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Abstract 

Commissioning and operating a multi-tank drift-tube linac 
requires a proccdurc for setting phase and amplitude of the RF 
power in each tank. The A-t tuneup procedure has been 
extensively used for this (in LAMPF, for example). In this 
paper WC present a complementary method using lcast-squares 
analysis of relative phase measurements. In this method 
bunch phases relative to RF power arc measured at the input 
and output of the tank and at a reasonable drive distance 
downstream (or after the next tank with its RF off). The RF 
phase and amplitude are varied in a prcdctcrmincd way; the 
resulting mcasurcd phase shifts arc compared by least-squares 
fitting with their corresponding values from a beam-dynamics 
code simulation. The absolute calibration errors (assumed 
constant) of the phase sensors arc the quantities which arc 
varied to obtain the best fit. If these calibration errors are 
known, absolute values of RF phase and amplitude can be 
determined and the correct values set in the tank. 

1. INTRODUCTION 

Phase and amplitude set points must be found for the RF 
power in DTL (drift-tube linac) tanks when an accelerator is 
being first commissioned, tuned up, or restarted after a 
shutdown. For many years the A-t time-of-flight 
mcthod[l,2,3] has been used quite successfully but for some 
accelerators it may be dcsirablc to have an alternate or 
complcmcntary method of adjusting RF power. This paper 
dcscribcs such a method and discusses its application. There 
is a brief discussion of the computer code that was written for 
this effort. 

II. THE LEAST-SQUARES METHOD 

A. Concept and Definitions 

First, a brief description of the A-t method. Phase pickup 
sensors are required at two points downstream of the tank 
whose RF power is being adjusted. Usually one point is just 
downstream of the tank exit and the other is after the next 
downstream tank (whose RF power is turned off). The sensors 
detect beam bunch phase with respect to a rcfcrcnce phase. 
Changes in relative phase at these points, as the power in the 
tank is turned on and off, are converted to time-of-flight 
diffcrenccs with and without RF power. Time-of-flight 
diffcrenccs arc also calculated by a beam-dynamics code such 
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as PARMTLA or TRACE. Experimental and calculated times- 
of-flight are then compared to develop information to adjust 
RF phase and amplitude. The RF is adjusted, then the process 
is repeated until the phase and amplitude arc within dcsircd 
tolerances. 

The least-squares method also compares experimental and 
calculated phase mcasuremcnts. Thcrc arc three phase sensors 
(Fig. 1); one (Zl) just upstream and one (Z2) just downstream 
of the subject tank, and one (Z3) at some appropriate drift 
distance further downstream. As in the A-t method, Z3 can 
usually be placed after the next downstream tank, which is 
operated with no RF power. Therefore, to USC this method 
there must be a phase sensor bcforc the first tank, bctwcen 
each tank, and after a drift downstream of the last tank. 
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Figure 1. Placement of beam phase sensors. 

The RF power is set one tank at a time starting with the 
lowest energy tank. The next downstream tank’s RF is turned 
off. Beam phases 01, cD2, and 03, as mcasurcd by sensors at 
Zl, Z2 and Z3, are defined as measured phases of the RF 
pickup signal from the tank when the sensor pulses induced by 
the beam are at their maximum. When experimental mcasure- 
ments are taken, the beam phase actually remains constant and 
the tank RF phase is adjusted. However, in this paper the tank 
RF phase (at the RF reference plant in the beginning of the 
tank) is defined as the reference phase and we assume that 
beam phases are measured rclativc to that tank phase. 

Measurements of d>2 and 03 are taken for a number of 
input phases at (adjusted for Z1 position so that beam phases 
at the tank bracket the input phase acceptance) and for a 
number of RF amplitudes (bracketing the design amplitude). 
Measurements of RF amplitude V, input beam energy W, and 
the three relative phases at,a2, and 03, will have unknown 
calibration errors which we assume will remain constant. We 
will henceforth refer to these constant calibration errors as 
offsets in the measurements. With known offsets, we can set 
the input phase @t and RF amplitude V to their desired values. 
The object of the least-squares method is to calculate the 
offsets from the phase-sensor measurements. 

The measurements of @2 and @3 form a matrix covering 
all the input phases and RF amplitudes. One can calculate a 
similar matrix using a beam-dynamics code such as 
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PARMILA by running the appropriate problems. An error 
value, X 2, can be found from the difference between the 
cxpcrimental and calculated matrices. We can avoid 
determining the offsets in a2 and 03 if we use phase 
differences (Am, A03) due to changes in input phase (Aal), 
rather than the rclativc phases themselves, as the quantities 
which arc squared and summed to form X2. Any offsets in % 
and @ then cancel out. 

