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Overview

The eventual goal is to construct a 15 kton liquid argon neutrino detector.
  Plans for this are tentative, and many feasibility tests are currently underway.  One of these feasibility tests focuses on maintaining liquid argon purity.  LAr purity matters because substances such as O2 will prevent ionized electrons from drifting to a skein of wires where they will induce a detectable signal.  LAr purity is essential.  Without it, events that occur in the detector will simply not be detected.  

So the question becomes how can we create and maintain a contaminant-free environment for the liquid argon, where a contaminant is loosely defined as anything that can capture electrons
.  Once sufficient
 purity levels are reached, the LAr will be maintained with recirculating purifiers.  Creating the initial contaminant-free environment, however, may be a problem.  Unlike previous LAr detectors that evacuated the cryostat to remove O2, our proposed multi-kton detector is too large for this option.   The purpose of the DAISY Project is to explore another purification option.     

Our Specific Problem

Construction relics can compromise LAr purity.  In other words, any air, dirt, or other substance introduced into the detector during its construction may manifest as contamination once the detector is filled with LAr.  There are two main questions: will contamination be introduced during construction? And, if it is, is there an (relatively) easy way to remove it?  

First, contamination will undoubtedly be introduced.  The 15 kton detector will preferably be a modified commercially-available cryogenic storage tank.  Fabrication and erection will occur under ambient conditions (no clean room).  Furthermore, the detector itself will provide ample refuge for contamination.  The support structure for the cathodes and anodes that generate electric fields to guide ionized electrons will provide places for virtual leaks.  Also contributing to the problem is the support structure of the detection wires themselves, which we currently plan to construct using metal pipe.  Contamination is unavoidable.  

Removing the contamination is a different matter.  As we currently see the problem, we have roughly three options.  They are: 

1) Design a detector with LAr purifiers that will be able to adequately check any initial contamination.  

2) Completely seal any space that could create a virtual leak, and thus eliminate a large part of the initial contamination.   

3) Make sure that any spaces where air could accumulate are well ventilated.  Before the addition of LAr to the detector, we can purge the detector using gaseous argon. This will remove all initial contamination.   

Option two is dismissed because even if we could seal off any places where contamination could accumulate (which seems rather difficult in itself), we still would have other sources of contamination.  We currently figure that a combination of options one and three will adequately clean the 15 kton detector before any liquid argon is added.  The procedure to remove contaminants from fabrication to erection would go something as follows: we purge the detector some number of volumes with an acceptable grade of gaseous argon.  Then we use the built-in purifiers to circulate the gas and reduce contamination to the satisfactory amount of less than ten ppb oxygen.  The detector is then filled with liquid argon.  

The idea of removing initial contamination is straightforward.  The only variables are how many detector volumes of argon gas we want to initially purge and how long we must circulate the remnants.  Of course, there also exists the more general question of whether this process will work.  In this experiment we probe not the details, but the general question.  Namely, by purging the detector with gaseous argon, can we remove contamination introduced by ambient air—especially that which may be trapped inside metal pipe structures?
  

Experiment

We built a model of the inner structures planned to be in the 15 kton LAr detector.  The model, dubbed Daisy, is similar to its theoretical progenitor only in its ability to trap ambient air.  Please see Figure 1 for details.  Daisy conveniently lets us examine how tubular structures trap gases.  

The basic idea is to flow gaseous argon into Daisy and see how the oxygen concentration changes over time.  In order to monitor the oxygen concentration, we use two types of meters and two monitoring locations.  As one can see in Fig. 2, we have an AO2 oxygen sensor monitoring the oxygen concentration inside Daisy and an AO2 and a DF-310 monitoring the concentration in the effluent gas.
  For further details of our experimental setup, please see Figure 2.  A photograph of our experimental setup is included in Figure 3.  

