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Figure 4.3 Typical integrated signal from the Faraday cup, measured 25 cm
from the source with a 100 V bias applied to the cathode.

the cup to allow only the optical signal to pass through. The measured signal from the
Faraday cup in this test matched the noise signal obtained on oscilloscope channels
not even connected to the circuit (Fig. 4.4). The lack of signal on the Faraday cup in

this test clearly demonstrates that the source is indeed producing a stream of ions.

4.2.3 Arc Discharge

With a fused quartz window in place, we also examined the optical signal of the arc
discharge using a photodiode. The measured signal shows oscillations corresponding
with the oscillations in the arc voltage (Fig. 4.5). This test shows that each discharge
actually consists of multiple arcs occurring on positive voltage swings in the oscillation
of the capacitor discharge. After the arc is extinguished, the arc voltage shows the
capacitor voltage still continues to oscillate at its natural frequency in the circuit as it

discharges without enough energy to cause a vacuum arc in the ion source (Fig. 4.6).
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Figure 4.4 A comparison of the electrical signal on the cup with a sapphire

window between the source and the cup to the electrical noise signal picked
up on unused channels of the oscilloscope.
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Figure 4.5 Measurement of light signal from the arc. Oscillations correspond

to the oscillations in the high voltage signal from the discharge capacitor,
implying multiple arcs are occurring in the source. In this graph, both plots
are scaled for comparison.
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Figure 4.6 This graph describes the events in the lifetime of the vacuum
arc as seen by the high voltage signal from the discharge capacitor.



44 Chapter 4 Source testing

4.2.4 Reproducibility

The signal obtained from repeated shots with the same applied voltages are quite
reproducible, as seen by the overall shapes of the signals plotted in figure 4.7. Each
plot has three peaks, corresponding to three major pulses of ions from the source.
The timing of the three peaks is very similar between each shot, showing the ion flow
has roughly the same energy from shot to shot. We do expect variation in the signals
due to arcs originating from different cathode spots, but the overall variation is not
significant.

After a series of 25 shots, we could, however, detect a decrease in amplitude, also
seen by a decrease in visual intensity of the arc discharge (Fig. 4.8). This reduction is
probably caused by a decrease in the conductivity of the inside surface of the Macor
mask. As the source is used, ablated material will also deposit on the sides of the
mask and trigger disk while the flow of ions expands outward. The boron released
from the source will reduce the overall conductivity of the arc surface, yielding a

weaker discharge.

4.2.5 lon Velocity

An analysis of the result from adjusting the source—cup separation and the applied
bias both show expected results for charges being released. We made measurements at
14 cm, 25 cm, and 40 cm. Further distances increased the signal’s delay and decreased
its amplitude (Fig. 4.9). We find that the signal is much stronger and occurs earlier
when the cup is held closer to the source, and that the peaks attributed to bursts of
ion emission from the cup are more pronounced. At the farthest distance, the peaks
have smeared together almost completely, suggesting that the ions in the beam have

a spread in velocities. The three pulses then mix together as the beam travels further
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Figure 4.7 Similar voltage configurations result in similar signals obtained

on the Faraday cup.
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Figure 4.8 The visible light detected with a photodiode decreases in inten-

sity as more shots are taken.
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Figure 4.9 Moving the cup away from the source shows a delay in the signal.
The amplitude decreases significantly with separation, so all signals are scaled

to a range of -1 to 1. The 14 cm signal is scaled down by a factor of roughly
16.9, the 25 cm by a factor of 5.6, and the 40 cm by a factor of 1.6.
from the source.

Using the data to measure the time between the arc discharge and the charge build-
up on the Faraday cup, we can get an estimate for the velocity and thermal energy
of the ions coming from the source. The data from the 14 c¢m, 25 cm, and 40 ¢cm cup
distances in figure 4.9 show an ion velocity of 25.2 km/s, 25.7 km/s, and 22.9 km/s
respectively. These values are all consistent with typical velocities measured by Brown
et al.?? Using these velocities, we find the ions have an energy between 15 and 25 eV.

This energy is easily confineable with our trap.

