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Abstract

This note considers various possible waveforms for the
magnets i the 50 Hz 3 Ge\” Booster and 10 Hz 30 Ge\” Driver
<ynchrotrons A dual-frequeney piece-wise harmonic waveform
1~ shown to offer a significant advantage for the Driver but
probably not for the Booster. Adding a second harmonic to the
fundamental 1~ found to be less effective than dual frequency.
Finally the question of an ideal waveform is considered from
the pount of view of mimmizing the rf voltage: such a waveform
1~ found to offer other advantages as well

Introduction

Thi< note will explore various waveforms for the magnets
1. the 50 Hz 3 Ge\’ Booster and 10 Hz 30 Ge\ Driver syn-
clrotrons from the point of view of minimizing the radiofre-
quency voltage gain per turn and assuining a resonant power
cupply eirewst. The waveforms to be considered are

o dual-frequency harmonic
o addrd second harmonic
e “ideal” waveform. requiring minimuin rf volrage.

The prograns for rf voltage V(1) and synchronous phase ¢,ft)
for the synchrotrons are set by a number of factors:

i1 The rate of rise of dipole magnetic field B. which fixes the
CNFTEY gain per tarn:

Vsino, = CpB (1)

Here € is the orbit circumference and p the radius of curvature
within each dipole magnet. For a resonant magnetic circuit.
and therefore the energy gain are normally zero at the begin-
1aug and end of each acceleration cycle. rising to some maxi-
mum 1n between In practice it is the control settings for B
ar.d V" which determine the effective value of ¢,: here we are
asking how B and 1" are themselves determined.

1111 Sufficient bucket area A in the energy-time plane to enclose
the bunch emattance ¢, which is invariant during acceleration

4r, QED by .
= L fz=0_ 7 2
zh{ nh |n |d a(ed) 2)

where ¢ and Ej are the charge and rest energy of a proton. 7. =
C/c s the himiting orbital period. 4 is the harmonic number. 4
15 the relativistic energy factor and n = 772 — ;"% For energies
well below the transition energy 7, we can write n 2 1/4? and
therefore the bucket area can be written

A~Va3ale,). (3)
The dimensionless factor a(,) cannot be written as an exact

function of ¢,. but can be approximated|l] by the equation
o
ato,) = (1-sne, *)0™ (4)
with an error<1% for ¢, < 71°. In the first part of the cvcle ¥’
1s set so that the bucket height is kept about 25% higher than
the bunch height. ensuring that A ~ 1 7¢

*On leave fr.m University of Briish Columb.a

(i11) Two intensity-related effects:

¢ the longitudinal focusing forces provided by the rf must be
kept larger than the forces arising from collective effects
in order to avoid microwave instabilities:

¢ higher cavity voltages make beam loading easier to han-
dle.

Both of these effects argue for V' coso, to be large com-
pared with a quantity proportional to beam current and 1o the
appropriate beam coupling impedance.

(iv) Special requirements near injection:

¢ The transverse space charge tune shift Av. must not be
allowed to grow too much through narrowing of the bunch
as ¢, increases from 0.

e The synchrotron tune. v, must not be allowed to rise
through too rapid an increase in 1"

(v) At extraction the bunch must be matched to the require-
ments of the next machine.

Figure 1 illustrates the voltage program specified for the
Booster, and the associated bunch parameters. for a harmonic
magnet waveform. For the first 10% of the cycle the injection
considerations (iv) dictate rather a slow rise in 1". Then for the
next part of the cycle the fill fraction (i.e. ratio of bunch height
to bucket height) is kept constant so that factors (i) and (ii)
together determine 1" and ¢,. The maximum voltage required
in the cycle occurs in this section.
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Fig. 1. RF voltage program and associated bunch param-
eters for the Booster with a single-frequency magnet wave-
form.
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Fig 2. Curves of constant energy gain per turn and con-

stant bucket area for the Booster, The arrows show the
reduction in rf voltage achieved by using a dual-frequency

magne! waveform.

Over the remainder of the cycle 17 is gradually reduced.
bringing the bunching factor B, and the momentum spread
Ap/p down to values matching those in the next ring. The rf
voltage at extraction is chosen as low as possible consistent with
the constraints (iii) set by beam stability and beam loading. in
order ta minimize the rf costs in the next machine.

Figure 2 shows curves of constant energy gain and bucket
area in the space of the two parameters. V" and sin o,. which
we are trying to determine, for the case of the Booster. The
intersections of the curves for the required values of bucket area
and energy gain give the solutions for V' and ¢,. These curves
are of universal form although the numerical values will depend
on the particular machine.

Dual-frequency Operation

To reduce the 1f voltage requirement it has been proposed
to slow down the magnetic field rise and speed up the fall by
switching the resonant frequency at the top and bottom of each
magnet cvele. A frequency change by a factor 3 is often pro-
posed, so that the rise occupies three-quarters of the cyele and
the energy gain per turn is only two-thirds of that required
with a single frequency. However. it will be seen from Figure 2
that a particular reduction in energy gain does not easure the
same fractional reduction in rf voltage requirement. In moving
down from the “single frequency™ curve to the "dual frequency™
curve for constant energy gain one must steer along a curve of
constant bucket area. i.e. towards lower values of ¢,. At high
values of o, the reduction in 1° is almost the ideal one-third:
thus in the Driver where o, reaches 56° the voltage is reduced
from 3680 k\" to 2550 kV'. a savings of 31%: but in the case of
the Booster. where o, reaches only 14° where maximum V' is
required. the slope of the energy gain curve is rather steep and

1" is reduced only from 750 kV to 624 kV. i.e. 17%. While the
voltage reduction for the Driver - over a megavolt - is clearly sig-
nificant, the 126 kV" achievable for the Booster is not felt to be
worth the extra complication and expense of a dual-frequency
magnet power supply. The reference design therefore assumes
single-frequency operation for the Booster.