We pumped high-purity grade (<4 ppm O2) gaseous argon into Daisy and then monitored both internal and outgoing O2 concentrations.  We collected information on oxygen levels in both locations every thirty seconds for three separate runs.  First, in order to get an idea of how things were working and to get a baseline to compare to, we powered Daisy’s internal fan.  The fan helped simulate a “perfect mixing” model of the internal air and the incoming argon.  We then restored Daisy’s interior to ambient conditions by pumping approximately 40 cubic feet of air through the system.  For the second run, Daisy’s internal fan was left off.  For the third run, we restored Daisy’s internal atmosphere to roughly ambient conditions, and then plugged one end of the internal pipes in an attempt to further prevent any internal mixing and limit diffusion of oxygen out of the pipes (please see Figure 4).  Some specifics of the runs are presented in Table 1.  

	
	Total Run Time (hours)
	Average Ar Flow (ft3/hr)
	Initial % Oxygen in Outflow
	Final % Oxygen in Outflow

	Fan Run
	29.5
	0.64
	11
	0.0036

	No Fan Run
	83.75
	0.60
	21
	0.0020

	Caps Run
	65.0
	0.60
	21
	0.0020


Table 1: Run Information.  Provides basic run information.  The average flow rate was determined using a simple flowmeter (see Fig. 2).  Flow rates are accurate to within 4%.
  The initial percent oxygen for the Fan Run is rather low simply because we (purposefully) started the run when the internal atmosphere was not air-like.  The runs differ in length mainly because the No Fan Run and the Caps Run occurred over weekends.  

Discussion

General Treatment of the Data

As previously mentioned, we gathered information on both Daisy’s internal oxygen concentration and on the effluent concentrations.  As it turns out, the internal and effluent concentrations are quite similar, but the differences contain some interesting information.  We will discuss this later.  For modeling the oxygen concentrations in Daisy, we mainly consider the effluent concentrations for one good reason: we have much better precision at low oxygen concentrations on the outflow courtesy of the DF-310.
  However, the AO2 and DF-310 are not cross-calibrated, and combining their respective data is tricky for that exact reason.  So we separately consider oxygen concentrations recorded with the AO2 and DF-310 monitors.  Importantly, the DF-310 sensor is a rather sensitive instrument capable of high precision.  With this precision comes a bit of noise, especially for low oxygen concentrations.  To avoid such noise, we sacrificed some time resolution for stability.  When considering the DF-310 data, we use a moving average of ten samples.  

Fan Run Analysis

The Fan Run was designed to provide a baseline for comparison.  The fan created “perfect mixing”, a condition desired because we can easily model it mathematically:  
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Where P represents the concentration of oxygen in Daisy, VDaisy is the total volume of Daisy, flow rate is the rate at which we pump argon into Daisy (and presumably the rate at which it exits), and t is time in hours.  The solution of which is: 
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Where A is the concentration of oxygen at time t=0 hours.  

With a flow rate of 0.65 ft3/h (see Table 1) and Daisy’s volume of 2 +/- 0.05 ft3, we can predict that the time constant is 0.32 +/- 0.03, with units of hours-1.  If we examine the AO2 outflow data collected during the Fan Run (please see Figure 5), we see that the percent oxygen does indeed behave like some sort of exponential function.  Moreover, from the curve fit, we see that the time constant of this function matches the value we predicted just above.  In order to check the “tail end” behavior of the oxygen concentrations, we can examine the DF-310 data.  Figure 6 presents these data.  In fact, the only apparently suspicious discrepancy with theory is that the percent oxygen does not approach zero, but rather the slightly elevated value of about 26 ppm.  This could indicate that some of the initial atmosphere present in Daisy is remaining in the pipes despite our attempts to emulate perfect mixing.  However, we do not think this is the case.  Rather, it is simply because of design flaws.  We use Parflex tubing and compression fittings, both unacceptable for high-purity applications.  With our setup, the “zero” of the DF-310 (i.e. what the meter reads when pure argon travels from the cylinder, though our setup, and to the meter) is about 20 ppm.  And while this is not the 29 ppm predicted by our model, such a discrepancy is understandable: we do not have many oxygen readings for very low percentages, so we cannot expect our model to correctly reflect the true oxygen levels in this range.  

From the Fan Run, we see that with a fan that moves about 10 cubic feet per minute (or 5 times the volume of Daisy each minute), we observe near-perfect mixing.    

