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Table 9.2. Motion sensitivities for the SMIN data. 

Record V R Q 

SMIN33 2.4 nV/pm 
34 1.0 
35 1.4 
37 < .9 
38 < .9 
39 1.0 
40 < .9 
41 < .9 
42 < .9 

1.1 nV/pm -24 pV 
<.l -18 

.5 -19 
<.l -.6 
<.l -1.9 
1.3 -5.4 
1.7 -.8 
.8 .9 

2.4 .9 -- 

We now want to see to what extent we can account for the standard deviations 

of the histograms. The amount of rotor motion inside the passband of the 200 second 

average and difference filter can be calculated by integrating IkV(f)~j~ times the 

square of the motion spectra given in the previous section. We find for the rms 

motions 
av = .14 f .02pm, 

OR = .30 zt .05jkm, (g-5) 

ap = .03f .OlmR, 

where V, R, and P mean vertical, radial, and phase. To find the contribution to 

the total noise these must be multiplied by the measured motion sensitivities and 

quadrature signal, which are given for each run in Table 9.2. The amplifier noise 

contribution to the total noise is (8.8 nV/G)/(200 sec)‘i2 = .62 nV. 

Figure 9.13 displays the conclusions. The squares are the measured standard 

deviations of each histogram, with statistical errors shown. The dotted line shows 

the amplifier noise level and the diamonds are the total accounted for noise, meaning 
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the amplifier noise plus the motional noise. The motion sensitivities are small 

enough so that the motional noise is always less than twice the amplifier noise and 

is sometimes negligible. 

Figure 9.14 shows the difference between the observed noise and the accounted 

for noise. Excluding SMIN39, the unexplained noise has an average value of 

1.21 rt .06nV and is constant from record to record within the uncertainties. This 

noise cannot be accounted for by any of the mechanisms considered so far. We 

have not so far been able to identify the source of the unexplained noise, but will 

consider some possibilities below. 

At some rate there must be spontaneous changes of the sample charge due to 

cosmic rays and natural radioactivity. If the sample charge were changing by lq, 

at random times it would generate a charge noise spectrum 

th = Qe ’ 
(2R)li2 

27Tj ’ 

where R is the mean charge change rate. This formula is simply the time integral of 

the formula for shot noise: & = (2q,1)1/2. Th e result also holds if the changes are 

-Iqe, or if the changes are of both signs. Using Eqn. 9.3 above and the instrument’s 

calibration of 4.7nV/qe, the 1.2 nV of unexplained noise can be accounted for if 

R = 1.8 nV/hour. The frequency where the noise from charge changes and the 

amplifier noise make equal contributions would be 2.7 mHz, and the spectrum would 

rise as l/j below this point. This seems to be roughly the behavior in the spectra 

for SMIN37, SMIN38, and SMIN41, for which the motional noise contribution is 
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Figure 9.13. Noise through the 200 second square average filter. 
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Figure 9.14. Unexplained Noise 
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negligible. 

To test the hypothesis that the unexplained noise is due to charge changes, 

we can convolve the time domain data with the window of Fig. 9.8. If we set a 

threshold and count the number of times the convolved data crosses the threshold, 

we can hope to count the number of spontaneous charge changes. A problem arises 

however, because the raw data has an unknown drift, which may be due in part to 

spontaneous charge changes but is certainly not due entirely to them. If we make a 

linear fit to the data and subtract it off, we would cause an unknown offset in the 

convolution output if some of the drift is due to charge changes. We will instead 

convolve with the window in Fig. 9.15 which is immune to a linear drift. Convolution 

with this window is equivalent to making a least squares fit to the intervals on either 

side of t = 0, and then measuring the differences of the y-intercepts of the fit lines 

at t = 0. The bandwidth of the least squares window is 4/T instead of l/T as for 

the square window. To regain some of the lost resolution we can increase T to 400 

seconds, which should not result in intolerable pileup since we are looking for charge 

changes that occur at an average rate of l/2000 seconds. The amplifier noise will 

now make a contribution of .88nV. 

We will restrict this analysis to SMIN37, SMIN38, and SMIN41, for which the 

motional noise contributions are at least three times less than the amplifier noise, 

and test the hypothesis that the total noise is due to amplifier noise plus spontaneous 

charge changes. If we set the threshold at 30 for the amplifier noise, or f2.64 nV, 

then we can expect a false rate of one per 370 opportunities. An opportunity occurs 
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Figure 9.15. Least Squares Average and Difference Window 

about once per 400 seconds (since the output will be highly correlated over about 

400 seconds) so we estimate a false rate of - 7 * 10e6/sec. To test the estimate a 

data record of amplifier noise was convolved with the least squares window. One 

count was recorded in 21000 seconds, where .15 counts were expected according to 

the estimate. 

