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Abstract 
The CEBAF accelerator requires accurate phasing of the 

338 superconducting cavities to achieve the design rms energy 
spread of 2.5.1@. The rms phase error along each linac, with 
160 cavities over a length of 200 m, may not exceed 2.6’, 
assuming that the whole linac is operated on crest. The 
common procedure is to maximize the energy gain with a 
spectrometer. At CEBAF, however, phase-dependent cavity 
steering effects canse deflections of the beam of several mrad, 
requiring steering corrections in the linac, which makes this 
method very time consuming. Beam-induced transients can 
also be used in pulsed operation to determine the zero-energy- 
gain phase with high accuracy. Better than 2” accuracy is 
achieved when the signal-to-noise ratio is improved by signal 
averaging. These and other approaches for the phasing of 
cavities are compared and accumcy and feasibility are discussed. 

I. PHASE STABILITY REQUIREMENTS 

The ovemll specification for the CEBAF accelerator is 
given in Table 1. 

Table 1: Accelerator Parameters 
EGIfXgy E = 0.540 GeV 
Energy spread a@ 5 2.5.10-5 atlGeV 

Beamcurrent O-200 PA 

The low energy spread of the beam requires strict 
amplitude and phase control of the RF field in the 
superconducting cavities according to table 2. 

Table 2: RF amplitude and phase stability requirements 

~1 

The rms phase error along a linac with 160 cavities may 
not exceed 2.6”. A phase vernier system will maintain the 
overall phase of the I&X on crest while a gradient vernier [I] 
system will maintain constant energy at the end of the linac. 
With the overall phase of the linac being on crest, the 
individual cavities need to be phased better than k5.2” to meet 
the specification in table 2. The goal is to initially phase 
cavities better than KY. 

* Supported by U.S. DOE amtract DE-AC05-84ER40150 

II. PHASING SCHEMES 

During accelerator operation the phase of the accek-rating 
field of individual cavities must be maintained better than 
~t5.2”. When the RF system is turned on for the fmt time, the 
actual accelerating phase is not known, since the electrical 
length of the probe cables may differ by more than +180”. Tbe 
electrical length can be measured witb a TDR or network 
analyzer and be used to calculate the actual phase as described 
in Section VII. This method is not very accurate, since RF 
control module internal phase shifts and the geometry of the 
cavities to calculate the drifttime of the beam have to be taken 
into account. More accurate are measurements which use the 
beam as reference. Tbe following phasing methods have been 
evaluated during north linac operation at typical energies 
between 100 MeV and 150 MeV with more than 100 
superconducting cavities operational: 

. Phasing of cavities by maximizing energy with a 
specfmmeter as energy detector. 

. Phasing of cavities by minimizing beam-induced 
transients during pulsed beam operation to determine. the 
phase with zero energy gain. 

l Phasing of cavities by measurement of the phase of the 
beam-induced field with a phase detector in the RF 
control module. 

. Phasing by minimizing residual gradient fluctuations due 
to beam current modulation to determine the phase with 
zero energy gain. 

In some cases the phase for maximum energy gain (crest 
phase) is determined directly; in other cases the phase for zero 
energy gain (zero crossing of the accelerating field) is 
determined and a 90” offset added or subtracted to set the crest 
phase. 

III. PHASING WITH SPECTROMETER 

Cavity phasing with the spectrometer makes use of the 
dependency between energy gain of the cavity and phase of the 
accelerating field. The energy gain is maximized using a 
spectrometer. This method can be automated and computer 
controlkd. 

Manual Phasing 
For the initial cavity phasing a spectrometer at the end of 

the north linac was used. Changes in energy were observed on 
a view screen with a radius of 17.5 mm corresponding to an 
energy change of ~1% at an energy of 100 MeV. In the 
spreader region at a location with a dispersion of 1.1 m, a 
position resolution of 0.1 mm corresponding to an energy 

599 

© 1993 IEEE. Personal use of this material is permitted. However, permission to reprint/republish this material

for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers

or lists, or to reuse any copyrighted component of this work in other works must be obtained from the IEEE.