No Fan Run Analysis
Now we examine the data gathered from the No Fan Run.  As before, we consider only the percent oxygen as monitored in the outflow.  Referring to Figure 7, we see that once again the percent oxygen in the outflow can be nicely modeled with an exponential function.  In fact, perfect mixing would predict an exponential decay with a time constant of 0.30 +/- 0.03 hour-1.  This more or less agrees with the time constant suggested by a reduced chi-squared curve fit of the data.
  We also examine the behavior of the oxygen concentration using the DF-310.  For these data, please see Figure 8.  Perhaps the most interesting aspect of the DF-310 data is that oxygen concentrations approach a constant value and remain there.  This value also happens to be the DF-310’s “zero” (i.e. what the DF-310 reads when we push high-purity grade argon into the sensor).  In other words, we have good evidence that air is not trapped within the tubular structures contained in Daisy.  If it were, then it would slowly diffuse out and provide elevated oxygen readings.  One could argue that the air inside the pipes diffuses excruciatingly slowly and that we simply do not have enough resolution—even with the DF-310—to detect the change in oxygen concentrations.  This argument is worth investigating in some detail.  

We roughly calculate that for diffusion alone:
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where D is the distance diffused in meters and t is time in seconds.  

We performed this calculation using the idea that [Distance Diffused]=Sqrt[N]*d, where N is the number of collisions (which is dependent on time) and d is the distance between collisions.  We simply rearranged this equation into a more suitable form.  Some details are provided.  

In order to calculate the distance between collisions, we calculate the mean free path (() for an oxygen molecule moving in gaseous argon.  To do this, we first calculated the probability (P) of an oxygen molecule and an argon atom colliding.  (All units are MKS)
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where M is the number of oxygen molecules that have not yet collided with the argon media.  To find the mean free path, we find the distance at any given particle has a fifty percent chance of reaching without hitting an argon molecule.    
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where M0 is the initial number of oxygen molecules moving through the argon media.

We can calculate the number of collisions by finding the velocity of an oxygen molecule at room temperature ((400 m/s) and using mean free path.  
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Given that the lengths of pipe in Daisy are about 2 feet, the average oxygen molecule in a given pipe would have to diffuse about 0.3 meters in order to exit the pipe.  Of course, a complication is thrown in because the molecule can’t diffuse 0.3 meters in any direction; the small diameter of the pipes limits this.  In order for the average molecule to exit the pipe, it may have to diffuse a bit farther.  We figure for a molecule to go one unit in any specified direction, it will also on average go one unit in the other two available directions, meaning that the total distance traveled for one unit in a specified direction is Sqrt(3)*[1 unit].  In our case, a molecule must diffuse about half a meter to exit the pipe.  This will take (according to equation 3) something like 2.7 hours (9611 seconds).  This means after 2.7 hours, roughly half the oxygen molecules will have diffused out of the pipes.  We can roughly model the oxygen concentration in the pipes with the following: 
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Where Q is the initial oxygen concentration in Daisy’s internal pipes and t is the time in hours.  This model is only valid when the oxygen concentration outside the pipes is much less than the oxygen concentration in the pipes (it doesn’t account for diffusion of oxygen in Daisy into the pipes).  

Now, if we look at the tail end of the Daisy No Fan Run Combined Data, we see that from about 50 hours into the run until the end of about 80 hours, the percent oxygen only strays from the sensor’s “zero” by a tiny amount, about 2 ppm in either direction.  If oxygen is diffusing out of the pipes inside Daisy, then it is doing so at a rate such that at 50 hours into the run, diffusion contributes less than 2 ppm oxygen to the outflow.  Otherwise we would detect its presence.  Knowing this, what is the maximum concentration of oxygen in the pipes at time t=50 hours?  

In order to answer this, let us make a few assumptions.  First, let’s assume that at 50 hours, essentially all the oxygen not trapped in the pipes has been removed.  Furthermore, let’s assume that diffusion of oxygen out of the pipes starts exactly at 50 hours.  So in other words, at 50 hours into the No Fan Run, we have the following situation: there is no oxygen in Daisy, but oxygen that is trapped in the pipes is just starting to diffuse, so we will expect the oxygen content in Daisy to rise, while the oxygen concentration in the pipes drops.  Also, let us assume that when oxygen diffuses out of the internal pipes, it immediately and perfectly mixes with the other gases inside Daisy.  Now we can begin modeling.  