Convolution with the 72100 seconds of data in SMIN37, SMIN38, and SMIN41 

yielded 85 excursions above threshold, or a rate of 4.3/hour, with .50 false counts 

expected. Figure 9.16 is a histogram of the peak value of each excursion above 

threshold. The rate is 2.5 times too high to be due to spontaneous charge changes, 



181 

and the peak values do not cluster around fqe = f4.7nV. Since the rate is 

high there is now considerable pileup (peaks above threshold occurring within 400 

seconds of each other), so one objection that might be raised is that the background 

estimate could be wrong in the region 3~400 seconds around a true fq, charge 

change. This worry can be disposed of as follows. We can place an upper bound on 

the true charge change rate by setting the threshold at fqe = f4.7nV, and then 

doubling the number of counts obtained to account for the fact that the amplifier 

noise will cause half of the charge changes to fluctuate above 4.7 nV, and half below. 

We find 10 counts, or a rate of 2 . lo/20 hours = l/hour. If we now look in the 

region 400 seconds before and after the 10 counts above f4.7nV, we find 11 more 

counts which might be considered false. We could perhaps thus account for as 

many as 2 . (10 + 11) = 42 of the counts, but this still leaves 43 unexplained. 

The conclusion finally is that there could be a spontaneous charge change rate of 

2*(10&&@/20hours = 1 f .3/ hour, accounting for about half of the unexplained 

noise, but that there is certainly also some other noise source. 

Of course some spontaneous charge changes must occur. If the cosmic ray 

intensity is described by (79) 

I = 1.10 l 10e2 cos’ 6’ . crnw2 = set-’ . sterad-‘, (9.7) 

where 9 is the zenith angle, then the collision rate with the sample will be .25/hour. 

This may cause as many as .25 charge changes per hour. Also, the sample is made 

of a radioactive material. Natural indium is 95.7% In115, which p-decays with a 
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I 

4.3 Counts/Hour 

0.0 
I I I 

-5 0 

nV 

Figure 9.16. Peak value of each excursion above threshold. Three points are off 
scale at +14.14, $8.82, and +7.41nV. 
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half life of 5 - 1014 years and an end point energy of .5 MeV*. In our .73 mg sample 

there will be .6 decays per hour. The mean range for the electrons is about equal 

to the .2 mm sample thickness, so a large fraction of the emitted electrons will leave 

the sample. A charge change rate as large as .S/hour can be accounted for by this 

mechanism. The sum of these two rates is still within the l/hour rate allowed by 

the analysis given above. 

There are several other possible sources for the unexplained noise. A major 

worry is that somehow some motion has gone undetected. Although we have some 

information on each axis, it would be far preferable to continuously monitor the 

sample position relative to the rotor in all three axes while data is being recorded. 

This would certainly be recommended in a future instrument. 

Another source of noise might be charge motion on the quartz fiber. Several 

studies have been made with conventional electrometers of the surface resistance 

of quartz glass (80). Unfortunately they do not provide enough information for 

our purposes, since the instrument could be disturbed by rare but highly mobile 

carriers. Even a single mobile ion on the quartz surface might be able to generate 

the noise we see, but would be undetected in a conventional measurement of surface 

resistivity. Perhaps this issue could be studied by trying samples with different fiber 

diameters. 

* I thank Professor Cabrera for pointing out that indium is radioactive. This 

was overlooked when indium was chosen as the sample material. 
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9.5 DETECTION OF ELECTRONS 

The INSR data records were made during four different runs, as shown in 

Table 9.1. The intensity and duration (- .2 second) of the of the ultraviolet light 

pulses was not varied during a run, but was different from run to run. Figures 9.17 

and 9.18 show histograms including all of the INSR records in each of the four runs, 

generated in exactly the same way as the SMIN histograms in Figs. 9.9-9.11. A 

quadratic fit was subtracted off each record as before by first making a linear fit to 

the slopes of each 200 second segment, and then integrating to get a quadratic fit to 

the data record. The average value of each 200 second segment was computed, and 

the differences of adjacent averages were histogrammed. No cuts have been made, 

but three points are off scale on the 3/22/85 histogram. 

The explained noise, meaning the motional noise plus the amplifier noise, is 

given for each run on the histograms. The values are similar to those in Fig. 9.13 

for the SMIN records. The run of 3/22/85 seems to be more noisy than the others. 

This is the same run during which SMIN39 was recorded. As was mentioned in the 

previous section, the instrument showed some peculiar behavior during this run, 

perhaps due to dust. 

All of the runs show evidence for discrete changes in the sample charge. 

