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Abstract 
The design process, tuning, and operation of high-power 

linacs are discussed. The inconsistencies between the basic 
beam physics principles used in the design and the opera-
tion practices are considered. The missing components of 
the beam physics tools for the design and operations are 
examined, especially for negative hydrogen ion linacs. The 
diagnostics and online models necessary for tuning and 
characterization of existing states of the linac are discussed. 

INTRODUCTION 
The design process of a new high power linac is always 

a combination of two simultaneous and interacting pro-
cesses [1]. The first is an engineering design where the 
available technologies (normal temperature or supercon-
ducting) are chosen for each section of the linac; the feasi-
bility, availability, and cost of cavities and magnets are an-
alysed; the limitations of the real estate are considered; and 
so forth. This part of the design process is mostly related to 
hardware choice, and it should minimize the overall cost of 
the new linac construction. The second part is related to the 
beam physics. The new linac should deliver a beam with 
necessary properties, and, at the same time, beam loss 
should be low enough to allow “hands on” maintenance of 
the linac equipment. Also, this low beam loss requirement 
will define the necessary tolerance limits for hardware and 
electronics influencing the final cost of the project. These 
two parts of the whole design process interact, and usually 
several iterations between them are necessary to get a good 
design. 

The linac operation cycle can be broken onto three parts: 
maintenance/upgrade, commissioning/tuning, and produc-
tion. In this paper I will only consider the tuning compo-
nent of this cycle, and its dependency on the design and 
simulation model. 

In my opinion, there are several deficiencies in the de-
sign and operation processes 

• During the physical and engineering design, not 
enough attention is given to the procedures and hard-
ware for tuning/commissioning of the linac in the op-
eration cycle. With the increasing number of compo-
nents in future projects this could be a bottleneck for 
the availability of future linacs. 

• The model-based beam loss simulations for tolerance 
limits in the engineering design should use more real-
istic models and tuning algorithms. 

• The beam loss reduction during operation should be 
model-based not only for the initial stage of tuning. 
The final empirical beam loss tuning should also be 

replaced with a model-based one. For this, we need 
benchmarked models. 

It is possible that some of these problems cannot be solved 
for a long time, but we have keep them in mind as our goals. 
In this paper the examples describing these deficiencies are 
discussed mainly for the Oak Ridge Spallation Neutron 
Source (SNS) linac [2]. 

SNS LINAC 
The SNS linac structure is shown in Fig. 1. It has both a 

normal temperature and a superconducting cold linac. The 
normal conducting part includes front end, RFQ, medium 
energy beam transport part (MEBT), drift tube linac (DTL), 
and coupled cavities linac (CCL). It accelerates beam to 
186 MeV. The superconducting linac (SCL) includes 81 
cavities and accelerates beam to 1 GeV. 

 
Figure 1: The SNS linac. 

SNS LINAC TUNING/COMISSIONING 
In this section the three examples related to the SNS 

linac tuning are discussed: two examples about RF set up 
procedures, and one about the orbit correction in CCL. The 
SNS linac diagnostics includes Beam Position Monitors 
(BPMs) which are also capable to measure the bunch phase 
proportional to the bunch arrival time. These BPMs are 
used for “time-of-flight” measurements. 

SCL RF Tuning 
The initial design of SCL suggested 100 us beam for su-

perconducting cavities tuning [3]. The process was based 
on the RF cavity response to a beam loading with occa-
sional “time-of-flight” measurements to avoid accumulat-
ing errors. The procedure should be repeated for all cavities 
one by one. At the beginning all cavities are detuned, and, 
as the process moves on, they will be brought to the reso-
nant frequency. The whole tuning procedure was expected 
to give an uncertainty of ±20 MeV in the final beam energy 
which was a static error. 

During the commissioning of the SNS SCL this ap-
proach was modified to avoid uncontrollable spraying of 
superconducting structures with 100 us beam. In addition 
to that, the process of bringing the detuned cavity to the  ____________________________________________  
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resonant frequency takes 10-15 minutes including the bu-
reaucratic overhead, and the total tuning time would be 
about two 8-hour shifts. Eventually the following modifi-
cation to the SCL tuning procedure and linac hardware 
were implemented: 

• All SCL cavities are on the resonance frequency all 
time. To avoid beam acceleration, initially all cavities 
are at 59 Hz repetition rate of RF pulses. The beam 
repetition rate for tuning is 1 Hz. The cavities are 
tuned one by one by switching to 60 Hz and perform-
ing “time-of-flight” energy measurements with all 
available BPMs. 

• To avoid the beam loading of the cavities an attenua-
tion system has been installed in MEBT to reduce the 
beam peak current by 80% or more. 

• To reduce the beam loading even further, the Low En-
ergy Beam Transport (LEBT) chopper at the RFQ en-
trance is used to provide only 1-5 us of beam. 