PAC 1993



change of 1’10m4 can be detected. At a field gradient of 5 
MV/m tbe achieved phase resolution is 

~2.56” 

for a spectrometer resolution of (A./Z I E) = 1. 10q 

witbEo=ltXlMeVaml E,=5MeV/m. 

Cavity steering effects are significant and require 
correction of the beam optics especially if cavities at the 
beginning of the linac are phased Manual phasing with the 
spectrometer has been proven to be very time consuming but 
is required only once for initial phasing of the accelerator. 
Periodic phase corrections are performed using automated 
algorithms. It is expected that the resolution will increase 
signifatly when a Beam Position Monitor (BPM) in the arc 
at a location with a higher dispersion of 10 m is used. 

Automated Phasing 
The above described method has been automated. The 

view screen for the beam position measurement ls replaced by 
reading from a beam position monitor with a position 
resolution of 0.2 mm. It is also possible to use a harp reading. 
‘Ibe BPM is located in the spreader section at a location with a 
dispersion of 1.1 m resulting in an energy resolution of 
1.10e4. The algorithm changes the phase in an individual 
cavity by A+ = f30”, measures the initial beam position and 
the beam positions following tbe changes in phase, and 
calculates the crest phase from the three measured positions 
accodngto 

$ aed=” 
-1 

i 
Xl -x2 4 

Xl + x2 - 2x3 .sin -2 + +O ( I 
$0 : initial phase setting 

x3 : beam position for + = QO 

x2 : beam position for 41 = +,, - Ag 

x3 : beam position for + = tIro + A@ 

A+ : change in phase setting 

For a final energy of 100 MeV and a cavity gradient of 5 
MV/m. a phase change of 30” results in a position change of 
7.4 mm assuming a dispersion of 1.1 m. 

The accuracy of this method is = k2.5’ and takes 20 
seconds per cavity. Most of the time is required for the 
averaging of the BPM signal to achieve a resolution of 0.1 
mm. This takes about 4 seconds. The automated phasing is 
only successful if the phase is set within + 90”. Therefore 
initial manual phasing is required. The experimental 
verification of thii algorithm showed that the lmac energy was 
increased by 1.8 MeV at an initial energy of 119.6 MeV. 
Reproducibility has been verifti by changing the initial phase 
by 5” and 10”. and the automated algorithm determined the 
same crest phase within k2.5”. 

IV. PHASING WlTH BEAM-INDUCED 
TRANSIENTS 

This method requires pulsed beam. Typical beam 
conditions are I,=200 pA. rh=20 ps (pulse length), and f,=60 
Hz. The average beam current is less than 1 pA and therefore 
does not require machine protection by the beam loss system. 
The expected transients for the gradient signal have been 
discussed in [21. Unity gain of the control loop is typically 
-10 Wz and therefore the effect of the gradient control loop is 
small during such a short pulse. The control system regulates 
the average of tbe gradient. 

The observed transient amplitudes for the above described 
beamconditionsare170mVfor=0°(cncrest)andf1.5mV 
for phase settings f5” from the zero crossing at f90’. The 
result of a measurement is shown in Figure 1. lbe observed 
amplitudes are consistent with the calculations except close to 
zem crossing. The transients at zero crossing are a result of the 
beam loading in the buncher. which causes the phase of the 
electron beam to change by = 2’ during the macropulse of 20 
ps. This is due to the fact that the buncher cavity is not 
operated at zero crossing and that the RF control system is not 
designed to correct for fast transients. The signals in Figure 1 
are averaged over 64 samples to improve the signal-to-noise 
ratio. This method allows cavity phasing better than f2” if 
only the fast 2 ps of the transients are observed to determine a 
change in sign for the transients. 

