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ABSTRACT

A small pulsed solenoid behind the positron production target 
collects the emerging particles and matches their trajectory to the 
acceptance of the 600 MeV linac accelerating structure.

Following a short review of the requirements, the design 
criteria of the solenoid power supply and pulser are discussed, and 
the salient technical features of this unconventional equipment are 
described.

The performance results obtained during commissioning and 
initial operation are reported.
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1. INTRODUCTION

The LEP pre-injector (LPI) [1] consists of two Iinacs, a 200 MeV 
high-current electron linac (LIL-V) and a 600 MeV lower- current 
linac (LIL-W)z and of the Electron-Positron Accumulator (EPA) ring.

The 200 MeV linac (LIL-V) produces 12 ns electron beam pulses at 
100 Hz repetition frequency, equivalent to a current of 2.5 A, with 
an energy spread of less than 10%.

The radial dimension of the electron beam hitting the target is 
1 to 2 mm and its nominal mean power is ∿∿ 0.6 kW.

The positrons are produced in a 5 mm diameter cylindrical 
tungsten target, 2 radiation lengths thick (- 7 mm), with a flat dis­
tribution in energy around 8 MeV, within a radius of - 1 mm (80% of 
the particles) and a mean angle of ~ 20o. The e+∕e^ conversion effi­
ciency is ~ 4 X 10-3 at 200 MeV electron incident energy.

The cylindrical target is inserted and brazed in a water-cooled 
copper block.

Magnetic 
lens

Fig. 1 Electron-positron converter:
a) target and magnetic collecting lens;
b) position of the converter in the LEP preinjector.
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Matching of the positrons into the acceptance of the 
accelerating sections is made by converting the beam of small radius 
and large divergence (e.g. 2 mm x 160 mrad), to one of larger radius 
and smaller divergence (8 mm x 40 mrad).

A pulsed solenoid immediately after the target, shown in Fig. 1, 
is used as an adapting magnetic lens with short focal distance, 
which contributes to an increase by a factor of ~ 3 of the flux of 
positrons entering the LIL-W accelerating structure.

The main parameters of the pulsed solenoid are collected in 
Table 1.

Table 1

Main pulsed solenoid parameters

Physical length ( mm ) 48
External/internal diameter (mm) 45/25
Number of turns/layers 14/2
External/internal diameter of copper tube conductor ( mm) 4/2
Inductance (μH) 3
d.c. resistance/50 kHz resistance at 20o C (mΩ ) 4/18
Maximum nominal effective current (A) 135
Peak nominal pulse current (kA) 6
Maximum average electrical losses (W) 330
Peak magnetic induction on axis at 6 kA (T) 1.8
Distance from target block (mm) 5
Radiation dose rate at 1 m during e+ production [2] (Sv/h) 60
Flow of demineralized cooling water (1/min) 1.2

2. PERFORMANCE REQUIREMENTS
The performance requirements of the pulse generator of the 

converter solenoid are collected in Table 2.
The power supply shown in Fig. 2 is located in the LPI klystron 

gallery and consists of a 10 kV charging section (including the 
electronics and computer interface) as well as of the pulse generator 
section.
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Table 2

Performance requirements

Nominal sinusoidal pulse current into a 4 μH load (kA)
Half-period pulse duration (μs)
Regular pulse repetition frequency (Hz)
Capacitor charging voltage (kV)
Voltage recovery after the current pulse (%)
Current pulse-to-pulse reproducibility at 100 Hz (%)
Cable distance between pulser and load (m)
Possibility to operate at lower pulse repetition frequency 
Protection against thyratron failures without interrupting 
operation 
Standard computer control interface 
Standard timing sequence (FW, W, ST, and M pulses)

6
< 10 
100
< 10
> 50
< 1
- 10 
yes

yes 
yes
yes

Fig. 2 Collector solenoid power supply: 
a) charging section;
b) pulse generator section.

3



3. CIRCUIT DESCRIPTION AND MODE OF OPERATION

The circuit diagram of the power supply is shown in Fig. 3a, 
while its mode of operation, is illustrated in Fig. 3b and treated in 
Appendix B. The parameters of the main components of the power 
circuit are given in Table 3.

