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A Monte Carlo-type model of the Fennilab Collider has been constructed, the goal of which is 
to accurately represent the operation of the Collider, incorporating the aspects of the facility which 
affect operations in order to determine how to run optimally. In particular, downtime for the various 
parts of the complex are parameterized and included. Also, transfer efficiencies, emittance growths, 
changes in the luminosity lifetime and other effects are included and randomized in a reasonable 
manner. 

This Memo is an outgrowth of TM-1878, which presented an entirely analytical model of the 
Collider. It produced a framework for developing intuition on the way in which the major components 
of the collider affect the luminosity, like the stacking rate and the shot set-up time, for example. 
However, without accurately including downtime effects, it is not possible to say with certainty that 
that analytical approach can produce accurate guidelines for optimizing the performance of the 
Collider. This is the goal of this analysis. 

We first discuss the way the model is written, describing the object-oriented ap!Jroach taken in 
C++. The parameters of the simulation are described. Then the potential criteria for ending stores are 
described and analyzed. Next, a typical store and a typical week are derived. Then, a final conclusion 
on the best end-of-store criterion is made. Finally, ideas for future analysis are presented. 

1. Software framework. 
This model, which is called simulate_week, is written as a set of C++ classes, each of 

which portrays some aspect of collider operations. The basic goal of this model is to accurately reflect 
the real Tevatron Collider at many levels-get the right initial luminosity vs. stacksize, pbar trans­
mission from Accumulator to low-beta, stacking downtime, etc. A period of very nice running from 
July 23 through Aug 21, 1994 is the basis of the parameters for this model-this is referred to as the 
"magic period." 

simulate_week is a Monte Carlo model, randomizing many aspects of the Collider, and 
stepping through time in small increments. The increment chosen here is 0.1 hours, 6 minutes. The 
randomization comes from the C routine srand ( 3V) provided by Sun under SunOS 4.1.3 (a.k.a., 
Solaris 1.1 ). The only test performed on this random number generator to date is to plot 
srand (seed) vs srand (seed) on consecutive calls. The results, for 100000 calls, 50000 pairs, 
are shown in Figure 1. A simple check is performed by looking at the density of points as a function 
of distance from the center of this plot, Figure 2. The data are shown with the expected uniform 
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Aspect Param Deocriptlon Units Typical Value 
Stacking 01 Downtime probability for stacking to be off 1/hour 0.99 

T 1-1 Max time stacking off hours 10 

02 Probability of dropping •tack 1/occurance 0.4 

RO Zero-current stacking rate mA/hour 5 

Sc Critical Stackaizo mA 150 

Main Ring E-C Coalescing efficiency - 0.7 

w Coalescing falloff per stacksize 1/mA .00195 

Tevatron 03 Downtime probability for loosing a store 1/hour 0.97 

T 3-1 Max recovery time hours 6 

B Number of bunches 6 

Collider g Emittance growth per stack size emiVmA 0.073 

K beta" Conversion from accelerator units to luminosity . 6.4 

so Target Stack size mA . 
TO Maximum Store Duration hours . 
l.min Minimum acceptible Luminosity E30/cm/cm/sec . 
I Target Integrated Luminosity (1/nb) . 
51 Minimum acceptible Stacksize mA 80 

Table l. Parameters for Modelling the Fenmlab Collider. Astenx (*) md1cates that explamations in 
the text are necessary. 

density. It is generally acknowledged that the problem with most simple random number generators 
is at the corners. Figure 3 shows a blow-up of the largest area, and, in fact, there is a small reduction 
in the density at the edge. This random number generator should be adequate. 

A list of some of the parameters used in this analysis is presented in Table l. 

1.1. Class Stack. 

This class is intended to represent the operation of the stack. The size of the stack is returned 
as double (stack_instance); time is stepped through stack_instance. step_tirne (delta_tirne); 

stack is removed, as during shot setup, through stack_instance _remove (factor). A few other 
methods are included for gathering statistics. All of the details of how a "stack" behaves are hidden in 
these methods. 

The stacking rate is assumed to be 

R = If-0 / cosh(S/Sc) 

where Ro is the zero-current stacking rate, S is the present stack size and Sc is chosen to accurately 
reproduce the stacking rate fall-off at higher stack values. Operationally accurate values for these 
parameters are Ro=5.0 mA/hour and Sc=l50 mA. This is the form used for the devices A: EXP SR and 
A: SREFF. In practice, aside from downtime, the stacking rate is reduced by Main Ring studies, 
Booster studies and/or NTF. The effect of these is (more or less) random. The model randomly 
reduces this rate linearly by up to 50%, 4-0% of the time, for an average reduction of 5%. This also 
accounts for very short, unreported Linac, Booster or MR downtimes. 

The probability of stacking downtime, which, of course, includes the downtimes for Linac, 
Booster, Main Ring, Debuncher and their associated transfer lines, is given by the parameter DI. At 
each step in time, a random number is generated and compared to DI. If that random number is greater 
than DI, then stacking is down. Then, a down time, T1.i, is calculated as 0 to 0.8 hours, 80% of the 
time, and as 0.8 to 10 hours 20% of the time, for an average downtime of about 1.4 hours. When a 
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"downtime" is dictated, there is a probability, D2, that this is actually an Accumulator downtime, 
rather than just a stacking downtime, and the stack is lost. If the stack is lost, it takes from 0 to 8 hours 
to recover and resume stacking. 

In the Collider today, the stacking downtime is 5 to 10%, and a stack is lost every 7 to 10 days. 
The data presented below use DI and D2 that are adjusted for 8.5% downtime and one stack lost every 
9 days. With the randomization on the down time stated here, Dl=0.99 and D2=0.5 are used. 

A plot of the stacking rate as a function of stack size for 4 weeks of running is presented in 
Figure 4a, to be compared with 4b, the actual data from August, 1994 (courtesy E. Harms). A histo­
gram of the stacking rate between 100 and 110 mA is shown in Figure 4c (50 weeks overall). The 
simulated profile is not entirely realistic, but it seems likely that modifying this distribution will not 
greatly enhance the validity of the model. 

1.2 Class Luminosity. 

As with class Stack, the details of how a "Luminosity" works are hidden in the methods. The 
major methods are: double ( lurn_instance) returns the luminosity now, in units of E30 cm-2sec-1; 

lurn_instance - step_tirne (double); lurn_instance. drop () removes the store (intentionally); 
lurn_instance _ integ () returns the integrated luminosity for this store so far. 

The instantaneous luminosity is calculated to be: 

.C = K NpN-p 
(Ep + E-p) 

where the intensities are in units of ElO particles, the emittances are, nominally, vertical and in units 
of 95% 7t mm mrad. For the "magic period," K was between 4 and 7, see Figure 5. A constant value 
of 6.3 is chosen for this model, representing the high side of this value from the data. 

The luminosity dies out according to the standard form: 

.C(t) = .Co et/(r+Kt) 

where the growth factor K is about !hr/hr. A constant gmwth factor does not make sense for very long 
stores, so the following form has been assumed: 

C Ct2 
K = + 1 

J1+ (C+t)2 (1+(C+t)2) .5 

This form is the derivative of l/sqrt(X). C is about 20. This means that the lifetime growth is LO hr/hr 
at the beginning of the store and about 0.5 hr/hr at 36 hours. 

Downtime in the Tevatron means losing a store. That probability is D3 in the model. When 
the Tevatron is down, according to the comparison of D3 with a random number, the amount of time 
down, T3•1, is calculated randomly from l to 24 hours: linearly from l to 5 hours 80% of the time, and 
from 5 to 24 hours the remaining 20% of the time. 

It is not necessary to consider in this model, for example, a Tevatron quench which leads to a 
magnet replacement and many days off. For the sake of calculations from this model, it is only nec­
essary to consider that the store is lost and that there is some recovery time, during which stacking can 
usually proceed. We are modelling the performance of the Collider; incorporating downtime longer 
than about a day would take this model into the realm of representing the operation of the facility, and 
probably mask the optimizations which are, hopefully, being revealed. 

The data presented below use one store lost out of three, the observed operational value, which 
corresponds to D3=0.967. 
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1.3 Class Shot. 

There is a lot of randomization in this class. Most of the randomizations are a multiplicative 
factor calculated as: 

f = range (0. 5 - ran) 

where ran is a random number between 0 and 1 with, as appropriate, extra limits imposed on the 
answer (e.g., transmission~ LO). 