The offsets that we need to determine, then, are S<Dl, the 
offset in the relative phase @l, and SWi, the offset in input 
beam cncrgy Wi, which together with the distance between Zl 
and the tank determine the offset in the RF phase in the tank; 
and SV, the offset in RF amplitude V. In our code we define 
SW and SV as fractions of design values and SO in degrees. 
Offsets are added to mcasurcments to determine true values. 

01, true = 01, measured + SQ 

wi, true = wi, measured + sw x Wi, design (1) 

V trllc - - Vmeasured + SV X Vdesign 

These offsets are found as follows: A matrix of calculated 
phases 02 and 03 is constructed using a first guess (usually 
zero) at the set of offsets 60 1, SWi and SV in this way: A 
macroparticle rcprcsenting the bunch is initiated at Zl with 
energy Wi + SW i at the first 0 l + S@l with the tank 
amplitude at the first V + SV. The macroparticle is tracked 
through the tank and phases at downstream sensor positions 
arc stored. Another macroparticle with the next value of 
al + Sol is tracked using the same Wi and V. After al has 
been scanned, the scan is repeated using the next V and so on 
until a matrix of calculated phases has been built up using that 
particular set of offsets. X2 is found by comparing the 
calculated matrix with the measured one: 

NM 3 
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1=1 J=l k=2 

where i and j indicate, rcspectivcly, RF phases and amplitudes; 
N + 1 is the number of input @s; 
N is the number of A0 measurements, A@i = @* - cDi; 
M is the number of RF amplitude measurcmcnts (V’s); 
k is the sensor number, 2 or 3, for the CDk measurements; 
Aak,ca]c is calculated by tracking through the PARMILA 

linac with a particular set of offsets; 
Aak,meas is the corresponding measured value. 

WC then put in a different set of offsets, again calculate a 
matrix and get another value of X2. Presumably if the second 
X2 is less than the first, then the second set of assumed offsets 
is likely to be closer to the actual offsets in the measurements. 

The set of offsets that is the best fit to the actual values should 
produce the minimum X2. 

B. Calculational Techniques 

The computer code that implements the least-squares 
calculation is called COMFIT. It is written in Fortran and runs 
in a few seconds on the Cray. The code has two subroutines 
that have been adapted from the PARMILA beam-dynamics 
code. The first uses design data on the DTL tank, previously 
calculated by PARMILA, at the beginning of the problem to 
set DTL cell parameters. The second transports a macro- 
particlc representing the bunch through the tank and associated 
drifts to calculate phases at the three sensor points. 

WC have made several assumptions in writing this code. 
The first three are fundamental to the method but the others 
could be changed if necessary. The assumptions arc: 

1. The tanks are built as designed; errors in construction 
are ignored. Therefore given exact RF amplitude, input beam 
phase, and input beam energy, PARMILA can predict exact 
output beam phase and energy. 

2. Input beam energy remains constant. 
3. The macroparticle transport& through the PARMILA 

subroutine represents the bunch ccntroid, and no particles arc 
lost from the bunch during measurement. This assumption is 
discussed further below. 

4. RF amplitude offset is the same for all amplitudes. 
5. Offsets are less than about 20% in RF amplitude, 1% in 

beam energy and 30“ in input beam phase rclativc to the tank. 
6. Phase measurements (including 01) have random jitter. 

The RF amplitude also jitters but remains constant during a 
particle transit of the tank. Jitter distribution is uniform over a 
specified range. 

DTL tank design parameters arc provided to the code in 
tabular form. Input data also includes sensor positions, 
nominal input beam energy, nominal tank voltage amptitudc 
and synchronous al, the number of steps and step sizes in the 
phase scan and tank vottagc (although actual values of phases 
and voltages could be used), and the matrix of measured phase 
values. There are a few other input values having to do with 
the fitting and plotting routines. The code first generates the 
DTL tank in the same way as PARMILA. It then moves into 
the fitting subroutine which minimizes X2. 

C. Simulated Measurements 

A subroutine was included in the code to test its operation. 
The subroutine generates a matrix of fake “measured” phases 
using a specified set of offsets by running macroparticlcs 
through the tank as described above. Phase and voltage jitter 
can be included. The code fits this simulated data to set how 
closely the specified set of offsets can bc rcproducctl. This 
technique was employed using a test case. 

Cross-sections of the X2 surface can bc plotted by ilolding 
two of the offsets constant at specified vatucs and plotting X2 
vs. the other offset. In the cases that have been run, thcsc plots 
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have shown only one minimum in the surface in the region 
where the input beam and RF voltage allow the macroparticlc 
to remain in synchronization with the RF bucket. While one 
cross-section may show two or more minima, cross-sections in 
the other directions reveal that only one is a true minimum. 
The code’s simple slope-following minimization process 
works well on such a surface as long as the macroparticlc 
remains in the bucket. Since the macro-particle represents the 
whole bunch, results may not be good if particles arc lost from 
the bunch. Therefore, it is important to monitor beam current 
through the tank; if current is lost on any phase measurement 
then that measurement should not bc used. 