Fig. 3 a) Schematic circuit diagram and, 
b) functional block diagram of the power supply.

b)
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Table 3

Main circuit parameters

Six-pulse bridge thyristors (Semikron, CH)
Smoothing choke L1 (mH;mΩ;A)
Buffer capacitor C1 (mF;V;kJ)
Inverter thyristors and diodes (AEG, D)
Stepping-up transformer T1 (U2(V)/U1(V)f-I3(A)]
HV rectifier diodes (MEDL, UK)
Resonant charging choke L3 (H;Q;A)
Thyratron switch S1,S3 (EEV, UK)
HV energy storage capacitor C2 (μF;kV;kJ)
Voltage recovery air choke L3 (mH;mΩ;A)
Voltage recovery diodes (BBC, CH)
Transmission line TL
Current measuring transformers (Pearson, USA)

Type SKKT 41-16E 
12.5; 140; 35 
25; 300; 1.15 
Type TT 42F 1000 
9000/300; 1.1 
Type HTZ 12F 
3 to 4; 8; 2 
Type CX1126S 
2.5; 10; 0.125 
4; 90; 31 
Type DSA 42-16A 
10 X RG 213 
Type 110 and 1023

The voltage of capacitor C1 is kept at a preselected value 
between 50 and 300 V by means of a thyristor rectifier Th1-Th6. By 
firing alternatively opposite pairs of thyristors in the forced- 
commutated inverter bridge (Th7-Th10 or Th8-Th9) the voltage U 0 at 
C1 is applied to the primary of the 1:30 stepping-up transformer T . 
Consequently a voltage of Ω 30 U10 excites, through the HV rectifier 
(D -D ), the resonant (L +L ) C circuit. 1 4 2 m 2

Capacitor C2 is charged Cosinusoidally from an initial voltage
U20 up to a voltage U2 <_ 10 kV within a time of Ω 9.5 ms by means of
a damped sine-wave current of amplitude _< 2 A.

When the thyratron switch is fired the anode voltage falls from
U2 to its low arc voltage and the load-end side of C3 assumes
a voltage of -U3 which drives current through Ljn. The sinusoidal dis­
charge current through capacitor C3 into the solenoid inductance 
has a half-period of * 10 μs and a peak value < 6 kA.

At the zero crossing of the load current pulse the unidirec­
tional thyratron normally interrupts the discharge of C3 when the 
capacitor has its maximum reverse voltage; consequently the anode 
voltage jumps within a fraction of a microsecond to a negative 
voltage of almost -U3 with a du/dt up to 50 kV∕μs.

Finally, a resonant voltage recovery circuit D5, L3 recharges C3 
to U within 300 μs. 20
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The waveforms of the thyratron voltage and current, shown in 
Fig. 4, illustrate the mode of operation of the circuit.

5kV/d;5^s/d 5 kV/d; 5Oμs∕d

1 kA/d; 5μs∕d

Fig. 4 Waveforms of thyratron voltage and current:

5 kV/d; 1 ms/d

a) voltage during switch on and conduction;
b) current pulse;
c) reverse voltage and voltage recovery at C2;
d) voltage recovery and recharge of C .
(A -B and C-D: start-end of current pulse and of C2 charging).

With respect to other power supplies developed for a similar 
application at Frascati (Italy) and DESY (Germany), the CERN solution 
makes wider use of modern power electronics to obtain some 
interesting features:

i) The voltage source used to charge resonantly the high-voltage 
(HV) capacitor C2 is a low-voltage (LV) electrolytic capacitor 
bank eɪ. The thyristor rectifier feeding eɪ allows soft start 
and fold-back procedures in order to protect the power supply. 
Minimum energy is stored on the HV side in order to reduce the 
consequences of any breakdown.
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ii) Owing to the inverter bridge the stepping-up transformer 
operates in an a.c. mode as a 50 Hz unit. The forced commutation 
of thyristors Th7 to Th^ opens up the possibility of inter­
rupting the charge of C2 once the selected voltage is 
attained. This gives the same high pulse-to-pulse reproducibi­
lity as achieved elsewhere by means of a more lossy 'de-Q-ing' 
circuit. On the other hand, in the case of an overcurrent 
detected on the primary of the stepping-up transformer the 
operation of the power circuit can be safely interrupted.

iii) The operational sequences and the internal protection of the 
power supply have been defined with care in order to make the 
equipment particularly reliable and user-friendly.

