Atomic Hydrogen Cleaning of Polarized Electron Source
Gallium-Arsenide Photocathodes

A thesis submitted in partial fulfillment of the requirements
for the degree of Bachelor of Sciencewith Honorsin
Physicsfrom the College of William and Mary in Virginia
by

Matthew Mauck Inman

Accepted for
(Honors, High Honors, Highest Honors)

Dr. Todd Aveett, Director

Williamsburg, Virginia

May 2000



ABSTRACT

Within the past few decades, particle accelerators have become required tools in
nucl ear physicsresearch. Polarized el ectron sourcesare one of the manyimportant aspects
of these tools & certain accelerator facilities, and have been put to use in high-energy
physics for the studies of nuclei and quarks. Current high-energy polarized electron
sources utilize photo-stimulated emission from a gallium-arsenide cathode. One of the
many difficulties in the creation of high-current, highly-polarized electron beams comes
from the contaminati on of the cathode itself, which eventually decays the output electron
beam current to unusabl e levels. Recent research focuses on an atomic hydrogen cleaning
process that has the ability to remove contaminants from the cahode's surface more
effectively and efficiently than previous methods. This thesis will seek to quantify the
method of this atomic hydrogen cleaning process in an effort to maximize its

effectiveness, thereby increasing the overall cathode lifetimes.

|. INTRODUCTION

Highly polarized electron beams are becoming crucial research tools in modern
high-energy nuclear physics. One of the few high-energy polarized electron beams

available to the physics research community exists at the Thomas Jeff erson National



Accelerator Facility. Polarized electron creation isaccomplished in an ultra-high vacuum
environmentusi ng photoel ectric emission from adime-sized gallium-arsenidewafer. This
photoelectric emission is stimulated by circularly-polarized infrared laser light incident
on the GaAs cathode. The ultra-high vacuum chamber in which this photoemission takes
placeiskept at pressures on the order of 10 torr to provide a clear path for theelectron
beam. Once free from the surface, pol arized electrons acceler ate away from the negative
electron affinity cathode across 100kV beyond which they are focused for their
subsequent injection into the main accelerator. The Polarized Electron Source Lab at
TINAF performs continuing research to improve overall electron emission and
polarization.

One of the many difficulties in polarized electron beam creation occurs at the
gallium-arsenide crydal itself. The quantum efficiency of GaAs is highest at
photostimulative wavelengths around 530nm. However, in order to extract highly
polarizedelectronsfrom the surface, circularly-polarized light in the infrared ranges must
be utilized.” Unfortunately, GaAs has avery low quantum efficiency for photoemission
at the infrared wavelengths. Although it is possible to obtain high polarizations with
photoemissionin theinfrared, it is quite difficult to deliver highly polarized beam at the
high currents necessary to perform the high-energy nudear physics for which Jefferson

Lab isso well known.



Mesh Electrostatic. Shield

NEG Pump Array—\\ [

o

1.07 nx

Figure 1. Schematic view of the Jefferson Lab polarized gur®

The chamber shown in Figure 1 illustrates the layout of the polarized source
electrongun. The left 9de of the figure showsthe high voltage componentsthat are held
at a negative 100kV potential aswell as the surrounding insulating ceramic. The GaAs
cathode is mounted at the end of the stalk that extends lengthwise into the chamber |eft
to right. A chemical NEG pump array surrounds the cathode to keep the source as
contaminant-free as possible. The right portion of the figure shows the cesiator that
retracts during beam operation to allow the electron beam free passage into the injector
to the right side of the diagram.

First-generation electron guns stood upright with the infrared laser incident from

underneath the gun through an ultra-high vacuum window. The el ectron beam itself was




produced perpendicula to the ground but was then steered 90°using a dipole magnet to
alignit parallel to the groundfor injection into the accel erator. Current polarized sources
lay horizontally to eliminate the need for a 90°dipole magnet, but the incident infrared
laser beam is now inserted through an ultra-high vacuum window on the sde of the
chamber and reflected onto the cathode withinthe vacuum off a highly-polishedstai nless-
steel mirror.

