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Abstract 
Shanghai soft X-ray Free Electron Lasers (SXFEL) used 

C-band accelerator structure to accelerate electrons at 
SINAP (Shanghai Institute of Applied Physics). 50MW C-
band klystron and 110MW modulator are used to provide 
power supply for accelerator structure. In order to meet the 
modulator-klystron demands, a reliable and stable high 
power pulse transformer is indispensable. In this paper, the 
key design points for the high voltage pulse transformer are 
presented. The methods of shortening rise time and dimin-
ishing flattop droop are highlighted.  

INTRODUCTION 
The main requirement for driving the klystron are peak 

voltage 350KV, peak current 320A, 10Hz repetition rate 
and 6 micro second pulse width (FWHM) with 3 micro sec-
ond flat-top [1]. To meet the requirement of 50MW C-band 
klystron, an optimized high power transformer were devel-
oped. The major specification of the pulse transformer is 
listed in Table 1. 

Pulse transformer is a significant component that is used 
for transmitting pulse waveform and power. Simple sche-
matic diagram and the waveform in the secondary coil of 
pulse transformer is shown in Fig. 1. It is a good design for 
a pulse transformer with faster rise time, longer flattop 
width, smaller flattop droop and smaller flattop oscillation. 
Excellent transmission performance depends not only on 
the parameter of pulse transformer itself but also on the pa-
rameter of PFN (pulse forming network) and klystron load. 
So when we design a pulse transformer we need consider 
both of the transformer and the klystron modulator. 

In this paper, the background overview and main speci-
fication of high power pulse transformer are presented [2]. 
The equivalent circuit and distribution parameter of high 
power pulse transformer are analysed and optimal design 
methodology is summarized. Meanwhile, relevant experi-
ments results are given. 
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Figure 1: Simple schematic diagram and waveform in sec-
ondary coil of pulse transformer. 

Table 1: Major Specification of Pulse Transformer 

Primary 
Beam voltage 22 kV 
Beam current 5100A 

Rise time (5-95%) 0.5 us 
Fall time (95-5%) 0.5 us 
Flattop (95-95%) 5.5us 
FWHM (50-50%) 6us 
Repeat frequency 10 Hz 

Secondary 
Beam voltage 350kV 
Beam current 320A 

Rise time (5-95%) 0.9 us 
Fall time (95-5%) 1.2 us 
Flattop (98-98%) 3 us 

Flattop ripple 0.25% 
Flattop droop 2% 
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MODELING ANALYSIS 
Electrical Equivalent Circuit 

The electrical equivalent circuit of a step-up pulse trans-
former is shown as Fig. 2. 

 
Figure 2: Equivalent circuit of a step-up pulse transformer. ܴ௖ denotes core loss resistance, such as Hysteresis loss 
and Eddy current loss. r denotes resistance of pulse gener-
ator source. K is coupling coefficient between primary and 
secondary (K=1 for ideal). ܥௗଵ  and ܥௗଶ  are winding line 
distribution capacity. ܥ௪  denotes stray capacitance be-
tween primary and secondary winding. ܮ௣ denotes primary 
inductance. ܮ௦  denotes secondary inductance. ܴ௅  denotes 
load impedance. N denotes step-up ratio of pulse trans-
former. ܥ௧ denotes capacitance between primarily winding 
and grand. ܮ௧ denotes charging inductance connected with ܥ௧ in series. 

Shorten Rise Time 
Generally, we can neglect the effect of Rc, Lp, Lt and Ct 

during rise leading edge analysis [3]. In this case, the equiv-
alent circuit of pulse transformer is showing as Fig. 3. 

 
Figure 3: Equivalent circuit used to analysis rise time. 

Rise time is determined by leakage inductance and dis-
tributed capacitance [4-6]. It can be given by the following 
equation (1). 

௥ܶ ∝ ඥܮ௘ܥௗ                                     (1) 

Figure 4 shows the waveform with different number of 
Le and Cd. As can be seen from the figure，for a given 
value of Cd, larger Le makes slower rise time and for a 
given value of Le, smaller Cd brings faster rise time and 
smaller overshoot.  

 
Figure 4: Waveform with different number of Le and Cd. 

Le can be calculated by equation (2). It also can be easily 
measured by a LCR meter. 

       Lୣ = ஜబଶ ∗ େై∗ୢ∗୒మౌ୐ౙ                                 (2) 

Where µ0 is the permeability of vacuum (4π×10-7H/m). C୐ is one turn length of primary winding. d is distance be-
tween primary and secondary winding. Lୡ is secondary coil 
height. Np is primary winding turns.  

We can choose effective tactics to reduction leakage in-
ductance, such as using closed core, cone-shape windings, 
and close bifilar winding and so on. Leakage inductance is 
2.25uH for calculate and 2.3uH for measurement. 

Distributed capacitance include distribute capacitance 
between primary and secondary winding and distribute ca-
pacitance about klystron. Total distributed capacitance is 
40nF which is measured by LCR meter. 

Flattop Droop and Primary Inductance 
Flattop droop is determined by primary inductance [7-9]. 

We can use the following circuit (Fig. 5) to analysis flattop 
droop. 

 
Figure 5: Equivalent circuit used to analysis flattop droop. 

The minimum value of primary inductance ܮ௣ is calcu-
lated as equation (3) 

   L୮ ≥ ୲∗ୖై∗ୖౌూొ(ୖైାୖౌూొ)∗୪୬ ( భభషీ) ≈ ୲∗ୖై∗ୖౌూొ(ୖైାୖౌూొ)∗ୈ           (3) 

Figure 6 shows the flattop droop simulation result with 
different primary inductance in C band klystron modulator 
design. 
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Figure 6: Flattop droop with different primary inductance. 

TEST RESULT 
Figure 7 shows the picture of pulse transformer after fab-

ricated. The transformer is placed in a metallic tank filling 
with transformer oil which is used as insulator and coolant. 
After the system Assembly, experimental study was carried 
out. Figure 8 shows the measured output waveform. The 
waveform is obtained by a precise high voltage divider 
which divide ratio is 1:10450. Peak voltage and current 
achieve 380KV and 368A compared with the design num-
bers of 350KV and 320A. Rise and fall time also faster than 
design parameters. Due to fast rise and fall time, the pulse 
transformer use smaller full width at half maximum time 
to achieve 3us flattop width. Table 2 summarizes the test 
parameters of output waveform of pulse transformer. 

 
Figure 7: Picture of pulse transformer. 

 
Figure 8: The measured waveform; the green one is pri-
mary pulse waveform, and the yellow one is secondary 
pulse waveform. 

Table 2: Measured Parameters of Secondary Waveform 

ITEMS VALUE 
Beam voltage 380KV 
Beam current 368A 

Rise time 0.8us 
Fall time 2.3us 
FWHM 5.6us 

Flattop (98%-98%) 3.1us 

CONCLUSION 
Pulse transformer as a key technology for C-band accel-

erating structure has been studied in SINAP. We use some 
detailed equivalent circuit to analysis the behaviour of 
pulse transformer, especially for shorting rise time and re-
ducing flattop droop. It was indicated by the result of ex-
periments that the pulse transformer met the requests of 
practical target. The circuit model and analysis method can 
be used to make further study of more high voltage X-band 
klystron pulse transformer. 
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