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Summary of observations on the Pelletron charging system

In this paper I summarize what is known about the recent performance of the charging system. Some system parameters and related estimations are shown in Appendixes. 
1. Pre-history
The charging system had problems in the first months of the operation of the Pelletron in MI-31. In part, in the end of March 2005, the Pelletron voltage kept decreasing with time at a fixed charging voltage at the rate 1- 2 (A/hour. The efficiency was recovering after every stop in operation. The chain current depended on radiation produced by the beam (March 19, 2005). 
The problem was traced to broken charging resistors. After two replacements, on April 1, 2005 and on May 24, the chain current became stable and reproducible. Probably, it also helped that in the end of March 2005 one block was removed from the chain motor counterweight, which increased the chain tension and might decrease slippage on sheaves. 
For some time in spring 2005, reading of TERMPV was intermittent, but it was traced to the readback, did not affect the charging efficiency, and was eventually corrected. 

2. History

On February 3, 2006 we recognized that the electron energy drift is partially explained by a declining chain current (Fig.1). On Feb. 3 the decline was about 14 (A.
On February 6 the Pelletron was open to correct the problem. NEC’s Mike Stier advised us to check conductance between the pellets and the sheaves. 

Log book entry Tue Feb 7 11:39:23-  

 We looked at the chain and the sheaves.

1. The main problem might be in a high and varying resistance between the pellets and the razor-sharp edges of the side band conductors on the sheaves. The resistance varies from 50 Ohms to MOhms. In addition, the average values on a sheave vary as well. The resistance on the bottom south and the top north sheaves is between 50 Ohms and 2 kOhms; the bottom north is 10 – 30 kOhms; the top south is between 10 kOhms and MOhms.

2. All spark suppressor resistor were measured.. The bottom + is 21.5 kOhm, and (-) was 21.7 kOhm. The top ones were 22 kOhm for (+) and 26 kOhm for (-). The entry on May 24, 2005, 10:20 tells that the bottom resistors are supposed to be 25 KOhms.

3. We measured the resistance between the wheels at the top equal to 1.56 kOhm.

4. The black deposits are everywhere. However, the resistance between all boots and ground is greater than 10 GOhm at 1 kV.

The conductors were cleaned. Log book entry Tue Feb 7 12:57:01-  
We repeated conductance measurements after cleaning. The conductance improved, but still we have some of them bad at the bottom sheaves and about a half bad at the top. Now the difference seems to be more distinctive, 5 - 500 Ohms for good and above 100 kOhms for "bad".
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Figure 1. Declining of the chain current from December 9, 2005 to February 3, 2006. The charging voltages at the ground  (CPSPV) and in the terminal (TERMNV) are constant, and are set to 16 kV. The chain current (CHN1I, in green dots, right scale, in (A) began to decline in January 2006. 

The charging efficiency increased immediately after cleaning of sheaves on Feb. 7, but after 10 days began to decline again (Fig. 2). Presently, the efficiency has declined by a factor of almost 1.5 in comparison with the normal situation (Table 1). 
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Figure 2. History of the chain current from Feb.4 to Feb.24, 2006. 
Table 1. Charging efficiency measured by the ratio of the chain current to the charging voltage on several dates. 
	Date
	CPSPV
	CHN1I
	Ratio
	Comments

	
	kV
	(A
	(A /kV
	

	6-Apr-06
	22
	110
	5.0
	Present


	8-Feb-06
	16.5
	113
	6.8
	After cleaning


	5-Feb-06
	17.5
	106
	6.1
	Before cleaning


	5-Jan-06
	16
	117
	7.3
	Steady state


	5-Jun-05
	16.5
	121
	7.3
	Steady state


	26-Apr-05
	16
	117
	7.3
	Steady state



3. Peculiarities of the chain current dependence on the charging voltage
I did not find a file with the chain current as a function of charging voltage at the best conditions. According to plots in the logbook and recollections, the dependence was linear, offset at zero charging voltage was less than a microAmp, nonlinearity was minor, currents generated at the ground and terminal sheaves were close, and the chain current was stable from day to day and from turning on the Pelletron to  a steady state. 
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Figure 3. Present efficiency of the charging system. April 4, 2006. The shaft is running.  The voltage readback of the positive charging power supply at the ground, CPSPV, is chosen as a characteristic of the charging voltage. The scan duration was 400 sec. 
 A- the chain current as a function of the charging voltage. B – deviation of the chain current from a linear fit in the region of CPSPV = 1 – 6 kV. The linear coefficient is 6.45 (A/kV. Note that electronics records the chain current only of one polarity and shows zero if the current polarity is opposite.
The present performance is shown in Fig.3. The curve has several peculiarities. 

