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University of Washington, Seattle, Washington

Introduction

The terminal potential of the University of
Washington ©N Tandem Van de Graaff accelerator
fluctuates by 500 to 1600 volts, even under the
best of operating conditions. The pattern of the
fluctuations is periodic at the frequency of the
belt cycle; the dominant fregquency spectrum ex-
tends from the belt frequency, which is about 2.4
Hz, to about 30-40 Hz. The voltage pattern, which
is quite complicated, repeats over and over each
belt cycle in a remarkably faithful manner. Al-
though the voltage pattern is different when the
corona regulator is in proper operation, it too
repeats in a carbon-copy fashion.

The repetitive character of the fluctuations
clearly indicates that the cause lies in inhomo-
geneities of the belt. 1In what follows below evi-
dence is presented indicating that the inhomogene-
ities probably arise from the manner in which the
rubber-impregnating compound on the belt is cured.
A simple method is suggested for reducing the ef-
fects of these inhomogeneities. Finally, it is
shown that charge spreads out on the belt after
deposition, but that it spreads out non-uniformly,
much as water might flow out non-uniformly over an
uneven horizontal surface. This finding rules out
the possibility of devising an analog memory-type
regulatorl to cancel out the fluctuations.

Effects on Accelerated Beam

Since a terminal voltage fluctuation of one
kV means a proton beam energy fluctuation of only
2 keV, one might conclude that the effect is teco
small to be of importance. However, this is nct
the case. At 10 MeV, the dispersion of the beam
analyzing magnet causes a motion of about 0.001
inch per 250 eV. Thus a terminal fluctuation of
1 kV moves the proton beam about 0.008 inches.
With a typical operating image slit width of ap-
proximately €.020 inches, the beam intensity fluc-
tuates from 30 to 50% due to the terminal poten-
tial variations.

For experiments involving coircidences be-
tween two nuclear radiations, the accidental
rates are proportional to the square of the beam
intensity. Thus, a fluctuating beam produces a
higher accidental rate than a steady beam of the
same average intensity. Moreover, one cannot cal-
culate the accidentals from known resolving times
unless the exact beam-time pattern is known.

The side-to-side motion of the beam within
the confines of the image slit is disturbing to
precise scattering experiments, especially if the
beam switching system following the image slits
bends the beam in the same sense as does the ana-
lyzing magnet. For the University of Washington
external beam facility, this effect virtually
rules ocut the use of the 30° and U45° beam exits

on one side of the switching magnet for precise
experiments.

Also, recently there have been found very
narrow nuclear analog resonances the widths of
which are less than 1 keV.

Terminal Potential and Charge Current
Fluctuations

A typical oscillogram of the terminal poten-
tial, as detected by the usual capacitive pickup
electrodes, is shown in Fig. 1. Two belt periods
are visible on the trace. The peak-to-peak fluc-
tuation is ~ 2.4 kV at a terminal potential of
4 MV,

Figure 1. Oscillogram tracing of terminal
potential. Note that the pattern repeats
each belt cycle. Peak-to-peak fluctuation
is ~ 2.4 kV.

By means of a shorting rod which can be in-
serted through a seal in the wall of the Van de
Graaff pressure vessel, we have studied the cur-
rent delivered to the terminal. A typical oscil-
logram is shown in Fig. 2. The charging current
delivered to the belt was 100 pA. The peak-to-
peak fluctuation is about 75 pA.

Figure 2.
current.
each belt cycle.
100 uA.

Oscillogram tracing of terminal
Note that the pattern repeats
Belt charge current =

Although Fig. 1 and Fig. 2 do not demon-
strate that the voltage fluctuations are corre-
lated with the current, chiefly because these two
osciliograms were taken at widely different times,
we have verified that the expected correlation
does exist. The voltage fluctuations are of
course very heavily attenuated by the effective RC
of the terminal.

We have also examined the momentum analyzed
beam at the image slits of the customary analyzing
magnet. The beam energy does fluctuate with the
same pattern as the terminal potential, which
leaves no doubt as to the real existence of the
potential variations.
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The oscillograms of Fig. 1 and Fig. 2 show
frequencies extending from the belt frequency up
to ~ 60 Hz. Figure 2 especially shows a very
prominent component containing 17 peaks per belt
cycle, or a frequency of ~ 40 Hz. We have ob-
served that three different charging belts show
almost exactly the same periodicity. This fact
was not at first recognized, and only after ex-
amination of old oscilloscope photographs taken as
a routine check on belt condition, did we find
that a frequency corresponding closely to 17 peaks
per belt length was imbedded in each belt. One
belt was removed because the current fluctuations
became excessive, even though the charge and dis-
charge screens were in good condition and properly
adjusted. The second belt was removed because of
accidental damage. We have some, though not con-
clusive, evidence that belts gradually generate a
larger and larger "17-peak" structure as they age
or wear.