It is worth also mentioning some of the difficulties encountered 
in the course of the development:

i) The regulation of the voltage at eɪ and the charging current 
limitation are not trivial, when the possibility of operating in 
a one-shot mode or at any regular pulse repetition frequency up 
to 100 Hz is to be granted.

ii) The negative voltage across the thyratron at the end of the 
forward current pulse may make the tube -- which is still highly 
ionized -- arc back and cause circuit ringing; the consequences 
being possible damage to the thyratron electrodes as well as 
excessive charging current and voltage at C2.

iii) Voltage spikes and ringing, and in particular multiple 
reflections along the transmission line, had to be suppressed at 
various points of the circuit. The electromagnetic interference 
(EMI) problems with respect to the low-level timing and 
interface electronics have been quite severe.
Concerning the EMI aspects one should point out that the 
thyratron cathode has been permanently connected to earth 
potential for practical reasons and that consequently larger 
stray capacitances are involved in the modulator operation.
The local reference earth is not particularly good and one has 
to cope with a large amount of electromagnetic noise in the 
5 MHz spectrum.
Particular operational precautions had to be taken and all 
cables connected to the power supply had to be common-mode 
filtered by means of suitable ferrite cores with different 
damping characteristics.
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4. POWER COMPONENTS AND ASSEMBLIES

4.1 Thyratron switch

The comparative study and selection of an adequate tube and the 
search for reliable working conditions were an important part of the 
power-supply development.

The basic characteristics of the thyratrons initially considered 
for this application are collected in Table 4.

Table 4

Thyratron characteristics

Type of thyratron
Key data 
of our 

application 
(single tube)

EEV 
CX1525

EEV 
CX1528 

(CX1526S)

EEV 
CX1549

ITT 
8479ZKU 

275 C

1. Anode
Peak forward/inverse voltage 
in oil (kV)
Mean rate of rise of inverse 
voltage (kVZμ≡)

Peak anode current for a rectan­
gular pulse of duration T (in μs) (kA)

Max. average anode current (A)
r.m.s anode current (A)
Anode heating factor i.e. (peak 
forward anode voltage) x (peak 
anode current) x (pulse repe­
tition rate) (VAHz)

70Z70

0.8

3.5(|)1/2

5
125

IO1 1

40Z40

0.6

5(|)1 'i

5
125

0.7 x lθɪɪ

40Z40

0.6

10(|)i/2

15
350

2 x IO11

5OZ5O

0.4

5(|)1/2

8
200

4 x 1011

10Z10

> 1

6 kA for 
T = 10 μs 
sinusoidal
4
135

6 x 10,

2. Cathode
Cathode/reservoir heater voltage (V)
CathodeZreservoir heater current (A) 36Z5

6.3Z6.3
36Z5 90Z7

6.3Z< 6
< 70Z< 25

3. Grids
Grid 1 d.c. priming current (A)
Grid 1 d.c. voltage drop (V)
Grid 2 idle drive pulse 
VoltageZrate of rise of 
voltage [kVZ(kVZμs)]
Grid 2 drive-pulse duration (μs)
Grid 2 negative bias voltage (V)
Gradient grid

0.1 to 2
15 to 30

0.6 to 2/> 4
> 1

< -120

not spec, 
not spec.

1 to 4Z> 3
> 2 

not spec, 
yesyes no no

4. Dissipation and cooling 
Admissible dissipation (kW)
Max. ambient temperature (*  C)
Cooling medium

< 1.7
90

< 1.7
90

oil

< 5
90

not spec.
90
air silicon oil

The CX1528 [manufactured by the English Electric Valve Company, 
UK (EEV)] is a single-gap modulator-type metal-ceramic tube filled 
with deuterium; it uses a barium-aluminate-impregnated tungsten 
dispenser cathode; large gas reservoirs are controlled by tempera­
ture-sensitive circuits in the base of the tube. 
8



This tube has a comparatively small plasma volume in the 
grid 2-anode region, which should provide for lower ion and electron 
clean-up current and a faster decay-time constant of the plasma. 
This decay-time depends on the plasma volume and temperature, i.e. on 
the tube dissipation. Amplitude and rate of rise of the reverse anode 
voltage greatly contribute to the tube dissipation. Experience shows 
that different practical steps tend to reduce dissipation and to 
improve the voltage recovery capability of the tube: e.g. increasing 
the gas pressure, reducing the ʃi dt and the di/dt of the current 
pulse, reducing the reverse- voltage spikes and du/dt, etc.

It has been observed that there is an optimum set of parameters 
determining the gas pressure for each tube. Reverse-voltage spikes 
and du/dt are also important regarding the probability of electrode 
damage, of ion implantation on the anode, and of electron avalanches 
causing forward voltage breakdown.

The CX1528 has finally been selected as the best device 
available for our application. Nevertheless serious back-arc 
difficulties were experienced during circuit development, as shown 
for a typical case in Figs. 5 and 6a.

1 kA/d; 1Oμs∕d

Fig. 5 Thyratron arc-back at the
end of anode current pulse.

