Beam Cerenkov 





Mike Heffner 08Jun01

This is a look at the requirements for the threshold beam cerenkov needed for the e907 experiment.  The goal of this detector is to identify the three possible beam species-protons, kaons, and pions.  The particles will all be at the same momentum and that momentum will range from 5 to 115 gev/c.  It is assumed that gases and gas pressure can be changed between beam momentum changes.


The idea from the proposal is to use two threshold cerenkov detectors such that the protons are below threshold in both, the kaons are below threshold in one and the pions emit light in both.  One can simply determine which particle passed, by looking for two, one ,or zero detectors with cerenkov light.  The questions I will address here is how long these detector need to be, what are the type of gases needed, and the gas pressures that the detectors need to withstand.


First we start with the equations that describe cerenkov light.  We know that cerenkov light is only present when the velocity of a particle is larger than light in the medium in which it is traveling.  That sets a threshold velocity of 1/(index of refraction).  In addition we know the following (see PDG).
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Equation 1 relates the index of refraction (n) of the material and velocity () of the particle moving through is to the half angle (c) that the cerenkov light makes.  The second equation allows one to calculate the number of photoelectrons (Npe) given the length of the radiator (L) a constant (N0) and the half angle of the cerenkov light.  If we assume that the collection efficiency is constant at 50% and the detector efficiency is also constant at 30%, we get a N0 of 56 cm-1.

length

For a threshold cerenkov detector we would like one particle to be below threshold and one to be above.  To get the shortest detector possible (in the threshold mode) we will start by setting the index of refraction of the detector to the reciprocal of the velocity of the more massive particle that we don’t want to light up the detector.  Using this criteria, a trig identity, and the relativistic definition of momentum, we can combine equations 1 and 2 into the following useful form,
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where the m variables are the mass of the particles passing through the detector at a momentum p.  The h subscript stands for heavy (below threshold) and l is for light (above threshold).


One can see from equation 3 that the length of the required detector is directly related to the desired momentum to be measured (if we hold the number of photoelectrons constant).  In our case p is much larger than m, so the length goes like the square of the momentum.  This tells us that length of the detector is determined by the mass difference of the particles we want to differentiate and the momentum at which we want to make the differentiation.  Also it is clear that the largest momentum requires the longest length.


If we impose the constraint that the two detectors (one to separate the pions from kaons, and one to separate the protons from kaons) yield the same number of photoelectrons in the worst case (high momentum) we can obtain the required ratio of lengths.  
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This equation comes from equation 3 with the assumption that p>>m and the number of photoelectrons is the same for both.  So we see that for the same performance, the detector to separate kaons from protons only needs to be about 1/3 the length of the pion/kaon detector.


If one wants a minimum of 10 photoelectrons, assumes no absorption, constant index of refraction, and the efficiencies listed above, we find that the long detector would need to be 94.9m.  This is quite long since there is only about 100ft of room for both detectors.  There are two ways I can see to reduce the length, reduce the requirement on the number of required photons, or move the heavy particle slightly above threshold to increase the number of photons in the light particle.


It turns out that it is better to reduce the number of photons required than it is to allow the heavy particle above threshold.  The reason is that at high momentum the number of photons is quite small, and allowing the heavy particle an average photon multiplicity of even 1 is worse than the loss of photons in the light particle.  I will illustrate this with and example.  

Lets pick a length of 24.5m (just fits in the room allowed with the other detector) for the separation of pions and kaons at 115 GeV.  If the kaons were set at threshold the average number of photons from the pions would be 2.36.  If I use a larger index of refraction to get more photons I find that the max number of photons I can get is about 4.5.  I pick He at 0.5bar to get close to this number and the number of photons goes to 4.26, but the kaons are now at an average of 1.89.  This is much worse.  In the first case the kaons didn’t radiate so probability of measuring a pion (see photons) when it is actually a kaon is zero and the probability of measuring a kaon (don’t see photons) when it is actually a pion is 9.4% (
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).  In the other case we have to pick a threshold, and it has to be an integer.  I will pick the threshold to be between 2 and 3 since that is near the middle of 4.26 and 1.89.  Now the probability of messing things goes up.
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This tells us that the probability of messing up in either way is now better than 20%.  It was much better when the probability was 9.4% and the confusion was only in one direction.