The "17-peak" structure is evidently caused
by the method of curing the rubber impregnation
applied to the belt during the manufacturing pro-
cess. The "curing length" is 30 inghes with
about a 2-inch overlap at each end. The average
length of a belt is 454 inches. This gives very
nearly 17 cure patterns in the length of the belt.
An obvious remedy would be to develop a system for
a uniform and continuous curing procedure, such as
between rollers.

Alternatively, if the frequency of the in-
homogeneities could be increased, say by a factor
of two, the terminal ripple would be reduced by a
factor of about two by the RC filtering action.
The High Voltage Engineering Corporation has
agreed to make us a belt with an effective curing
length of 15 inches instead of 30 inches.

Effects Due to Corona Regulator System

The corona regulator produces a phase shift
of very nearly 90° for frequencies above about 10
Hz. The effective resistance of the corona dis-
charge at 5 MV and 100 pA corona current is 5 x
1010 onms. With an assumed effective terminal
capacitance of 100 pF, the phase shift between a
driving voltage on the corona points and the ter-
minal is very close to 90° at 10 Hz. A single
voltage pulse at the terminal with a width less
than 0.1 second appears approximately as a differ-
entiated pulse when the regulator is in operation.
Moreover, the regulator tends to hunt at a fre-
quency of about 20 Hz. Nevertheless, if the gain
of the regulator is not too high, the terminal po-
tential is still a pattern which repeats, carbon-
copy like, each belt cycle. The corona regulator
can eliminate low frequency components, for ex-
ample the belt frequency, but due to the 90° phase
shift cannot eliminate the 40 Hz frequency due to
the 17 peaks per belt cycle.

Charge Spread on the Belt

We constructed a circuit with which we could
introduce either periodic or step function modula-

tion of the belt charge current. TFigure 3 shows
the effect on the terminal current due to a step-
function decrease in belt charge. Figure 3a shows
the current pattern in the absence of the step,
and Fig. 3b shows the current pattern with the
step. The step occurs at the point marked, and is
the voltage supplied by the belt charge circuit.
That point-on the belt reaches the terminal 200.-ms
later, and the average current is seen to begin to
change. Figure 3c shows the approximate differ-
ence in terminal current between Figs. 3a and b.
The sharp rise charge step has spread out to a
gentle rise extending over about 70-80 ms, with a
90% decrease in 60 ms. Nevertheless, the basic
pattern remains unaltered.
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Figure 3. (a) Terminal current when belt

charge current is constant. (b) Terminal
current when a step decrease is applied to
belt charge current. (c) Approximate dif-
ference between tract (a) and (b) showing
how the charge spreads out between the
base and terminal.

The above observation suggests that as
charge is fed to the belt it spreads out as the
belt moves toward the terminal, but it tends to
concentrate in a particular pattern. Since the
distance the charge spreads in the time of transit
from the charge screen to the terminal is greater
than the distance between the inhomogeneities in
the belt, it is not possible to smooth out the
charge inhomogeneities by feeding an appropriate
signal to the charging circuit. This means that a
regulator based upon an analog memory system uti-
lizing a tape recorder— will not work, unless the
conductivity of the belt is substantially reduced.

Miscellaneous Observations

The terminal current ripple pattern for a
given belt changes only slowly with time. We have
oscilloscope photographs taken two weeks apart
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which show almost exactly the same pattern. How-.
ever, there is some evidence that the inhomogene-
ities of a given belt grow over a period of
months.

If the charging and take-off screens are
poorly adjusted, the current pattern does not re-
peat each belt cycle. Thus, improper screen ad-
justment can cause large instabilities in opera-
tion.

The so-called self charge generated on the
belt when the impressed charging current is zero
also exhibits a repeating pattern, but it is much
smaller than the fluctuations with normal charging
current. Thus, self-charge is not a cause of the
fluctuations. With the tank at atmospheric pres-
sure we studied the self-charge with and without
the terminal pick-off screen in place and found it
unchanged for the two arrangements. This sug-
gests that self-charge is mainly on the inside of
the belt.

The terminal current ripple depends upon the
humidity of the tank gas and upon the length of
time the belt has been dried by the tank gas. It
is worse under humid conditions. This. observation
supports the thesis that the fluctuations are due
to a balance between the rate at which charge
spreads out after being deposited on the belt and
the inhomogeneities of the belt. The charge cur-

rent is maintained constant by the charging sup-
ply: The non-uniformity of the current reaching
the terminal must therefore be produced during the
belt transit from the base to the terminal.

We have also studied the voltage pattern
supplied to the belt by the constant current
charging supply. This voltage exhibits a repeat-
ing pattern which shows definite correlation with
the current pattern received at the terminal, dis-
placed by 200 ms.
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