• The SNS ring is used to calibrate the beam final en-
ergy with accuracy about 100 keV. 

• The tuning process is automated. Now it takes about 
45 minutes to tune all RF cavities in SCL. 

• In the case of a cavity failure, the SCL can be retuned 
based on the model without any additional measure-
ments. The cavities’ phases will be changed to return 
the final beam energy to the initial value. 

The fast tuning/retuning technique for new supercon-
ducting linacs becomes more important for high availabil-
ity, because they have hundreds of cavities. The model-
based retuning is especially significant for user facilities 
that need a fast reconfiguration for different experiments. 

Warm Linac RF Setup 
The SNS normal temperature linac includes 10 long RF 

structures: 6 DTL and 4 CCL cavities. To setup design val-
ues of amplitudes and phases for such type of cavities, the 
Delta-T procedure was developed at Los Alamos National 
Lab [4]. This procedure uses only a narrow phase range 
around the design value (~10°), because it is based on a 
linear model. A more general approach called “Phase scan 
signature matching” was developed at Fermilab [5]. At 
SNS both these algorithms were implemented in the high 
level tuning applications. The scheme describing these 
methods is shown in Fig. 2. To tune the cavity’s amplitude 
and phase they use a phase scan of this cavity and data from 
two BPMs in the next cavity. The downstream cavity 
should be in the “off resonance” state. 

 
Figure 2: Warm linac RF tuning: DTL and CCL cavities. 

During the SNS normal conducting linac commissioning 
and operations, it was found that tuning applications al-
ways needed an expert presence and “try and miss” itera-
tions, because the working region around the design RF 
amplitude and phase is very narrow. The BPM 1 and 2 (see 

Fig. 2) should be calibrated for the “time-of-flight” bunch 
phase measurements. Later another tuning method was de-
veloped which uses only one BPM inside the tuning cavity 
(BPM0 in Fig. 2). We were lucky to have these inner BPMs 
at the right positions in the cavities with just a few acceler-
ating RF gaps after the cavity entrance. This configuration 
allows to perform the cavity phase scan from -180° to +180° 
without BPM’s signal interruptions for all cavity ampli-
tudes. An example of a resultant BPM’s phase as a function 
of the cavity’s phase is shown in Fig. 3. 

 
Figure 3: DTL3 phase scan. Blue points are BPM phases. 
Red line is the model calculation. The vertical red line is a 

cavity phase working point. 

Comparing this data with the model calculation we know 
how far we are from the cavity design parameters. This 
method uses only one BPM, so there is no need for the tim-
ing calibration. It is also faster than initial methods, and it 
was easily automated allowing to tune RF in the whole 
warm linac in 22 minutes. Unfortunately, the initial design 
did not provide us with the inner BPM in the first DTL cav-
ity, so for this case we still use the phase scan matching 
method. This example shows the importance to have the 
right diagnostics at the right places during the design stage. 

CCL Orbit Correction 
The SNS coupled cavity linac has 48 quadrupole mag-

nets and only 10 BPMs to measure the beam transverse po-
sitions. The initial design included more BPMs, but during 
the cost optimization some BPMs were removed from the 
CCL lattice. During the commissioning it was found that a 
standard orbit correction application can easily make 
BPMs readings close to zero, but beam loss was still too 
high. To see the real orbit quadrupole gradient scans were 
performed, and they showed that the orbit between BPMs 
has ± 3 mm deviation from the quad centres. The quad gra-
dient scans procedure cannot be a part of the routine orbit 
correction, because it is disruptive and too slow. 

The situation was resolved by the development of a more 
comprehensive model for the beam center motion in the 
CCL. The new model includes possible transverse offsets 
of quadrupoles and BPMs from the beam pipe center. The 
unknown offset parameters were found after several quad-
rupole gradient scans, and then they were narrowed down 
by analysis of several hundreds of trajectories in CCL for 
different quadrupole and dipole corrector fields combina-
tions. The values of the vertical offsets of the quadrupoles 
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are shown in Fig. 4. The maximal offsets shown in Fig. 4 
(±1 mm) are too big to be real, but they work very well for 
the new orbit correction algorithm. The new algorithm in-
cludes three steps. First, we use beam positions measured 
by BPMs to figure out the beam position and angles at the 
CCL entrance. Next we use the inverted transport matrices 
generated from the magnet fields and offsets to calculate 
the beam trajectory is in the whole CCL. In the third step, 
we apply the standard orbit correction algorithm for all sig-
nificant points in the CCL lattice using the simulated tra-
jectory. After correction, the orbit deviation from the center 
usually is less than 1 mm. This case demonstrates that de-
ficiencies during the design will result in some additional 
studies and developments needed to provide a reliable and 
fast beam loss tuning. 

 
Figure 4: The vertical offsets of the CCL quads used in 
the model for the specialized orbit correction application. 