The tube manufacturer recommends a value of the peak reverse­
voltage not exceeding 5 kV during the first 25 μs after current zero 
crossing and a rate of voltage rise £ 10 kV∕μs. The situation has 
been improved by adding an RC network in parallel with the tube and 
a saturating ferrite-core reactor in series with the anode (Figs. 6b 
and c). By doing so, the first CX1528 tube could be reliably tested 
up to 6 kA, 100 Hz, in the power-supply prototype. Unfortunately, all 
other off-the-shelf thyratrons suffered from unacceptable back-arc 
problems above 4 kA peak anode current.
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5 kV/d; 1 kA/d; 5μs∕d 5 kV/d; 1 kA/d; 5μs∕d

5 kV/d; 1 kA/d; 0.5μs∕d 5kV/d; 1 kA/d; O.5μs∕d

a) c)

Fig. 6 Waveforms of voltage across the thyratron switch at the end 
of the 6 kA anode current pulse 
a) without and, 
b) with the smoothing circuit shown in (c).

Tests done at CERN and at EEV demonstrated that, owing to the 
lower individual dissipation, peak currents well above 6 kA could be 
achieved with two tubes connected in parallel. The current sharing 
can be controlled by means of individual adjustment of the grid 1 
voltage. This solution was finally adopted for practical reasons in 
the course of the project but one can expect that, by further 
optimization of the operating conditions and by proper shaping of the 
reverse anode voltage (e.g. suitable RLC network in parallel with the 
energy storage capacitor C2) [3], the maximum current capability of a 
single tube could be substantially increased.

4.2 Thyratron switching module and auxiliary module

These modules are shown in Fig. 7. The switching module, ori­
ginally conceived for one tube, has been adapted to receive two 
thyratrons by cutting out the external cylinder wall. The thyratrons 
10



are mounted on an Al base with adequate apertures for cooling-oil 
circulation. Each thyratron has one multiple connector for its 
heating and grid 1 bias supplies; the grid 2 bias voltage and the 
trigger pulse are common to the two tubes. All cabling is done 
outside the Al cyclinder. A few ferrite rings on the symmetric leads 
to the anodes provide for decoupling of the parallel connected tubes 
and for current sharing better than 5%. Current sharing between the 
tubes is observed to vary slightly from pulse to pulse owing to the 
residual ripple of the grid 2 bias voltage.

Fig. 7 Thyratron switching module and auxiliary module.

Figure 8 shows a schematic circuit diagram of the auxiliary 
double-thyratron module.

Fig. 8 Schematic circuit diagram of the auxiliary module.
11



As shown in Fig. 9, current sharing between tubes is optimized 
by means of separate stabilized grid 1 bias supplies, which permit 
individual adjustment of the operating point, and by means of a high 
trigger voltage on grid 2.

Isι∣s2: 400 A/d; lLoad: 1 kA/d; 0.5μs∕d

Fig. 9

lsι∣s2: 400 A/d; lLoad: 1 kA/d; 2μs∕d

Current-sharing between parallel connected thyratrons.

The characteristics of the auxiliary thyratron module are
collected in Table 5.

Table 5

Auxiliary module characteristics

U max
(V)

I max
(A)

Adjustment 
facility Remarks

Cathode heater 8 50 variable 
transformer

Mains a.c.

Reservoir heater in co 10 variable 
transformer

Mains a.c.

Grid 1 priming 26 3 potentio­
meter

Stabilized d.c.

Grid 2 bias 250 - variable 
transformer

Non-Stabilized d.c.

Grid 2 trigger 
pulse

2100 — No Voltage multiplier, 
fast thyristor, pulse 
transformer

4.3 Capacitors and magnetic elements

The HV energy-storage capacitor C2 consists of thirty 80 nF 
units (LCC,F)connected in parallel. These are of the mixed dielectric 
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type (paper, polyethylene film, mineral-oil impregnation), built of 
bobbins with extended Al armatures, stacked in a polypropylene 
cylinder.

The LV smoothing choke L has separate windings on the two 
columns of a window-frame core consisting of M6T35 material.

The 1:30 stepping-up transformer T1 is a class B, resin-cast, 
two-column 10 kVA unit designed as a 50 Hz transformer taking into 
account the rectangular primary voltage waveform (Trasfor, CH). A 10 
V tertiary winding is foreseen for voltage monitoring purposes. The 
total equivalent winding resistance, at 50 Hz and 20o C, with 
reference to the secondary has been specified not to exceed 150 Ω. 
An electrostatic screen is embedded between the internal LV primary 
and the HV secondary winding on each column.