1. At a zero charging voltage, the chain carries a 3 (A current of an opposite polarity. Because the circuitry measuring the chain current is sensitive only to one (“electron”) polarity, the recorded chain current is zero at low charging voltages. The generation voltmeter (GVM), which is insensitive to the voltage polarity, shows 130 kV at a zero charging voltage (the number varies 100 – 180 kV).  With an increase of CPSPV, the GVM reading initially decreases, reaches zero at CPSV = 0.5 – 0.8 kV, and only after that increases. 
2. In the region 1- 7 kV, the function is linear, but the coefficient is lower than in normal conditions.

3. Above a threshold ~ 10 kV, the chain current deviates down from the linear dependence.
4. The efficiency generally drops during the day (Fig. 4). Note that the data of Fig. 3 were recorded about one hour after turning the Pelletron on. 
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Figure 4. Decline of charging efficiency during 4 hours after turning the Pelletron on. 

The Pelletron chain current is generated at both the ground and the terminal.  Turning off the shaft disables charging at the terminal, and the chain current is determined only charging at the ground. Corresponding data are shown in Fig. 5. The offset is the same as with the shaft running, 3 (A; there is no nonlinearity up to the maximum recorded voltage of 38 kV. 
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Figure 5. Data similar to those shown in Fig. 3B but with the shaft off. 

The linear coefficient is 3.12 (A/kV .  The scan duration was 400 sec.

Fig. 6 shows similar data recorded on February 6, 2006, the last day before opening the Pelletron for cleaning. The data are taken from the Datalogger, where R:CPSPV is saved once in a minute. Luckily, in this case the voltage increase was made comparatively slow, are there are several meaningful points. The pattern is similar to that in Figures 3B and 5. 

There two curves characterizing performance after cleaning, both with the shaft running. One of them was recorded with air in the Pelletron (Fig. 7) and another at normal conditions, immediately after filling the Pelletron with SF6 (Fig. 8). The knee on both of them is at approximately the same voltage and is more distinctive than at present. 

Some parameters of the recorded curves are listed in Table 2. 
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Figure 6. Deviation from a linear fit on February 6, 2006. The curves correspond to the shaft being on and off. 
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Figure 7. Deviation from a linear fit immediately after cleaning. February 7, 2006. The Pelletron is filled with air, and the terminal is grounded.  The shaft is running. The scan duration was 100 sec. At CPSPV above 9.5 kV there are points deviated from the average values by up to 25 (A, which are not shown on the plot. 
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Figure 8. Deviation from a linear fit immediately after cleaning. February 7, 2006. Normal conditions, i.e. the Pelletron is filled with SF6, and the shaft is running. The scan duration was 100 sec.
Table 2. Some parameters of dependences of the chain current on the charging voltage. The linear coefficient is calculated for a low voltage region, typically 1 – 7 kV. The value of the noise is shown peak – to- peak. 
	Date
	Shaft
	Liner

Coeff.
	Offset
	Nonlin-ty starts at
	At U=
	Devia- tion
	Noise ptp
	Comment

	
	
	(A/kV
	(A
	kV
	kV
	(A
	ptp (A
	

	4-Apr-06
	ON
	6.45
	-3
	10
	20
	10
	4
	

	
	OFF
	3.12
	-3
	> 38
	38
	< 0.5
	5.5
	

	
	OFF
	same
	same
	same
	20
	< 0.5
	2
	

	7-Feb-06
	ON
	8.15
	0.5
	7.8
	9
	3
	5
	In air

	
	ON
	7.26
	-0.2
	7.4
	18
	2
	1.5
	

	6-Feb-06
	ON
	6.55
	-2
	10
	20
	7
	
	Low number of points

	
	OFF
	3.3
	-3
	> 20
	20
	<1
	
	Low number of points


4. Discussion
Charging of the chain’s pellets occurs capacitively inside C-shaped electrodes, so-called charging boots. The charging current is recorded as a current from the ground to the sheave that supply negative charges to the pellets moving up and removes positive charges from pellets coming from the terminal. Therefore, there are following possible reasons for the chain current decrease at a constant charging voltage. 
1. The charge of pellets is partially lost through the support rolls at the Level 3. Only discharging of pellets coming down changes the recorded chain current. This effect may explain non-linearity of the curves when the shaft is running.
2. A large resistance between a pellet on the sheave and the ground or terminal, similar to what has been observed on February 7, 2006. To explain the observed decline in the charging efficiency, the resistance needs to be hundreds of MOhms (see Appendix B). Note that the value refers to the case of rotating chain in SF6, while in practice it can be measured only in a rest and in air. One can notice that on February 7 the linear coefficient in air was larger than normal. 
3. A decrease of the boot voltage due to a comparatively high conductivity through its insulator. The conductivity should be comparable with one of the protective resistor between the boot and the charging power supply, which is normally 25 kOhm. If a resistor is broken, sensitivity to this conductivity increases dramatically.
4. Discharging between pellets. Because the declined charging efficiency is observed at low voltage as well and is similar in air and in SF6, it can be ruled out. 
5. Additional charge transfer due to a slippage of pellets with respect to sheaves. It might be an explanation of a chain current at zero charging voltage. 