Because the GaAscathodeisrequired to operateat such low quantum efficiencies,
other effectsthat in optimal situationswould have only small influences, infact have quite
alargeimpact on the quantum efficiency. The most influential of these effectsis surface
contamination of the cathode.

To reduce the photoel ectric work function of the crystal, its surfaceis coated with
amonolayer of cesium oxidized by oxygen or nitrogen trifluoride. The work function at
the surfaceisparticularly sensitive to changes at the boundary layer so keeping the crystal
contaminant-freeis extraordinarily important. In the past, effortsto keep the GaAsclean
included a chemical etching process as a vacuum preparation technique.? This process
yielded somewhat unpredictable results on the molecular level in the cleanliness of any
given wafer and has since been abandoned. Today, photocathodes are ‘etched’ under
vacuum using an atomic hydrogen technique, but are then exposed to atmosphere for
transport to the pol arized source. Once the waferisunder vacuum in the polarized source,
the entire vacuum chamber is baked out at 300°C for a 24 hour period in an effort to

liberate most of the residual gases trapped in the stainless steel chamber walls. This



bakeout processyields orders of magnitude |lower base pressuresfor the polarized source
chamber, consequently permitting a clear path for theelectron beam asit is created and
injected into the accelerator. After the chamber bakeout, the GaAs wafer itsdf is heated
to 600-700°C in order to liberate any contaminants on the surface including the residual
gases absorbed at atmosphere.? Finally, to create acathode, the GaAs wafer is coated by
amonolayer of cesium asthelast step inthelong process of preparing to ddiver polarized
beam to the injector. Unfortunately even with excruciating care taken to keep the GaAs
as sterile as possible, there are still possibilities for contamingtion.

One unavoidable type of contamination isa direct byproduct of electron beam
production. Once the sourceis in operation, the electron beam itself ionizes residual gas
mol ecules which then accel erate toward, and build up on, the gallium-arsenide cathode,
whichisheld at apotential of negative 100kV . Thiscontamination layer, which builds up
even at pressures as low as 10° torr, decreases the quantum efficiency of the surface
substantially for a given incident laser intensity, thereby reducing the output beam
current.” Only by decreasing the ultra high vacuum pressure ordersof magnitude further
could this problem be completely eliminated. The expense in equipment and labor to
lower the polarized source vacuum pressure to the order of 10 **torr would be enormous,
requiring another solution to the problem. The only currently feasible solution is to
develop an effective way of cleaning the cathode whileit is still in the gun.

Once a gallium-arsenide crystal is covered with multiple monolayers of ionized

gas, itsquantum efficiency drops below ausablelevel . At this point, the wafer must either



be exchanged or cleaned. It is possible to reheat the wafer in order to liberate the
unwanted surface contamination and then re-cesiate, but thismethod can only temporarily
extend the lifetime of the cathode. A method of reliably cleaning the cathode without
venting the chamber to atmosphere (which requiresdaysof downtimeto recover an ultra-
high vacuum environment) is needed for the continuous beam delivery demanded by
Jefferson Lab's users.

Further difficulties include cleaning of new 'strained’ GaAs cathodes that have
recently becomethe standard for polarized el ectron emission. Thesecathodes are toothin
(~100 nm) to withstand a wet chemical etch process.® Research continues to improve
methods of cathode cleaning that will avoid excessive downtime and will yield more
uniformly scrubbed cathodes. The atomic hydrogen cleaning processlies on the cutting

edge of that research.

1. THEORY

Current researchinvol vesahydrogen sourcethat rel easesatomic hydrogen into the
chamber in an attempt to clean the wafer while still under high vacuum conditions. Inthe
atomic state, hydrogen and itsisotopes have very high affinity to bond and will readily do
so with contaminants in the chamber. By bombarding the GaA s wafer with atomic
hydrogen, el ectronicdly-bound contaminants onthe surface are morelikely to bond with

the hydrogen and thus are liberated from the surface. These contaminants, as well asthe



hydrogen to which they are now bound, are then pumped away. Of course, because of
atomic hydrogen's affinity to be bound, not all of the atomic hydrogen can be used for
cleaningasit will recombineinto its lower-energy molecular state. Thus, to maximizethe
cleaning ability of the atomic hydrogen source, theamount of atomic hydrogen that |eaves
the dissociator per unit time must also be maximized to allow for the most thorough
atomic bombardment of the surface.