First off, equation (9) can tell us the rate at which oxygen diffuses out of the pipes:
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Using this, we can model the diffusion from the pipes into Daisy and the flow of argon/air out of Daisy: 
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Where P is the concentration of oxygen in Daisy and Vpipes is the total volume of all the pipes in Daisy.  The initial condition for this model is at time t=50, P=0.  To simplify this condition, let’s restart the clock at time t=50 and so that we have the condition at time t’=0, P=0.  Solving for P with this initial condition, we find:

[image: image13.wmf]÷

÷

÷

ø

ö

ç

ç

ç

è

æ

-

-

-

=

÷

÷

ø

ö

ç

ç

è

æ

-

-

-

'

*

9

.

3

/

)

(

*

9

.

3

*

t

V

V

rate

flow

t

pipes

Daisy

pipes

pipes

Daisy

e

e

V

V

rate

flow

V

Q

P



(12)

This equation still has one unknown that we are particularly interested in: the value of constant B, the concentration of oxygen in the pipes at time t=50, or because we reset time, at t=0 hours.  We would like to find this value exactly, but we can only put an upper limit on it.  The maximum value of P in equation (12) is 2 ppm or 0.0002%.  One way to find the corresponding value of B is to take the derivative with respect to time of equation (12), set it to zero and solve for the time at which P reaches an extremum.
  Using this time, we can solve equation (12) for a value of B.  

In short, using values: Vpipes=0.15 ft3, flow rate=0.60 ft3/hour, and VDaisy=2 ft3, P reaches a maximum at about t’=3.5 hours or t=53.5 hours.  This means that at 50 hours into the run, B was at most about 70 ppm.  The actual concentration of oxygen could be much less at this time, but not much more otherwise we would see a variation in the oxygen level from the DF-310’s “zero” in the tail end of figure 5.  

According to equation (9), oxygen levels below 70 ppm could be achieved via diffusion at time t=50 hours.  Of course, equation (9) is not valid: the actual diffusion of oxygen out of the pipes will be slower than equation (9) predicts because some of the oxygen present in Daisy will undoubtedly diffuse into the pipes.  So we jazzed up our model to account for this, and found that it matters little.  At 50 hours into the run, our diffusion model predicts that less than 1 ppm oxygen remains in the pipes.  Equations 12, 13, and 14 give our give our compartment model of diffusion.  Q is the concentration of oxygen in the pipes, P is the concentration of oxygen in the tank and k1 and k2 are constants that determine how quickly diffusion occurs (k1=3.9 hours).    
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From the No Fan Run data we have gleaned the following: a perfect mixing model predicts rather well what occurs in Daisy, even when we do not explicitly mix the internal atmosphere.  We think this is simply because diffusion plays a rather large role.  After 50 hours, the oxygen levels in Daisy’s internal tubular structure have decreased to at most 70 ppm.  Simple diffusion of oxygen out of the tubular structures easily explains this.     

Caps Run Analysis

It is possible that some mixing inside Daisy occurs even when the fan is off.  This mixing could aid diffusion in removing oxygen molecules from tubular structures.  However, because diffusion in the Fan Run occurs rather rapidly and can fully explain the observed oxygen levels, we cannot detect the presence of internal turbulence.  To explore the effects of turbulence, we would like to increase the burden placed on diffusion.  We simply capped one end of Daisy’s internal pipes (see Fig. 4).  This means the average molecule in the pipes now has to diffuse twice as far in order to exit.  Of course, capping one end of the pipes may also reduce any effects of turbulence, so we must hope we have limited diffusion more than turbulence.  