The number of pbars extracted from the stack is 

NP = S (!max - wS)/ B 
where Sis the stack size.fmax is the maximum fraction of the stack which can be extracted (observed 
to be 0.78), w is the rate at which this fraction falls off with stack size (0.00195 [1/mA]) and Bis the 
number of bunches (6, these days). This is randomized by± 5%. Figure 6 shows data from the "magic 
period" for the fraction of the stack removed, from which this relationship is obtained. 

The percent of the stack which is extracted is a function of the stack size and of the longitudinal 
area of the RF which is applied to the stack to perform the extraction. For the "magic period," a value 
of 1.25 eV-sec was used. Other values that have been used for routine operation have been 0.8 and 
1.05 e V-sec. This model is adjusted to represent extractions with 1.25 e V-sec buckets. 

The emittance of the pbars from the Accumulator is 

Ep = EQ +gS 
where the minimum emittance is 6 1t and g, the emittance growth rate as a function of stack size, is 
0.073 it/mA. There is no randomization.. Figure 7 shows the pbar vertical emittance vs. stack size, 
from which this relationship is obtained. 

The transmis~ion efficiency to low beta vs stack size is measured during the "magic period" 
and shown in Figure 8a. I~ is broken down in the model so that the coalescing efficiency is the bulk of 
this. The coalescing efficiency is taken as: 

ecoal = ecoalo - 0. 0004(S - Sn) 

where S0 is the stack size at which the coalescing starts to fall off, 80 mA. The multiplicative ran­
domization here is gaussian 

0. 1 ( 1 - e-(ran-1)2 /0.2) 

100 weeks of running produces the efficiency vs. stack size presented in Figure 8b, with the 
data from the "magic period." Figure 8c is a histogram of the coalescing efficiency for shots in the 
model at 140 mA. 

Figure 9 shows the major plot of this simulation: Initial luminosity vs. stack size. It has be­
come customary for this to be shown at the Nine O'clock meeting each day. This Figure also presents 
data from the August "magic period" for comparison. It is generated with a Target Stack Size=160, 
see below for explanation. Some of the parameters in class Shot have been adjusted to accurately 
reproduce this relationship. 

1.4 Other Randomizations. 

There are other randomizations which do not readily fall under one of those classes. The time 
allotted for shot setup is usually two hours, but 50% of the time, the shot setup is increased by up to 4 
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more hours. Also, when a store is lost, stacking stops half the time, too. 

2. How Do We Decide When To End Stores? 

The basic question asked by this analysis is "What is (are) the best criterion (criteria) for end­
ing stores?" It is the goal of this model to include all the mitigating circumstances accurately enough 
to be able to believe that the best set of criteria in the model will be the best in reality. For example, 
one specific debate is whether we should have huge stacks so that when we lose a store we can still get 
a good shot off from the remaining pbars. Conversely, some would say that we need to use the pbars 
as quickly as possible so that when we lose a stack, we have a good store in. 

Five schemes for ending the stores are considered here. 

Scheme 1: End when a critical parameter exceeds a target value. Specifically, end the store when this 
statement is true: 
Stack Size > Min Stack Size AND 

Luminosity == 0 OR 

Store Duration > Max Duration OR 
Luminosity < Min Luminosity OR 

Stack Size > Target Stack Size OR 

Store Integrated Lum > Target Integrated Lum 
This is the "Straight Scheme." 

The manner in which we normally operate is to do a shot at some small stack size (usually 40 
mA), then stack to the Min Stack Size (usually 80 mA), then stack to the Target Stack Size. Although 
this logic is not shown here, it is included in this and all the other schemes. 

Scheme 2: Same as 1 except two of the last four portions of the boolean formula must hold. This is 
the "Vote Scheme." 

Scheme 3: Calculate a "figure of merit" based on how much each of the portions exceeds the target: 

figure_of_merit = 0.125X(stack_size - Target Stack Size) + 

-3.333X(instantaneous_lum - Min Luminosity) + 

0.025X(integ_lum - Target Integrated) 
These factors are chosen somewhat arbitrarily. "1 merit point" is assigned for every 8 mA above the 
Target Stack Size, 1 point for every 0.3 E30 (cm·2 sec-1

) below Min Luminosity and 1 point for every 
40 nb-1 above the Target Integrated Luminosity. These multipliers are based only on my own personal 
experience on the relative relevance of these quantities. Note that there is no restriction that this figure 
of merit be positive: it is negative, for example, when a store goes in. The time to end the store is 
when f igure_of_meri t exceeds the user-supplied target for this quantity. This is the "Figure of 
Merit Scheme." 

Scheme 4: Calculate the ratio of the luminosity expected from the stack size now to the luminosity 
now; end the store when this ratio exceeds some constant, like 2.71828, for example-. This is called 
the "Ratio Scheme." 

Scheme 5: Like the Ratio Scheme, but cut when the difference between the expected luminosity and 
the actual luminosity exceeds some value. This is called the "Difference Scheme." 
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End On Best Integrated Sigma 

Stack Size 120mA 3251 (1/nb) 15.9 

Duration 23 hours 3258 15.1 

Min Luminosity 3.5 E30 3231 15.4 

Integrated 550 (1/nb) 3191 15.9 

Table 2. Optimization Results from the Straight Scheme. 

3. Which Criterion/Criteria To Use? 

This question cannot be answered authoritatively without an extraordinarily complex scheme, 
probably using a scheme which has not been invented. But a complicated scheme cannot work in 
reality since everyone would complain too much. So let's look at the schemes proposed here. 

3.1 Using the Straight Scheme. 

For the basic parameters outlined above, it is possible to calculate the best criterion, using the 
Straight Scheme for ending stores. In this analysis, only one parameter is allowed to be used for the 
cut. For example, when the Store Duration portion is intended to end the store, the other three limits 
are set to fairly unrestrictive values, for example, Min Luminosity: 1.0, Target Stack Size=200, Target 
Integrated=lOOO. These results are summarized in Table 2. The results are displayed in Figure 10 
(a-d). With this parameterization, using the Straight Scheme, using only the stack size or the store 
duration are equivalent. The other two criteria are slightly inferior. We should be able to average 
3251 nb-1 per week with a target stack size of 120 mA. 

Let's look in detail at exactly what it means to cut only on, say, the target stack size. With 
Target Stack Size=120, then we usually end the store when the stack reaches 120 mA. The exceptions 
are, of course, (a) when the store drops out early (put another one in asap), and (b) when we lose the 
stack while a store is in. In the latter situation, we may have to solve the problem in the Accumulator 
(the down time for this downtime), re-establish stacking, and then, finally, kill the store when we get 
to 40 mA. This could mean that the store stays in for 14 hours longer than a normal store (6 hours for 
the downtime plus 8 hours to stack to 40 mA). This, in fact, may not be very realistic, since we w'ould 
probably allow an access to MR in this situation. 

Another exception would be if the store drops out unexpectedly just before we were going to 
end it anyway, but we continue stacking. Here, we could be stacking for many hours while we "solve" 
the problem that caused the store to drop out. We would then shoot from a stack bigger than the Target 
Stack Size. 

' What about combining two criteria, for example, Target Stack Size=120 and Min 
Luminosity=4.S? This has been explored: 

Target Stack Size = 120, 130, 140, 150 mA; with 
Min Luminosity= 3, 3.5, 4, 4.5 5 E30. 

Table 3 presents the best 20 choices on this grid. Note that the store would be ended when either the 
stack size exceeds, for example, 130 mA or the luminosity falls below 3.0E30, a completely inde­
pendent test. This aspect of this scheme is somewhat more difficult to optimize, given its multi­
dimensional nature. But it seems that some improvement can be had here. Perhaps this model could 
be put under the control of a complex, multi-dimensional fitting algorithm (like MJNUIT) to search 
this parameter space for the best set of criteria. 
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Oneoflhe•• W••kly av•ragaa for 2 of 3 or lll•u mu•t bo iru.: 
Weekly avwagea for 1000 

must tMi true: 1000WHka WNka 
SUck> Lum< Integrated Sigma Stack> Lum< lnteg'd > Integrated Sigma 

130mA 3.0E30 3262.26 (1/nb) 15.622 100mA 3.75 E30 550 (1/nb) 3240.61 (1/nb) 15.6188 

130 3.5 3261.39 15.8611 100 4.25 550 3235.48 15.8815 

1'40 3.0 3260.74 15.8916 130 3.5 500 3235.38 16.8618 

150 3.5 3260.06 15.1966 100 3.5 550 3234.22 15.7927 

1'40 3.5 3257.43 15.639 120 4 550 3234.06 16.2439 

120 3.0 3253.47 15.8171 120 3.75 550 3234.04 16.3482 

150 3.0 3247.2 15.4574 100 4 550 3233.53 16.1814 

120 3.5 3244.09 15.6214 110 4 550 3232.35 16.063 

130 4.0 3243.64 15.869 130 3.75 500 3231.5 16.6605 

120 4.0 3235.79 15.4682 110 3.75 550 3230.89 16.1464 

140 4.0 3230.27 15.4935 120 3.5 450 3230.44 15.981 

150 4.0 3229.5 15.5426 120 3.5 550 3228.81 16.1725 

140 4.5 3217.04 16.2387 140 3.75 450 3228.64 17.0282 

150 4.5 3215.03 15.7876 100 3.5 500 3227.58 15.5702 

130 4.5 3211.26 15.7102 130 3.75 550 3227.13 16.1136 

120 4.5 3208.23 15.6289 130 3.5 450 3226.09 16.7868 

140 5.0 3114.52 16.2034 120 3.5 '400 3225.12 16.363 

150 5.0 3112.56 16.4317 120 3.75 500 3224.91 16.1778 

120 5.0 3108.84 15.9156 130 3.5 '400 3224.47 17.1313 

130 5.0 3097.54 16.5273 140 4 500 3224.16 17.2918 

Table 3. Best tnes from the Stnught Scheme, 
allowing more than one criterion to win·. 