The curves of Fig. 3 (remember, recorded not in the worst case) show that at CPSPV = 18 kV the decline of the chain current is composed as follows:
· 15 (A due to decreasing of the linear coefficient;

· 7  (A due to nonlinearity;
· 3 (A due to the offset.
Therefore, the main effect is the decrease of the linear coefficient. 
Cleaning on February 7, 2006 completely recovered the linear coefficient. It points to the effect #2. 

The nonlinearity, however, was not eliminated. It was similar in SF6 and in air and became smoother but larger with time. The best looking candidate is #3 (if the insulator of the terminal negative boot was not completely cleaned) or #1. 
The offset was initially much better but now is similar to the pre-cleaning time. The natural explanation is an increase of slippage in #5.

A partial recovery of the charging efficiency after the Pelletron is off for a while and a decline after turning on (Fig. 4) doesn’t have an explanation by the listed effects. Note that a similar behavior was observed when the charging resistors were broken. 
5. Conclusion
To be explained, peculiarities of the charging curves require several different effects: a large resistance between pellets and sheaves; a high conductivity of insulators; a chain slippage; and may be broken charging resistors. We need to try checking and correcting all of them. However, the most important questions are why the effects appeared altogether after a year of stable operation and why after a careful cleaning they came back after only 10 days? So far, I don’t see a clear answer from the data. One of possible explanations is that the main reason is an increased slippage of the chain with time that adds dust and makes the contact with pellets worse as well. Also, one may hope that the known problem with the shaft bearings produces enough dust to create problems with the charging system, and that a bearing repair would alleviate the charging difficulty as well. 
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7. Appendix A

Table 3. Charging system parameters
Motor revolution frequency 

19.3 Rev/sec 
Motor power 



5.6 kW 
Actual load 



~ 0.5 kW 
Nominal chain speed 


18.5 m/s 
Chain central diameter around sheaves 
30.5 cm 
Distance between sheave centers 

3.68 m

Chain revolution frequency

1.8 Hz

Length of a pellet



32 mm

Gap between pellets 


5.3 mm

Maximum voltage of charging PSs
60 kV

Charging efficiency in good condition
7.3 (A /kV
(for two chains with charging at the ground and at the terminal)
8. Appendix B. Effect of a high resistance between pellets and a sheave on the chain current 
The charge Q on a pellet is proportional to the potential difference between the boot and the pellet:
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where Cp is the capacitance of the pellet with respect to the boot. Suppose that the boot potential Ub is equal to the voltage of a CPSPV power supply, and the pellet potential Up differs from zero due to a high resistance between the pellet and the sheave, Rp
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(2)
where Ich is the chain current, Vch  is the chain speed, and d is the distance between the centers of pellets. The coefficient 
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(3)

is a factor of 4 of an inverse of the value of charging efficiency used above. The factor 4 takes into account that there are two chains and each of them is charged at the ground and at the terminal. In good conditions Ref = 4/(7.3 (A /kV) ( 550 MOhm. From Eq. (1) - (3) it follows that 
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 (4)
Therefore, a decline of the chain current by factor of 1.5 requires Rp~ 270 MOhm.
The estimation (4) assumes that the main reason for the declining chain current is a resistance common for all pellets. If the main component of the high resistance is the one between an individual pellet and side band conductor of a sheave, the relevant effect is an incomplete charging of the pellet during the time when it is in a contact with the sheave inside a boot. The time can be estimated as 
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Because of a finite capacitance between the pellet and the boot Cp ~ 3.6 pF (estimated from Eq. (3)), the pellet charge is decreased by a factor of 
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(5)
A corresponding decrease of the chain current by 1.5 times requires Rp~ 500 MOhm.

Values of parameters in these estimations are taken from the Appendix A. 

A





B








[image: image1.png]Fri 63-FEB-2006 11:29:30

RicPsPY
Tarklo kv

Re TERNNY
Tarkto kv

ReCHNIT
k1o un

05 Fr T Ge Fr 20 Fr
Ti = Fr 9-DEC-2005 1 Te = Fr 63-FEB-2006 1




[image: image18.emf]0

20

40

60

80

100

120

140

0 5 10 15 20

CPSPV, kV

Chain current, microA

_1206097591.unknown

_1206421053.unknown

_1206506250.unknown

_1206507314.unknown

_1206505711.unknown

_1206099525.unknown

_1206098346.unknown

_1206097465.unknown