The aomic hydrogen sourceitsdf cons &s of a molecular hydrogen dissociator
made up of aglasswarevacuum component (inwhich the dissociation occurs) surrounded
by awire coil that rests inside of a grounded brass cylinder.*® The coil isapart of an LC
tuned circuit that resonates a approximately95 Mhz. This resonant RF energy breksthe
molecular bond and dissociates the hydrogen into atoms. U pon dissociation, the atomic
hydrogen flow s through a small 1.0mm aperture into the chamber where it is then used
for cleaning. This atomic hydrogen system uses deuterium because it is more easily
pumped away. Although preliminary attempts at this hydrogen cleaning process seem to
yield successful results, quantification of the cleaning process and the dissociator's
operational parametersis quite difficult.

The hydrogen dissociator hastwo operational parameters which can be used to
maximizethe atomic output. First, the quantity of molecular deuterium introduced to the
dissociator can be varied to determine what input pressure of deuterium gas will yield a
maximum atomic output. At low input pressures, less than 10 mTorr in the dissociator,

not enough molecular deuterium is available to maintain a steady-date dissodation. At



input pressures in excess of 50 mTorr in the dissociator, recombination of the atomic
deuterium s prevalent due to such large numbers of free atoms. The second operational
parameter involvesvarying the input RF to determine what absorbed power optimizes
dissociation performance. Theresonant frequencyisdetermined theoretically and doesnot
need experimental verification, but it is potentially useful to determine the optimum RF
power absorption foragiven dissodator input pressure as absorbed power varieswith the
amount of deuterium in the dissociator.

Theinitial successes of this atomic hydrogen cleaning processhave prompted the
replacement of the wet chemical etch process, previously used to initially prepare GaAs
cathodes, with hydrogen cleaning. Currently, wafers are atomic hydrogen cleaned in a
separate vacuum chamber that is vented to nitrogen after the cleaning process. This
exposure to atmosphere seemsto be fairly benign as the duration is short and the wafer
only sees pure nitrogen gas duringitstrangort to the polarized source. Nitrogen iseasily
cleaned off the surface once the wafer is under vacuum through the heat treating process
that prepares the GaAswafer for cesiation. Although this hydrogen cleaning processhas
seen success, the operational parameters of the atomic hydrogen source have never been
guantified.

The purpose of the thessisto quantify those operational parametersin an attempt
to maximize atomic output and therefore maximize cleaning ability of the hydrogen
dissociator. This requires the construction of an experimental vacuum chamber with the

ability to determine atomic deuterium output.



1. THE EXPERIMENTAL SETUP

Theexperimental setup consisted of adifferentially pumped vacuum chamber that
was placed on the existing dissociation chamber. The chamber was constructed of three
five-way vacuum crosses to alow for the mounting of pumps and other necessary
equipment. There were threesubsections, see Figure 3, in which thedifferential pumping
was accomplished using gaskets betw een the subsections with a measured aperture of

10mm. Thelowest of these s=ctions

was exposed directly to the
dissociator output and had a70 L /s
turbo pump and a 20 L/sion pump.
The turbo pump ran continuously
while the dissociator was in
operation due to its relative
efficiency in pumping low-mass

residuals such as hydrogen. Since

the advertised pump rates on ion

Dissociator

pumpsare determined using species

that are more easily ionized than

Figure 3. Vacuum chamber schematic

hydrogen, such as nitrogen, the ion

pumps on the chamber had difficulty pumping such large amounts of mass two and mass
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four because hydrogen is so difficult to ionize. The middle section initially had a30 L/s
ion pump and was used simply to enhance the differential pumping between the top and
bottom sections. The top section of the chamber had a 20 L/s ion pump. This section
housed the residual gas analyzer (RGA) mounted line-of-sight through the apertures to
thedissociator. The RGA measured the partial pressure of deuteriumin the upper section
of the chamber where the pressure was low est.