Table 4. Best ch01ces from the Vote Scheme. 

3.2 Using the Vote Scheme. 

Using the basic parameters described above, a grid search over a reasonable range of Target 
Stack Size, Min Luminosity and Target Integrated has been conducted. The store is ended if two of 
the three tests succeed. The grid is: 

Target Stack Size = 100, 110, 120, 130, 140 mA 
Minimum Luminosity = 3.5, 3.75, 4, 4.25, 4.5 E30 

Target Integrated = 400, 450, 500, 500 (1/nb). 

The best twenty combinations of these for a 1000 week simulation are presented in Table 4. A 
strong conclusion cannot be made on which combination of criteria is best. It seems possible that this 
analysis is confused by the fact that these three criteria are not independent or completely orthogonal. 
The best choice, Target Stack=lOO mA, Min Luminosity=3.75 E30 and Target lntegrated=550 nb-1, 

gives an average slightly worse than the best Straight Scheme. 

3.3 Using the Figure of Merit Scheme. 

Intellectually, it would seem that this scheme would be the most likely to produce the best 
luminosities. In fact, this is basically what the Run Coordinator often does to decide when to end a 
store. However, it is difficult to accurately parameterize and optimize this scheme. As with the per­
vious tables, a grid of parameters is explored to see if anything stands out. The grid is: 

Target Stack Size = 80, 90, 100, 110 mA 
Minimum Luminosity= 3.5, 4, 4.5, 5.0 E30 

Target Integrated Luminosity = 400, 450, 500, 550 {1/nb) 

Figure of Merit = 2, 3, 4, 5. 
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Figure Collid.,T•rget Valun Averaged OY8t 1000 W .. ks Figure Collldet Target Valun Averaged OYat 1000 WHks 

of Merit. Stack Lum. lnteg Lum lnteg,.ted Sig mo otMarl ..... "'"Lum lnteg Lum Wegr•ted Slgmo 

4.0 90mA 5 EJO 500 (1/nb) 3293.4 (1Jnb) 15.6718 2.0 90 3.5 500 3283.47 15.6276 

4.0 eo 5 550 3293.4 15.6718 2.0 BO 3.5 550 3283.47 15.6276 

4.0 110 5 400 3293.4 15.6718 2.0 110 3.5 400 3283.47 15.6276 

4.0 100 5 450 3293.4 15.6718 2.0 100 3.5 450 3283.47 15.6276 

2.0 90 4 500 3292.99 15.7S46 3.0 120 4.5 450 3283.37 15.7257 

2.0 eo 4 550 3292.99 15.7846 3.0 110 4.5 500 3283.37 15.7257 

2.0 110 4 400 3292.99 15.7S46 3.0 100 4.5 550 3283.37 15.7257 

2.0 100 4 450 3292.99 15.7S46 5.0 90 5 500 3282.99 15.228 

3.0 BO 3.5 400 3291.49 15.647 ~o BO 5 550 3282.99 15.228 

2.0 120 5 450 3290.34 15.6829 5.0 110 5 400 3282.99 15.228 

2.0 110 5 500 3290.34 15.6829 5.0 100 5 450 3282.99 15.228 

2.0 100 5 550 3290.34 15.6829 3.0 90 4.5 500 3282.4 15.4932 

2.0 90 3.5 400 3288.12 15.615 3.0 BO 4.5 550 3282.4 15.4932 

2.0 eo 3.5 450 3288.12 15.615 3.0 110 4.5 400 3282.4 15.4932 

4.0 90 4.5 450 3287.59 15.5292 3.0 100 ~5 450 3282.4 15.4932 

4.0 BO 4.5 500 3287.59 15.5292 5.0 90 3.5 400 3281.74 15.6657 

4.0 100 4.5 400 3287.59 15.5292 5.0 BO 3.5 450 3281.74 15.6657 

4.0 90 4 400 3287.17 15.2757 4.0 120 4.5 450 3281 .41 15.764 

4.0 BO 4 450 3287.17 15.2757 4.0 110 4.5 500 3281.41 15.764 

4.0 BO 3.5 400 3264.36 15.516 4.0 100 4.5 550 3281.41 15.764 

5.0 BO 3.5 400 3283.77 15.8245 2.0 90 <5 500 3280.83 15.4406 

4.0 90 4.5 500 3283.68 16.0613 2.0 BO 4.5 550 3280.83 15.4406 

4.0 BO 4.5 550 3283.68 16.0613 2.0 110 4.5 400 3280.83 15.4406 

4.0 110 4.5 400 3283.68 16.0613 2.0 100 4.5 450 3280.83 15.4406 

4.0 100 4.5 450 3283.68 16J)613 5.0 BO 4 400 3279.79 15.402 

Table 5, Exploring the Figure of Merit Scheme, representing the best 50 average weekly integrated 
luminosities in the grid. 

Scheme Best Target Ave Lum Sigma 

Ratio 2.9 3263.63 (1/nb) 15.34 

Difference 9 E30 3284.0 15.26 

Table 6, Summary of the Ratio and Difference Schemes. 

Of the 256 points on this 4-D grid, the best 50 are shown in Table 5. This method appears to 
be better than the other schemes. However, it also shows the frustration with using this scheme-many 
different criteria produce similar or identical results. There are too many parameters for this simple 
analysis to produce a clear winner. 

3.4 Using the Ratio and Difference Schemes. These results are summarized in Table 6. Either one of 
these schemes would do very nicely as the only scheme one would follow for ending stores. The peak 
is comparable to the best of any of the other schemes, and a little bit better than any of the straight 
schemes. 

3.5 Conclusions on the Best Scheme. It is difficult to say precisely what scheme is the best in the real 
collider since the actual scheme often is based on sociology, that is: what time of day is it? Would 
this shot setup span a shift change? Would this shot setup be at the pre-dawn hours on a weekend 
when the operations staff is the least alert? Is John Doe going away for a month, so we must get in as 
many shots as we can while he is here? Is the Director watching? (etc ... ) 

Having said that, this analysis shows that for this model, the straight scheme using a target 
stacksize of 120 mA, or using a store duration of 23 hours would do just fine. The best scheme 
seems to be the Difference scheme and a difference of 9E30, since this is fairly simple to understand 

8113. 



and to implement. The ratio scheme with a ratio of 2.9 is very good, too. Applying the straight 
scheme using two criteria (130 mA OR 3.0 E30) is also good. The figure-of-merit scheme seems to 
give numbers better than the best of the other schemes, but at the significant expense of a general 
understanding of the process. 

It is also reasonable to explore which of these schemes is least dependent on the parametriza­
tion chosen here, that is, if the stacking rate were to change, or if the downtime were different, etc. 
Section 4 deals with this. 

3.6 Editorialization. The best scheme, which cannot be coded, is to live as a run coordinator, faced 
with the moment-to-moment responsibility of detennining when to end the stores. In this situation, 
one looks at all of these criteria and uses one's gut to decide! For example, it has been my experience 
that when we shoot from 100 mA stacks all the time, we learn how to shoot from 100 mA stacks very 
well. If we sit at a much higher value, say 140 mA, then it is very likely that we will learn how to shoot 
there better than this model would predict. I recommend that the run coordinator look at all of these 
criteria, especially the target stack size, the ratio and the difference schemes, and push to slightly 
higher stacks always. I believe that with enough experience, we will learn how to make the 
luminosity-vs-stack-size graph not roll off so badly as it does now. 

