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zAbstract

The CLIC study is investigating the technical feasibility
of an electron-positron linear collider with high luminosity
= and a nominal centre-of-mass energy of 3 TeV. Pre-damp-
ging rings and damping rings (DRs) will produce ultra-low
& emittance beam with high bunch charge. The DR kicker
Z systems, each of which consists of a set of striplines and
E two inductive adders, must provide extremely stable field
< pulses. The DR extraction kicker system is the most de-
§ manding: specifications require a field uniformity within
g +/-0.01% and pulses up to 900 ns flattop duration, at +/-
% 12.5 kV and 309 A, with ripple and droop of not more than
£ +/-0.02 % (+/-2.5 V), with respect to a reference waveform.
—‘ Two prototype inductive adders have been designed and
B built at CERN, and have been tested with prototype
= strlphnes installed in the storage ring of the ALBA Syn-
“'5 chrotron Light Source, in Spain. The stability of the kicker
& system, including the modulators, has been evaluated from
S the beam-based measurements and is reported in this paper.

INTRODUCTION

To achieve high luminosity at the interaction point of
S CLIC [1], it is essential that the beams have very low trans-
o verse emittance: the Pre-Damping Ring (PDR) and Damp-
@ ing Ring (DR) damp the beam emittance to extremely low
3 2 values in all three planes. Stripline kickers are required to
g g inject beam into and extract beam from the PDRs and
= DRs [2]. Jitter in the magnitude of the kick waveform
- causes beam displacement at the interaction point [3].
E Hence, in particular, the DR extraction kicker must have
9 excellent pulse stability (i.e. flatness).

P The full-scale prototype of the CLIC DR extraction
= klcker system, including striplines and two pulse modula-
2 tors developed at CERN, have been installed and tested
g with beam in the ALBA Synchrotron Light Source. Results
5 of the beam-based measurements on the stability of the lon-
Egitudinal field, i.e. the sum of the integrated electric and
S magnetic fields, of the kicker system are reported here.

SPECIFICATIONS

The specifications for the CLIC DR extraction kicker
systems are shown in Table 1 [1]. Design specifications for
«both a 1 GHz and 2 GHz RF system were proposed: both
g require that the DR extraction modulator produces pulses
Zof 12.5kV, with £0.02 % stability (pulse flatness) and
£+0.01 % repeatability for the kick field [1]. The 2 GHz
£ specifications require a 160 ns duration flat-top [1]. The
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1 GHz specifications call for a burst of two 160 ns duration
pulses with 580 ns between the end of the flat-top of the
first pulse and the beginning of the flat-top of the second
pulse. This can also be fulfilled with a single 900 ns, con-
tinuous, flat-top pulse.

Table 1: Specifications for the CLIC DR Extraction Kicker
1.5 mrad (at 2.86 GeV)

Deflection angle

Voltage +12.5kV
Current +309 A
Flat-top duration 160 | 900 ns

Impedance 40.5 Q (odd-mode)
50 Q (even-mode)

+0.02 %

Flat-top stability
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Figure 1: Schematic of an inductive adder with a single
constant voltage layer and an analogue modulation layer.

INDUCTIVE ADDERS

An inductive adder (Fig. 1) is a solid-state modulator,
which can provide relatively short and precise pulses, and
hence it has been selected as the most promising means of
achieving the specifications for the DR kickers [4]. An
early reference about design principles of an inductive ad-
der is given in [5] and an extensive summary of previous
developments of inductive adders at Lawrence Livermore
National Laboratory is given in [6], with examples of using
modulation techniques for trimming output waveforms.
More recent research on inductive adders, also called in-
ductive voltage adders or linear transformer drivers in the
literature, have been carried out for Pockels Cells drivers
for the National Ignition Facility [7], fast kicker systems at
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Lawrence Berkeley National Laboratory [8] and industrial
applications of pulsed power [9].

