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Thermal regimes of the Pelletron electron gun
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1 Introduction

Fermilab develops an electron cooler that will be used in the Recycler ring to cool 8.9 GeV pbars [1]. The electron beam in the cooler is generated by a three-electrode electron gun which is mounted inside an electrostatic accelerator, Pelletron [2]. Main features of the gun are the same as those of the gun’s first version described in Ref. [2], while many technical details were later changed to improve gun parameters. 

One of the restrictions for the gun is a high reliability. In part, the gun’s cathode should work for at least 10, 000 hours before replacement. The cathode lifetime depends exponentially on its temperature which is determined by the gun design and the filament current. To determine the value of the filament current that guarantees the necessary lifetime, a dedicated test bench was assembled. This paper describes results of measurements made on the test bench with two gun versions. 

There were several other reasons for studying thermal regimes of the gun. One of them was a problem with an insulator supporting the gun’s control electrode. In the beam runs of 2001 – 2002, the insulator was broken for three times, each after being used for a year. In part, it was caused by specific features of the insulator design, corrected in the later version.  On the other hand, the accident could not happen without thermocycling the insulator to a high temperature. Therefore, measuring the insulator temperature was one of the tasks for the test bench. 

 Another observation in the time of the Pelletron operation was a slow decrease of the gun current in the first hours of all shifts. It might be caused either by cathode poisoning or by slow elongation of gun parts due to temperature changes. Measuring the time of coming into a thermal equilibrium was the third goal for the test bench.

Finally, all the issues became even more important when a decision to design a new gun with a larger cathode, with the diameter of 0.3” instead currently used 0.2”, has been made. An ability to emit a higher current due to a larger cathode surface should be paid by a higher power to heat the cathode. If the gun modification was made by simple scaling the existing design, the power would go approximately quadratically with the cathode diameter, i.e. would increase by more than two times. Measurements and analysis of thermal regimes of the 0.2” cathode allowed to improve significantly the design of the new version.

2 Measurements

2.1 The test bench and the guns
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Vacuum chamber of the test bench ( Figure 1) is a four-way cross (1).  Two of the ports, (3) and (4), are used for pumping and pressure monitoring. A 50 l/s ion pump is connected to the pumping port (3). The port (4) is used for rough pumping and pressure measurements with an ion gauge. The gun assembled on the 8” CF flange is identical to the one used in the Pelletron except that a thermocouple feedthrough (7) is mounted at a 2/34” CF flange (6) instead a gun ion pump. Two T-type thermocouples (5) monitor the temperatures of opposite sides of the control electrode insulator (11). A glass window (5) on the port in front of the gun allows to measure the cathode temperature by an optical pyrometer.

[image: image5.bmp]Mechanical design of two guns used in the measurements is shown in Figure 2.

The guns employ dispenser cathodes with sleeves and bases manufactured by Heat Wave [4]. Note several differences in these two designs (A, 0.2” and B, 0.3” cathode gun). First, the gun holder of the B version is made of copper, and the corresponding part in A is made of stainless steel. Second, the cathode sleeve in B is twice longer than in A but its cross section is larger by 1.5 times. Finally, the hot part of the cathode in A irradiates the insulator and the holder flange, while in B an improved design of the control electrode support practically eliminates the effect.

Material of parts:  3 and 7 in both guns, 6 in A and 2 in B are stainless steel; 6 in B and 8 in both guns are copper; 5 in both guns are molybdenum-rhenium alloy; 2 in A is hafnium or stainless steel.

2.2 Pyrometers.

Temperature of the cathode was measured by an optical pyrometer. Two pyrometers, MIKRON-90V [5] and PYRO [6], were used at cathode temperatures above 800 (C. Operation of both pyrometers is based on measurements of intensity of a light emitted by a hot body at the visible wavelength of 0.65 (m in a narrow solid angle. MIKRON-90V measures the intensity by a semiconductor sensor and provides readings on a screen and through a digital output. The PYRO uses a human eye to compare brightness of a calibrated light source with brightness of a tested object. Figure 4 illustrates the principle of PYRO operation. An operator adjusts a rotating optical wedge, which functions as a variable filter, until the spot from the calibrated source disappears at the background of the target image. The wedge’s angle of rotation corresponds to a temperature that can be read on an attached scale. The lower boundary of measured temperatures was about 800(C for both pyrometers. 

