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Abstract

Rf options for the NSNS are considered. The strengths and weaknesses of single and dual frequency
conventional rf systems, and a barrier cavity rf system are explored. It is found that a two cavity
conventional rf system running with harmonics one and two is a substantial improvement over a
conventional A = 1 system. A barrier cavity system is even better, but may require three rf cavities.

Introduction

The National Spallation Neutron Source includes an accumulator ring with a circumference of C =
208.6m that is designed to accumulate 1 x 10'*, 1GeV kinetic energy protons, via charge exchange
injection of H~, in 1ms. After the beam is accumulated it will be extracted in one turn using a kicker
magnet. A 280ns gap is required to allow for the kicker rise time. In the early design stages of this ring
a radio frequency system running with harmonic number A = 1 was a natural assumption. However,
since uncontrolled losses in the NSNS ring must be kept below 0.01%, it is natural to investigate the
possibility of reducing losses via an appropriate choice of rf system. The low losses, coupled with the
large beam current, argue that the bunching factor By = I,/ Ipeak, be kept as large as possible. A
standard technique for increasing the bunching factor is the addition of a higher harmonic cavity or,
more recently, a barrier cavity rf system. This note is concerned with analyzing the strengths and
weaknesses of these contending systems.

1 Contending rf systems

The present NSNS lattice has four, five meter straight sections which could be used for rf, and a peak
voltage of &~ 40kV /cavity is a practical design limit. Of the four available straight sections we assume
that two or three will go to rf, while the rest are left free for other (possibly unforseen) uses. With
these constraints a traditional rf system with one cavity running at A = 1 and one more, running at
a higher harmonic, is feasible. The possibilities of having the higher harmonic running at A = 2 and
h = 3 have been considered.

Another alternative is to use a barrier cavity rf system. In a barrier cavity system the rf waveform
is periodic at the revolution frequency, but contains many Fourier components. The purpose of such a
system is to contain the beam in a flat bottomed potential with steeply rising edges. To our knowledge



case | voltage | voltage | voltage | voltage | bucket
h=1 | h=2 | h=3 | h=1.85| area

kV kV kV kV eV-sec
1 37.15 0 0 0 15.5
2 40.34 | 20.17 0 0 18.6
3 32.56 0 10.85 0 13.0
barrier 0 0 0 116.13 | 25.5

Table 1: rf parameters for contending rf systems.

there are two techniques for generating the necessary rf waveform. The first technique involves several
rf systems operating at different harmonic numbers with at least one rf cavity and amplifier for each
Fourier harmonic in the waveform. A second technique involves driving the rf cavities in a non-
resonant mode [1, 2, 3, 4]. In the second case, the basic shape of the current pulse can be found by
modeling the cavity as a parallel RLC circuit [3]. The voltage across each circuit element is the same,
and the total current through the cavity is the sum of the currents in each element, .
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the required current is
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when 0 < wt < 27 and vanishes otherwise.

For comparison purposes assume a 10 eV-sec longitudinal emittance with a 515 ns bunch length.
Additionally, the amplitude and phase of the higher harmonic in the traditional rf systems is set so
- that the small amplitude synchrotron frequency vanishes. The rf parameters for the four options are
shown in Table 1. Note that the non-integer harmonic number associated with the barrier cavity is
simply w/wp.

As is clear from the table, the largest bucket area is obtained for the barrier cavity, while case 3
has the smallest bucket area. The reduced bucket area in case 3 is due to the fact that both the rf
voltage and its time derivative vanish at the unstable fixed point. We see no reason to consider case
3 further.