4. Varying Other Parameters 
· It is important to see the effect of varying these parameters on the results of the analysis. First 

we consider the "Minimum Stack Size" parameter. Figure 11 shows the integrated luminosity per 
week for 1000 weeks of running when the minimum acceptable stack size is the varying parameter. In 
other words, the minimum stack size we can shoot from in all situations except when we are recover­
ing from a lost stack The straight scheme with a target stack size of 125 mA is used. Notice that there 
is not much difference among the choices. Any choice below about 80 mA is satisfactory. Using the 
target stack size or the ratio schemes doesn't matter. 

Now I address the question of the stability of the various schemes. That is, which choice of 
scheme is least dependent on these parameterizations. First I ask: What is the effect of the lifetime on 
this model? The previous data have been assuming an initial lifetime of 12 hours. Table 7 shows the 
results for various combinations of lifetime and lifetime growth for the three prominent Schemes. A 
growth factor of 0.5 means that the lifetime grow at half the nominal rate, for a worse overall lifetime 
at the end of the store. The error bar on the optimal choice.is an estimate of the uncertainty of this 
optimum, based on the size of the luminosity error bar and the values obtained from adjacent values. 
It appears that the Difference Scheme is the most stable, and it is generally the best absolute choice. 

Finally, Table 8 shows the optimization for the three easy schemes using various stacking 

T=10, G=1 T=12, G=1 T=11, G=0.5 T=11, G:1.5 

Best mA 115 ± 20 120 -5 +20 110 ±10 130 ±7 
Target Stack Size Ave Lum 1/nb 3045.8 ± 15.4 3251. 9 ±15. 8 2967.3 ± 13.8 3331.39 ±16.3 

Best 3.1 ± 0.1 2.9 "± 0.3 3.2 ±0.3 2.9 ± 0.0~ 
Ratio Scheme 

Ave Lum 1/nb 3078.0 ±13.9 3268.1 ±15.4 3065.4 ±14.2 3348.7 ±14.8 

Best E30 9 ± 0.3 9 ±1 9 ±0.3 9 ±0.5 
Difference Scheme 

Ave Lum 1/nb 3088.5 ± 14.4 3284.0 ±15.3 2983 .1 ±13. 7 3364.7 ±15.5 

Table 7, Effect on optimizations from varying the lifetime parameterization; Tis the initial lifetime of 
the store, and G is the lifetime growth factor, see text. 
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Stacking Rate 

Optimization Scheme 4 mAlhr 5 mA/hr 6mA/hr 10 mA/hr 

Best mA 110 +20 -5 120 +20 -5 130 +- 10 150 +- 10 
Target Stack Size 

Ave Lum 1/nb 2959.6 +- 15.7 3251.9 +- 15.9 3467.8 +- 15.5 3910.0 +- 13. 8 

Best 3 .4 +- 0.2 2.9 +0.4 -0 .1 2 .6 +O. 3 -0.05 2 .1 +- 0.2 
Ratio 

Ave Lum 1/nb 2983 .1 +- 15.6 3263.6 +- 15.3 3491.4 +- 14 .3 3909.2 +- 14. 1 

Best E30 9 +- 1 9 +- 1 8.5 +- 1 7 +- o. 5 
Difference 

Ave Lum 1/nb 2990.7 16.0 3284.0 +- +- 15. 3 3498.0 +- 14.8 3933 .6 +- 13. 8 

Table 8, Comparison of the optimizations for the three simple schemes for different stacking rates. 

rates. Again, the Difference Scheme is the least sensitive to this variation in the parameters, and it 
gives very good results. 

The conclusion here is that the Difference Scheme is the least sensitive to the choice of Col­
lider parameters of the three Schemes analyzed. It is also the best overall scheme. 

5. What is Typical? 
This section displays data from the model to describe what a typical store and what a typical 

week would look like. These numbers can be used to assess the performance of the real Collider. The 
figures presented here are for the Straight Scheme and a Target Stack Size of 120 mA. 

A typical store, which is ended intentionally, is best determined from studying Figure 12. 
Initial and final luminosities; Integrated luminosity for one store; Store duration; Stack Size. It can 
be seen that these distributions are not gaussian, but almost laplacian in that there seems in each case 
to be an upper limit for each. Table 9 presents the calculable numbers for these graphs: mean, median 
and sigma for the three major "simple" schemes. Note that Figure 12c shows the store duration 

Quanitity Difference Ratio Target 

Mean 11. 81 11. 92 12.28 

LO Median 10.84 12.39 13.72 

Sigma 1. 78 2.10 2.15 

Mean 4.78 4.38 4.62 

L Final Median 4.80 4.40 5.29 

Sigma 0.67 0.47 1. 21 

Mean 458.6 495.9 542.8 
Integrated Median 450.4 498.5 538.Q 
Luminosity 

Sigma 107.4 150.4 80.9 

Mean 17.57 19.69 21. 46 
Store Median 15.7 19.7 18.4 
Duration 

Sigma 4.20 4.86 5. 38. 

Mean 95.00 100.72 106.86 
Stack Median 
Size 

95.51 98.53 126.16 

Sigma 22.75 31. 85 29.35 

Table 9, Calculable numbers for a "typical" store. 
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Measured Quantity Units Mean Median Sigma Target 

Delivered Luminosity 1/nb 3284.0 3325.5 482.7 3566.9 

Pbars Stacked &10 501.2 504.8 32.0 520.8 

Time in Store hours 122.9 123.6 13.6 130.4 

Time Stacking hours 130.5 132.3 9.7 137.2 

Setup time hours 2Q.1 25.1 5.7 22.3 

#of stores - 7.8 8. 1.16 8. 

Table IO, Calculable numbers for a "typicial" week. The Target is the median plus one-half sigma. 

histogrammed for both intentionally-ended stores and stores which ended on a failure. This agrees, 
qualitatively, with data from the "magic period." 

Now it is possible to understand everything in Figure 9, Initial luminosity vs. stack size. It is 
for 1000 weeks of running. In order to see effects out to larger stack sizes, the straight scheme is used 
with the Target Stack Size=l60 mA, Min Luminosity=2 E30, Target Integrated Luminosity=!()()() nb"1 

and Store Duration=48 hours. A line is drawn through the data to depict the average functional value. 

What is a typical week? The parameters that most of us care about for a week include the 
integrated luminosity delivered (nb"1), number of pbars stacked (mA), store hours and stacking hours. 
These quantities are histogrammed for the 1()()() weeks in Figure 13. Table IO presents the calculable 
parameters for these quantities for the 1()()() weeks using the Difference Scheme; mean, median, sigma 
and something which shall be called a "target." A "target" is a non-changing goal for this parameter 
which is determined through reasonable expectations, but is a little optimistic. It should be better than 
both the average and the median, but not statistically different. A choice of 0.5*sigma better than the 
median seems reasonable, and is how this column is calculated. 

6. Analysis of Reliability. 

It is possible to use this model to analyze the effect of better or worse reliabilities on the per­
formance of the Collider. What would happen if fewer stacks were lost? More? What about fewer or 
mor.;: stores lost? Figure 14 shows five effects, using the straight scheme with "Target Stack Size" as 
the variable parameter: Normal reliability, Tevatron three-times more reliable (that is, 3X fewer stores 
lost), the PBar source three-times more reliable {stacking downtime 3X smaller AND stacks lost 3X 
less frequently), PBar 2X worse and Tev 2X worse (the ;'bad-old days"). 

Table 11 presents these numbers for the three prominent Schemes. In this case, the Ratio and 
Difference Schemes are equally insensitive to the variations in the downtimes. 