Thisdifferential pumping systemwas necessary for two reasons. First, RGAswill
not operate at pressures in excess of 10° torr which were common in the section directly
exposed to the dissociator. Second, it was necessary to pump away as much of the
background as possible in order for the RGA to see line-of-sight to the dissociator. The
upper section also contained the shutter that could selectively block or open the line-of -
sight pathfrom thedissociator to the RGA in order to accurately measure the background
residual gas.

Thisshutter wasconstructedon
a rotating feedthrough mounted o Rotating Feedhroneh

perpendicular to the line-of-sight

between the dissociaor and the RGA.

The shutter itself consisted of an

aluminum three-sided cube structure
that was mounted to the feedthrough Figure 4. Line-of-sight shutter

on the middle side. This structure was
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mounted perfectly centered in the chamber so that when the shutter was open the
dissociator would be visible to the RGA between the two sidesof the shutter structure.
By rotating the feedthrough 90°, this sructure would obstruct the RGA's view of the
centerline aperture below the shutter. The construction of this shutter created a method
of subtracting out the background partial pressures of massfour that becamevisibleto the
RGA once the dissociator was in operation. An accurate measure of the mass four
background with the deuterium flowing into the dissociator with both RF on and off was
necessary in order to observe only the line-of-sight output from the dissociator to the

RGA.

V. THE EXPERIMENTAL PROCEDURE

Operational parameters in the setup are varied in order to maximize the output of
atomic deuterium, which is quantified using the dissociation fraction, D, defined by
Equation 1. Thisequation requires ameasurement of the quantity of molecular deuterium

(massfour) in the chamber coming directly from the dissociaor, given by N. Molecular

~ NRFaﬁ'_NRFon
= —NRFgﬁ“

D

Equation 1.

deuterium, not atomic deuterium, ismeasured exclusively because of the experimental
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inaccuracies in determining the partial pressures of species with masses close to zero.
Data acquisition requiresamolecul ar deuterium flow into the dissociator while massfour
measurements are taken with both the RF on and off, N?°" and N*™" respectively. The
dissociation fraction is then determined by taking the difference between the mass four
signal RF on and off, which correspondsto the quantityof dissociated hydrogen, over the
total molecular hydrogen output of the dissociator. The difficulty in this measurement
arises in the inability to measure only dissociator output without also seeing extraneous
mass four background that has not traveled line-of-sight from the dissociator.

To solve this problem the line-of-sight from the dissodator output must be
selectively blocked in order to accurately measure the mass four background. This
requires four different measurements of the mass four signal: RF on and off with the
dissociator output open and RF on and off with the dissociator output blocked. Now

eguation 1 can be rewritten as

(“4-B)-(C-D)_,,
(A-B)

Equation 2.

where A and B are the mass four signals RF off with the dissociator open and blocked,
regoectively, and C and D are the mass four signals RF on with the dissociator open and

bl ocked respectively.
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Mass Four (percent)

Chamber Configuration

Figure 2. Expected mass four signdsfor a50% dissociation fraction

Figure 2 follows the same convention as Equation 2 and shows a theoretical set of mass
four signals that would yield a 50% dissociation fraction. This dissociation fraction can
then be maximized using the operational parameters of the hydrogen dissociator.

The output maximization of atomic deuterium from the dissociator will yield the
maximum effectivenessin theatomic hydrogen cleaning processof GaA s photocathodes.
This optimization is becoming more and more necessary as photocathodes are now being
cleaned using this atomic hydrogen bombardment technique Cleaner, more uniform

cathodes, will yield longer operational lifetimes and improved quantum efficiency which
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will eliminate the necessity to swap out cathodes as often asis currently required.

