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Abstract

A relatively simple method for linac tuning has
been devised, tested and used on the Alvarez and
side coupled linacs. Tank or Medule phase is var-
ied over 360 degrees while the phase of signals
from strip-line beam monitor is measured. Refer-
ence phase is taken from the master oscillator for
the linac. Theoretical curves of beam phase versus
tank/module phase are matched to the measured
curves to determine the tank/module field ampli-
tude and phase, and the input and output betas of
the tanks/modules. Early experiments on tanks
4-7 of the Alvarez linac have demonstrated the
feasibility of the technique. Recently this method
was used for commissioninig of the Fermilab up-
graded linac.

Introduction

The phase-scan signature for a linear accelerator
(linac) tank is a curve which represents the phase
of a radio-frequency (rf) signal induced by the
linac beam in a beam monitor, such as a stripline
detector, as a function of the phase of the electro-
magnetic fields within the linac tank. Accurate
and detailed comparison of broad phase-scan sig-
natures with theory was suggested at Fermilab in
1990 [1] as a means of accurately determining tank
field amplitude, phase, and input beta. A similar
idea was also proposed independently at the Los
Alamos National Laboratory [2]. The phase-scan
signature matching technique is used to find all
tuning parameters needed to center the beam in
longitudinal phase space, including tank electric
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field, tank phase and the beta of the beam at the
entrance of the tank. Originally, phase-scan signa-
ture matching was used on the drift tube ion linac
at Fermilab [3, 4]. In preparation for commision-
ing of the Fermilab High Energy Linac, phase-scan
signature matching was suggested as a means of
coarse-tuning of the side coupled modules. It was
assumed that the classical delta-t procedure [5, 6]
would be used for fine tuning.

Detailed analysis and experiments using the
phase-scan signature matching technique reveal
that accuracies are high enough that acceptable
linac tuning is possible using only this techique.
Our results suggest that the phase-scan signature
matching technique may provide accuracies of a
few tenths of a percent if tank/module and beam
phases can be determined to 1 degree.

Phase-scan signature matching is illustrated
schematically in Fig. 1.
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Figure 1.

In the figure, tank N is the tank being tuned.
All upstream tanks are turned on and all down-
stream tanks are turned off. The rf power for
tank N is initially turned off. The phase of the
beam-induced rf signal (beam phase) at a down-
stream monitor is then recorded. This zero-power,
unaccelerated beam phase reading is subtracted
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from all subsequent, accelerated beam-phase read-
ings. The theoretical accelerated beam-phases are
similarly referenced to the phase of an unacceler-
ated beam. The beam pickup can be immedi-
ately downstream of the tank being measured (if
there are space constraints, like at the end of the
linac), or, for higher accuracy, pickup downstream
of the next tank can be used. Radio-frequency
power is applied to tank N and the beam-phase
at the beam monitor is recorded as a function of
the phase of the accelerating fields within tank N.
Tank N phase is varied over approximately 360
degrees during this procedure. The tank phase
signal 1s derived from direct measurements of tank
fields using pickup loops within the tanks. Phase
detection for both the beam signal and the tank
field is performed using 1&Q demodulators.

Phase-Scan Theory

The principle parameter that must be calculated
is the phase of the beam-induced rf signal (beam
phase) at the beam monitor which is located after
the tank being tuned. Beam phase is directly pro-
portional to the time of arrival of the beam at the
monitor. In this sense, the present measurements
are time of flight measurements. Since it is con-
venient and accurate to measure phase changes at
a fixed position using a single phase monitor, the
phase difference between unaccelerated and accel-
erated beam at fixed positions will be obtained in
the following calculations. The difference between
unaccelerated beam phase and accelerated beam
phase is a function of beta and beam phase at the
input to the tank, and accelerating field within
the tank. This phase difference is given by,

Dap + Dy
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where D 4p is the length of the tank, Dy is the dis-
tance from the end of the tank to the beam phase
monitor, v, 1s the beam velocity at the entrance
to the tank, NV, is the number of cells within the
tank, ®p is the beam phase with the rf on at the
exit of the tank, and ® 4 is the beam phase at the
entrance of the tank. Beam phases at the entrance
and exit of the tank are referenced to the phase
of the rf field within the tank. The longitudinal
dynamics used to calculate quantities on the right

side of Eq. 1, utilize a “thin lens” approximation
[7). Using this approximation, the beam drifts
freely to the center of each cell of the tank. In the
center of the cell, a step change in beam velocity
is calculated and the beam drifts from the center
of the cell to the cell exit with the new velocity.
A step change in phase, which contributes to the
phase at the exit of the cell, also occurs at the
center of the cell. The procedure is repeated for
each cell of a tank to yield output beta and beam
phase for the entire tank as a function of input
beta and beam phase. The full set of equations
which govern these dynamics are given in referece

(4].

Phase-Scan Experiments

Figure 2 is a tipical example of the phase-scan
data that are obtained on Module 2 of the side
coupled linac at Fermilab.
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Figure 2.
Module 2 is approximately one-thirds of the way
down the linear accelerator. For Module 2, design
input beta is 0.5094 and design output beta is
0.5554. The average accelerating gradient is 7.82
MV/m. The distance from the end of Module 2
to the beam monitor i1s 0.3655 meters. The solid
line in Fig. 2 is the least-squares curve fit to the
measured data. On the scale presented in Fig.
2, the measured data exhibits very little noise.
The fitted curve is nearly indistinguishable from
the measured points. The dashed line in Fig. 2
is the design curve. The deviation in the design
curve from the fitted curve is adequate to clearly
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distinguish the two curves. Information presented
in Figure 3. are the data the operator sees
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Figure 3.

in the process of setting the module parameters.
In this example, Module 2 electric field and input
[ are expressed as fractions of design values. From
the least-squares fitting procedure, the difference
between design and measured phase-scan curves
indicates that the tank electric field is 3.7% below
the design value, the input beta is on the target
value. Other information presented to the opera-
tor shows precisely where the tank phase must be
set[4].

Phase-Scan Errors

Simulations are used to estimate practical lim-
its on the accuracy of the phase-scan signature
matching procedure. A simulated experimen-
tal phase-scan curve is generated from theory
by adding a random phase fluctuation to the
tank phase, and inputting this randomly fluctu-
ating tank phase into the theoretical calculation
of beam phase. A second random phase fluctua-
tion is added to the calculated beam phase. The
effects of random fluctuations in phase readings,
which constitute the principal source of random
error in the phase-scan technique, can thereby
be determined. It is assumed that there are no
sources of systematic error. The simulated phase-
scan curves are input directly into the data acqui-
sition program used to gather and analyze exper-
imental phase-scans, substituting for real phase-
scan measurements. Random errors of +1 degree
induced in the tank and beam phases have pro-
duced only fractional percent errors in the input
beta and field amplitude in the simulations.

Conclusions

These results establish the viability and accuracy
of the phase-scan signature matching technique
for setting the important parameters required for
linac tuning. Experimental tests on the Fermilab
drift-tube linac and application on the newly in-
stalled side-coupled structure have demonstrated
the speed and relative simplicity of the technique.
In our first attempts to apply phase-scan signa-
ture matching on the new side-coupled linac, we
were able to tune all seven modules in less than
20 hours. This is a remarkable achievement con-
sidering the fact that tune settings were initially
far from design before the techique was applied. It
now takes only a few minutes to check and correct,
if necessary, the tuning of individual modules. We
believe that the phase-scan signature matching
techinque has major advantages over other tun-
ing techiques and can be readily applied to nearly
any ion linac.
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