The results are intuitive, except, possibly, for the fact that Tevatron downtime has a bigger 
effect than PBar downtime. This is understood in the following context: When a store is lost, one has 
lost about half of the expected luminosity: 200 nb·1

, and the next store's initial luminosity is dimin­
ished by a little bit, say, 50 nb.1. (Because we will be shooting from a slightly smaller stack, it will take 
longer to stack up to 120, so the next store will stay in longer at lower luminosity.) Averaged over a 
week when, on average, 2.3 stores are lost, yields about 575 nb-1/week due to Tevatron downtime. 
When a stack is lost, the store stays in until 40 mA is achieved, integrating luminosity all the way. In 
this parameterization, the luminosity lifetime continues to grow forever, so a lot of luminosity can be 
integrated! The next two stores are down by about one-third, and about 300 nb·1 are lost while we 
stack up to 40 mA. So the overall effect is about 0.3*450 + 300 = 525 nb-1. But this only happens 0.7 
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TeV 3X Better PBar 3X Better TeV2XWorse PBar 2X Worse 

Target Stack Best mA 120 ± 10 140 ± 10 130 +20 -10 120 ± 7 

Size Ave Lum 1/nb 3740.8 ± 13.6 3464.1 ± 14.2 2765.3 ± 17.0 2972.8 ± 17.7 

Best 2.7 ± 0.1 2~8 +0.4 -0.1 2.9 ± 0.2 2.9 ± 0.1 
Ratio 

Ave Lum 1thb 3760.0 ± 13. 0 3480.6 ± 14.2 2773.9 ± 17.2 2997.1 ± 17.3 

Best E30 8 ± 0.5 9 ± 0.3 9 ± 0.8 9 ± 0.5 
DHference 

Ave Lum 1/nb 3784.2 ± 13. 0 3490 ± 13.5 2784.5 ± 17.2 3003. 2 ± 17. 8 

Table 11, Analysis of the various schemes, varying the parameterization of the reliability of the 
accelerators. 

Expected Luminosity Curve 

Scheme ·20% +20% 

Taget Stack Best mA 120 +20 -5 120 +- 20 

Size Int Lum 1/nb 2595.0 +· 12.7 4032 +- 19.6 

Best > 3.2 < 2.4 
Ratio 

Int Lum 1/nb > 2580 > 4070 

Best E30 10 +- 0.5 7 +2 -1 
Difference 

Int Lum 1/nb 2626.l +- 12 .1 4099 +- 18.9 

Table 12, Effect on the optimizations for different Expected Luminosity Curves. 

times per week, so the impact is 370 nb-1/week. 

7. Is the Difference Scheme really the best? 

The one remaining question on the viability of the Difference Scheme is to determine the effect 
of havjng the predicted "Lum vs. Stack Size" function wrong. In particular, if we are consistently 
below this line (or above it), is this still the best scheme? Table 12 presents the results from having 
the actual luminosity fall 20% above or below the expected curve. Not too surprisingly, the Difference 
Scheme is affected by this change, by exactly the amount of the degradation. However, the Ratio 
Scheme is affected also. The Target Stack Size Scheme is okay. Thus, it seems that the Difference 
Scheme is still the best choice. 

8. Modelling Future Improvements. 

This model is useful in predicting the real-world effect of improvements in the Collider. One, 
presented here, is the effect of improving Main Ring coalescing. It is alleged [by I. Kourbanis] that 
coalescing should improve soon, so that while we now get about 60% efficiencies from Accumulator 
to low beta, we should get about 80% after the coalescing upgrade. This roughly corresponds to 95% 
coalescing efficiency. Figure 15 shows the straight-scheme plot of the best Target Stack Size in this 
regime. The Target Stack Si7..e remains the same for optimal performance, but the expected weekly 
luminosity increases by over 50%. 

Other calculations could include the operation of the Collider in the Main Injector Era. This 
should be the topic of a future TM. 
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9. Conclusions. 

A good model for Collider Operations exists. It accurately models the operational features of 
the Tevatron, the PBar Source and of shot setup. Some conclusions can be made on what criteria are 
to be used to determine when to end a store in the context of a real, up-and-down machine. In partic­
ular, strong conclusions can be made about the unacceptability of several possible criteria. The best 
and the most stable criterion to use is to end stores when the difference between the expected lumi­
nosity and the instantaneous luminosity is 9E30 cm·2 sec·1. Target Stack Size Scheme or the Ratio 
Scheme are also acceptable. Parameters describing a typical store and a typical week can be 
calculated. Some predictions on the nature of the Collider after improvements can be made. Work on 
this model continues. 

A nice benefit of this model has been in developing intuition on the operation of the Collider. 
In particular, I and the other Run Coordinators now have a much better idea about what to expect in 
day-to-day operations. 

13113. 



-.; -' 

'-·' 

J __ _ 

..-- O'> co I'- (!) I.{) 

0 0 0 0 0 

/I.. . ~ _,.) ::: '', 
I' 

~ C") N ..-- 0 
0 ci ci ci 

-·"~~~!·, . 

O'> 
0 

co 
0 

CD 
0 

Ln 
0 

"<!" 
0 

C".l 
0 

C\J 
0 

0 

0 

' Ji-

~ 
~ ', 
' '• 
'-



900 

800 

700 

600 

d~ 
~ 

dA soo 

400 

300 

200 

100 

0 
0 

,-, 
I I 

_I I 
I I I I 

1- I I I 
I l I I .. , I L..1 I. 

,, 
I I ,. 

,--1 i --- .:I I 
I I L... I I 
I 1 I I 
l_t -J 

0.05 

j 
I ,• _, 

" -I l I I 
I I I L., 

I 1 I 1 

~j I I 
I I .. 

0.1 

Fie:;~ 7_ 

1-1 r-'"1 ,., r., 
_r"' _l_ t I I I I l 

I I ' 1-
l_I : l 

I I 

'-' 

I : Ii I , ... -
L_J - ,_...J 

0.15 0.2 

,. 
I I 
I I 
I I ,.., 
I I .. J t :1 

I 
- -\' . 

.. J - 1-t.-" 
I I I 
I I I 
I I I 
I I I 

'-' 

,.;;.. 

0.25 

"expected-a rea-norma I ized" 
"distances-measured" 

/1r·l".J 
r/ .£ ,•.:c 

l 

\) ... 
\_,~,,-~' ,_,., ! 

-l l 1 
I :i' 

1- I .-, 
I 

• F'. > 

,-, 

0.3 0.35 

I. . , 
I c· 

• 'J v - .... ~ '·"'-" [: '.,...~-.~~....-v~w1._ 

0.4 0.45 

P;s+~ t~ ./, 1 "r i " Cf..•1,-;c\ r1j 

0.5 



F1 5 (;\ r-e 3 
140 .---~~-.--~~--.--~~--..-~~---,-~~--,.--~~~~~-.-~~--r-~~-.-~~----, 

---- .. 
I 
I 
I 
I 
I 
I 
I 

120 l--
1 

100 

c\r-1 so 
iA 

60 

40 

20 

I 
I 1 ___ _ 

"expected-area-normalized" 
"distances-measured" 

,----, ~-----, I I I / --- °"~ 1 1 •r. (\ .';) ·'' ·." •·A c. ' i. I~ V'1.o""'" - • ·-w ~ ;,w < <" 

I v· i.) 

I 
I 

I 
I 
I 

--· i .. ---~ 

: 1-----

I , . '"• -~1 .c ·) ·-· ·c·· •· 

1 I 
I I -----1 
I I 
1-----

: ·-~-1) /l• ·.{,_,,,,A 
•' t···.(·'vL-i; .'w:.· ""v<'tl ) (, 4.-\, ... ._ 

I ( 

1----------

'-----

1 ____ _ 

I 
1----

o~~~~~--::-:::------:~--:~~_i__~-L_~_J_~~:='..__~ 
0.4 0.41 0.42 0.43 0.44 0.45 0.46 

r1) 1 

0.48 0.49 0.47 0.5 

-;--,_ I f~~-A {/ J,' ,J .u, 51CA.A1U f/'-<1"' .. -vv.·1 ... ·r 



,,-.., 
.... 
~ 
0 

~ 
r:n .... ro 

....0 
~ 

0 ,..... 
0 
~ ..._,, 
C,) 

..µ 
ro 
~ 
b!l 
~ ...... 
~ ro ..µ 
UJ 

Stacking Rate vs. Stack Size S!MU.L-1110/\J 

-kc;:_,.,,. I<' I- LO~tl 

F; 0j1Are Li ~ 
6-~~~~~~~~~,--~~~~~~~~ 

5- -~ .......... ~.:, .. :.:·- -··-··--·-····;-

4-

3- f-:········· '· 

2-

1-

0- I 

0 

······-- ···---~-·-· 

. . .. .. -~- ................ ·- ......... ····-· .... - _, ·- .. 

40 80 120 
Stack Size (1010

) 

•irateVSsize" 

~ . 

160 200 
~~Crcr/t 
E.~ 



,,..-._ 

5 
0 

cS 
if). 

~ 
..0 

°"" 0 ,...., 
0 ,....., 
'._/ 

a,) 

~ 
~ 
b.O 
~ 

• ..-< 

~ ro .µ 
w. 

Stacking Rate vs. Stack Size 
August 1994 Fll1 lAr<-i: LJ b 

6-t-~~~~_,_~___,.~~-;--~--+~~~~-;-~~-!--~~~~1-

• ;...'.;.:;. •';'<:: ~.: ··:~ .. .•.••••• ··~·: .. ::··· ··-:-·············-·· 
.. --~-· .... ~ ... 

