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Abstract 
For pulsed particle beams of linear accelerators capacitive 
pickups are a crucial diagnostic tool. In this contribution 
we present a simple, but effective time-domain analysis 
that has been established in various applications during 
several commissioning stages of two injector linacs. The-
se injectors consist of a 400 keV/u radio-frequency quad-
rupole followed by a 7 MeV/u drift tube linac, both oper-
ated at 216.8 MHz. The main analysis objective was an 
improvement of the pulse shape reconstruction and, 
hence, of phase or energy determination.  

INTRODUCTION 
In the past years GSI has been involved in several pro-
jects in which new linear accelerators have come into 
operation. The medical therapy centres HIT and CNAO 
were equipped with a 216.8 MHz injector linac for the 
synchrotron consisting of a 400 keV/u radio-frequency 
quadrupole (RFQ) and a 7 MeV/u interdigital H-type drift 
tube linac (IH-DTL) [1, 2].  
Operation frequencies above 200 MHz (periods trf      < 5 ns) 
demand high-resolution diagnostics systems with GHz 
analogue bandwidth if higher harmonics are to be ob-
served. Other practical problems can be encountered dur-
ing measurements: electron field emission or secondary 
particles can significantly disturb pickup signals mounted 
close to a cavity and successive bunch signals tend to 
overlap at energies below 500 keV/u. Linac structures 
may be very susceptible to variations in operating param-
eters like rf amplifier phase and output power or cooling 
water temperature. In this experimental environment, we 
were forced to re-examine and to improve our existing 
analysis of pickup data.  
In the next section we briefly describe pickup and data 
acquisition hardware, but emphasise the analysis proce-
dure. Thereafter, experiment data and results are present-
ed for RFQ and IH-DTL, respectively. 

HARDWARE & DATA ANALYSIS 
For the injectors of HIT and CNAO a pickup (in this 

paper also referred to as phase probe) acquisition and 
monitoring system was designed consisting of: 
 phase probes (PHP) with inner radius r = 31 mm 

and 50 Ω geometry (fMax< 3 GHz) 
 low-noise amplifiers (20-60 dB gain, 1 GHz ana-

logue bandwidth) 
 tank probes, i. e. inductive coupling loops, to 

monitor the rf fields in the cavities 
 multi-channel ADC data acquisition system  (8 bit, 

4 GSa/s, 1 GHz bandwidth)  
For the commissioning of each accelerator section a dedi-
cated diagnostic test bench was set up with three phase 

probes installed along a drift space [1, 2]. Some data were 
taken with a 5 GSa/s digital oscilloscope. For off-line 
analysis tank probe reference and all PHP signals were 
recorded. Three pickups guarantee the unambiguous de-
termination of the bunch number that populates the drift 
space between any pair of phase probes. The mean kinetic 
bunch energy was determined via the well-known time-
of-flight method. 

Data Analysis  
In two ways our analysis exploits the periodic nature of 
sampling process and acquired signals to improve detec-
tion sensitivity and effective timing resolution. The pro-
cedure for pulse shape reconstruction and energy deter-
mination can be summarised in five steps: 

1. In-pulse-average: Raw data acquired within one 
macro-pulse are divided into blocks of length N·trf 
(N=49, trf    = rf period) where the integer N is chosen 
such that all blocks start, within a tolerance < 5 ps, 
at a multiple of the sampling period tDAQ=250 ps.  
At HIT, typically 10 blocks of 904 sample points 
are averaged calculating the sample mean to im-
prove the signal-to-noise ratio.  

2. Interleaving: The averaged data block is projected 
from N into one single rf period trf     assigning to the 
k-th sample point the time t(k) = fmod(k·tDAQ, trf), 
the floating-point reminder of the ratio k·tDAQ/trf..  
At HIT, this compression enhances the timing 
resolution theoretically to about 5 ps. 

3. Post processing of waveforms: FFT filter, moving 
average, smoothing or other algorithms 

4. Time offset tOff or phase relation between signals: 
Determination of maximum position in the cyclic 
cross correlation of the two processed data sets. 
Here, we simply adopted the bin centre of the func-
tion maximum. At 216 MHz, a 5 ps timing resolu-
tion is equivalent to a 0.4° phase resolution.  