Figure 1 shows the phase space for the three remaining alternatives. As is clear from the figure, the
dual frequency system has a larger bucket area and a smaller energy spread than the single frequency
system, while the barrier cavity system has the largest bucket area and smallest energy spread. At
some level these differences are illusory, since 2 rf stations at A = 1 could be implemented and the
barrier cavity voltage used in the figure might require three cavities. However, the ratio of the bunch
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Figure 1: v versus time (ns) for rf buckets and 10 eV-sec contours with three rf options:
single frequency at A = 1, solid line, bucket area = 15.5 eV-sec;

dual frequency with A = 1 and h = 2, long dash, bucket area = 18.6 eV-sec;

barrier cavity with A = 1.85, short dash, bucket area = 25.5 eV-sec.

parameter single dual barrier
frequency frequency cavity
C 208.558 m 208.558 m 208.558
i 3.422 3.422 3.422
h =1 voltage 40.34 kV 40.34 kV 0
h = 2 voltage 0 20.17 kV 0
h = 1.85 voltage 0 0 2x40 kV
Po 1.695 GeV/c | 1.695 GeV/c | 1.695 GeV/c
o(d) (LINAC) 0.0029 0.0030 0.0030
17, 400 ns 400 ns 400 ns
Nezt 1 x 10 1 x 10 1 x 1014
—Lwy = Zs:/n 1209 1209 1200
R 20Q 20Q 209
Tp 30 ns 30 ns 30ns
N /turn 100 100 100
Niurns 1201 1201 1201
o(d) (RING) 0.0036 0.0030 0.0028
Dpear 55A 46A 35A

Table 2: Simulation parameters
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Figure 2: I(t) (A) versus time (ns) for three rf options: A = 1, solid line; A = 1 and & = 2, long dash;
barrier cavity, short dash.

area to the bucket area is fixed by the length of the bunch and will not change if the voltage and
momentum spread are increased appropriately.

To study these options more closely, simulations of the injection process have been made. These
simulations involved only the longitudinal variables, but did include space charge and a simple model
of the ring impedance. The code uses standard algorithms for everything but the impedance related
forces which were handled using a new, fast, particle-particle algorithm. In this part of the algorithm
the impedance induced voltage is of the form V/(t) = —RI(t) — LdI/dt and the current is given by

A e
I(ty=3_ — (14 4ft — ti]/p) exp(=Alt — tl/7), (4)

k=1 'P

where t; is the arrival time of the kth macro particle, Q = eNgzi/(niurns V/turn) is the charge of
a macro particle, and 7, is the equivalent duration of a macro-particle. Table 2 lists the simulation
parameters. In table 2: py is the central momentum out of the LINAC which is equal to the momentum
of a synchronous particle, o(é) is the standard deviation of § = (p — po)/po, TL is the chopper gate
width, Ne;: is the number of protons at extraction, Z,. is the space charge impedance, R is the
resistance associated with the ring impedance, N/turn is the number of macro-particles injected each
turn, Nsurns 18 the number of turns simulated, and I,..x is the peak current at extraction. Note
that o(6)(RING) < o(8)(LINAC) for the barrier cavity. This is real and is caused by the reduced
momentum deviation that occurs during reflection in the barrier.

Figure 2 shows the current pulse at extraction for the three rf options. Note that the simulated
barrier cavity voltage was 2 x 40kV which can be achieved with two tf cavities.



2 Relative Merit of the Contending rf Systems

From the point of view of beam dynamics the single frequency, dual frequency and barrier cavity
rf systems display a monotonic trend in two important quantities; bunching factor and momentum
spread. The bunching factor is important in the maximum space charge tune shift

NRr,

AVsc = T 55 g
2nv B;B*y%a

(3)

where IV is the number of protons in the ring, r, is the classical proton radius, a is the radius of a
uniform equivalent beam, R is the machine radius, and v in the bare betatron tune. For ¢ = 3 cm
the tune shifts are 0.20, 0.17 , and 0.13 for case 1, case 2, and the barrier cavity, respectively.

Other important considerations are the thresholds and growth rates of coherent instabilities. These
quantities are notoriously difficult to calculate with any degree of confidence, since they involve
complex coherent motion of the beam as well as the, poorly constrained, machine impedance. The
simplest model is to consider the case of a coasting beam instability [5] with a current equal to the
peak current of the actual bunched beam [6]. For no longitudinal instability the criterion is

2| _ InlAE?
2
n Bs Eoq

where Eo = ym,c?, AE is the full width at half maximum energy spread, and 7 is the frequency slip
factor. The threshold values of |Z)/n| are 130Q2, 11082, and 11582 for case 1, case 2, and the barrier
cavity, respectively. The differences are smaller than the uncertainties, and the critical values are
close to the longitudinal space charge impedance Z,./n = 120Q).