Added Second Harmonic

An alternative method of modifying the magnet waveform
is to add a second harmonic component

B = By - Bycos2nft + Bycos(4nft + A) (5)

In particular J. Crawford[2] has suggested the use of a phase
shift A = n/4 with By/B, = 1/4+/2 in order to make the slope
of the field ramp as constant as possible (Figure 3). Runs with
RAMA(3] show that this does reduce the 1f voltage requirement
(from 750 k\" to 721 kV for the Booster. from 3680 k" to 3200
kV for the Driver) but not as much as the dual-frequency cycle.

A more effective scheme, at least for the Booster, would be
to use a phase shift A = 0 to flat-bottom the waveform. slowing
down the initial field rise. RAMA runs show that By/B; = 0.10
is optimum for the Booster, lowering the maximum rf voltage
to 706 kV'. For the Driver. where the peak voltage requirement
1s set by the field-rise requirement at mid-cycle rather than by
the bucket area. this scheme is not very effective: the optimum
fraction B,/B; = 0.05 lowers the maximum voltage only from
3680 to 3670 kV'. It is possible that a different value of the phase
shift A might reduce the voltage requirement further but this
has not yet been investigated.

Another consideration. pointed out by the power supply
engineers, is that addition of second harmonic is likely to be
more expensive than use of a dual-frequency cycle, because
it requires provision of additional power supplies rather than
additional switches.
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Fig. 3. Various magnetic field waveforms considered for the
Booster.

Ideal Magnet Waveform
Rather than trying out various waveforms we may seek
to determine the “ideal” waveform from the point of view of

obtaining constant bucket area A for a constant rf voltage 17,
Under these conditions the equation for the bucket area nay

be written
. -~
A = const \H l——,o(o,; = constant 161
n



giving a relationship between synchronous phase ¢, and energy
~ Evaluating the constant at some reference energy 3, we can
express a1y directly in terms of energy

K} 2 2

R

(7)

.
N7 oad =

OO =

Fur very high transition encrgies (1 € 4,) as is the case for the
KWAON Factory. this may be simplified to the form

a(e,) = a,(7./2)% (8)

Using the approximate formula (4) for a(o,) and solving
for <in o, we find that we have an equation for the rate of change
of magnetic fleld in terms of the proton energy:

C L

7 5 21079} 079
8= {1 = [t/ } (9)
This ran immediately be converted into a differential equation
for the momentum y = 34 so that we can express the time.
m umits of the limiting orbital period r.. as an integral over

morngentun:

-1
0.79Y) 079
E. s 2\ /4
I—f,:r,(—l(’,/ 1- [o,(ii::;) du (10}

Thus can be integrated numerically and an example is shown in
Figure 3. The curve of p{t} is characterized by a very slow ini-
tial rise, associated with a singularity in the integral for a, = 1
1o, = 0). Because of this the waveform must be started with
a s«mall finite slope g where a, = 1 — §. In fact a, and 1 are
uniquely determined by the choice of 4 at g, through (2) and
of t¢ ar py through (10). Runs with the RAMA code confirm
that the waveform does produce constant bucket area A4 and
constant fill fraction for constant rf voltage 1" (Figure 4). Al-
lowing one-quarter of the cycle for field fall the required voltage
i~ reduced to 500 kV for the Booster and to 2050 kV' for the
Driver. The maximum rate of field rise B. and hence the volt-
age develaped across the magnet coils. turns out to be only 6%
Liugher than for the single-frequency harmonic waveform. Ta-
ble T summarizes the maximum values of 1" and B required for
each of the waveforms. Figure 3 shows a cubic reset waveform.
ratching smoothly to the ideal. to avoid any ringing in the
aireuit. The overshoot is minimal, raising the maximum field
from 1.12T to 1.15T. but without any requirement for good
field quality at the higher values.

To implement such waveforms exactly requires program-
mable power supplies. This is almost certainly too expensive
an option for the very large system required in the Driver. In
view of the considerable savings in rf voltage, it may, however.
he worthwhile considering for the Booster. Programmable sup-
plies are bewng provided for the fast-cycling AGS Booster. and
will be used to generate a linear field ramp preceded by a 13
semment{d), a waveform having some similarities to that pro-
posed here. Besides minimizing the rf voltage required. our
scheme provides other advantages:

¢ The slow initial rise in 1" avoids initial increases in both
Ar, and v,.

¢ The rf frequency rises less steeply than for the harmonic
waveforms. easing the power supply requirements for bi-
asing the rf cavity tuners

» Programmable supplies provide flexibility. allowing dif-
ferert waveforms to be tried, if desired.

» Separate programmable supplies for dipoles and quadru-
poles should allow good tracking to be achicved between

the two.
Table 1. Parameters for Various Magnet Waveforn
Booster —Drier

Waveform Risetime V' B B B v
(%) (V) (T) (T/sy (T/s)  tkVy

Single Frequency 50 TS0 112 129 129 36=0

Dual Frequency 75 624 112 KRG 2257 2500

Added 2™

Harmonic

A=rn/4 59 20 112 86 -165 3200

A=0 50 706 1.12  13% 138 3670

Ideal 62.5 530 1.19 147 -207

Ideal 75 500 1.15 137 -2R5 2050

Bringing ¢, from 42° at extraction immediately to () ou
injection into the Collector ring will cause 5-10% longitudinal
emittance growth - but it is planned to expand the emittance
there by a factor 4 anyway.
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Fig. 4. Bunch parameters during the Booster cycle for the
“ideal” magnet waveform giving constant bucket area for
constant rf voltage.
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