V. RESULTS

Thisinitial experimental setup yielded no usable measurement of the dissociation
fractionfor anumber of reasons. Thefirst and foremost wasthe poor differential pumping
ability of the chamber which led to the inability of the RGA to see aline-of-sight mass
four signal from the dissociator. The pressures between theindividual sectionswereonly
lower by afactor of two as opposed to the desired differential pumping of close to an
order of magnitude between each section. Attemptsto solve this problem were two-fold.
First, the aperture size between each section was reduced to 5mm thereby limiting the
conductance section-to-section by a factor of four. Second, a 200 L/s chemical NEG
pump was added to each of the top two sections of the chamber in order to further reduce
the background. The NEG pumps used had been exposed to atmosphere for quite
sometime and almost certainly did not pump at their advertised rate. Nonetheless, after
they were activated they did help improve the overall differential pumping within the
chamber. Chart 1 showsthe differential pumping ability of the chamber before and after

these improvements for a given dissociator pressure.
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Differential Pumping Ratios at 25 mTorr

Upper 0.43 0.19 0.03 0.02
Middle 0.93 0.36 0.12 0.04
Lower 1.00 1.00 1.00 1.00
Subsection 10mm aperture 5mm aperture Smm aperture  2.5mm aperture
(NEGs off) (NEGs off) (NEGson) (NEGson)
Chart 1.

A 2.5mm diameter aperture was also tesed but without success. Although the
differential pumping markedly improved, asthe conduction between sections was once
again reduced by afactor of four, the aperture appeared to block the line of sight from the
RGA to the dissociator.

Thedissociatoritself hasal.0mm output aperture which creaestwo experimental
difficulties. First, it is difficult to determine whether the hand-blown dissociator has its
aperture perfectly centered along the vertical axisof the chamber. Without this alignment
it wouldbe impossble for the RGA to see the dissociator output directly through thetwo
Inter-chamber apertures, particularly with apertures as small as 2.5mm. Second, over the
distance traveled by the deuterium to the RGA, openings of 2.5mm can block the edges
of the line-of-sight mass four signal and that would have otherwise been visible to the
RGA.

One other major improvement in an attempt to attain usable data was the
relocation of the line-of-sight shutter in the chamber. With the shutter located in the

uppermost section of the chamber, it was ineffective in blocking the line-of-sight mass
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four signal, although it would block the mass two signal. Blocking of a mass two signal
ismostly attributed to the mass four background being so high that the pumpsin the upper
chamber did not remove the mass four before it made its way around the closed shutter
to the RGA. The shutter did block the mass two signal though because after the line-of -
sight mass two bounced off the closed shutter it would recombine into mass four before
being detected by the RGA. Although thismass two effect was visiblewith the RGA, no
valid datawas takenwiththe mass two signal because of known errorsin masstwoRGA

measurements due to the species' low mass.

800

800

Mass Four (percent)

400

200

o_
A B

Chamber Configuration

Figure 5. Mass four signals with the shutter mounted in the upper chamber

Figure 5 depicts some of the curious massfour signal swith the shutter in the upper
chamber. A should yield the largest amount of mass four asitis RF off with the shutter
open. B would be expected to exhibit asmaller massfour signal than A since some of the

mass four should be blocked by the shutter. Seeing the same mass four sgnal for both A
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and B indicates the shutters inability to block any of the mass four coming from the
dissociator. C shows an order of magnitude larger mass four signal which can be
attributed to the dissodator causng some type of RF coupling with the RGA and
therefore creating an ambiguous mass four signal. The possibility also exists for the
recombination of atomic deuterium within the RGA head before it is analyzed which
could artificially boost the massfour signal (although not more thanthe RF off massfour
signal). Unfortunately, neither of these causes are easily rectified. The mass four signal
RF on with the shutter closed, D, seemsto be reasonabl e but this combination of signals
does not yield a dissociation fraction.

Another reason for this difficulty in detecting a reliable line-of-sight mass four
signal isbelieved to be partially dueto therelatively high pressuresin the lower chamber
that partially digersed the massfour signal enough to precludeitsaccurate measurement.
Without a good measurement of the mass four coming directly out of the dissociator, a

reasonable dissociation fraction measurement is impossible.
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In an attempt to rectify this, it was decided that the shutter would be relocated to
the bottom chamber directly above the dissociagor. This shutter location led to a
measurable difference in the mass four signal with the shutter open and closed because
of the shutter'sability to block the massfour signal before it became background that was
visibletothe RGA. Thisshutter location kept most of the massfour blocked by the shutter
from making itsway to the RGA by keeping the blocked massfour in thelower chamber.