If there is no jitter in V, but some jitter in 0 in the 
simulated mcasuremcnts, the minimum X2 (whose units arc 
dcgrees2) is near the average value of the square of the jitter, 
as it should be. This provides a convcnicnt cheek on the code 
and may bc useful in estimating actual jitter. 

The code has some intcractivc graphics capability. 
Various views and cross-sections of the X2 surface can bc 
provided and various quantities can be plotted, for instance 
output phase vs. output energy along lines of constant V. 

D. Estimated Accuracy 

Accuracy using the simulated mcasurcments has been 
encouraging. A hundred or so runs were made on two 
different DTL tanks of 2.5 McV and 20 MeV input energy. 
Input phase was scanned over f40° in steps of lo0 and 
amplitude was scanned over +15% in steps of 5%. Many 
combinations of offsets and jitter amplitudes were tried. 
Accuracy was found to depend upon the magnitude of offsets, 
jitter amplitude, the number of data points in the measured 
matrix, and to a small extent upon details of the fitting routine. 
Not enough runs have been made to dctcrminc the exact nature 
of these dcpendcncics, but in general for reasonable offset 
values (within the assumptions listed above) and jitter (within 
about 2O in CD and 2% in V) the code will reproduce offsets 
within lo in RF amplitude and a few tenths of a percent in V 
and input beam energy. For small offsets the accuracy is 
somewhat bcttcr. Presumably if large offsets wcrc found in 
the data, corrections would be made and new data taken. 

E. Some Possible Problems, Suggested Solutions 
and Code Improvements 

If the offset in V is linear rather than constant, the code as 
written is inaccurate: but if such dependence is determined 
from other analyses, the code could easily be modified. 

Some DTL tanks may bc so long that if the RF power is 
turned off, the beam goes unstable in transiting the tank. This 
could occur with permanent-magnet focusing if the zero- 
current phase advance per focusing period approaches 90° 
(envelope instability) because the beam is not accelerated and 
the lower beam energy causes stronger focusing than the 
normal accelerated beam would see. This situation could 
cause trouble in applying the least-squares tuneup method (and 

indeed, any method such as A-t that relics on a drift space after 
the tank). In such a case, if there is sufficient space between 
the tanks perhaps two phase sensors could be placed there. In 
some cases it may be possible to include a phase sensor 
partway down the tank so that phase can bc measured bcforc 
the instability sets in. If enough of the bunch remains after 
transiting the tank to permit phase measurement, and particle 
toss dots not cause damage to the drift tubes, perhaps the 
method can be used anyway although particle loss may affect 
accuracy. Beam current could bc reduced, minimizing 
damage and perhaps slowing instability buildup; an analysis 
taking into account reduced beam current should still give 
proper RF phase and amplitude settings although some 
corrections may be rcquircd and the settings may not bc quite 
as accurate. 

A more sophisticated minimization code such as 
MINUIT[4] might provide more information on the X2 
surface, including determination of the valid limits of the 
phase scan and estimation of sensitivities and jitter in all the 
offsets. 

III. CONCLUSIONS 

On the basis of the tests dcscribcd above, WC suggest that 
the least-squares method be tested with actual measurements. 
If no obvious uncorrectable difficulties arc encountered then 
perhaps the method can help to dctcrmine mcasuremcnt errors 
in the RF setting process, providing information on correct 
settings of RF amplitude and beam phase in DTL tanks. 

IV. ACKNOWLEDGEMENT 

Discussions with Ken Crandall of AccSys Corporation 
hclpcd greatly in simplifying the lcast-squares method of DTL 
tuneup and in adapting the method to use phase differences, 
the typ+z of experimcnl;tl data that is likely to be tic casicst and 
most accurate to measure. 

111 

PI 

[31 

141 

V. REFERENCES 

K.R. Crandall, R.A. Jameson, D. Morris, and D.A. Swenson, 
“The At Turn-On Proccdurc,” Proc. 1972 Proton Linear 
Accelerator Cc@, Los Alamos, NM, Ott 10-13, 1972. Los 
Alamos Scientific Report LA-51 15, Nov. 1972, pp 122-125. 
K.R. Crandall, “The At Tuneup Procedure for the LAMPF 
805-MHz Linac,” Los Alamos Scientific Laboratory Report 
LA-6374-MS:June 1976. 
G.R. Swain, “Use of the Delta-t Method for Setting RF Phase 
and Amplitude for the AHF Linac,” Los Alamos National 
Laboratory Report LA-UK-89-1599, February 1989. 
F. James, “Function Minimization,” Proc. 1972 CER,V 
Computing and Data Processing School, Pertisau, Ausuia, 
lo-24 September, 1972 (CERN 72-21). 

3058 

PAC 1991