The AO2 and DF-310 data are presented in Figures 9 and 10.  Figure 9 shows that even with the pipes capped, perfect mixing still models oxygen levels in the outflow rather well.  We would predict a time constant for the decay of 0.30 +/- 0.03 hours-1, and a least-squares curve fit predicts a constant within this range.  For the DF-310 data, however, the curve fit predicts a decay constant of 0.26 hours-1.  This is not an appreciable stray from the predicted time constant, but interesting because the rate of oxygen decay could be slowed by oxygen diffusing from the pipes.  We check this by updating our diffusion model to account for the added caps.  The average oxygen molecule now has to diffuse twice as far to exit the pipes, and so it takes four times as long for the concentration inside the pipes to decay.  Using this in our model presented in equations 13, 14, and 15, we calculate that the oxygen concentration in the pipes at 50 hours into the Caps Run should be around 8000 ppm.  A glance at Figure 10 shows an oxygen concentration ver near the DF-310’s zero of 20 ppm.  This clearly means that diffusion is not the only force moving oxygen from the pipes.  There must be some internal turbulence.  Now, it is possible that for diffusion and turbulence combined still do not move the oxygen from the pipes fast enough to match perfect mixing, and so we see a slightly smaller time constant that predicted for oxygen concentration in the 0-5000 ppm range.  However, any conclusion about this is dubious, especially we omitted a large portion of oxygen concentrations from the least-squares fit.  We can conclude, however, that some internal turbulence is present.  This turbulence helps displace gas inside the internal pipes.    

So What’s the Difference

It seems that perfect mixing models very well all of the three runs: Fan, No Fan, and Caps.  However, it also seems that there should be some difference between the runs.  

The first thing to do is compare the different runs side by side.  To do this, we pick the run with the most limited data in our area of interest, and then take comparable data from the other runs.  Because there is always a slight chance our monitors do not behave linearly, in all cases we begin comparing the runs at the same oxygen levels.  Figures 11 and 12 show the AO2 data and the DF-310 data respectively.  

Much of the data are very similar.  In fact, we think the only thing worth noting is the Caps Run: during the AO2 span, oxygen levels for this run decrease more quickly than levels for the No Fan run.  However, during the DF-310 span, we see the oxygen levels in the Caps Run decrease the slowest.  We would expect this kind of behavior if Daisy’s internal pipes we fairly isolated from turbulence and diffusion did not play a large role.  Then, oxygen levels would initially decay quite rapidly because incoming argon does not mix with the entire volume of Daisy, but only a portion of it.  Later on, however, the diffusion of oxygen from the pipes would slow the decay of oxygen in Daisy.  In short, only in the Caps Run have we actually suppressed diffusion and mixing to an appreciable degree, and even this is not very appreciable: oxygen levels in Daisy still decrease at a rate very similar to perfect mixing.  

Argon is heavier than air.  If there is very little turbulence in Daisy, we would expect the argon to accumulate in the bottom.  We would like to know if this occurs in any of the three runs.  To explore this, we can examine the residuals of the curve fits for the AO2 data from each run (presented in Figure 13).  Before examining them, however, we should try to figure out what to look for.    

When the argon entered Daisy during the Fan Run, it presumably perfectly mixed with the internal atmosphere.  If this occurred, then the residuals should have no meaningful pattern, but be more or less randomly distributed around the fit line.  In the No Fan Run, the incoming argon may not perfectly mix, but rather settle on the bottom of Daisy.  This settling is not an exact thing at all.  In fact, it more or less exists on a continuum: on one end the argon sinks to the bottom of Daisy; on the other end, argon only has a mild tendency to accumulate at the bottom.  Whatever the exact scenario, we should see a predictable pattern in the residuals.  

Because the argon is heavier than air, it will tend to fill up the bottom of Daisy first.  The outlet is roughly in the middle.  Initially, even though argon is flowing into Daisy, more oxygen will exit than predicted by the perfect mixing model because argon accumulates on the bottom.  And so we would expect to see negative residuals.  Argon will build up in Daisy’s bottom portion until it begins to exit through the outlet.  At some point, the level of oxygen in the outflow will be less than predicted by a perfect mixing model, and we should see positive residuals.  From this point on, the oxygen level in the outflow will slowly decrease, as any remaining air in Daisy will eventually mix with the argon and exit the tank.  We should see the residuals approach zero.  