OPTIMAL TOLERANCE DESIGN PROB-
LEM 

Tolerance limits in the engineering design have a signif-
icant impact on the final price tag of the project. The usual 
procedure to check the acceptable tolerance on beam re-
lated parameters includes multiple “end-to-end” simula-
tions with randomly distributed parameters errors. The 
main goal of the simulations is to estimate if beam losses 
are on the acceptable level. To get beam loss estimation, 
the linac model for simulations should be a Particle-In-Cell 
(PIC) code. In this section of the paper we discuss manly 
the RF system errors. The usual numbers for cavities toler-
ances are 1% in the amplitude and 1° for the phase. 

The parameter errors are divided onto two different parts: 
static and dynamic. The distinction between them is very 
clear for the mechanical alignment errors in lattice compo-
nents like magnets, RF cavities, apertures etc. If we apply 
the significant alignment errors to the model, beam loss 
will show up in the simulations due to the orbit distortion. 
Then these losses will be eliminated or significantly re-
duced by the orbit correction with the dipole correctors in-
cluded in the engineering design. The dynamic errors usu-
ally are not compensated in hadron linacs. The source of 
the static errors is the positioning of the lattice elements 
during the construction, and for the dynamic errors that 
could be, for instance, mechanical vibrations. Tolerance 
limits will be different for static and dynamic errors in the 

case of the alignment errors. For the RF parameters toler-
ances, the situation is not so clear. 

This section discusses the following topics related to the 
tolerance of RF parameters 

• The SNS experience with the RF parameters vs. the 
design values. 

• The recent development in the TraceWin code [6] re-
lated to the RF tolerances and the tuning procedure 
simulations. 

• The deficiencies in the PIC codes related to beam loss 
calculations. 

SNS RF Settings vs. Design. Static Errors. 
Using SNS as an example we consider three types of sit-

uations. The first is a MEBT buncher phase setting proce-
dure where we do not have the capability to distinguish be-
tween two possible setpoints. The second is the SCL cavi-
ties’ field gradients where we do not have a choice, because 
they are defined by the maximal achievable value. And the 
third case is for synchronous phases of the SCL cavities 
that are set to get the local minimum of beam loss. 

To setup non-accelerating phases of RF bunchers in the 
SNS MEBT (see Fig. 1) we use the RF phase scans for dif-
ferent RF amplitudes and the phase signals from down-
stream BPMs. If the RF phase is the non-accelerating one, 
the phases from the BPMs will be the same for all RF 
buncher amplitudes. The result of such scans for one of the 
BPMs is shown in Fig. 5. The MEBT attenuation system 
was used for these measurements, so there were no space 
charge effects. This figure clearly demonstrates the station-
ary RF phase point with accuracy around 1°. The problem 
is that different BPMs give different set-points in the range 
of ±4°. The possible reason for that is a non-symmetrical 
longitudinal shape of the bunch, and its transformation 
along the MEBT. At this moment, we have no means to 
verify which value is the correct one, and settings found for 
different BPMs can be used as a stating point for final beam 
loss tuning. So, this ±4° spread could be considered as a 
legitimate static error of the MEBT RF. 

 
Figure 5: The MEBT buncher #2 phase scans for different 
amplitudes. Blue points are BPM phases, and red lines are 

linear fits for different RF amplitudes. 

Another example of unexpected deviations from the de-
sign parameters is the field gradients of the SCL cavities. 
Figure 6 shows the measured SNS SCL cavity field gradi-
ents and the design values for the medium and high beta 
sections of the superconducting linac. As we can see, for 
most cavities in the medium beta region the gradients are 
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above the design by 20-40%, and for the high beta they are 
lower than the design by approximately the same amount. 
To get the final linac energy near the design we had to keep 
gradients as high as possible. Figure 6 describes the SNS 
situation several years ago, but even at that time the linac 
delivered 1 MW beam with acceptable losses. 

 
Figure 6: The real field gradients of the SNS SCL cavi-

ties. The lines are the design values. 

The next example shows the synchronous phases of the 
SCL cavities during the SNS production run in 2014 (see 
Fig. 7). These synchronous phases provide a low beam loss 
tune in SCL despite their significant deviation from the de-
sign value of -18°. They were a result of the empirical beam 
loss tuning after initially setting all of them to the design 
values. At this moment, we do not understand the reason 
why the low loss tune needs this behaviour of the synchro-
nous phases along SCL. 

 
Figure 7: The measured synchronous phases of the SCL 
cavities for the low beam loss tune. The blue line is the 

design value. 

All the discussed examples show that the realistic static 
tolerances for RF amplitudes and phases could be much 
higher than the 1%, 1° standard limits. For dynamics errors, 
the SNS experience gives 1.5% and 2° values for the SCL 
RF system which are close to the standard.  