The charge changes are positive, showing that the photoelectrons are negatively 

charged. Judged from the run of 4/19/85, the instrument’s calibration is 4.7nV/q,. 

Figure 9.19 shows the number of counts in each peak in the run of 4/19/85. The 
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crosses are the data while the squares are a Poisson distribution with the same 

mean as the data. This shows the Poisson statistics of the photoemission process. 
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Figure 9.19. Photoemission Statistics. Number of counts in each peak in the run 
of 4/19/85. The fit points are from a Poisson distribution. 
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10. Prospects for a Fractional Charge Search 

Let us first ignore the motional noise and the unexplained noise and consider 

whether the amplifier noise limited resolution can be made sufficient for a fractional 

charge search. As the instrument stands, the amplifier noise is 8.8nV/a and the 

calibration is 4.7 nV/q,. For the 200 second square average and difference procedure 

the amplifier noise limited resolution is therefore 

8.8 nV/&G - 
(200 stc)li2 ’ 4.7 nV/q. = l l3 “’ 

A resolution of .05 qe seems like a good goal, since then a peak at 1/3q, would 

be separated from zero by 6.7 standard deviations, so a data point would have to 

fluctuate by more than 3 standard deviations to mimic a fractional charge. Thus a 

factor of 2.6 is needed. There are several places where it might be found: 

l The total electrostatic inefficiency (which is not all understood) is 2.7. 

Perhaps it can be improved. 

l A factor of about 1.4 can probably be gained by cooling the JFET. 

l A thorough search might turn up a quieter JFET. 

l A factor of two increase in the signal frequency together with a factor of two 

decrease in C’s would give a factor of 1.4 in resolution (see section 7.4). 

l The averaging time can be increased. 

Increasing the averaging time is a last resort, since this will slow down the 

measurement and may make the motional noise harder to control. It seems very 
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likely that by some means the amplifier noise limited resolution can be reduced to 

.05qe. 

The unexplained noise presently contributes .25qe to the resolution, so it must 

be reduced by a factor of 5. Hopefully the reader will not be too discouraged by 

this. As is evident from section 9.3, nearly all of the work so far with samples 

in the instrument has been aimed at reducing the motion sensitivity. Only with 

the last sample was the unexplained noise clearly identified, so there has been 

little opportunity to study it. A first step would be to see what effect changes in 

the sample size and fiber diameter have on the unexplained noise. With the new 

guarding technique it will very likely be possible to study somewhat larger samples, 

and it is certainly possible to study smaller ones. 

With sample motion sensitivities of 1 nV/pm, as have been achieved with 

sample 0, the motional contribution at present is about equal to the amplifier noise, 

and so it must be reduced by a factor of 3. If the motions are due to thermal effects 

they can certainly be reduced, since the instrument could be made more compact 

and from lower expansion materials. If the vertical motion is due to electronic noise 

in the suspension then this can certainly also be improved. It is encouraging to note 

that in the phase direction the motions are already small enough, since the .03mR 

rms phase motion corresponds to .06,~m rms. 

Perhaps the most serious problem that remains is maintaining the sample 

container position when the sample is changed. With 1 nV/pm = .2 qe/pm motion 

sensitivity, to keep the systematic error below .05q, it would be necessary to 
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reproduce the sample container position to .25pm after a sample change. This 

seems difficult but possible. Actually there is no reason why the motion sensitivity 

cannot be nulled more accurately than this. We have been limited to 1 nV/pm 

only because during an INSR data record the sample charge is changed by several 

hundred qe, which changes the motion sensitivity by - 1 nV/pm. This would not 

be a problem in a real experiment since the sample container charge may always be 

readjusted by photoemission after the sample is changed. 

One might worry that a small change in the sample container weight would 

stretch the fiber by more than .25bm. In fact for a 1 cm long 5 pm diameter fiber 

a mass change of 1 mg causes an extension of only .05pm, so this does not by itself 

seem very serious. Much more worrisome is the fact that our description of the 

motions in terms of three translations will at some point be inadequate. When 

the sample is changed, the sample container and guard might move relative to one 

another, and then the relevant motion sensitivity might well be what was observed 

with unguarded samples; say 4 qe/pm for small samples or 40 qe/hm for large ones. 

This seems very discouraging. If stretching of the fiber is the only factor causing 

relative motion of the sample and guard, then by holding the sample weights equal 

to 5Opg even the 40q,/pm value could be tolerated. Unfortunately the structure 

may twist or, if the fiber is not quite straight, it may flex. These problems require 

careful study before the experiment c&r be attempted. 

Perhaps the motion sensitivity difficulties could be greatly reduced if the sample 

container were magnetically levitated. Since we don’t know how much of the motion 
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