So the residuals of the No Fan and Caps runs should have three key features if our guesswork is correct: initially negative residuals, then positive residuals, then a nice smooth approach to zero.  Of course, the transitions between these features and their “sharpness” will depend on how much the argon mixes with air.  For example, if the argon literally sinks to the bottom of Daisy, we would expect a rather immediate or sharp transition between negative and positive residuals as the argon begins to exit the tank.  Alternatively, the incoming argon could mix with the lower volume of Daisy, smoothing this transition.   

Looking at Figure 13, we see that the Caps Run and No Fan Run residuals display predicted trends.  The Fan Run residuals, however, display little pattern except an initial decrease.
  

Drawing conclusions from residuals may seem dubious, as the residuals depend on the least-squares fit which depends on not only the data, but on how we weigh the data.  And we have done little but qualitatively describe what we expect to happen.  Fortunately, we have another way to see if argon does indeed accumulate in the lower portion of Daisy.  If we look at the differences between the internal oxygen levels and the oxygen level in the outflow (we have in internal AO2 meter located near the top of Daisy; see Fig. 1), we can determine if argon is indeed accumulating in Daisy’s bottom.  If no argon accumulates, then the internal and effluent oxygen concentrations should be more or less equal.  If it does, we should see that the differences have similar features as the residuals: the differences should initially be zero, but then increase as argon in the bottom begins to exit Daisy.  The differences should then smoothly approach zero as the remaining air is slowly flushed out of Daisy.  

Figure 14 plots the differences between the internal and effluent oxygen concentrations for the three runs.  The Fan Run differences are tiny in magnitude (recall our DAQ limits the AO2 resolution to 0.05%), suggesting that Daisy’s internal fan does indeed mimic near-perfect mixing conditions.  The No Fan Run differences, however, behave almost exactly like we predicted if argon was indeed preferentially mixing with the lower portion of Daisy’s volume.  The Caps Run differences, however, provide little information on whether argon settles into Daisy’s bottom for reasons mentioned in the Fig. 14 caption.  

From examining the residuals and the AO2 differences, we conclude that argon tends to accumulate at the bottom of Daisy.  However, the tendency in our situation is not great: the maximum difference between the internal and external AO2 sensors for the No Fan Run occurs around 0.5 hours.  This puts an upper limit on the mixing
 we observe during this run of about one volume change per hour.  If the mixing were much greater, then the difference pattern for the No Fan Run would peak at an earlier time.  

In general, the runs differ by little.  However, we did note that in the Caps Run, turbulence plays a role in removing oxygen from the pipes.  We also observed that that argon does indeed accumulate on the bottom of Daisy.  

Conclusion

The long and the short of our experiment: we were initially worried that tubular structures would trap gases, rendering it very difficult to remove ambient atmosphere from any type of large detector.  We have discovered the following: tubular structures, at least in a small vessel, to not trap a large amount of gas.  They do not because oxygen molecules escape the tubular structures rather quickly via diffusion.  And even when this diffusion is limited, turbulence inside the vessel helps to displace trapped gas.  Only in scenarios where we have purposefully tried to prevent both diffusion and turbulence do we even vaguely observe the effects of virtual leaks.  While the rate of diffusion is independent of vessel size, the amount of turbulence may not be.  A larger test vessel might not have the same “background” level of mixing that we estimated to be one vessel volume per hour.  Because of this, when purging a large detector of ambient atmosphere, we recommend that a fan or heating element be used to ensure a level of mixing that removes gas from any well-ventilated tubular structures.  The fan or heating element should be able to displace one volume of the tank every hour.  This would recreate the conditions of Daisy, where we essentially realized oxygen molecules are not very easily trapped within tubular structures.  