RF Static Errors Treatment in Simulations 
The big deviations of the RF parameters from the design 

values in the operational high power linac with acceptable 

beam loss shows that our usual treatment of the static errors 
in the RF system must be reconsidered. As an example of 
this approach we have a recent modification of the Trace-
Win code related to this topic [6]. In [6] the longitudinal 
beam dynamics simulation method has been improved by 
including more “close-to-real” models for cavities tuning 
procedure. A specific command has been implemented in 
TraceWin code to simulate this tuning process. The new 
method was tested with the MYRRHA linac [7] model. The 
application of this new method to the simulations reduced 
the estimation of total beam loss by factor 60. 

Despite some logical inconsistencies and unrealistic ex-
pectation of the BPM positions accuracy (±1 mm) in [6], 
this more realistic approach to the static errors treatment 
should be welcomed by the community and should encour-
age more studies in this direction. 

Code Deficiencies in Beam Loss Simulations for 
H- Linacs 

We can look at the paper [6] results from another angle. 
If the change of the static error interpretation method in the 
model significantly reduced expected beam loss, can we 
trust these simulations with respect to the beam halo de-
scription? We are going to consider this issue in the next 
section. Here the simulation of the recently discovered In-
tra-Beam-Stripping (IBSt) mechanism of beam loss in H- 
linacs [8, 9] is discussed. 

The IBSt induced beam losses are important for all high-
power H- linacs, and they were not considered in any de-
sign of existing H- linacs. At this moment, there is only one 
code that includes the model for such type of beam loss 
calculations – TRACK [10]. TRACK is a PIC code, so it is 
more computationally expensive to use than envelope 
codes. IBSt induced beam losses are defined by the bunch 
core, so it should be easily implemented into envelope 
codes. For now, these losses are usually calculated by using 
postprocessing scripts analysing the RMS beam sizes along 
the linac. Incorporating this mechanism into the modern 
envelope and PIC codes would benefit the community. 

OPERATIONS : MODEL BASED BEAM 
LOSS TUNING 

As we mentioned before, the operation cycle includes 
tuning the accelerator parameters to provide necessary 
beam properties and the acceptable level of beam loss. 
Usually the initial tuning is performed by using the online 
model right in the control room or with precalculated data. 
The final tuning of high power linacs is always an empiri-
cal beam loss reduction by slightly tweaking parameters 
known to be effective from previous experience. Unfortu-
nately, at this moment we do not have reliable and bench-
marked PIC codes capable of beam loss prediction on nec-
essary level of 10-4 or less. Also, this type of simulation 
should include not only the code itself, but also a realistic 
initial distribution of the bunch particles. At SNS there are 
plans for studies related to these topics. 
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Bunch 6D Initial Distribution Studies 
To test a new RFQ for the SNS accelerator, a functional 

copy of the SNS Front End with the H- Ion Source, LEBT, 
RFQ, and MEBT has been built at SNS. From the begin-
ning this installation was dedicated for beam physics stud-
ies, and it is called the Beam Test Facility (BTF). The first 
accomplished study on BTF was the measurements of the 
6D phase space distribution of the particles in the H- 
bunches from the RFQ [11]. The data analysis is still in 
progress. The knowledge of the 6D distribution is a neces-
sary step in the experimental benchmark of any PIC code. 
The next step is a study of halo development for different 
optics. 

Plans for FODO Lattice at SNS BTF 
In addition to the existing beam line of BTF, there is a 

plan to install a FODO lattice with the necessary diagnos-
tics for beam halo formation studies [11]. The combination 
of known 6D distribution at the entrance of this FODO line, 
and halo measurements at the exit, will give us a useful in-
strument for a full benchmark of PIC models. 

Backtracking Feature of Codes 
The 6D phase space measurement is an ultimate solution 

for the initial distribution problem, but even right now 
many linacs have an emittance measuring station some-
where in the lattice. The data from these measurements 
could be used for the bunch generation in PIC codes as-
suming zero correlation between planes. Beam diagnostics 
also can include Bunch Shape Monitors (BSM), but usually 
they are at different locations. If BSMs are upstream of the 
transverse emittance stations (the case at SNS), and we 
want to combine the data, then we need the ability of the 
code to track the bunch backwards in the lattice. This fea-
ture of the code can serve many purposes, but not many 
codes have it. From the theoretical point of view there is 
no obstacle for the backward tracking, because all our 
equations of motion are time reversable. 

CONCLUSION 
Briefly summarizing the arguments about the missing 

components in design and operations of the high power lin-
acs, I want to highlight the following 

• In the design process, more attention should be paid 
to the tuning procedures of the linacs including hard-
ware and algorithms. 

• To estimate tolerance in engineering design the real-
istic models and algorithms for beam loss calculations 
are needed. 

• The same realistic models are needed for beam loss 
tuning during the operations. 
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