5 

4 
• • . ··i· <;~ ~,( ~'F;f:~:;;;t~ '" < ....... . ·"···· ,.. . . . . . -~· , '~'-· ,,..,.,",~-~4/~I}';., , \ ~1~ \. ., • • , 

. ,,·. t,. . ·"!\:;., • ...,;"));',.~W\~"tt,~i ~\%·\':>f':ii"M~ ·: . · ~ , •. ' " '. ,. •.' • •- ' .. ,C' •.C.-·; -/ ·P""'1 ""''<:,.:. "" ... _,•. "' . "'' '··'"''""'~.·-~ .. ,, • .,,. '··•« ..... ,.,.,, .. .,_ .. , __ ,_,,.,., .. ~.··. 

·:r 
:······-'.::t?''''''''''''"'" ····~-· ·····!·· ............ ; .... . .... , .. ·~·.: .. ~---···-: .. 

3 ·r-• 
-·T. 

:·~.: ... 1 
.. 

" ., ........ ,1······".::······ , .. : ._ ..... . 

' 
2 :······ .. \ ............. . 

:· 
~- .: .................... . ··!·····;· 

~ . . 
~: :•; 

:::ri: ...... . . . ~·' ...... ; ........... . f·'r···· ······f: ..... . .;.. ·········1····················· .. ; ..... .. , ................. . 

1 : ..................... : ... .................. t ...... .. ......... i .. ·········· .. ·······:·t·'""". ····················"i········ .: ..... . 

·: i\ 
~.... .. .............. -1 .. "l" ..... ··········· 

O-t--~--r-~-r--~----r~--r~--r~---;~~r--~;-----~-r--~--r-

0 40 8 0 120 160 200 
Stack Size (1010

) 
E. Harms 



T I l I I 

(lJ 
+-' 
C13 .._ 
~ 
{) 

r C13 - +-' - .q-CJ) 

I ' +-' 
CJ) 

:c 

lO - - C") 

s' 
~+i 
--~-----

'> 

- - C") \' 

(j ~ 

~ '1'- ,, 
~: 

0\ s 

3 : 
~ 

"" u 

"' l.L -0 
lO 

'- -
C\I 

' ' ' ' ' ' lO 
..--

0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 
lO 0 lO 0 lO 0 lO 
C") C") C\I C\I ..-- ..--

~\% 



x 

-0 

" -"' <> 

"' u; 
<= 
=> 

.,,.,_ 

8 

7 

6 

5 

4 

3 

2 

1 

0 

o K*BetaStar I f·,5:....r~ S 
Best shots 

b ' o: ••••• j ••••• 0 ........ ; .. i ................. J·············---i ··········-·····-=-
········-~ j - - i 0 i i ~ 0 l 

' Q'O(iQ ' 00 

Q i. 0· . o 
! 0 ,0 p 

0 

....... o 

!0 oi 
'a··········~···· ... ················-:-·--

···············! ················+-· .. ··-··-+·- ·············i ·+·· 
¢ 

··············••! ················- ••••••••••••••••..••••••..•.••.•••• , ·················,··················~······· ' 

5040 5050 5060 5070 5080 5090 5100 5110 

80 

70 

60 

50 

40 

30 

20 
0 

Store Number 

o % unstacked 1 r; ~ ~ 0 
Best Shots 

·············O···•··· 

. ooo 
. <:JO b ?JO ci 

•.••••..•.....••............ ·-~-------· .. ·····1 ·· ... _Jj_' ........ O .......... . 

·-····························i········ .. ·············O···i·······························i 

50 100 
Stack Size (e10) 

150 200 



25 

20 

15 

10 

5 

0 
0 

o Pbarvemit I {15w 7 
collider data 

,0 
······i········ ........................ , ........ ().0 ......... . 

50 

0 c9 
0 Oo 

················~··········· 

100 
Stack Size (e10) 

150 200 



-Si"'ck.i. lif.l · elf~'- ~ 
I 

? j<'[{t._ >I oo E ~ ~ i c. 

a,~ 
o," - (o.0Q1i,,'11t (smk..~:z,e. -too)) 

0.65 

0.5 

~ 0.6 

" 0 
~ 
c -~ 0.55 

~ 
«; 
~ 

................. L .. 
a'

: ············+·-·· ............ ; ......... . 

.b i a · j a , 0 :o 
. :0. . ... . .. .0..6 ...... ·······+··-· ............ : .. . 

' ~ ~ [ ··········· 

········j.:······-- . . . ········+· : : '·····oP······? 
0 

0.45 40-:-~6~0~~~~~_,_~· "-'-_u.·_, '-'-a ~-'---'-' '. 
J 80 100 120 

!O 

a 

' 

.J. 
al O' 

140 160 180 
Slack Size (e10) 



""" I': 
0 

-~ 
:i:: 
w 
Cl 
c: 

"<3 
en 
Q) 

C'Cl 
0 
(.) 

= 

C\I 
I'-
0 

·:· . ·'. 

'· 
. •. 

.. • ~ 
··.·: 

., .· 
.... 

. ··. 
:-

.... 

·.· .. 
•• 

... 
... 

.·· 

~I ', 

•. 

. •.; ~ 

.. . 
·:"" 

..... 

.. , ... 

.. ···. .. ·: . . . . . 

... 

~ .. 
:.·· 

·· . 

:,..•": 

"" 
.. : -·: 
. ·~·· . 

".) 

. · .. 

·.· .. :. : .•. 
· ..... ., 

. ... , ... 
,?t ... · .. = 

i.~ ~·' ; 
.·,. .• ·'--~,;, .. ·,,..~·w.:..~~~.~_,.,·,:;i,..~;.. ... , .. ,,:...__.._~~~...::~·~~~~~ 

t-: co co 
""" 0 ~ ~ co 

0 0 0 

") .-~·f;_,1,)/ ,,.:.'·r'.- 'J!•• ~)$:!/ .:?O,_J 

•.• 

C\I co co 0 
0 

0 

""" ..-

0 
C') 
..-

0 
C\I ..-

0 ..­
..-

0 
0 ..-

0 
O'> 

0 co 

0 co 

0 
LO 

0 

""" 

~ • . 
<: 

. ,-.'-. 

v I 

·· .... ;,; 
~ 

',~ 

i 
\/.'. 



I I I I 

I 
-; - ~ 

' •• 
.s:: 

.... 

.... 

.... 

-
-
-

.... 

-

I I I I 

0 0 0 0 0 
0 0 0 0 0 co t-- <O LO 

""'" 2\i. ,, 
~ --(j 

I I I 

-

-

-

~ 

-

-

- -

-

-

-

I I I 

0 0 0 
0 0 0 
(') C\I ,-

(j) 
CD 
ci 

co 
<O 
ci 

" CD 
ci 

CD 
<O 
0 

LO 
<O 
ci 

""'" CD 
ci 

(') 
CD 
0 

C\I 
CD 
ci 

,-
CD 
ci 

~ 
;;; 
{~ 

'~ 

" 

~ 
' ' ' ,_, 

c<' 
'i 
-' 

"' V> 

""' 
(j 

Cl 
\,__, 



-­\..) ~ 
~ 
~ 
~ 
......... 
'--

6 ·-~ 
.=:; 
i:: 
~ 
'"\j 

~ 
~ 

. ::: -~ 
Q -\::$ ·-..... ·-~ 

20 

18 

16 

14 

12 

10 

8 

6 

fl/7U2..E Cf 
Comparison of Model Results with Real Data 

' 
-------------'--------------~--------------J _____________ _ 

' ' 

Simulation~----­
Predictions 

' 
' ' ' ·, --------------,--------------1-------------

0 

' ' . 
' I . I 

_____________ 1 _______________ : ______________ ~- ______ _ L ____ ~ __ : ___ ~ ____ ,... ~ _ ~ ~-.- ~ ___ ..:-~:. _____ ·J ____________ _ 

Average of 
Simulation 
Predictions 

" ' 

"I~• o··. ··· -:: :.o'. : .. :.",'·' 

" ·.-
(;>". 

'r· ' 
:. ·::1 •'·.'· · .. ·· 

' ~ .... 