The MIKRON-90V pyrometer can transfer the measured digital data to a network, and was used to measure changes of the cathode temperature with time. On the other hand, correct aiming of the pyrometer was difficult because the size of a measured spot was close the cathode size. As a result, accurate measurements can be done only after several scans over the cathode surface in a regime with locking of the maximum reading. In a fixed position, the measured temperature was typically by 10- 40 K lower. For that reason, the MIKRON-90V was used only at initial stages of measurements to verify that, first, measured temporal curves agrees with ones measured by the cathode filament resistance, and, second, that both pyrometers read the same temperatures within statistical errors. In contrast to the MIKRON-90V, aiming of the PYRO is easy because an eye can compare brightness of two spots even the target is off-center of the view. 

[image: image6.jpg].
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The visible brightness of a target depends on the surface emissivity. According to the manufacturer, the emissivity of the dispenser cathodes is 0.42 – 0.44 [7]. While MIKRON-90V has a built-in temperature correction feature, for calculation of real temperatures from the measured by PYRO, a table kindly provided by K. Gunther [7] was used. Correction values as functions of the brightness temperature for emissivity values of  0.42- 0.43 are shown in Figure 3. 

2.3 Cathode temperature
Temperatures measured at various filament currents in both modifications of the gun are shown in Figures 7 and 8. [image: image8.emf]Filament Voltage and Pressure
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The temperature of the cathode was measured by using PYRO. Filament current was changed by 0.1 Ampere steps; readings were recorded 5 minutes after changing the value of filament current to allow the cathode to come to a thermal equilibrium. 

The results can be used to estimate an expected life time of the cathode. Most of data points presented in the review [8] for the dispenser cathode life times at various temperatures lay between two straight (in a semi-logarithmic scale) lines shown in Fig. 6. One can speculate that an average line can give a reasonable prediction for the life expectancy.  The point highlighted in Fig.6 indicates the temperature of 1375 K for 10,000 hours of lifetime. According Fig. 7and 8, the temperature corresponds to the filament current of 1.45 Amperes (12.5W) for the 0.2’’ cathode and of 2.1 Amperes (16W) for the 0.3” cathode.

Another result of the measurements is a good linearity of the filament resistivity with the cathode temperature down to 20(C. Hence, the filament resistance can be used to characterize the cathode temperature below the level of pyrometer operation. Figure 5 plots the filament voltage as a function of time after turning on a fixed filament current. The voltage (and, therefore, the filament resistance and the cathode temperature) reaches equilibrium in about 3 minutes for both cathodes.
All temperature measurements shown above were made with the PYRO pyrometer. Data taken with both pyrometers for the 0.2” cathode gun are compared in Figure 9. Values from MICRON-90V are typically 15 -25 (C lower than those measured by PYRO even they were taken by scans over the cathode surface with recording the maximum observed temperature. We tend to consider the PYRO results as more accurate.
Every data point in the shown data was averaged over 4 readings. Statistical error estimated by a scatter in the data is about 10(C. The uncertainty in the cathode emissivity of 0.01 corresponds to a systematic error of about 5(C. The data were corrected to a transparency of the glass between the pyrometer and the cathode. The transparency of 0.93  [9] gives correction about 10(C. We believe that uncertainty caused by possible glass surface contamination is significantly lower.
[image: image9.emf]Resistance vs. Temperature
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[image: image11.emf]Filament Voltage and Pressure
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2.4 Temperature of the control electrode assembly
The most fragile part of the gun was proven to be the control electrode insulator (part 4 in Fi.2). One of the reasons for that was its relatively high temperature in the time of gun operation. To measure the temperature and its derivative in time, two thermocouples were mounted near opposite sides of the insulator (part 5 in Fig.1). Results of the measurements are shown in Figures 9 and 10 for guns with 0.2” and 0.3” cathodes, respectively. 
While the time of reaching a thermal equilibrium is similar for both versions, about 3 hours, the temperature distributions differ. The temperature of the insulator’s  top, where the control electrode is mounted, is higher than the opposite side in the case of 0.3” cathode gun, and lower in the 0.2” version. The unexpected distribution of temperatures in the 0.2’’ cathode gun is explained by a low thermal conductivity of the stainless steel gun holder. As a result, cooling of the control electrode by radiation prevail over the thermal flow through the gun holder. Correspondingly, the use of a copper holder for the 0.3” cathode gun allowed to reduce the increase of the insulator temperature by factor of two at the same cathode temperature even the total power supplied by the cathode filament   is by 1.5 times higher. 
2.5 Thermal expansions in the gun