The HV resonant charging choke L2 is a two-column resin-cast 
unit with intermediate taps to adjust the desired charging time for a 
given capacitor C2.

The HV air-core choke of the voltage-recovery circuit L3 is made 
of six radial coils to approach a toroidal layout (Trasfor, CH). The 
dimensions of the choke (a 0.4 m side cube) are imposed by its 
position at the bottom of the pulser tank. To improve the voltage­
recovery rate a Litz conductor has been used for this choke, which 
operates at 100 Hz with current pulses of 200 A peak and 300 μs 
duration.

4.4 HV transmission line

The converter solenoid is electrically connected, via a ceramic- 
insulated vacuum feedthrough, to the upper end of a 1 m long 
vertical sandwich line. The - 10 m long flexible transmission line 
from the pulser is connected to the bottom end of the sandwich line. 
The transmission line consists of ten 50 Ω polyethylene-insulated RG 
213 U coaxial cables in parallel.

The design criteria of the pulse transmission line have been the 
following :

i) equivalent series impedance not exceeding 10% of that of the 
load;

ii) sufficient effective copper cross-section;

iii) minimum number of standard cables in parallel with highest 
possible characteristic impedance to facilitate approximate 
matching.
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Figures IOaz b and c illustrate the solution adopted and show 
current and voltage waveforms at the output of the pulser. The 
matching line (ML) and R^C^-R C2 networks are located in the pulser 
tank .

Fig. 10 a) Transmission line and matching components. Load current 
and voltage waveforms:

b) without and,
c) with matching line and components R eɪ, R2C2.

c)

∣Loa<j∙ 1 kA/d; Voltage at B: 1 kV/d; 2 μs∕d

4.5 Measuring devices
The load current as well as the individual anode currents and 

the current in the voltage recovery branch D5,L3 are monitored via 
fast current transformers located in the pulser tank.

The voltage potential at the anode end of the energy-storage 
capacitor C2 is measured by means of a HV divider bought from 
industries, mounted on the external cylinder of the thyratron module 
(see Fig. 7). This signal is also used for pulse-to-pulse charging 
voltage stabilization. The maximum admissible cable distance from the 
voltage divider without signal deformation is - 3 m. 
14



5. CONTROLS, TIMING, REGULATION, AND PROTECTIONS
5.1 Controls

The power supply is operated via the PS CAMAC computer interface 
network, using the standard protocol and timing sequence, and a local 
hybrid single transceiver module (STH).

The control protocol has the following exclusive actuation and 
acquisition states:

- OFF: The electromechanical power switches are open; the
capacitors θɪ and C2 are kept discharged; the reference 
signals to the regulation are set at zero; all timing and 
trigger pulses are inhibited.

- STAND-BY: The electromechanical switches are closed; the capacitors 
C and C2 are open circuited; all other conditions are 
unchanged.

- ON: The voltage of eɪ rises first to a pedestal (~ 50 V);
then, after having started the inverter, it softly 
increases up to the preset value. The power supply 
operates as described in Section 3.

- RESET: Allows cancellation of the interlock signals once a fault
condition has been cleared.

5.2 Timing

Two timing modes are foreseen:

i) external timing, via the computer interface preset counters;

ii) internal timing, via a fixed 100 Hz mains synchronized clock, or 
via an adjustable frequency pulse generator, or in a one-shot 
push-button mode.

The timing sequence is based on the following four pulses:
- FOREWARNING (FW) at -9 ms with respect to the next beam burst. 

This pulse turns on the inverter and starts the resonant charge of 
capacitor C2. The charge of Cj can be stopped after a fixed time 
interval or through the regulation once the preset voltage has been 
reached.

WARNING (W) at -500 μs with respect to the beam. This pulse 
inhibits the inverter and starts the internal sequence to fire the 
thyratron within a given time window. The internal timing concerning 
the pulser is inhibited during the FW-W time interval.
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START (ST) at -5 μs with respect to the beam. This pulse 
triggers the thyratron and initiates the discharge of C2 ; it must 
fall inside a 600 μs time window which includes the voltage recovery 
duration at C3.

MEASURE (M) is synchronous with the beam and is used to 
monitor the peak current in the solenoid, which is proportional to 
the voltage at C2 at the ST pulse.

The functional block diagram of the timing electronics and the 
pulse sequence are shown in Fig. 11.

Fig. 11 Functional block diagram of 
a) the timing electronics and, 
b) the pulse sequence.
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Internal safety pulses and interlock conditions are foreseen to 
counteract the accidental absence, doubling, or interchange of any of 
the above external pilot pulses. Owing to the internal safety pulses 
a timing sequence will always be completed in the right order, once 
initiated by an external FW pulse.