Figure 1: Daisy Internal View.  The locations of some key features are pointed out in the diagram.  More information on Daisy is provided in Figure 2.  The metal pipes are engineered to simulate the tubular structure of the wire skein supports in the 15 kton detector.  Before operation, a cover containing the inlet and filter (see Fig. 2 for more details of the cover) was attached with a combination of tape, epoxy, and silicon paste that proved to be air-tight.  Daisy was then covered with insulating foam to protect from any thermal gradients.  The total volume of Daisy is approximately 2 +/- 0.05 cubic feet.  The internal fan is rated for 10.5 ft3/minute maximum.  For a complete view of our final setup, please see Figure 3.  
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Figure 2: Experimental Setup and Daisy.  Not included in the diagram: the power supply required for the AO2 cell preamps and the internal fan.  Also not shown is the compressed air cylinder that we used between runs to boost internal oxygen levels back to near-atmospheric conditions.  Various other niceties are also omitted, such as the gas cylinder pressure regulator.  
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Figure 3: Experimental Setup.   While the diagram in Figure 2 provides most of the necessary information, Figure 3 is included to give the reader a sense of the project’s flavor.  
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Figure 4: Daisy with pipes capped.  Similar to Figure 1.  Note that the relative location of the fan has shifted, as have the relative location of the pipes.  This mainly occurred because thing in Daisy shifted around a bit under the strain of gravity.  
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Figure 5: Daisy Fan Run AO2 Data. As one can see, we can model the percent oxygen in the outflow rather nicely.  There are, however, at least two things to note.  First, the granularity we see in the oxygen concentration is simply because we are bumping into the limit of our data acquisition.  Second, the chi-squared value of the fit may seem rather large.  This is not a great worry, however.  In calculating the curve fit, we assigned every oxygen reading a 5% error.  This error value was not generated in any precise way, so it is not extremely surprising that chi-squared value turned out a bit large.  
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Figure 6: Daisy Fan Run DF-310 Data.  First, that the fit does not approach zero, but rather 26 ppm.  Reasons for this are discussed on page four.  One might notice a little kink in the data at 21 hours into the run.  This kink results from changing the scale on the DF-310.  For maximum range, the DF-310 is initially scaled to read 0-5000 ppm.  When this range is no longer needed but more precision is desired, we change the scale to 0-500 ppm.  The kink in the data is not the result of any real difference between the two scales, but rather because the DF-310 has some trouble properly reading oxygen levels of around 100 ppm on a 5000 ppm scale: the reading is much more susceptible to noise.   


[image: image22.wmf]0.001

0.01

0.1

1

10

15

20

25

30

Daisy Fan Run: DF-310 Data

Moving Average of Oxygen in Outflow

Percent Oxygen in Outflow

Time (hours)

y = m1 + m2*exp(-m3*x)

Error

Value

5.0673e-6

0.0026122

m1 

0.021294

8.9332

m2 

0.00014764

0.30877

m3 

NA

2550.4

Chisq

NA

0.99971

R

 

Figure 7: Daisy No Fan Run AO2 Data.  
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Figure 8: Daisy No Fan Run DF-310 Data.  
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Figure 9: Daisy Caps Run AO2 Data.  
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Figure 10: Daisy Caps Run DF-310 Data.  Some interesting things happed here, mainly due to experimenter ignorance.  As one can see from first figure, the oxygen readings between approximately 27 and 46 hours are extremely unstable.  And while this phenomenon is expected (to avoid such problems, we use a moving average of the DF-310 data), vacillation of this magnitude is unexpected.  The problem arises because we did not change the scale of the DF-310 soon enough.  One can easily spot when we did change finally change the scale on the DF-310 from 0-5000 ppm to 0-500 ppm at 46 hours.  However, the data between 27 and 46 hours are pretty much garbage, so in fitting an exponential, we chose to ignore them.  The second figure presents a moving average of the DF-310 data with oxygen levels between 27 and 46 hours omitted.  
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Figure 11: AO2 Data From All Runs.  Comparison begins at 11% oxygen and ends 17.5 hours later.  The time axis is based off the Fan Run time; 11% oxygen occurs at approximately 2 hours into the No Fan and Caps Runs.  
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Figure 12: DF-310 Data from All Runs.  Comparison begins at 3000 ppm oxygen and ends 18.5 hours later.  As usual, we used a moving average to rid the data of some of its vacillations.  The time axis in this case is based on the Caps Run time simply because, as mentioned in Fig. 10, the Caps Run DF-310 data are not very good between 27 and 46 hours into the run.  So one knows which data is somewhat untrustworthy.  
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Figure 13: AO2 Residuals for All Runs.  Shows the differences between the predicted (as per the curve fits to the AO2 data shown in Figs. 5, 7, & 9) and the observed percent oxygen in Daisy’s outflow.  Only residuals from 0 to 17 hours are shown, mainly because the residuals from later times are all very near zero.  The AO2 residuals are used because we are essentially trying to see whether argon preferentially mixes wit the lower volume of Daisy.  If the residuals are going to give us any information, we need to examine them immediately after argon begins flowing.  Also, the residuals evidence frequent but small vacillations.  To make the data more clear, we use a moving average over ten residuals.  
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Figure 14: AO2 Differences for All Runs.  .  Shows the difference of the internal and effluent oxygen concentrations according to the AO2 oxygen sensors.  The Fan Run differences are quite small, suggesting that the internal fan does indeed emulate perfect mixing.  The No Fan Run differences exhibit behavior that we would expect if argon is indeed accumulating on the bottom of Daisy.  The Caps Run differences are confusing, but please refer to Fig. 4 as opposed to Fig. 1 and note the relative location of the internal AO2 sensor.  The differences we see for the Caps Run are thus not very surprising since the argon initially enters Daisy very close to the internal sensor.  
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� For a more in-depth overview of this project, see Finley et. al. A Large Liquid Argon Time Projection Chamber...  This is conveniently located on the web at � HYPERLINK "http://lartpc-docdb.fnal.gov/0000/000011/001/LArTPC.pdf" ��http://lartpc-docdb.fnal.gov/0000/000011/001/LArTPC.pdf�.  Relevant details of the design can be found in chapter 5.  