-~: :~\;:~~:' 
0 

' ' 
Data from July 23-

, ' ' +- '------------:---------------:--------------~ --------------;--------- -- _A~~-~!~~ ??.:i __ -- -

0 

-------------1---------------1--------------~--------------~--------------~--------------~-------------

' 

4 ~-------------,---------------,--------------~--------------1--------------,--------------~-------------
I I I I I I 

2 
40 60 

0 

80 100 120 

Stack Size, mA 
140 160 180 



3100 Fi ')GLlf' ffe 0--

-• Q 

(--

3050 

,t, 3000 
-, .. 
~ 

. i 2950 
·-.:, 

'1i 

~ 
-~2900 
" H 
'.ID 

~ 2850 
3 

~ 
"' ~ 2800 
~-

2750 

"bct21-targetstack" ~ 

. I' ....................... !·················· T .. ! ········· 

l. ~ L 1. ········· . ........ .... . . . . .. : ··············· . i ............ ' . 

f ' ' ..... 
.... -- --- -· -- -.. -~- ......... -··· .............. -- . -- ............... . .............. ··-- ·:·· .............. -· .. -· .. ·:· 

······················! ························ ........................ ····-·············· .............. , ···············--· -----~---··············--····---:..------------··········-

' ' , ......... ·----·-······--~·· 

················- --; ························-: ·····-- ···············--:-- ·······················}·--· --· ................ ; ······- ···············~----··················· 

·················-····-~-----------·--··········-~---·······················:·························-~·-···· ················ -~ ························~··························:························ 

2700 L_~~-L~~~J__~~-L~~~L-.~~~~~--:-'.:-~----:~~~-:;-;; 
80 90 100 150 110 120 130 

JO/\~ S-Jto\( /, .: I ·<p 7Y'lt 
140 160 



1'-·' 1r< 1ob 
3100.--~~-,-~~~.-~~-.~~~-r-~~-,r-~~-r~~~r-~~, 

"oct21-duration" ~ 

3050 

3000 

-
' f 2950 

..................... ... . ........... ... . . ... : . .. ! :· ··r····· --r ...... ·1'. 
i I I ········! · 

: : 

··································· ! i·· i i I -..... -- ........................ -~- ... -·- -. --............. -~ .. -.... -- . 

····················~-----················ 

I . -- ............ ·- ........................ ---- ... . 

-
-!? 
-~ 

< 2900 . ..,............... ..1......... .. . ... .... . ............. . ...... ..... . ............... -·········· ... . 
' ' . . 

! 
' ' ' ' . 
' ' ' . 

_, 
"ti t 2850 ······················· ........... .f ........... ·························+·························:·························i·························'.························r······················· 

-;: 
h 

2800 ········--·-······ ····i·-············----------·~·-···· ...... . .· ......................... ,. ·-·--············- .... ;. ·············· ....... · ................... --·---:·-···-

2750 ......... ! .................................... ························ .................................................. , .................................................. ······················· 
2700 L_~~_j_~~~i__~~--1...~~~L---~~~~--::-:--~~::;:-~~~ 

12 14 16 18 20 22 24 26 28 

5101 ~ c\IArcJtt·,·. / Pee(/\..:.>-



E 
::J 
c 
E 

.. ~ ............ ·· ................... ·· ····.... · .... ··1'---">0---'I ·· ·· .... ·· ·· ·· .......... -~·· ·· ·· ·· ·· .... ·· ...... ·· .. · · ......... ·· ...... ···· 

~ 
0 
= 

.. 
~ 
<;, 

--- .. ·-.' -· -- ·'-----"'---' lO 
.... 

\~ 

~ 
, ., 

tJ 
0 1----A---'--·········----·- .......... . 

. . .. .. . . ·'-I --'-; AO---'I ·· ...... .. .. .. -- " .. ·- ... -- ..................... --· ........ ~-- -- -- -- ...... --

········· ·· ··································· ··''.'-I --<0"----1 ................................................................................. .. 

C') 

0 0 0 0 0 0 0 
lO 0 lO ~ lO 0 lO 
0 0 °' co co I'-
C') C') C\J C\J C\J C\J C\J 

I- y»Z 
i ( f"t'V&,J}""L '";.I.. J 0J·1{-f)U')j 7 

I. 



3050 r1 ')1.-W Io Ji 

3000 

I 

--C:::: 

;:.. 2950 

-IL· 
i 
·~ 
~ 2900 

___... 
~: .. 

~~ 

~ 
ii:·"-' 
~ 2850 
1-r 
3D 

i 
::::::> 2800 

2750 

"6ct21-intlurn" f+---j 

, I . 
······································· ···················· ................... l ................... r·····························----·-····:····················:--··················:·················· 

i 1 I . : . 
•••••••••••••••••• ' ••••••••••••••••••.• ~ • • • • • • • • • • • .•.•.. -. r -. . ---. -•••••••• ~ • • • • • • • • • • • • • • • • • • • • • ••••••••••••••••••• ~ • -• -• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • :· •••••••••••••••. --. -:- --•••••••••••••••• 

I 
................ : ......... ------·-- --~---··· ....... --~ ····--- ........... ;-·· ................ ·················---~----------- --· ···-~·-················· ;·· ·····-············· 

I 
-------············· ·············----·················---------- ·························- ..... . ............................. ···············--·~·-··················~·················· 

I 
. -- ......... , .. . ................................................................... ············· ---:--- ··············· 

2700 L-~~-'-~~-'-~~---'-~~---'-~~~'--~~-'-~~-'-~~-'-~~--'-~~--' 
200 250 300 350 400 450 500 550 600 650 700 

-, ,le. ~ n v•. ,,"I. Ji_' (\•"'\fi (' V 
I./ ,'\ •. ,_, 

: -I - . ' I, ~ 

' 
I i .• ~~M' L,.~,1,./•/'/.._IJ/ .~· '- \' •-"' i r, ~ -. t , __ , 



f I G c.ie.f: II 
3290 .--~~~~~~.---~~~~--.~~~~~----r~~~~~--r-~~~~~....,......, 

I 
~ 

R 

f' 
~ .,, 

3280 

3270 

1 3260 
) 

<i'".> 

4i 
l-1 3250 
;D 
·~ 
\; ' 

2 3240 
~ 

'" 
3230 

3220 

---
G·-·-·-·-·---·-·-----"'--------------------

,,,...·""" 
/' 

-·-·-·-·-·-·-·-·-·-·-· 
-·-·-·-·-·-·-·-·-·-

/ 
/ 

/ 
/ , 

/ 
/ , 

' ' D; (.(~M(.! 
' 

' ---( __ l 
' 

' 
' 

'· 
-·-·-·-·-·-·-·-·-·-· 

\ 
RoJ,0 J \ 

\ 
\ 
\ 
\ 

______ ... ------················~----------------......... . 

··············· 
···············O-··········································· ~------·------... 

I ""'"'.:-1 ~·--... _____ _ 
{'•ck __ ....- ·------... 

c: - ( ·· .•. _,' 0 .. 
·------.'$\. 

·· .. 
· ........ . 

·. 

"temp" <> 
"temp1" H--i 

"temp2" 
"temp" 

"temp1" 
"temp2" 

'· ' ' 

\ 
\ 
\ 

\ 

' ·, 
'· 

\ 
\ 
\ 
\ 
\ 

' 

\ 

·, 

\ 
\ 

D 

' ·, 
' B 

\ 
\ 
\ 
\ 

'. 
· ........ . 

·· ..... 
·-. ·. 

· ...... 
·. 
· ......... . 

·. 
·· ........ . 

3210 ~..L-~~~~~-L~~~~~-:::~~~~~::;;~~~~~~~~~~~-;; 
40 50 60 70 90 80 

l-11 >I ; 1%{-uv< 
' 

,j . ! I < I ' 
fll(("'/-;!1blf' J~C<(/( "°: ., .r ,-,,n!/ 

- ' ' 



\ \. -

0 
0 
-.::!" ,... 

= = 
co co 

'.t= c ·c; 
·-' ' -- en cn·-
·-.i:::: 
.i:::: = 
= 

l \ 

\ 
't 

,---------------------------------------
' r---------~ 

I 

L----------------------------------1 
' ] _______ _ 

I 
I ·-' I 

0 
C\l 

00 ,... 

CD ,... 

C\l ,... 

------------1 

0 
0 
C\l ,... 

0 
0 
0 ,... 

0 
0 
00 

0 
0 
CD 

0 
0 
-.::!" 