5. Energy calculation via time-of-flight 

The analysis parameters can be tailored to typical combi-
nations of sampling and radio frequency. There are no 
free parameters − bunch number NB, probe distance L, 
sampling and radio frequency are fixed. The estimates of 
the time tOff are very robust since all acquired samples are 
considered and a function with one local maximum is 
constructed. Therefore, the analysis procedure overcomes 
ambiguity problems of methods that arbitrarily choose 
“representative” signals to derive a single time offset, but 
disregard the majority of the data. A particularly ineffi-
cient example is the commonly used zero-crossing meth-
od which only considers the signal part around the base 
line and, unlike the cross correlation, is susceptible to DC 
offsets and drifts. Compared to other approaches we test-
ed, data of poorer quality could still be analysed. 
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Model of Phase Probe Response 
For signal calculations ref. [3] was adopted. The single-

particle response [4] is fed into a phase probe modelled as 
RC circuit with R = 50 Ω and C = 20 pF. The front-end 
amplifier was assumed to faithfully reproduce the input 
signal. Transmission effects along the coaxial cable were 
taken into account using the known cable attenuation. The 
output signal was folded with a uniform distribution of 
“effective bunch length” to describe the acquired data. 
This approach was chosen because the formula in ref. [4] 
was derived for a single on-axis particle by integration 
over the inner cylindrical surface, but particles with sig-
nificant offset (~r/3) generate a narrower pulse of larger 
amplitude. The derivation in ref. [4] neglects the front 
ring of the phase probe that, in principle, is sensitive to 
the longitudinal electric field component, especially at the 
low energies (β<<1) considered here. Therefore, absolute 
signal amplitudes were not calculated and for comparison 
data had to be normalised. Despite its simplicity, the 
model delivered reasonable estimates of signal shape, 
bunch length and momentum spread.  

Figure 1 shows calculated and measured phase probe 
signals for the 400 keV/u RFQ. The overlap of adjacent 
single-bunch responses (dashed lines) produces a signifi-
cantly smaller, sine-like output signal (black line). After 
scaling of the signal amplitude, raw data sampled at 
5 GSa/s (red dots) and reconstructed pulse shape after 
interleaving (blue) are in excellent agreement with the 
calculation. Note that the interleaved signal contains 1891 
samples within 4.6 ns and no post processing was applied.  
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Figure 1: Signal comparison for a 400 keV/u RFQ beam. 

If the response of the 75 m coaxial cable was omitted or 
the bunch length was changed in the calculation, only the 
signal amplitude was affected while the shape remained 
almost the same in line with experimental observations.  

RFQ MEASUREMENTS 
For the first time, a RFQ has been equipped with an in-

ternal re-buncher integrated into the tank [5, 6]. Re-
buncher geometry and thus bunching voltage were me-
chanically adjusted to match energy and longitudinal fo-
cus of the RFQ beam to the IH-DTL input parameters. 
Without re-buncher, the RFQ energy gradually increases 
with rf power around the working point, with re-buncher 

it slowly decreases. The correct operating point is found, 
if these two functions intersect at the IH-DTL injection 
energy [7]. Hence, it was important to map this energy 
dependence carefully over a large rf power range. With 
the new analysis we were able to extend the measurement 
range down to 80 % of the nominal rf power, where the 
RFQ starts to produce a bunched beam.  

Longitudinal Focus Position 
Three pickups PHP 1-3 were installed at distances of 

361, 523 and 1128 mm from the re-buncher centre. The 
1st accelerating gap of the IH-DTL was later at a position 
of 293 mm. When the operation parameters of the RFQ 
working point had been established, about 150 data sam-
ples were recorded at intervals of 30 seconds to monitor 
the stability. The samples are presented in fig. 2 (top), the 
mean energy is (400.9±0.6) keV/u. 
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Figure 2: Trend of beam energy (top) and longitudinal 
phase space at three pickup positions (bottom). 

Figure 2 (bottom) shows the measured beam energy as 
function of relative phase with respect to the mean value, 
defining the “reference bunch”. The phase values were 
derived for each data set from the measured time differ-
ences between tank reference and the three phase probe 
signals. Positive times correspond to bunches that are 
detected by a phase probe at a later time compared to the 
reference bunch. The increasing negative correlation of 
the distributions shows the expected divergent behaviour. 
The longitudinal focus of 287 mm behind the re-buncher 
centre was obtained by back-tracking of the distributions 
to the position where their correlations vanished. The 
close proximity to the 1st gap of the IH-DTL confirms the 
chosen re-buncher geometry. 