Knowing the temperatures of the gun parts, one can estimate a shift of the cathode position with respect to the control electrode caused by thermal elongation: 
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(1)
Symbols used in (1) and values for both gun versions are listed in Table 1. 

Table 1.  Values used for estimations of thermal elongations in the guns. Estimation are made for the cathode temperature of 1100 C.
	Symbol
	unit
	Value for 0.2” gun
	Value for 0.3” gun
	Quantity

	(MoRe
	K-1
	5.7(10-6
	coefficient of thermal expansion of molybdenum rhenium alloy

	(ss
	K-1
	18(10-6
	coefficient of thermal expansion of stainless steel
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	K-1
	7.5(10-6
	coefficient of thermal expansion of ceramic

	lcath
	mm
	25
	40
	length of the cathode with sleeve

	lCE
	mm
	13
	29
	length of the control electrode

	lins
	mm
	14
	14
	length of the insulator

	(Tcath
	K
	700
	600
	average temperature rise of the cathode with sleeve

	(TCE
	K
	230
	110
	temperature rise of the control electrode

	(Tins
	K
	220
	95
	temperature rise of the insulator

	(lcath
	mm
	0.1
	0.14
	Calculated shift of the cathode face 

	(lCE
	mm
	0.08
	0.16
	Calculated shift of the control electrode face 


The results show that in a steady state the position of the cathode with respect to the control electrode is close to the one at room temperature. On the other hand, the cathode elongation occurs in several minutes (Fig. 5) while the control electrode position stabilizes in more than an hour (Fig. 10). The value of the (lCE shift calculated for the 0.2’ gun is in agreement with a gun simulation and a measured change in the control electrode voltage closing the gun.
2.6 Pressure regimes

During the first minutes of the cathode’s heating process it was three pikes of pressure value, shown on Figure 11. We corresponds it to evaporate of absorbed gases.
[image: image13.png]N




[image: image14.bmp]Also another process presents: during first several hours the control electrode is heating, so it evaporate gases, which decrease pressure. This process is displayed on Figure 12.
3 Theoretical model of the 0.2’’ cathode gun
[image: image15.bmp]It is quite difficult to know the causes of problems that were found out in the old model of the gun, without any mathematical evaluations. So, the mathematical model was plotted. Some supposition was used, so precision of calculated values were not very high.
Schematic picture of the gun model is shown on Figure 12. The model assumes that details 1, 2, and 3 radiate energy and have infinite thermal conductivity, so their temperatures the same in each part, and details 4, 5, and 6 don’t radiate any energy, but have an limited thermal conductivity.
Solid lines show directions of heat transporting by thermal conductivity, and large arrows show directions of heat transporting by radiation.
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Combined equations were concluded (see below), by using foregoing assumptions. Different temperatures of the cathode and both thermocouples are obtained by solving these equations, with different initial conditions. Initial conditions consist of dissipated in the cathode power, which obtained from experimental data. These three equations describe thermal equilibration of the three parts of the gun ─ 1, 2, and 3 that are shown on the Figure 12.
Results of simulation are shown on Figure 15. Coefficients of thermal conductivity and emissivity of bodies were achieving, to bring correspondence of real measurements with results obtained from the model. Unfortunately, we have measurements of thermocouples only for one value of 0.2’’ cathode’s filament current, of 1.5Amps. The red triangles, on Figure 15, are corresponding to these measurements.
[image: image17.bmp] 