I 
L--------

1 
I 

1--"' 
I 
'----, C\l 

0 
0 
C\l 

I ·-

0 
0 



-Q 
,...! 

l 
U) 

k 

0 
0 
<O 

"O 
a.> -~ 
Ol 
a.> -c ., --~ ..c 

0 
0 
LO 

0 0 0 
0 0 ,-- 0 
'<:t C") 

\~ 
C\J 

2~ 

u ::c 

0 
0 
,--

0 
0 co 

0 
0 r--

0 
0 
<O 

0 
0 
LO 

0 
0 
'<:t 

0 
0 
C") 

0 
0 

oN 

' ·. <; 

,, 

-:-'-
~ 

,, 

""' ~ 
1 
-> 

.___) 

~ 
~ 

' h 

~ 
t-, 



~ 
-,,.i) 
C.\ 

Fi 'j/,<M /lC 
1600 r-~~---,~~~,-~~--.~~----i,-~~,-~~-,~~~--.-~~--. 

1400 I-

1200 I-

1000 I-

800 I-

600 I-

400 I- r, r. :- . , l 
2/;.;;Jk cY ()JI' 1 CU i L!Afl 

200 
"-- f I r--

1--J '--, I- --, .. __ l __ ! : 
-----, I 

,---

~ 

. (; {, ' . ! : 
RAJ.t)Jr/. \)<''-·'' ,•'/ttl . .'(i, l .. t.(...i 

;::_,· 

-5 

~ 

"hist-store-hours-intentional" -­
"hist-store-hours-failed" -----

--- I I ____ _ 

--, ,---

I I 0 

L __ 

L--L _______ I __ ... 

----~ I '---.. _____ r--.--
I 

0 5 10 15 20 25 30 35 

~ fuv JL,,, ~I )v;, &vv.l_. 

-

-

-

-

-

-

-

40 



E 
0 ..... -' -0 .c 
(J) 

' --~ .c 

(-..,_ 
~ 

~ 
I'S 

·-\,', 
N 

s~ 
s 

0 0 0 0 0 0 
0 0 0 0 0 0 
<O I{) 

""" 
Ct) C\I ,.... 

?\vi 
'3 :'Ci 

0 

0 
<O ,.... 

0 

""" ,.... 

0 
C\I ,.... 

0 
0 ,.... 

0 co 

0 
<O 

0 
C\I 

~ 
.'>::: 

' 'J-.., 
(:; 
•,; 

----~ 

'- \ 

'· , 
.c 

....... < 
0 

\-l 
~ 

.:> 

~ 
"S 
~ , ___ 

_,, 
v 
<\ 

~s 

" s,:' 
\,-

~ 
Vl 



.J 
() 

"' 
1 
"' \.L 

0 
0 ..-

E 
:::i 

' ..... 
en 
.c 

0 
O'l 

0 0 0 0 0 co " CJ:) I.{) 

""" r~ 

-~ - \ ~, ,.?- ..:::> 
---c; \J' 

0 0 0 
C'? C\l ..-

0 
0 
LO 
"<t 

0 
0 
0 
"<t 

0 
0 
LO 
C'? 

0 
0 
0 
C'? 

0 
0 
LO 
C\l 

0 
0 
0 
C\l 

0 
0 
LO ..-

0 
0 
0 ..-

0 
0 

0 I.{) 

-' 
--.() 

. .,, 
•.._.; -- :-

' " 
·' 
" '" '----

..;-----. 

~l_,1 

'"" d 
-::z 

~ 
" ..-' 

"" --.:...) 

'-

' I:\ 
1-=-i 



~ 
ro 
.0 
Cl. 
' ..... en :.c 

= 

\_) 

'(\ 

"' ·' .) 
-' 
" ) 
,_ 

0 0 0 
<D .q- C\J 
,- ,- ,-

,-----._ 
"-' -,..,-,., 
'-. 
,,. ... 

. ~ -_) 

L 
~ 

"' -C -r-

"' ------1 u 

'! 0 ~ 

ID "" .__, 

0 0 
0 c:o 
,- , . .._ 

2\~ - -~ 
~-G 

0 0 0 
<D .q- C\J 

0 
0 
<D 

0 
l() 
l() 

0 
0 
l() 

0 
l() 
.q-

0 
0 
.q-

0 
l() 
C') 

0 
0 
CY) 

0 
l() 
C\J 

0 
0 

oC\J 

·-.4 _,, 

• < 

'· ,-
,, 
" 

' 

"' ' <~• 

,; 
·--'-"' ., 

\,.---->--._ 



180 F 5w..e J3 c. 
I 

"hist-storehours" 
160 ~ "hist-stackhours" 

1--1 
I I 
I I 
I I 
I I 
I I 

140 f- __ J : I I 
I I 
I I 
I I 
I I 
I I 
I I ~ L!.A·u~A iJ < _\ ' . 

120 f- : : I wt-{ ··1···-· .1,0C"'""''1 
I I 
I I 
: I .. '.;-

r-- I 
I I 
I l--
1 I 

100 c I : : 

J 
' 1 ' .I . . ·'61 ' ' ,-- I 
l'.I 1 ,,w-.1 '.W,~y. ,,.. - .. ' .. • : : 

::,;,.--: ·1 ., I I 

c\I c ... rh l 
80 I : I I 

I I 
I 
I , __ 

60 

40 

20 

0 
40 60 80 

,--
' I 
I 
I 
I 
I 
I 

.. -...! 
I ·--' I 

I 

1----1 --J--t I 
I l : --1 

1 __ 1 

100 

•'l i c"' (' ; 

J1, t: {,(...-·:_ .. ;_.~ 

120 

I 
I 
I 1--, 

140 

I 
I 
I 
I 
I 

I 
I , __ 

il>B F,w~ 

t 
160 180 



~ 
~ 

1 
~ 

<'.."' 

'!-I:. 

0 
N ..... 

~ 
::i 
0 
.c. 
Cl. 
::i ..... 
Q) 
en 
' ..... 

en 
.c. 

0 
0 ..... 

0 
CXJ 

0 
N 

0 

0 
CD 

0 
LO 

0 
"<:!" 

0 
(") 

c 
N 

0 ..... 

0 

! 
" ' \. 
-.;. 

' ,, 
' •'-.. 

--;... 

' -
-;-

< 
-~~ 

-.;;; 

. :: 

""' • $ 

h ~ 
,1 
(---



I 

··<! , .. . ~ 

:G --;,_ 

-¥ 
~ 
;:>; 

·-._J 

= ::: 
~--;: ... 
~ .-
1..,-<;---: _ _j. 

' -;;,.-

F ; !J ().•..v 11f 
3600 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

3400 I-

• 
,,,,,.,,"""'"" 

V"" 3200 

3000 I-

--

2800 I-

<I> 

"oct21-targetstack" r+-1 

, t ., , • --------------------------- " • ./oct25-tevbetter-targetstack" 
T .r.; :X b' · / __ "..------- ,~1tJct2§.pb_i=!_~~etter-targetstack" 

· _______ " . ./oct25-tevworse:.t~rgetstack" 
______ " . ./oct25-pbarworse-tatgets~ck" - --,,....... ... ....... _ 

, --
-

. --. -

~ 

j-~,,\ -.~ P- ~ 
~ •. J.ft" • _..,, 

~ 

~ ~-, ----bP .-'t ~- .. 
--

~o-P 
I 

~ 

p(;cv, L X &.Y:fL.:W i 

--- ------------------------------- ------
------ -------:: 

! ~ ! 
! 

t 
-

-

~ I -·-12600 t---/-/ 
--.;} l ...-· 2400 ............................. . 

.--·········· -

2200 '--~~~'--~~~'--~~~'--~~~.1-...~~~.1-...~~~"--~~~,__~~--' 
80 90 100 110 120 130 140 150 160 

.,- • ' .. i . 
/t»~J-·-f _...:,-,1/~l( .f .-{;! .. ~. 

' 
,-~./f 



F1~~ '.S 
4200 

I I " "oct21-targetstack" f+-----1 I 

4000 I I 
oct24-t¥getstack-9¥oal" H---i 

1 

I'·· '1 ''- () ~ ( (:<; l f ~,: ·,~v r) 
\ ~/ ( 

3800 I-
~ 

I 

~ 

)::: 

3600 f- . 
- --1.,-.. ) 

" ' --
-<::~ 

"" -~ 3400 f- . 

--' 
=. 

~; 
~ .... ,. 
(::, 3200 
'--r 
•' 

' 

/ (Ocl~ ( oo 1~ $Ci ,cl 
-

!--~· 
' j 

I 
'/ 

.~D 
~ 3000 

~ ~ ~ 

~ 
~ 

~ 
~ 

-
. ..., ..... 

2800 l ~ 

-

2600 
80 90 100 110 120 130 140 150 160 

r I ~ ,-' ' 
·, 

! c c <..., ·-· (.l ( ~· ,, ·;,·/·/( /Iv";.., -,J• , 
'.; 