The energy resolution σ(E)~0.06 keV/u for the pair 
PHP 2 and 3 was calculated as standard deviation of the 
residuals between data and linear fit. Clearly, the much 
larger 0.6 keV/u (0.15 % mean energy) standard deviation 
of the shown energy distribution is not due to the data 
analysis. In fact, the closed-loop regulation controls the rf 
amplitude roughly to ±0.2 %, a tolerance that could intro-
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duce similar energy variations in the present case. Dark 
currents in the cavity identified during rf amplifier com-
missioning may also influence the system stability. 

IH-DTL MEASUREMENTS 
For the commissioning of the 7 MeV/u IH-DTL, the 

three phase probes were installed at much longer separa-
tions of 1148 and 2650 mm. Apart from the measured 
beam energy, estimates of effective bunch length and 
momentum spread were obtained on the basis of model 
calculations for the PHP signals.  

Energy Loss Measurements 
One important task of the pickup system is the monitoring 
of carbon stripping foils. Ten of these foils (~100 µg/cm2) 
are installed on a target ladder behind the IH-DTL.  

Table 1: Comparison of energy loss data 

Ion ΔE(th.) ΔE(exp.) Comment 

C 16.2 keV/u (16.7±0.9) keV/u all foils 

p   5.4 keV (6.0±0.4) keV only 2 foils 

 
At the beam energy of ~7 MeV/u, the measurement sys-
tem achieves a short-term resolution σ(E)~0.4 keV/u or 
σ(E)/E~6×10-5, while over long periods further parame-
ters must be monitored, e. g. a 1°C temperature change in 
the cooling water may shift the beam energy by up to 
15 keV/u. The mean energy loss in each foil was deter-
mined from only 10 consecutive macro-pulses and calcu-
lated as energy difference with respect to a target-out ref-
erence measurement. Table 1 compares theoretical and 
measured energy losses. For the full set of foils the stand-
ard deviation of 0.9 keV/u is a measure of relative thick-
ness uniformity at the time of installation, while the deg-
radation of individual foils must be judged by comparison 
of repeated energy loss measurements. 

Bunch Length and Momentum Spread  
At the working point of the IH-DTL, the momentum 

spread Δp/p of the beam reaches its minimum. At the 
same time, maximum PHP signal amplitudes are meas-
ured that significantly decrease, if the linac rf power is 
changed. The design value of Δp/p is 0.2 %. 

The phase probe signals of fig. 3 were acquired at a 
power level 5 % above the nominal value of ~900 kW, 
where their shapes indicate a large momentum spread. 
The interleaved signals (colours) were approximated with 
effective bunch lengths of 0.4, 0.8, and 1.8 ns, respec-
tively. The uncertainty is of the order of 0.1 ns. The cal-
culated signals are represented by black lines in fig. 3, the 
overall agreement is satisfactory. The discrepancy at the 
rising steep rising edge of PHP 1 might be due to the 
larger beam spot size or secondary particles since it is 
mounted directly behind the focussing quadrupole triplet. 
A realistic field calculation would have to include the full 
pickup geometry, especially the protective plates on both 
sides that suppress direct particle interactions.  
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Figure 3: Comparison of measured and simulated pulse 
shapes for a 7.1 MeV/u H3

+ beam at very high rf power 

Plotting effective bunch length against phase probe dis-
tance, we extrapolated a reasonable bunch width of about 
0.2 ns or Δφ = ±8° at the IH-DTL exit from a straight-line 
fit. With this input value a one-dimensional, uniform par-
ticle distribution (line charge) was tracked along the drift 
space in a simulation. The bunch widths observed in fig. 3 
were matched, when the momentum spread was set to 
1.5 %. During standard operation, the signals of PHP 2 
and 3 are almost identical with estimated effective bunch 
lengths of 0.8 and 1.0 ns, respectively. This is close to the 
resolution of the model calculation and the value Δp/p = 
(0.2±0.1) % must be considered as rough estimate of the 
momentum spread, despite the agreement with the design 
value.   

CONCLUSIONS 
A time-domain analysis has been tested successfully in 

various pickup applications. Timing offsets were moni-
tored on a level of ~5 ps (~0.4° phase at 217 MHz). Ener-
gy resolutions σ(E)/E of 1.5×10-4 for a 400 keV/u RFQ 
beam and of 6×10-5 for a 7 MeV/u IH-DTL beam were 
achieved that allowed accurate energy measurements. The 
new signal reconstruction improved the system sensitivity 
and, together with a basic theoretical model, made rough 
estimates of bunch lengths or momentum spread possible. 
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