5.3 Regulation

The controlled variable is the voltage U2 of the energy-storage 
capacitor C2, on which depends the peak current in the collector 
solenoid. In practice the voltage uɪ is regulated since U is a 
function of the recovery voltage U20 and of the voltage uɪɔ of the 
buffer capacitor eɪ (see Appendix B).

The schematic layout of the regulation is represented in Fig. Cl 
(Appendix C). The charging and pulser circuit is considered to be a 
variable current sink, represented by a resistor Rθ^ in parallel with 
eɪ. Depending on the operational conditions (uɪ, U2, pulse repetition 
frequency f) this resistor is assumed to vary between 10 Ω and 
1000 Ω.

Independently of the actual value of Rθ^, suitable correctors 
lead to satisfactory static and dynamic performances both of the 
internal current loop, which controls the charging current of eɪ, and 
of the voltage loop, with stabilizes the voltage at eɪ. The design of 
the power supply regulation is treated in more detail in Appendix C.

5.4 Protections

The protection and interlock circuits cope with any abnormal 
operating conditions or fault conditions, and in particular with 
those due to the possible misbehaviour of the external control system 
(e.g. timing) or of the active power components (thyristor rectifier, 
inverter, thyratron switch).

For example, back-firing of the thyratron will result in an 
overcurrent on the primary of the stepping-up transformer during 
the next resonant charging of C2 owing to its lower initial voltage 
U2ɔ. In this case the current will be interrupted by the forced- 
commutated inverter thyristors and the voltage at eɪ will be reset to 
the pedestal value and then ramped up to the reference value.

The power supply will return to normal operation without any 
action by the operations crew. The misbehaviour of the thyratron will 
be monitored and a WARNING signal given after a certain number of 
faults. Such an example is illustrated in Fig. 12.
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The other protections and interlocks of the power supply produce 
either an OFF state (e.g. doors, thyristor rectifier faults, fuses, 
oil level in the pulser tank, earthing of capacitors θɪ and C2, 
thyristor inverter fault, external faults) or a WARNING signal 
without further action, or a special recovery sequence similar to 
that of Fig. 12.

Thyratron Pedestal
arcback voltage U1

5 kV/d; 5 s/d

Fig. 12 Power supply protection in 
case of thyratron arc-back: 
voltage across thyratron.

6. CONSTRUCTIONAL LAYOUT

The power supply consists of two separate units, as shown in 
Fig. 2:

i) a charging cubicle (2.2 m ), cooled by natural air convection, 
which includes the LV thyristor rectifier, LC filter and 
thyristor inverter, the stepping-up transformer, the HV recti­
fier and resonant choke, as well as the electronics and the 
auxiliary thyratron module;

ii) the pulser tank (1.3 m3 ), silicon-oil filled, which contains the 
HV energy storage capacitor C2, the thyratron switch module, the 
voltage-recovery choke and diodes, the curent- and voltage­
measuring devices, the matching line, and RC networks.

The charging cubicle resembles other power electronics equipment 
while the unconventional pulser tank is illustrated in Fig. 13.
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Fig. 13 Layout of pulser tank.

7. TEST RESULTS AND FIRST OPERATIONAL EXPERIENCE

First tests were done with electrons with a current peak of 
- 700 A [4] to verify the beam matching in the RF accelerating 
structure.

To facilitate beam operations the solenoid current signal is 
displayed in the local control room. The solenoid is at present 
pulsed at - 4000 A and gives an increase of the positron flux by a 
factor of - 3.

When testing the power supply some typical waveforms were 
recorded, which illustrate its operation and performance at 5 kA 
and 100 Hz; they are collected in Fig. 14.
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usι,S21 5kV/d; 5 s/d; U1: 150V/d lL1, I1: 20A/d; 2ms/d;U,: 1 5V/d

l'τι: 2OA/d; 5 ms/d; U'τι: 15OV/d U1∙1: 4.5kV/d; 5 ms/d; ∣l2: 1 A/d

∣l3: 10O A/d; 50 μs∕d; ∪l3: 5 kV/d ∣d5: 10O A/d; 50 μs∕d; Ud5: 5 kV/d

Il: 2 kA/d; 2 μs∕d; Ul: 2 kV/d ∣l: 1 kA/d; 5 ms/d

Fig. 14 Typical power supply waveforms (see Fig. 3):
a) Voltage at thyratron anode and at C during a soft start.
b) Thyristor rectifier current, inverter current, and ripple 

voltage at C .c) Primary current and voltage of stepping-up transformer 
d) Voltage at secondary of transformer and current through 

the resonant choke L .
e) Current and voltage it the recovery choke.
f) Current and voltage at the recovery diodes.
g) Current and voltage at the collector solenoid.