� Other contaminants exist, but oxygen is our main concern because it is so electronegative. When the word “contamination” appears in this paper it means either O2 itself or something that contains O2 (e.g. airor rust).  


� The goal is to have less than 10 ppt O2 in the 15 kton detector.  Since a liquid is approximately 1000 times more dense than a gas, we only have to get the initial gaseous oxygen levels in the detector down to about 10 ppb.  





� The only other major source of contamination is dirt, debris, dead animals, et cetera, that may be deposited in the 15 kton detector during fabrication and erection.  Whether this type of contamination can be successfully removed with gaseous argon will be the subject of another feasibility test.  Results from this test may be merged with this paper at a later date.   


� The AO2 Oxygen Sensors have a 0-100% O2 range.  The DF-310 has a 0-5000 ppm (0-0.5% O2) range.  Between the two types of meters, we were able to get fairly reliable readings for all the encountered oxygen levels.   


� Using a flow meter may seem simple, and indeed it is.  One must remember that flow meters like the one we used are calibrated for air, not other gases such as argon.  A conversion factor can be determined using information provided by the manufacturer.  Also, in case one was wondering why we did not use the pressure difference in the argon cylinder to calculate flow: to prevent daisy from morphing into a pressure bomb, we installed a pressure relief valve.  Unfortunately, this valve leaked and so ruined any chance of calculating flow from the pressure difference.    


� Due to the limitations of our DAQ and the AO2 monitors, we can only measure to the nearest 0.05% or 500 ppm.  The ~5 ppm resolution of the DF-310 comes in handy at low oxygen concentrations.  


� The model actually predicts a time constant slightly under the predicted value (even with uncertainty).  However, we can think of no reason why the oxygen concentration should initially decay more slowly than predicted by perfect mixing, so we dismiss this apparent discrepancy between prediction and fit.  


� The extremum can obviously be either a maximum or minimum; in the context of the model it can only be a maximum.  


� Such a decrease could be the result of a non-linear output by the AO2 sensor or other complications.  This attracts doubt to the whole residual analysis: we are trying to examine the differences between our model of the data and the data itself.  In the above residual discussion, we assume that if argon mixed perfectly with Daisy’s volume, then the residuals would be near zero.  A rather dangerous assumption given our attempts to create perfect mixing do not yield near-zero residuals for at least a portion of the time.  


� What are the units of mixing?  We decided to use volume/time.  For example, in the Daisy Fan Run, the fan displaces 10 ft3/minute.  This roughly corresponds to five volume changes every minute.  
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