4.2.6 Bias Voltage

Varying the bias shows a significant effect on the quality of the flow of ions, but little
effect on the energy of the ions. We applied biases of 0 V, 50 V, and 100 V. A slight
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increase in velocity is seen with higher bias voltage, though not enough to cause
a concern for confinement. More importantly, at 0 V bias, the passive integrator
detects a negative signal, corresponding to free electrons hitting the Faraday cup.
These electrons would cause the cup to measure an overall low value of charge from
the ion source. Applying a bias essentially removes the electrons from the flow, and
allows us to make a more accurate estimate of the number of charges produced by
the ion source.

In addition to removing electrons from the flow, the bias voltage also has a focusing
effect on the ion flow. We expect an expansion in the flow of ions as they drift from
the ion source and repel each other. The added bias appears to reduce the rate of
expansion, allowing more charges to reach the Faraday cup at farther distances. This
effect is seen in our data with a stronger signal at higher bias, in spite of little change
in the actual energy of the ions. The beam profile is analyzed and discussed more

fully in section 4.3.2.

4.3 Charge Output

The previous tests indicate that a substantial charge is released in each shot from
the ion source. The passive integrator provides a means of determining how much
charge is present in each shot. We can assume the charge state is not exceptionally
high, a likely assumption given the energies of the ions determined previously and
given the binding energies of the atoms present in the ion flow (see table 4.1). This
measurement, then, corresponds to a good estimate for the actual number of ions

released from the source.
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Figure 4.10 Increasing the voltage bias on the cathode shows a decrease in
electrons and an increase in ions in the flow, marked by a stronger positive

value in the integrated signal. A slight increase in velocity is also seen.

Ionization State: I IT I1I
Be 9.32eV 182eV 153.9eV
B 830 eV 252eV 379eV
C 11.26 eV 244 eV 479 eV

Table 4.1 Electron binding energies of the three major components in the
ion flow from the source. ("Be is not, of course, present in the tests presented

here.)
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Figure 4.11 The passive integrator circuit.

4.3.1 Faraday Signal Integration

The integrator circuit (Fig. 4.11) is very simple, but the total current into the Fara-
day cup is not the same current that passes through the integrating capacitor. The
integrator can, however, be analyzed using Kirchoft’s loop rules to find a coupled set
of Differential-Algebraic Equations (DAEs) that describe the behavior of the circuit
given a current input. These equations can then be solved for the input current in
terms of an algebraic expression relating the measured voltage (V.) as well as the
derivative of the measured voltage (V). Other parameters involved in this calcu-
lation are the terminating resistor (R;), the dividing resistor (Rs), the oscilloscope
resistance (R;), and the integrating capacitor (C):

. Ri+ Ry + R; Ry + Ry ,
TR Ty MR Ay 41
v Rle + Rl c ( )

Because this equation requires the derivative of the measured data, averaging was
used to smooth the data in making this calculation. It can be shown that the equation
is robust enough that smoothing does not have a significant effect on the numerical
value obtained (See Appendix D). Integrating the result over time yields the total
charge passing into the circuit.

Using the dataset from 25 shots on a single boron carbide target, we find that
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Figure 4.12 The number of ions released by the ion source plotted against

the shot number. The plot shows that the initial discharges are slightly
stronger until excess graphite has been blown off of the arc surface. The
strength of the discharge continues to decrease gradually as the path length
increases when more of the surface is ablated.

an average of 6.2 x 1077 C of charge were collected by the Faraday cup at a dis-
tance of 25 cm. Assuming these are mostly singly ionized atoms, this corresponds to

3.8 x 10'? ions, more than sufficient for the needs of the experiment.

4.3.2 Beam Profile

Using the same technique for measuring the charge on the cup, we can compare the
measurements at different distances to find an estimate on how rapidly the flow of
ions is expanding. This analysis assumes that at 14 cm, the Faraday cup collects the
entire charge, and that the density of the beam is inversely proportional to the radius

of the beam. The radius of the beam at a given distance is then

r= 4.125\/% (4.2)
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Figure 4.13 A description of the beam profile, or the rate of expansion for

the flow of ions from the source.
where Qg refers to the total charge emitted (as measured at 14 cm) and we make use
of the diameter of the Faraday cup (4.125 cm).

