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Lecture 17 - Proton & Ion Linacs Feb 16, 2021

MW-class linacs

Time structure
1) short pulses
2) long pulses
3) continuous waveform

Multi-cell operation & synchronism
Longitudinal motion
Radial de-focusing

Transverse focusing

Radio Focusing Quadrupoles (RFQ)

Beam loss & haloes
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Chapter 13

“High-frequency power generators,
developed for radar applications,
became available after World War |I.
A .. new and more efficient high
frequency proton-accelerating
structure .. was proposed by Luis
Alvarez and co-workers at the
University of California. .. A 1-m
diameter, 12-m drift-tube linac with a
resonant frequency of 200 MHZ ..
accelerated protons from 4 to 32
MeV.”

T. Wangler, “RF Linear Accelerators”.
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Table 13.1 Parameters of representative MW-class hadron linacs.

Linac Ion Kinetic Beam Pulse Pulse Repetition Max RF
energy power current length rate freq.
[GeV] [MW] [mA] [ms] [Hz] [MHZz]
ESS p 2.0 5.0 62 2.86 14 704
FRIB p 0.61 0.4 0.66 > > 322
U 0.20¢ 0.4 0.0084 > -
PIP-II H™ 0.8 1.2 2 0.55¢ 20 650
SNS H™ 0.94 1.4 27 0.97 60 805

¢ Kinetic energy for each of 238 nucleons.

b After accumulation and acceleration of half the beam to 120 GeV.
¢ Compatible with continuous waveform operation.
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Figure 13.1 A typical technology map, for the PIP-II proton linac. Six technolo-
gies (RFQ, HWR, SSR1, SSR2, LBE and HBE) are constructed and tuned for
different optimum values of g, the relativistic speed. Except for the single RFQ,
each technology is repeated in many identical superconducting resonators of the
same frequency, assembled into cryomodules. Elliptical RF cavities are also used
in electron linacs (with g = 1).
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Figure 13.2 The bunches accelerated in a proton linac are typically separated by a
few nanoseconds, forming a single macropulse that is of order a millisecond long.
This structure is usually imposed by a Radio Frequency Quadrupole that creates
of order a million bunches from a DC beam.
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Macropulse ~ 1 ms

One turn ~ 1 pus
—> <+

Figure 13.4 In an H~ macropulse, short gaps chop the macropulse into seg-
ments that can be accumulated and compressed in a storage ring, as shown in
Figure 13.3.
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Target

H™ linac Experimental

beamlines

Accumulator ring

Figure 13.3 An H~ linac feeding an accumulator ring, in order to compress
the beam 1n time. The single pulse of accumulated beam that 1s extracted from
the ring 1s much shorter in time than the macropulse length (compressed into
microseconds rather than milliseconds), but has much larger transverse emittances.
The accumulator ring 1s not necessary in long pulse or continuous waveform
operation, in which case protons are preferred.
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Figure 13.5 The RF voltage ramps up for around a millisecond before the beam
arrives, to settle transients and to stabilise the low level RF controls.
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Figure 13.6 The multi-cell synchronism factor, S(N, 8/B). The useful dynamic

range of },B — ,BG| scales like 1/N, so proton linacs usually have fewer cells per
cavity (e.g. N = 5) than electron linacs (e.g. N = 9).
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Figure 13.8 Unbalanced radial impulses at the ends of a rotationally symmetric
cavity. Radial electric fields inevitably occur where the beampipes intrude at the
cavity ends in (a). They are linear in r for small r, defocusing and focusing at entry

and exit respectively, as shown in (b). The defocusing effect dominates, because
the exiting beam is more rigid.
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Figure 13.7 Energy gain and reference phase ¢, at the electrical centre of a thin
cavity. Early and late particles receive a relative restoring force that keeps them
bunched with the reference particle. See Figure 11.4 for a comparison with the
synchronous particle in a circular accelerator.
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Figure 13.9 Singlet (a) and doublet (b) focusing, with normal-conducting
quadrupoles placed between superconducting cryomodules. Doublet focusing
increases the linac length slightly, but approximately halves the length of the
optical period, and delivers rounder beams.
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Figure 13.10 Cross-sectional and top views of a typical RFQ vane geometry, with
minimum vane radius a = 10 mm, m = 1.8 and L = 100 mm. The vertical vane

separation also oscillates with longitude z, between radii of a and ma, but out of
phase with the horizontal.
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Figure 13.12 Longitudinal profile of the vanes in the ESS RFQ, showing the
adiabatic evolution of the control parameters L, a and m. The RFQ is assembled
from five modules to form a single resonant cavity that is excited at 352 MHz.

(Courtesy of A. Ponton.)
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Figure 13.11 RFQ acceleration and focusing efficiencies, A and X, versus modu-
lation parameter m, for the typical vane geometry in Figure 13.10.
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