” ’ “‘8 “““3 .“I a 
0.0 0.2 0.4 0.6 0.8 1.0 

time [s] IlO4 

Figure 1. Measured beam-induced transients. Phase at zero 
crossing and k5”. Io = 250 pA, zb = 20 s, f, = 60 Hz. Signal 
amplified by 30 dB . 

It is possible to implement the transient phasing method 
in the embedded microprocessor code for the RF control 
module using the module internal digitizer. The gradient error 
signal is amplified by 50 dB and will be sufficiently large 
compared to 2.5 mV ADC resolution to determine the phase 
better than 15”. 

V. PHASING WITH BEAM MODULATION 

This method is similar to the phasing with transients 
since it uses beam-induced gradient fluctuations to determine 
the phase at zero crossing. The beam current is modulated as 
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I = f, + Af . sin(o,r) 

M : ampli~deofcurmntmodulation (typ. lw) 
o, : frequency of current modulation (typ. 100 Hz) 

The beam-induced gradient will be 6.4 kV/m resulting in 
a deteaor error of 6.4 mV (5 V=5 MV/m) if the gradient loop 
is open. Ihis tmnslates into = 6 mV gradient modulator drive 
(at 100 Hz) if the gradient loop is closed. The spectrum of the 
gradient modulator drive is shown in Figure 2. The dominant 
microphonic noise component at 56 Hz has twice the 
amplitude, and the broadband noise within a bandwidth of 50 
kHz as acquired by RF control module internal ADC is 20 
mVp. The signal is too small to be analyzed within the RF 
control module, but if processed in the machine control room 
using the analog monitor system [3], it is possible to phase 
cavities better than f5”. 
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Figure 2. Spectrum of gradient modulator drive with 
modulated beam. Al = 1 pA andfm = 100 Hz. 

be calculated from known electrical length of cables, other 
control module components such as the down converter, and 
the time of flight of the electron beam converted to phase. All 
signals are referenced to a common master oscillator. Cable 
length of more than a kilometer over the whole accelerator 
site and effects from temperature changes do not allow for high 
accuracy. Nevertheless it is possible to calculate the phase 
difference between the cavities in one cryomcdule within fi5”. 
The probe cable length and phase offsets in the con&o1 module 
can be measured better than *2” as achieved in recent tests. 
Also ermrs in time of flight due to mechanical position of the 
cavity, which can change by up to f0.5 cm as function of 
tuner position, contribute to the overall error. 

VIII. CONCLUSION 

Several methods for the adjustment of the phase of the 
accelerating field have been tested in the CEBAF accelerator 
during the commissioning phase of the north linac. Phasing 
with the spectrometer is time consuming especially for the 
initial phasing for the accelerator. Once the cavity phase is 
adjusted within f40” an automated algorithm will correct for 
drifts. Only one cavity can be done at a time. Other methods 
allow for simultaneous phasing of several cavities and are 
therefore, since faster, more desirable during accelerator 
operation. The cavity phasing using beam modulation can 
possibly be used while beam is delivered to the experiments. 
A comparison of the different methods is given in Table 3. 
The most sensitive method is the phasing using beam-induced 
gradient in CW mode, but it relies on precise knowledge of the 
detuning angle. 

VI. PHASING WITH BEAM-INDUCED 
GRADIENT 

Thii method requires CW beam. At least 10 pA of beam 
current is required to excite a sufficiently large field gradient to 
measure a phase error relative to the phase reference &rived 
from the master oscillator. The cavity is not powered by the 
klystron. The phase setpoint is adjusted to null the phase error 
signal. Typical sensitivity is 100 mV/degree at 5 MV/m or 
1.27 mV/degree for 10 pA of beam current which excites a 
field of 63 kV/m. The slope of the zero crossing must be Acknowiedgmenrs 
negative to guarantee ihat the phase of the beam is 0” and not The authors wish to express their thanks to M. Augustine, C. 

180” out of phase. The phase setpoint determined by this Hovater, the maintenance group, and operations Crew for their 
me&d is then used with gradient and phase loop closed to enormous help in machine operation and data acquisition. 

accelerate beam on clest 
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