Figure 4.13 shows a typical comparison of the profiles at different bias voltages.
This test is just for a general understanding of the flow expansion. Bias voltage seems
to focus the flow of ions slightly, and an expected linear profile is plotted against the
three sets of data. This data suggests that the beam expands by 3 cm every 10 cm
away from the source. The wall of the trap begins 5 cm in radius from the center,
and so we would expect the flow to reach approximately 12 to 15 cm down the trap
before hitting the wall. This is farther than the ions will travel before entering the
quadrupole, and so there is little concern for high ion loss to the walls of the trap;
most of the ions will reach the region they need to.

It should be noted that this result is not completely consistent due to variability
between shots, and data can be easily found that implies the 50 V bias actually has

a narrower beam width than the 100 V bias. It seems that positively biasing the
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cathode at all has a focusing effect on the beam, regardless of the magnitude of
the bias. The 100 V bias does, however, have the added benefit of removing more

electrons from the flow of charges.

4.4 Surface Behavior

4.4.1 SEM photography

In addition to the electrical testing, we have examined the surface of the target using
a Scanning Electron Microscope (SEM) to see the effect of the arc discharge on the
surface of a bare boron carbide target. Our sample was done with a clean target and
25 discharges. Figure 4.14 shows an image of the unmasked portion of the target. The
primary discharge clearly occurs in one region, but surface ablation from secondary
arcs occurred in places over the whole surface of the region, showing we can extract
"Be from the entire unmasked region. In addition, these images suggest ablation to
depths of up to 10 pum has occurred, far more than necessary as the “Be deposition
on the target only extends a few microns into the surface (Fig. 4.15).

Closer examination of the target surface in the primary ablation region reveals the
energy of the arc discharge was enough to melt the boron carbide (Fig. 4.16). As the
material cooled, minute cracks formed just as would be expected in rapidly cooling

materials. In addition, crystal formation can be seen near the cracked regions.

4.4.2 Optical Microscopy

The target surface was also examined with an optical microscope to gauge the depth of
the ablation into the surface. Due to the size of the surface features (and to problems

with the alignment of the CCD camera installed on the microscope), clear photographs
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Figure 4.15 SEM photo showing the deepest ablation in the target. The
scale of the photo suggests the depth of the ablation is as much as 10um.
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Figure 4.16 SEM photo of the primary ablation region, showing melting,
fracturing, and crystal formation.

of this measurement at visible wavelengths are, unfortunately, unavailable. However,
by focusing the microscope on the surface of the unablated target and then on the
deeper parts of the ablation region, we were able to measure a depth of 8 microns at
the edge, confirming our estimates made with the SEM photos. This measurement was
achieved by noting the distance the objective of the microscope was moved between

focusings.
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Discussion of Results

Though the required characteristics of a “Be ion source posed some difficult problems,
the solutions have been surprisingly straight forward. The method of using a screw-
together system to allow easy exchange of the target sample is quite simple, and yet
rather elegant because of its easiness. It should be pointed out that one of the key
factors in the success of this design was the selection of materials that turned out to
be easy to use and well suited for their purpose. It is necessary, however, to treat
those materials correctly to maintain their quality in this application. In particular,
the Macor pieces need to be carefully handled and well cleaned as the ion source is
maintained.

Inserting and removing the source is quite easy, and the design minimizes the
complexity of the system to connect and disconnect from the electrical circuit. Care
must be taken in installation to ensure the mounting rings are centered correctly,
though small error can be compensated by the source’s filleted edge to pull the cathode
into alignment. That said, it would be difficult to insert the extractor to remove the
cathode if it is too far out of alignment with the manipulator arm.

This design has provided us with a sturdy, well-built ion source that accommodates

95
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all of the peculiar requirements of this study. The electrical connections have proved

solid, and the ion source has proven to be effective and consistent.

5.1 Source Behavior

The extensive testing of this ion source gives us a good understanding of what to
expect from it in use during an experiment. Vacuum arcs are easily obtained using
only 4 kV (7 kV applied to the source) at a few puTorr. At lower pressures in the ultra
high vacuum environment of the trap, we may be required to increase that voltage,
though certainly not to any unreasonable value. The use of a Variac on the spark
gap power supply makes this adjustment easy to do.