4 Conclusion

The total working time of 10000 hours corresponds to the filament current of 1.45 Amperes (12.5W) for the 0.2’’ cathode and of 2.1 Amperes (16W) for the 0.3” cathode.

The total time of reaching the thermal equilibrium in the gun
 is 3-4 hours. During this time, the relative longitudinal position of the cathode changes and it is one of reasons for changing of beam parameters.

One of causes for an unexpected temperature distribution in the 0.2” gun is the SS gun holder that does not provide a good heat sink because of a low thermal conductivity.

Another reason for the unexpected distribution is a high effectiveness of cooling by radiation from a relatively large surface of the control electrode.

Measurements with the 0.3” gun shown better heating efficiency and lower temperature of the CE insulator
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Figure � SEQ Figure \* ARABIC �2�, Sketch of 0.2’’ (A), and 0.3’’ (B) cathode gun.


1 ─ dispenser cathode, 2 ─ control electrode, 3-  flange of the gun holder, 4- control electrode insulator,  5 ─ cathode sleeve, 6 ─ gun holder, 7 ─ electrostatic shield, 8 ─8- filament holder.
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Figure � SEQ Figure \* ARABIC �10�, the heating and cooling processes of the 0.3’’ cathode gun with filament current of 2.1 amps. Left: temperatures of thermocouples vs. time, right: difference between thermocouple’s temperatures vs. time.





Figure � SEQ Figure \* ARABIC �1�, Scheme of the test bench and the gun








Figure � SEQ Figure \* ARABIC �11�, Filament voltage and pressure in the test bench chamber, during the cathode’s heating process. Filament current was 2.1Amps for 0.3’’ cathode gun ─ left, and 1.5Amps for 0.2’’ cathode gun ─ right.
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Figure � SEQ Figure \* ARABIC �3� Difference between the real and the brightness temperatures of heating body vs. the body’s temperature, for its emissivity of 0.42, 0.43 and 0.44.





Figure � SEQ Figure \* ARABIC �5�, Filament voltage of 0.2’’ and 0.3’’ cathodes vs. time, for filament current of 1.5Amps and 2.1Amps, correspondingly.








Figure � SEQ Figure \* ARABIC �8� Resistance and filament current of the 0.3’’ cathode vs. its temperature
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Figure � SEQ Figure \* ARABIC �13�, Model of the gun:


0 ( base; 1 ( dispenser cathode, 2 ( control electrode; 3 ( middle base; 4 ( insulator; 5 ( cathode’s sleeve; 6 ( gun holder; 7 ( thermocouples.
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Figure � SEQ Figure \* ARABIC �12�, Pressure measurements taken on the 0.2’’ cathode gun (left), and 0.3’’ cathode gun (right). Fast decrease of pressure on left graphic id bounded with switched off the filament current





Figure � SEQ Figure \* ARABIC �4�, Principle of PYRO operation. Objective lens, calibrated light source, boundaries of coverage, target.





Figure � SEQ Figure \* ARABIC �9�, Comparison of temperature’s measurements taken using PYRO and MICRON-90V.





Figure � SEQ Figure \* ARABIC �15�, Results of simulation: precision of cathode’s temperature simulation (left), and temperatures of thermocouples obtained from the model (right)
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[image: image18.emf]Filament Voltage of the 0.3'' and 0.2'' Cathode
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[image: image22.emf]Comparison of MICRON-90V and PYRO
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[image: image24.emf]Theoretical temperatures of thermocouples
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