Empirical Model For ESS Klystron
Cathode Voltage
Dave McGinnis
2 March 2012

Introduction
There are 176 klystrons in the superconducting portion of ESS linac. The power range required spans a
factor of twenty as shown in Figure 1. For reliability, schedule, and cost reasons, it is desired that only
one klystron design is used for the entire superconducting 704 MHz section. This note will examine the
range of cathode voltages required.

Figure 1. Required Klystron power for the ESS 704 MHz superconducting section. The blue curve is the
nominal operating power for a beam current of 50mA. The red curve is the maximum saturated power of
the klystron for an overhead factor of 1.3.

Klystron Model
Since there is not an actual design of a 704 MHz klystron, this note will use empirical fits to an AJDISK
klystron model. In this model, it will be assumed that the cathode perveance is held constant and the
100% of the cathode current is transported through the klystron. Figure 2 shows the AJDISK simulation

results of the output power as a function of input power for various cathode voltages. Figure 3 shows
the maximum saturated output power as a function of cathode voltage. A reasonable fit to the
maximum saturated power is a quadratic.
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Where Vc is the cathode voltage, Vc0 is the cathode voltage when the klystron fails to put out any RF
power, Pc0 is the power applied to the cathode at when Vc=Vc0, and max is the maximum possible
efficiency. There is not much physical meaning in Vc0 and max other then they can be thought of as fit
constants. For the curves show in Figure 3, Vc0=35.8kV, max=55.7%, and Pc0=230kW.

Figure 2. Simulation of klystron output power as a function of input power for various cathode voltage
and constant cathode perveance.

Figure 3. Maximum saturated power as a function of cathode voltage.

Cathode Voltage Profile
Using the fit given in Equation 1, the cathode voltage and current profile for the maximum saturated
power shown in Figure 1 can be determined. This plot is shown in Figure 4. Figure 4 shows that the
modulator system must supply a large range in cathode voltages, almost a factor of two in range. Figure
5 shows the cathode power and efficiency for this distribution. Even though the voltage on the cathode
is being varied from klystron to klystron, the efficiency at the low power range is very low, on the order
of 12%. For these klystron parameters, the average efficiency for the whole distribution is about 43%.

Figure 4. Cathode Voltage and current for power profile shown in Figure 1 and Vc0=35.8kV, max=55.7%,
and Pc0=230kW.

Figure 5. Cathode power for the required RF power and the cathode voltage and current shown in Figure
4.

Minimum Cathode Voltage
With such low efficiency at the low voltage end, the question should be asked if it is worthwhile to vary
the cathode voltage over such a large range. One could define a minimum cathode voltage and below
that voltage, one would vary the RF drive nominal operating point to achieve the nominal output power.
For example, if the minimum cathode voltage is set by the klystrons at the beginning of the high beta
section (80kV for this klystron example), the resulting cathode voltage and current is shown in Figure 6.
The cathode power and efficiency are shown in Figure 7. The efficiency at the low end has dropped
below 5% but because the total system efficiency is dominated by the high energy end of the linac, the
overall system efficiency has only dropped from 43% to 40%

Figure 6. Cathode Voltage and current for power profile shown in Figure 1 and Vc0=35.8kV, max=55.7%,
and Pc0=230kW but with the minimum cathode voltage set at 80 kV

Figure 7. Cathode power for the required RF power and the cathode voltage and current shown in Figure
6.

Figure 8. Total system efficiency as a function of the minimum cathode voltage. The dotted line is the
cathode voltage required by the klystron at the beginning of the high beta section.

Summary
To accommodate the wide power range of the current ESS linac design, the cathode voltage of the 704
MHz klystrons will have to vary by about a factor of two. However, if the cathode voltage range is
restricted by the range of the high beta klystrons, then the cathode voltage range varies by 16% and the
overall efficiency drops by only 3%.