It is essential to have a thin coat of graphite on the inside of the Macor mask to
initiate the vacuum arc, though it should not be applied too liberally. If the source
is found to have weak discharges, it may be necessary to apply more graphite to the
surface. The graphite is easily cleaned off when the Macor is thoroughly scrubbed,

and will certainly need to be reapplied after pieces have been cleaned.

5.2 Charge Output

The testing also shows conclusively that the ion source is capable of producing a
large number of charges with each shot. Because of the nature of the design, each
shot will not only release "Be ions, but also boron, carbon, and perhaps copper ions as
well. These are removed with the quadrupole section of the trap assembly, but given
the number of ions produced a large number of “Be ions will reach the quadrupole
fields and be inserted into the trap. Though the source was designed without cooling,

multiple shots do not impart a great deal of thermal energy to the mass of the ion
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source. Therefore, if a single shot proves incapable of providing the number of ions
needed for the experiment, successive shots can be taken until the needed density is
achieved.

The actual charge state of the ions coming from the source was left undetermined,
though we anticipate the majority of the ions coming from the source to be singly
ionized, given the amount of energy available and the large number of ions being
released. Once assembled into the trap itself, testing can be performed to see just
what states are present and in what quantities, and further adjustments can be made
at that time to select particular charge states.

The velocity of the ions from the source matches typical velocities measured in
other MeVVA source designs. Our testing shows it appears to be independent of
the voltage bias applied to the cathode, and is rather a function of the arc discharge
and the ions themselves. The velocities attained are within the range of confineable

energies.

5.3 Surface Behavior

Examination of the surface revealed that ablation occurs across the entire unmasked
region of the source, and to good depths. The source should have no difficulty remov-
ing "Be from the surface of the boron carbide target. Though in reality only small
quantities of material are removed at a time, it is unclear what effect prolonged use
has on the target. Eventually the surface will be extremely uneven, and the effect
of that type of surface on the performance of the ion source is unknown. We may
likely never really know what happens in that case, because we have a large number
of boron carbide targets available for use in the experiment.

The behavior of the remaining surface is quite interesting, and it remains to be
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exactly determined just what is occurring. The restructuring and crystallizing of
the surface certainly appears to have no effect on the performance of the ion source,

however, and is more a curiosity than an issue for this particular experiment.

5.4 Conclusions

The need to experiment with a plasma undergoing radioactive decay presents some
challenging problems in design and implementation. The ion source we have developed
addresses a good number of those concerns successfully. It is suitable for use in an
ultra high vacuum environment while remaining easily removable and interchangeable.
This setup allows us to change target samples for continued experiments without
having to repressurize the entire trap system.

As an added benefit, the design allows for a great deal of flexibility in ion species.
By simply making a disk of any conductive material the same size and shape as the
boron carbide targets we use now, we could use the same ion source for other types
of metals, radioactive or not. This feature will give our research group the added
benefit of having a pre—built trap and ion source for a number of different types of
plasma experiments.

Our testing of the source shows it to be an effective means of extracting "Be
ions from the surface of a boron carbide target, and provides a stream of ions at
confineable energies. Once placed inside our trap system, the ion source will help
us to create a 'Be plasma that can be studied for time scales on the order of its
half-life. Examining this plasma will help us understand radioactive decay of this
isotope better, while providing insight into the presence of this isotope in our upper

atmosphere.
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Figure A.1 Cathode Base Machining Drawing
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Figure A.2 Locking Ring Machining Drawing
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Figure A.3 Macor Mask Machining Drawing
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Figure A.4 Trigger Disk Machining Drawing
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Figure A.5 Cathode Cap Machining Drawing
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Figure A.6 Cathode Mounting Ring Machining Drawing
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Figure A.7 Macor Mounting Ring Machining Drawing
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Figure A.8 Trigger Mounting Ring Machining Drawing
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Figure A.9 Cathode Assembly Diagram
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Figure A.11 Extractor Machining Drawing
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Figure B.1 The HV Trigger Pulse Generator



79

Faraday Cup R2 Ve Oscilloscope
vin i2 50.8kQ I :F ———————————————
|
i o VWA ,
— - |
_ R1 ® iis | Rs
L l, g 55.3 O 50.1 pF —— ! é 1 MQ
I
1 1 1
|

Figure B.2 The Passive Integrator Circuit



80

Appendix B Circuit Diagrams




Appendix C

Computer Analysis Code

e Data Smoothing and Plotting

e Reverse Integrator

81

82

87



82 Appendix C' Computer Analysis Code

% plotter.m

b

% This program loads data recorded by the oscilloscopes, adjusts the
% timing to plot different shots together, and smooths the data to

%» make nice, printable graphs for publication.