20 h) Load current at 100 Hz pulse repetition frequency.



8. CONCLUSION

The circuit layout chosen reduces the energy stored in HV compo­
nents. The use of a forced-commutated thyristor inverter on the 
primary of a 50 Hz stepping-up transformer allows effective pro­
tection in the case of a thyratron failure as well as fast active 
regulation of the charging voltage, as an alternative to the ,de-Q- 
ing’ circuit solution.

The CX1528 (CX1526S) thyratron has been selected for this 
application. The investigation of its loading capability has demons­
trated that, despite the reduction of the reverse voltage peak and 
du/dt in the circuit by the addition of appropriate components, 
reliable operation above 4.5 kA requires at present two tubes in 
parallel. Common heater and grid 2 bias power supplies are used for 
the two tubes. Separate d.c. supplies for grid 1 priming reduce the 
jitter at turn-on and allow optimization of the current sharing 
between tubes in the range of peak load current from 1 kA up to 6 kA.

Unwanted reflections and ringing could be eliminated by 
installing a complementary RC matching line in parallel with the 
pulse transmission line, to avoid having components in the highly 
radioactive converter target area.

The EMI problems have been overcome by a selective cable layout, 
by inserting suitable ferrite cores on all the cables, and by a 
careful earthing scheme.

The pulser has been installed separately from the HV charging 
section in a natural convection cooled transformer tank filled with 
silicon-oil. The two thyratrons have been mounted in parallel on an 
easily exchangeable switching module. The auxiliaries of both 
thyratrons are grouped in a common service module, located in the 
charging unit.
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APPENDIX A

Load current waveform

The load current consists of a train of damped half sine-wave 
pulses i(t) = I e aω2 t sin «2t of period T∕kz when T is the pulse 
repetition period. Given the Fourier expansion of the current pulse 
train

i(t) = I

∑ cn sin (nωt+Φn) 
n

with

c n
2 an ÷ ⅛)1λ and

the coefficients have been computed for general interest

2 2πk ( l + a2 )
(1 + θ"aπ)

2a n/k nπ , 2a n/k+ --------- ---------- cos :— + -------------------[a2 + 1 - (n2∕k2)] k [a2 + 1 - (n2∕k2)]

These Fourier coefficients are shown in Fig. Al for a = 0.2116.
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Fig. Al Fourier coefficients; a = 0.2116.

When a = 0 (no damping) the Fourier coefficients become

ao 1
2 πk

a = — --- ɪ--- Γcos ɪɪi + 11n π (k2-n2) L L*  J j

b k sin [(n∕k)π]
n ~ π z, 2 2 λ(k -n )

The Fourier coefficients for a = 0 are shown in Fig. A2.
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appendix b

Power circuit analysis

The power circuit is schematically represented in Fig. Bl.

It is assumed that at t = 0 all switches are open and the
operating cycle is divided into four intervals:

1. Switch sð is closed until the buffer capacitor eɪ is charged
by the source U to its initial value U = U . In practice, switch o 10 0
Sθ is permanently closed and eɪ connected to the rectifier via pɪ, 
ljɪ ; the real voltage at eɪ during operation is represented in
Fig. 14b.

Fig. Bl Schematic diagram of power circuit referred 
the stepping-up transformer.

to the primary of

2. Switch S is opened and resonant charging of C is started H 2
from an initial voltage uɪ ɔ by closing sɪɔ.

The following analytical expressions are derived:

i) The charging current is

<W -δ t 4 
-------------- =--------- e 2 sin « t

w L 2
2

where

2
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1
o (LC)

Q
w L o
R ξ = 2ς 2

with

R = R 
2

R
3

The mean

δ = ξω 
2 0

C
c = ___ 1u C

value

where a is the
voltage U2

R 
2L ω

2
2 _2 xW ~δ )0 2 '

C 
2 n

2
C 

2
L L + L

2 3

of the charging current is

2

ratio

ω C U
2 2 2 

π

between

i
0 (l-α)

initial voltage U2 0 and charging

α
U

2 0
U

2
o

U C 
2 2 

t2∕2

and T2/2 = π∕ω
2

is the resonant charging time

The effective value of the charging current is

2 ef f
π

o 2

δ2>∣ 
2

2 
ω

2

. (l-α)
^[(l∕∏)(ω2∕δ2 )βχβ2]

