate the effects of the space charge induced
voltage on the bucket area if the phase space distribution of the bunch is known.
We shall do this for two different distributions, first assuming a constant
ibu n (1) and second assuming a local elleptical energy
distribution (2). 1In both cases one assumes that the bucket is full, which
would be the case for protons at injection into the Booster. For the uniform

distribution one calculates
Asc = YThgeEorN/ReV,Y2

where rj is the classical proton radius (1.53 x 10 ’18M), N the number of
h h
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rest energy. If we assume N = 3x1013 and Vo=40 KV we obtain at 200 MeV Ago = 1.
Now in reference 1 there is plotted (A-Age) / A Vs A gp for different valves of

I' = SIN¢g where A is the bucket area due to V, alone and Ag, the reduced bucket

area. We find for T' = .2 a area reduction of about 8% and for T' = 0 a 5%

[P LG ¥ i1 UL alOUVs Qe alll 2 W 4 Voa

reduction.

If we assume a local elliptical energy distribution so that the induced

voltage has the same shape as the applied voltage (2) we can write

A= Ao VYKt

where

(o))



£(®1,92) = sindp - sindq-/4(ds-91)(cosd, +cosd,)

For Vo, = 40 KV, Eb = 3x1.32 Amp Ip (%2/n)= -347Q and T' = .2 we find A = .9 Ao
where A, is the area at zero beam current. If T =0, A =.954A, at 10 Kv/gap but
t

if we assume 30 Kv for all the above cases we find the area reductions about

2.5-3% greater. Hence the bucket area effects even at 3x1013 are not large as
long as we maintain large bucket areas and small stable phase angles at low

energies.

At present the bunch areas in the AGS at 2x1013 in 12 bunches is 1 ev sec
below the transition energy. Because of transverse instabilities and blow up of
the area in crossing transition it is desirable to at least maintain this area
for the bunches coming from the Booster: 1In order to do this it is necessary to

have a V,=4oKv at injection so that the stationary bucket area is greater than 1

ev sec. Then with an initial B = .6T /sec and a b5 = 2.50° the moving bucket

1
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slightly this bucket area during the acceleration cycle then it 1s desirable to
maintain the 40 Kv gap voltage so that the é can be increased to the above

mentioned value of 5.75T/sec. In this case the maximum power transferred to the

beam remains at 100 KW for 1013/bunch but the
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increased to
1.2KQ i.e. (10/8)2 x 1.28 KQ. Then since the cavity impedance at 3.9 MHz
(assuming the present AGS configuration) decreases to 8KQ/gap the generator

impedance could be as high as 2.67KQ/gap and still maintain the Pp=P, criteria.
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n order to insure stable operation at high beam currents in the Booster
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the real impedance that the beam sees across the accelerating gaps at the rf

I
will be necessary to design an rf system that can deliver 100 KW to the beam

frequency is equal to real part of the impedance at this frequency that the beam

ko

resents to the rf system i.e. Rp=Rg. If one of the present
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of two i.e. Cg 2750 uuf for four gaps or an equivalent value

gaps are employed.
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