T

% Copyright 2007, David K. Olson

b

Tololotototolololololototolotololo oo oo oo o o o o o o o o o o o o o oo totototota o o o o o o

clear; close all;
%» Define the directory where data is found and the files being used

dataset=’/home/david/research/ion source/Data/Data 2007March26/’;
filel=[dataset ’fire022’];

file2=[dataset ’fire022’];

file3=[dataset ’fire007’];

% file4=[dataset ’fire016’];

% fileb=[dataset ’fire021’];

datal=load([filel ’HV.dat’]);
data2=load([file2 ’channel2.dat’]);
data3=load([file3 ’channel2.dat’]);

% datad4=load([file4 ’channel2.dat’]);
% datab=load([file5 ’channel2.dat’]);

% datad40=load([file40 ’channeléd.dat’]);
% trig40=load([file40 ’trigger.dat’]);

%» Scale data for comparison, if necessary.

scalel=datal(:,2)/max(datal(:,2));
scale2=data2(:,2)/max(data2(:,2));
scale3=data3(:,2)/max(data3(:,2));
% scaled=data4(:,2);%/max(datad(:,2));
% scaleb=datab(:,2);%/max(data5(:,2));

%» Because the electronics have random delays before discharging, the
%» data is aligned according to the initial noise pulse from the spark
% gap discharge. The rising edge is found, and the times at which
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% they occur for each file are compared to find delays.

il=min(find(scalel>0.1 & scalel<0.2));
i2=min(find(scale2>0.1 & scale2<0.2));
i3=min(find(scale3>0.1 & scale3<0.2));
% i4=min(find(scale4>0.5 & scale4<0.7));
% i5=min(find(scale5>0.5 & scaleb<0.7));

dmin=min([datal(il,1) data2(i2,1) data3(i3,1)]);% data4(i4,1) datab(ib5,1)]);

di=datal(il,1)-dmin;
d2=data2(i2,1)-dmin;
d3=data3(i3,1)-dmin;
% d4=datad(i4,1)-dmin;
% db=datab(i5,1)-dmin;

% Plotting the data together

figure
plot(datal(:,1)-dl,scalel,’r-’)
hold on
plot(data2(:,1)-d2,scale2,’b-")
plot(data3(:,1)-d3,scale3, ’k-’)

% plot(datad(:,1)-d4,scaled,’g-’)
% plot(data5(:,1)-d5,scaleb, ’m-’)
hold off

% Smoothing algorithm, takes the average of groups of nl to reduce
% mnoisy oscillations. There is also the ability to scale data from
%» two separate oscilloscopes, since the computer records different
% length arrays from the individual scopes.

Ni=length(scalel);

% N2=length(scale2);
nl1=50;

% n2=5;

j=1;

tsl=zeros(floor(Ni/n1),1);
ts2=tsl; ts3=tsl; tsd4=tsl; tsb=tsi;
sl=tsl; s2=tsl; s3=tsl; s4=tsl; sb=tsl;



84 Appendix C' Computer Analysis Code

while j<=floor(N1/n1)
ts1(j)=mean(datal((j-1)*nl+1:j*nl,1));
ts2(j)=mean(data2((j-1)*ni1+1:j*n1,1));
ts3(j)=mean(data3((j-1)*nl+1l:j*nl,1));

yA ts4(j)=mean(datad ((j-1)*ni1+1:j*n1,1));

yA tsb(j)=mean(datab((j-1)*nl+1l:j*nl,1));
s1(j)=mean(scalel((j-1)*nl+1:j*nl));
s2(j)=mean(scale2((j-1)*ni+1:j*nl));
s3(j)=mean(scale3((j-1)*ni+1:j*nl));

pA s4(j)=mean(scaled((j-1)*nl+1:j*nl));

yA s5(j)=mean(scale5((j-1)*nl+1:j*nl));
J=i+1;

end

h j=1;