In total five prototype inductive adders for the CLIC DR
kicker systems have been designed and built at CERN. The
reasoning for choosing the main components of the proto-
type inductive adders has been given in [10, 11]. Operation
of the passive and active modulation layers has been veri-
fied with measurements in [11, 12]. Evaluation of magnetic
cores for the full-scale, 12.5 kV, prototype inductive adders
was presented in [ 13]. Two papers [14, 15] presented meas-
urements on the first 20-layer, full-scale, prototype induc-
tive adders, at up to 10 kV, with analogue modulation ap-
plied to generate either a flat-top pulse or a controlled de-
cay waveform. Recently, two full-scale prototypes have
been tested up to £12.5 kV [16].

STRIPLINE KICKER

A prototype stripline kicker for the CLIC DR extraction
kicker system has been designed and built [2]. Simulation
of the striplines have shown that, in order to achieve the
required stability (flatness) for the total of the deflecting
magnetic and electric fields, the waveform for driving the
striplines should be a “controlled decay waveform”, as
shown in [17], instead of a “flat-top” pulse. Hence, the
shape of the inductive adder output waveform must be
compared to a simulated, optimally shaped, pulse wave-
form instead of a flat-top pulse. Characterisation of the pro-
totype striplines, including beam-based measurements of
longitudinal and transverse beam coupling impedance and
transverse field homogeneity, were carried out at ALBA
Synchrotron Light Source in 2018 [18-20].

MEASUREMENTS

Measurement Set-up

The prototype stripline kicker was installed in the ALBA
Storage Ring, in a 4 m long straight section. The two pro-
totype inductive adders, one with positive polarity and the
other with negative polarity, were installed in the tunnel of
the Storage Ring, and connected to each stripline with
3.6 m of high-voltage coaxial cable (Fig. 2). Each stripline
was terminated with a 40.5 Q load, connected using 2 m of
coaxial cable. RF amplifiers for the analogue modulation
layers, low-voltage power supplies and trigger amplifiers
for the inductive adders were installed in the tunnel. The
high-voltage power supplies and signal generators for sup-
plying the control signal for the analogue modulation layer
were installed in the service area, outside of the tunnel.

Principle of Measurements

Measurements have been carried out with a single beam
bunch with an intensity of ~3 mA. The kick amplitude was
obtained from the amplitude of the betatron motion meas-
ured using 120 beam-position monitors (BPMs), over 400
turns. The striplines were used to kick the beam vertically
at 3.125 Hz and the kick field flat-top duration was 800 ns.

Timing of the kicker pulse was changed with respect to
the passing bunch, to scan the kick field pulse in time.
Each field pulse measurement consists of a scan, of the
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kick delay with respect to the beam, over 25 points spaced
in time by 8 ns. This allowed to sample the kick field for
192 ns with a 125 MHz effective sampling frequency. Each
measurement point was sampled 50 times, to increase res-
olution of the measured kick. For each measured kick
waveform, the kick field was scanned twice, from the be-
ginning of a flat-top to the end and then backwards. Each
scan lasted 30-45 minutes. The measurements shown in
this paper were carried out at +5 kV stripline voltages: the
maximum voltage was limited by machine parameters and
repeatability requirements of the measurements.

Figure 2: The CLIC DR prototype inductive adders and
striplines installed in the ALBA Storage Ring.

Calibration Measurements

It was observed that the beam current decay during a sin-
gle measurement scan, i.e. in 30-45 minutes, had a signifi-
cant effect upon the measured kick. This effect was studied
by measuring repeatedly the kick strength, at a given time
point of the field pulse, while the beam current naturally
decayed. A 3% variation of the measured kick was ob-
served due the beam current dropping from 3.15 mA to
2.45 mA over a period of ~40 minutes. Establishing the re-
lationship between beam current and measured kick ampli-
tude made it possible to normalize properly the subsequent
measurements and remove the dependency on the unavoid-
able beam current drop experienced during the acquisi-
tions.