The bottom line is that if the detector space is limited the probability of misidentifying a particle is fixed.  In this case of 24.5m and 8.8m (total 33.3m) the worst case is 9.4% mix-up at the highest energies.  If one wanted to make this value 1% the length would increase to 47.7m and 17.2m (total 64.9m).

Gas


Looking at tables of number of photons for given gases and momenta give one an idea of what is needed in the case of gases and pressures.  In the case of pion/kaon separation the non-flammable gases Freon114,CO2,N2,Ne,and He will span the required range with pressures at and below 1 bar.  Depending on what is most convenient, one can used larger pressure ranges (all below 1 bar) and fewer gas types or more gas types and smaller gas pressure ranges.  With that in mind, Freon114 is the only required gas.  This is so we don’t have to apply positive pressures, and the window can be simpler and one can change the index of refraction without making hardware changes, only gas type and pressure changes.


In the case of the proton/kaon separation, the same gases would be used for most of the momentum range.  At low momenta (5GeV) a larger index of refraction than Freon114 at 1 bar can provide is required.  The options here are to use something like isobutane at 2.7 bar or simple timing described below.

Pipe Diameter


The diameter of the pipe and mirror have to be large enough to collect most of the photons.  For kaon/proton separation at 115GeV and a length of 24.5m gives on a diameter of 8”.  This will still block photons at lower energies, but since there are more the number collected is usually large enough.  I would suggest 12” mirror for the longer pipe and 8” mirror on the shorter, although it would be fine to make them both 12”.

Multiple detectors


There is the option of using multiple detectors instead of one large detector.  It turns out that this would help with the absorption problem sine the photons don’t travel through as much gas, but you don’t gain anything from the probability standpoint.  To see this consider detectors of equal length such that their total length is the same as one long detector.
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k is the number of detectors.  We know that the number of photons per detector is linear with the length of the detector so we can also state
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Now what we want to know is the relative probability of each scenario missing a particle that it should see.  For the long detector this probability is:
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for the collection of smaller detectors the combined probability is
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The conclusion is that there is no advantage to using many smaller detector to get a better probability.  They would be useful for absorption but that was not estimated here. 

Timing


The lower momentum beams could be separated by time of flight instead of using a high index of refraction gas.  To get a feel for this I calculated the t for protons, kaons and pions over the 33.3m length.  The time (in the lab) for a particle to travel 33.3m is:
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where d is the distance, c is the speed of light, p is the momentum and m is the mass.  This is derived from:
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In the next two plots I show the t for protons and kaons; and kaons and pions over the 33.3m length.
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So we see that timing might help in the lower momentum beams (esp. the 5 GeV/c beams).  If we assume about 120 ps timing resolution we see that the kaon-proton separation could go no further than 15 GeV/c and the pion-kaon separation is stopped at about 10 GeV/c.  I have tabulated a few numbers below so you don’t have to read them off the above graphs.

P=5GeV/c

proton - kaon time:1.38935

kaon - pion time:0.504128

P=10GeV/c

proton - kaon time:0.350239

kaon - pion time:0.126283

P=15GeV/c

proton - kaon time:0.155904

kaon - pion time:0.0561464

Conclusion


With the ~33m length constraint, we would miss about 10% of the lighter particles in the cerenkov detectors at high momentum (both detectors). A 64.9m detector would be needed to reduce the error rate to 1%.  One either needs to use a longer detector or accept the contamination and correct the results offline using other detectors.  12” beam pipes and collection mirrors should be fine for the 33m lengths.


We would need to use Freon114 (in addition to other simpler gases) to make the system simple and easy to change between momenta.  A simple timing system would also be needed for the lowest momentum beams (5GeV).  

Full Geant simulations may be performed later, and would be more precise with the addition of absorption, knock-on electrons, and changing index of refraction with wavelength.  It is important to remember that these effects would only make matters worse, so the numbers in this report are the best case.  

Tables


Below are some tables of the number of photons collected as a function of momentum and the particle masses.  The left three columns are the number produced at any angle, and the right three are filtered to fit in the 8” pipe/mirror.