% while j<=floor(N2/n2)

A ts1(j)=mean(datal((j-1)*n2+1:j*n2,1));

yA ts2(j)=mean(data2((j-1)*n2+1:j*n2,1));

A ts4(j)=mean(datad ((j-1)*n2+1:j*n2,1));

h

b s1(j)=mean(scalel((j-1)*n2+1:j*n2));

b s2(j)=mean(scale2((j-1)*n2+1:j*n2));

% % s4(j)=mean(scaled4((j-1)*n2+1:j*n2));

h

T j=j+1;

% end

% Plot the smoothed data

figure
plot(tsi-dl,sl,’r-’);
hold on
plot(ts2-d2,s2,’b-);
plot(ts3-d3,s3,’k-");

% plot(ts4-dd,sd,’g-’);
% plot(ts5-d5,s5,’m-’);
hold off

% Extra code used to find velocities based on the data
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ix1=min(find(s1>0.09 & s1<0.11));
ix2=min(find (s2>0.09 & s2<0.11));
ix3=min(find(s3>0.09 & s3<0.11));

v1=0.14/(ts1(ix1)-datal(il,1))
v2=0.25/(ts2(ix2)-data2(i2,1))
v3=0.40/(ts3(ix3)-data3(i3,1))
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b
o
b
o
b
b
o
b
b

pier2.m

This is the passive integration effect reversal code. This takes
data obtained from a faraday cup signal through a passive integrator
and calculates what the charge input must have been to obtain the
observed signal.

Copyright 2007, David K. Olson

Tolo o oo oo oo oo To o ToToToTo oo o o o o o o o o o o o o o o o oo To T ToToTo oo oo oo o o

clear; close all;

T

Define the directory where data is found

dataset=’/home/david/research/ion source/Data/AFM Prep Data/’;

h

The values of the components in the passive integrator

R1=55.3; R2=50.8e3; Rs=1e6; C(C=50.1e-12;

% Load data. The option here loads a set of shots labeled fireOO1
% through fire025. Removing the for loop allows examining only one
% single shot.
for a=1:25

file=num2str(a, ’%03.34d7);

data=load([dataset ’fire’ file ’channel2.dat’]);

t=data(:,1);

Ve=data(:,2);

N=length(Vc);
% Smoothing algorithm. The first two commented lines were used in
% analyzing the smoothing effects on the data by comparing values of
%» Q obtained by averaging groups of 50 to 500 at a time.
yA for k=1:46
T n=50+(k-1)*10;

n=10;
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Ns=floor(N/n);
ts=zeros(Ns,1);
Vcs=ts; Vcp=ts;

for j=1:Ns
Ves(j)=mean(Vc( (1+n*(j-1)):n*j ));
ts(j)=mean(t( (1+n*(j-1)):n*j ));
end

% Centered difference method for calculating the derivative. The end
% points use forward and backward difference methods.

Vep(1)=(Ves(2)-Ves (1)) / (ts(2)-ts(1));
for j=2:Ns-1

Vep(§)=(Ves(j+1)-Ves(j-1)) /(ts(j+1)-ts(j-1));
end
Vep(Ns)=(Ves (Ns)-Ves (Ns-1) )/ (ts(Ns) -ts(Ns-1)) ;

% Calculation of current in
I=(R1+R2+Rs)/R1/Rs*Vcs+(R1+R2) *C/R1*Vcp;

=

» Calculation of charge in by integration
Q(a)=trapz(ts,I);

% Print results
fprintf([’fire ’ file ’: Q = %g \t N = %g \n’], QCa), Q(a)/1.6022e-19);

end

% plot(50:10:500,Q)

%» Calculate average and standard deviation for analyzing multiple
% shots.

fprintf(’ —————————————————————————— \n’);

fprintf (’mean Q = %g \t std Q = %g \n’,mean(Q),std(Q));

fprintf (mean N = %g \t std Q = %g \n’,mean(Q)/1.6022e-19,std(Q)/1.6022e-19);
plot(Q)

figure

plot(Q/1.6022e-19)
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Data Analysis