The calibration measurements allowed also to under-
stand the noise and stability of the set-up. The mean error
of the kick amplitude, i.e. the repeatability of measure-
ments for a single time point of the flat-top, for each set of
50 samples, was within £0.01 %. However, the mean kick
amplitude had a variation of 0.04 % (rms) during the full
scan from the maximum to minimum beam current. The
recorded stripline current waveforms of the calibration
measurements showed corresponding variations and this
could have been caused e.g. by thermal drift of the high-
voltage DC power supplies.
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= Figure 3: Three measured, normalised, load voltage wave-
2 forms at +£5 kV. The flat-top waveform (black) is an aver-
‘S age of 1k measured pulses, the other waveforms are aver-
3 ages of 400 pulses.
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=
£ Measurements of Kick Field

E The first two scans of the longitudinal kick field were
£ carried out by applying a “flat-top” voltage waveform for
O the striplines (Fig. 3, black). According to simulations pre-
& sented in [17], this was expected to give a kick field, which
f has an upward slope (Fig. 4, black). The second set of scans
Z was with “controlled decay voltage waveforms” from in-
2 ductive adders (Fig. 3, red, solid and short dash). This was
£ expected to yield a “flat-top” kick field [17] (Fig. 4, red,
a‘solid and short dash). However, in this measurement, it was
S = found that the dynamic range of the analogue modulation
o layers was able to generate a decay waveform with ade-
3 ‘& quate amplitude change only from 0 ns to 88 ns and not
g £ during the full 192 ns flat-top duration. Therefore, a 3™
2 measurement was carried out by applying the decay wave-
< form during the 2" half of the voltage waveform (Fig. 3,
E blue, long dash and solid), which produced a flat-top kick
9 field for the 2" half of the measured kick field, from 88 ns
° Cto 184 ns (Fig. 4, blue, long dash and solid).

gAnalyszs of Results

£ The deviation of the measured kick waveforms (Fig. 4)
o from a 4™ order polynomial fit (1% measurement) or from

= an ideal flat-top (2" and 3" measurements, 1% or 2" half,
Z S respectively) is approximately £0.03...0.04 %. The devia-
5  tion of the measured voltage waveforms (Fig. 3), from an
Eideal flat-top pulse (1% measurement) or from a 4" order
8 polynomial fit, in the case of a decay voltage waveform
2 (2" and 3" measurements, 1% or 2™ half, respectively), is
E approximately +0.02...0.03 %. Hence, the fluctuations of
8 the kick waveforms, measured with BPMs (Fig. 4), and
= waveforms from the striplines, measured with a current
S transformer and an oscilloscope (Fig. 3), are consistent.
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Figure 4: Three measured, normalised, kick waveforms
and reference waveforms at £5 kV.

In the case of a flat-top voltage waveform, the measured
ramp-up kick waveform has an average gradient of 0.62 %
per 160 ns (Fig. 4, black). This is consistent with a flat-top
kick, where the generated decay voltage waveforms had an
average gradient of 0.65 % per 160 ns (Fig. 3, red, solid,
and blue, solid). The simulated kick waveform, for a flat-
top voltage waveform, has an average gradient of ~0.3 %
per 160 ns, over the first 160 ns and ~0.1% per 160 ns over
the last 160 ns [17]. The reason for the differences between
the gradients, for the measured and simulated kick wave-
forms, is not presently understood.

SUMMARY AND ON-GOING WORK

The beam based measurements on the CLIC DR extrac-
tion kicker prototype inductive adders and striplines have
confirmed that +0.02 % stability specifications are very
probably achievable. The measured longitudinal kick field
stability, for the entire prototype kicker system, was
+0.03... £0.04 % over 160 ns. The measured stability of
the kick fields and voltage waveforms were consistent with
one another and also with earlier laboratory measurements
of the prototype inductive adders, which demonstrated
+0.02 % up to 10 kV [15]. The measured stabilities are an
order or magnitude better than in typical kicker systems
used for accelerators. However, in all measurements shown
in this paper, averaging has been applied to increase the
resolution of the measured kick and voltage: the stability
of a single kick or voltage waveform was not measured
here. The measurements reported here complete the char-
acterisation of the CLIC DR extraction kicker inductive ad-
ders and striplines, together with the feasibility studies of
the CLIC DR extraction kicker systems [18-20].

In the future, one of the prototype inductive adders will
be equipped with eight additional layers to test the feasibil-
ity of a combined 12.5 kV/17.5 kV inductive adder. This
could be used as both an extraction and dump kicker mod-
ulator for CLIC DRs and is also expected to meet the spec-
ifications for the CLIC DR injection and the CLIC PDR
injection kicker modulators [1].
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