Even if the beam is unstable, there will be no problem if the growth rates are small enough. For
a boxcar energy distribution, the dispersion relation for a coasting beam longitudinal mode is [7]

Q° . . qlpearn Z)(02
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(6)

Ipeak

(7)

where 7 = no(d)y/m/2. For NSNS parameters the two terms on the right hand side of equation (7)
are equal for |Z)/n| ~ 1kQ. Additionally, the main contribution to the impedance is space charge
which tends to reduce growth rates. Therefore,
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which results in a growth rate

Im(Q) ~ Lt BelZ)
To")’\/Q_ﬂ'EQO’((S) .

Using equation (8) and barrier cavity parameters an e-folding time of 1/Im(w) = 1ms is obtained for
Re(Z)) = 640Q. This is a large parasitic resistance for a ring the size of the NSNS.

(8)
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Figure 3: I(t) (A) versus time (ns) at extraction time for a barrier cavity system with a range of beam
intensities: 1 x 10'* protons, solid line; 2 x 10'* protons, long dash; 4 x 10** protons, short dash.

For transverse instabilities, a cold coasting beam approximation predicts a grow rate of|7]

gclyearRe(Z))
Q) = .
m( ) 47I'EOV

(9)

The transverse resistive wall impedance is Z,. = (sgn(w) —¢)3.34/wo/wk§)/m, yielding a growth rate

of Im(Q) = 4004/wo/ws™! for a peak current of 35A. The shortest e-folding time of this instability
occurs for w = (4 — v)wp and is 1.1ms which is comparable to the cycle time. Other sources of
transverse impedance will be considered elsewhere [8].

Before leaving the topic of instabilities we address the reliability of using the coasting beam
dispersion relations. These equations neglect the longitudinal forces created by the rf and, as is well
known, do not give an accurate picture of phenomena with time scales 2 the synchrotron period.
The NSNS is somewhat uncommon in this regard since the momentum spreads in Table 2 imply an
rms synchrotron tune v, & |n|Co(§)/270(£) = 5 x 10~*. The entire cycle is less than a synchrotron
period, so synchrotron side band and synchrotron mode coupling 1nstab1ht1es will have e-folding times
of order the cycle time and will not be important.

3 Future Upgrades

The viability of future intensity upgrades is addressed in Figure 3. In this figure, current pulses at
extraction time for the barrier cavity system with 1 x 10'%, 2 x 104, and 4 x 10'* extracted protons
per pulse are shown. All other input parameters are identical to column 3 in Table 2. In particular,
the cavity voltage was kept at 2 x 40 kV/turn and the accumulation time was kept at 1201 turns.
The increase in bunch length with intensity is due mainly to the space charge impedance. Figure 4
shows the voltages due to rf, space charge, and machine resistance for 4 x 10'* protons at extraction
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Figure 4: voltage components (V) versus time (ns) at extraction time for 4 x 10!* protons in a barrier
cavity system: solid line, rf voltage; long dash, space charge induced voltage; short dash, voltage due
to machine resistance. The machine impedance was taken to be Z(n) = (20 +in120)Q.

time. From figure 4 it is clear that no macro-particles experience the full 80kV available per turn,
but the gap in the beam is reduced from 280ns to 240ns.

4 Conclusions

All of the cases shown in Figure 2 can be realized with two, 4 meter rf cavities, so all are viable
options from an engineering point of view. Additionally, the cavity resonant frequencies are all within
a factor of two of each other. Hence, only a single ferrite loaded cavity needs to be designed and the
differences in resonant frequency can be accomplished by varying the external capacitance across the
gap. This state of affairs means that the base design could be for a barrier cavity system, and a single
or dual frequency system could be easily implemented. Stability considerations suggest that two rf
stations should be sufficient, but a third could be installed.
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