D.1 Reverse Integrator

Using Kirchoff’s loop rules on the integrator circuit (Page refpagefig:intc), we find

the following set of equations:

i =iy + iy (D.1)

‘/C = Rl’il - Rgig (D2)
Ve

E =12 — 13 (DB)

is = CV/ (D.4)

These equations form a set of Differential-Algebraic Equations that govern the
system. The oscilloscope measures V., and so it can be used as an input in solving
for the intitial current i. The following Maple code shows that the solution to the set

of equations is:

39
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. Ri+ Ry + R; Ry + Ry ,
=V — CV D.5
? Rle + Rl c ( )

The equation requires knowing the time derivative of V., and so smoothing of the
data (discussed in section D.2) is required to get good numerical derivatives when
computing the input current.

Knowing the input current as a function of time allows us to calculate the total

charge input by simple integration.
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pler.mw

This maple code solves the DAE system for the passive integrator cireuit symbelically.
The equaticn nesded iz located as the first element of the final equation.

Copyright 2007, David K. Olsen

restart; with( Lineardlgebra)
A= Mawrx{[[1,-1,-1,0), [0, R{-R2,0), [0, 0, 1,-17 [D, & O, 1110

1L =1 B
0o Rf =-R2 D0
o 0o =1 W
o 0o o] 1
f= Matr&x[[[ﬂl], [Vz], % }, [C-VCP]D;
8]
Ve
Ve (2)
Rr
O Vep
x = Matrix([[£], L] 12, L3110 _
i
i
4 3)
i3
Multiply(A, x) =f
i—if—i2 :
RIil —R2i2 :” ”
= C
i2 =3 E
B C Vep
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Ap = MatrixInverse{A);

x=Multiply(Ap, f);

p L BIERI RIER2
BRI = Ri Ri
g L B2 R2
RI  RI Ri
0 0 1 1
0 0 0 1

Ve | (RI+R2) Ve  (RI+R2) CVep
Ri RiRs Ri
Ve | R2Ve , R2CVegp

R +RIR5 & Ri

Ve
— + OV
Kr * o

C Vep

(5)

(6)
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Figure D.1 Smoothing analysis for a typical shot with the cup at 25 cm.
The x axis shows the number of data points included in an averaged group.

D.2 Data Smoothing

Data smoothing was employed both in calculating the amount of charge collected by
the Faraday cup and in preparing plots for publication. Because of the quick signals,
it was important to examine what effect data smoothing had on the calculation. A
large number of data samples were examined by comparing the values of Q and N
calculated in pier2.m using data point groups of 50 through 500 by 10. Figure D.1
shows a typical result. Larger groups do decrease the value calculated, as expected,
but the change is only on the order of 0.01%.

Comparisons of all three cup distances used in measurements show little difference

in the numerical behavior, as shown in table D.2.
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Distance | mean Q std. Q mean N std. N

14 cm 4.48844 x 107% C  5.58862 x 10719 C | 2.80142 x 10 3.48809 x 10%
25 cm 1.38897 x 107% C  1.50307 x 1071 C | 8.66915 x 10'* 9.38132 x 10%
40 cm 5.49762 x 10797 C 9.28206 x 10711 C | 3.43129 x 10'? 5.79332 x 10

Table D.1 Means and Standard Deviations calculated to analyze smoothing
effects on the Faraday cup data.
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Project Photographs

E.1 Cathode Assembly

This section provides assembly instructions for all of the cathode parts.

Figure E.1 All the individual pieces for the cathode.

95
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Figure E.2 The target and macor mask are placed onto the cathode base.

Figure E.3 The macor locking ring is tightened onto the mask.
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Figure E.4 The trigger disk is placed into the locking ring, aligned with the
macor mask.

Figure E.5 The cathode cap is tightened onto the trigger disk.
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E.2 Mounting Ring Assembly

This section provides assembly instructions for the mounting rings.

Figure E.6 The individual pieces for the mounting rings.

Figure E.7 The trigger ring is threaded into the front of the macor ring.
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Figure E.8 The ends are not identical—the back side is the one with the
spring-loaded bearings, as seen in this picture.

Figure E.9 The cathode ring threads into the back of the macor ring.