β

where

o 1 ɪ ~(δ /« )ɪɪ jo 1 ~(δ /« )ʃɪβ = 1 + e 2, 2' and β = 1 - e 2 2*1 r2

iv) The final voltage of C2 is

U =U +ΔU =U +(U -U ), n, xβ 2 20 2 20 '1020’(n+1)κ1

v) The initial voltage u10 required to charge C3 at U3 is

1 + α[nβι∕(n+l) - 1]
uxo ’ u2 [n∕(n+l)]βι ∙
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vi) The mean input power is

P o U i10 2

These relations are represented in Fig. B2 and permit designing 
the power circuit for the case where the resistance R (with reference

normal working range

Fig. B2 Diagrams of circuits parameters as a function of the 
resistance R" and the voltage recovery ratio α.

3. At the end of the resonant charging interval, switch sɪɔ opens
and switch S , S is closed. Node B is then connected to earth

1 2
potential and node D assumes a potential -U2.

The current flowing through the load is

i (t) = —7— e δ3t sin w T , 
3 w L 3 '

where

δ = 57~3 2L and w
3

3

1
L C

3 2
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The peak load current is

3
u2 -δ π∕2ω—?— e 3 3

The voltage at D varies according to the expression

U (t) = -U [cos ω t + — sin w ti e δ3 , 
3 2 I 3 ω 3 ) '3

reaching the value U2 ττ -δ τt∕ω . . .=Ue 3,3att=π∕ω.2 3

4. Once the switch sɪ, S3 has de-ionized after zero crossing of
i (t), the voltage at B jumps to -U . Then switch S is closed and 3 ? C
the voltage at C3 swings from -U3 to the recovery voltage U30 
according to the expression

* Í $4 Ì -δ t
U (t) = -U cos ω t + — sin «te 4

4 2 ιk 4 u 4 J
4

where

R 
δ = ʒɪ- and 4 2L 4

1
L C

4 2
δ2

4
w

4

The current in the recovery circuit is
*U
2 — K +•i ( t ) = —=— e 4 l sin ω t .4 « L 4

4 4

The final recovery voltage and the peak recovery current are

U =U 20 2
-δ π∕ω e 4

U2
w L

θ-δ^ π∕2ω^
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appendix C

Power supply regulation

In Fig. Cl 
regulation have
(pɪ ) and with the

the power supply voltage (ʊɪ ) and current (iɪ ) 
been designed to cope with the low source impedance
pulse frequency dependent load impedance (R ).

Req

Fig. Cl Power supply regulation loops.

1. Current loop

The basic approximate transfer functions are

(T T )T
2 3 4

7.6 X IO3 
(s + 470)

1+R C s eq i
R +R 1 eq 2R R (C >ι /2

1 + ___ θɪ- -L -LR +R 2 Il i eq |_ ∖ i ' [L >1/2 R 2i s eq sC∣ u R +R 2i J J i eq « j

where R = 0z 3 Qz L = 12z5 mHz C = 25 mFz 10 Q < R_ < 1000 Ωz u = i ' ' i 'i — eq —
18π Hz.
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Two correctors and an attenuator have been added:

o.i4τ τ, = 0.14[s ∣λ1° Ii--- t 1°2si

2. Voltage loop

Given the current transfer function T9 as well as the voltage 
loop transfer functions T = 1/30 and T =R /(1+R Cs), a cor- 6 5 θC[ θɑl ɪ
rector T7 = 10(l+s)/s has been added and the open-loop and closed- 
loop voltage transfer function diagrams shown in Fig. C3 have been 
obtained.

Finally the regulation has been tested on the power supply with 
different pulse repetition frequencies and taking into account all 
possible operational situations. It performed satisfactorily and 
only minor gain adjustments were required to optimize the transient 
behaviour.

11 I 10≡ Jl IO2 3 ÷ s J

and the diagrams shown in Fig. C2 have been obtained for the open­
loop transfer function T and closed-loop transfer function T .8 9

The design option of placing the corrector T’ in the feedback 
has been computed and tested to achieve a higher damping factor if 
needed.

Fig. C2 Frequency response of current open loop transfer function 
(T ) and step response of current closed loop transfer 
function (T ); R = 10 Ω (a) and 1000 Q (b).9 eq
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Fig. C3 Frequency response of voltage open loop transfer function 
(T ) and step response of voltage closed loop transfer 
function (T ); R = 10 Ω (a) and 1000 Ω (b).ii eq
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