Unfortunatedy, this setup gill led to no usable data, although this data was closer to

Mass Four (percent)

Chamber Configuration

Figure 6. Massfour signdswiththe shutter mourted in thelowe subsection

expected data than with the shutter in the upper chamber.
Figure 6 shows a sampling of data taken with the lower shutter position. The
shutter now has an effect onthe RF off massfour sgnal but the differenceis smaller than

the RF on massfour signal. Thisleadsto animpossible dissociation fraction greater than

100%.
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With some of the more extreme variations in the operational parametes of the
dissociator (where the dissociation fraction is expected to be low), this setup did yield
fractionsless than 100%. Unfortunately, most of this data was virtually impossible to
replicate, forcing the conclusion that the experimental errorsin the system weretoo large

to yield useful data.

VI. CONCLUSION

Itis clear that a pure line-of-sight massfour signal from the dissociator was not
being detected by the RGA. It isthoughtthat the background in the chamber still remains
too high to see only aline-of-sight signal. Reduction of the background to alevel where
much less stray massfour is detected should result inamore accurate RG A measurement.
The most effective way to ensure a small background mass four signal isto substantially
increase the overall pumping on the chamber. Large pumpsin excess of 500L/s on each
chamber would most likelytake care of themass four background problem and allow the
RGA aclear view of dissociator output. This 'brute force' approach may be the only way
to ensure atrue line-of-sight mass four signal.

Shutter position is the other critical aspect of experimental operation. The most
effective shutter location for a good line-of-sight mass four signal is within as close a
proximity as possible of the dissociator without compromising its output ability. This

location allows for the beg blocking of the line-of-gght signal while still leaving the
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background signal intact for accurate measurement.

In conclusion, the experimental process of attempting to determine dissociation
fractionasafunction of dissociator parameters proved to be a daunting task. But despite
thesedifficulties, atomic hydrogencleaning of gallium-arsenide photocathodes continues
to be an extremely successful process which can only be improved upon by ongoing
research into atomic hydrogen output maximization. Further research into this cleaning
process will certainly yield the long-term benefits of cleaner photocathodes with longer

operational lifetimes.

21



REFERENCES

[1] M. Podker, K. P. Couter, R. J Holt, C. E. Jones, R. S. Kowalczyk, L. Young, and B.

Zeidman, D. K. Toporkov, Phys. Rev. A 50, 2450 (1994).

[2] K. A. Elamrawi and H. E. Elsayed-Ali, J. Vac. Sci. Technol. A 17, 823 (1999).

[3] C.Sinclair http://www.jlab.org/accel/inj _group/pdf/mocr1.pdf

[4] R.Alley, H. Aoyagi, J. Clendenin, J. Frisch, C. Garden, E. Hoyt, R. Kirby, L. Klaisrer,

A. Kulikov, R. Miller, G. Mulhallan, C. Prescott, P. Saez, D. Schultz, H. Tang, J.
Turner, K. Witte, M. Woods, A.D. Yeremian, and M. Zolotorev, Nucl. | nstr. and
Meth. in Phys. Res. A 365, 1-27 (1995)

[5] E.J. Petit and F. Houzay, J. Vac. Sci. Technol. B 12, 547 (1994)

[6] W.W. Macalpine, R. O. Schildknecht, Proceedings of the IRE, 2099 (1959)

[7] B. Dunham "Investigations of the Physical Properties of Photoemission Polarized

Electron Sources for Accelerator Applications’. University of Illinois, Urbana-

Champaign, lllinois. Unpublished (1993)

22



ACKNOWLEDGMENTS

| would like to gratefully acknowledge my advisor, Dr. Todd Averett, for his constant help
and support (even though he didn't always know what | was up to) as well as the other
menmbers of the W&M Physics Depatment faculty who offered their assgance. 1'd like to
thank my wallet for shdling out gasmoney to get me to Jefferson Lab day after day. Most
deserving of acknowledgemert, though, are Dr. Charlie Snclar and the Polarized Source
Group at Jefferson Lab, particularly Phil Adderley, Jim Clark, John Hanskenecht, and most
of all, Dr. Matt Poelker who actually volurteered to put up with me for awhole yea. | owe

you all a beer.

23