Short

Isobutane at 2.68bar

This table is for L=880cm pipe diameter=8in and (n-1)x10^6=5100

  p     NpePI     NpeK      NpeP    filt NpePI   filt NpeK    filt NpeP

   5    461.14     16.86      0.00     54.78     10.52      0.00

  10    489.41    378.34     69.64     56.42     49.66     21.37

  15    494.65    445.28    308.08     56.72     53.84     44.85

  20    496.48    468.71    391.54     56.82     55.22     50.51

  25    497.33    479.56    430.16     56.87     55.85     52.92

  30    497.79    485.45    451.15     56.89     56.19     54.19

  35    498.07    489.00    463.80     56.91     56.39     54.94

  40    498.25    491.31    472.01     56.92     56.53     55.42

  45    498.37    492.89    477.64     56.93     56.62     55.74

  50    498.46    494.02    481.67     56.93     56.68     55.97

  55    498.53    494.85    484.65     56.94     56.73     56.15

  60    498.57    495.49    486.91     56.94     56.76     56.28

  65    498.61    495.98    488.68     56.94     56.79     56.38

  70    498.64    496.38    490.08     56.94     56.81     56.46

  75    498.67    496.69    491.21     56.94     56.83     56.52

  80    498.69    496.95    492.13     56.94     56.85     56.57

  85    498.71    497.17    492.90     56.95     56.86     56.62

  90    498.72    497.35    493.54     56.95     56.87     56.65

  95    498.73    497.50    494.08     56.95     56.88     56.68

 100    498.74    497.63    494.54     56.95     56.88     56.71

 105    498.75    497.74    494.94     56.95     56.89     56.73

 110    498.76    497.84    495.29     56.95     56.90     56.75

 115    498.77    497.93    495.59     56.95     56.90     56.77

10000    498.84    498.84    498.84     56.95     56.95     56.95

Isobutane

This table is for L=880cm pipe diameter=8in and (n-1)x10^6=1900

  p     NpePI     NpeK      NpeP    filt NpePI   filt NpeK    filt NpeP

   5    148.79      0.00      0.00     31.22      0.00      0.00

  10    177.25     65.47      0.00     34.06     20.72      0.00

  15    182.52    132.84      0.00     34.56     29.50      0.00

  20    184.36    156.42     78.75     34.73     32.00     22.73

  25    185.21    167.33    117.62     34.81     33.10     27.76

  30    185.68    173.26    138.74     34.86     33.68     30.15

  35    185.96    176.83    151.47     34.88     34.02     31.50

  40    186.14    179.15    159.74     34.90     34.24     32.34

  45    186.26    180.74    165.40     34.91     34.39     32.91

  50    186.35    181.88    169.45     34.92     34.50     33.31

  55    186.42    182.72    172.45     34.93     34.58     33.60

  60    186.47    183.36    174.73     34.93     34.64     33.82

  65    186.51    183.86    176.51     34.94     34.69     33.99

  70    186.54    184.26    177.92     34.94     34.73     34.12

  75    186.56    184.58    179.05     34.94     34.76     34.23

  80    186.58    184.84    179.98     34.94     34.78     34.32

  85    186.60    185.05    180.75     34.94     34.80     34.39

  90    186.61    185.23    181.40     34.95     34.82     34.46

  95    186.63    185.39    181.95     34.95     34.83     34.51

 100    186.64    185.52    182.41     34.95     34.84     34.55

 105    186.65    185.63    182.81     34.95     34.85     34.59

 110    186.65    185.73    183.16     34.95     34.86     34.62

 115    186.66    185.81    183.47     34.95     34.87     34.65

10000    186.73    186.73    186.73     34.96     34.96     34.96

Freon 114

This table is for L=880cm pipe diameter=12in and (n-1)x10^6=1300

  p     NpePI     NpeK      NpeP    filt NpePI   filt NpeK    filt NpeP

   5     89.89      0.00      0.00     36.42      0.00      0.00

  10    118.38      6.47      0.00     41.78      6.47      0.00

  15    123.66     73.92      0.00     42.70     33.03      0.00

  20    125.50     97.53     19.76     43.01     37.93     17.09

  25    126.36    108.45     58.68     43.16     39.99     29.43

  30    126.82    114.39     79.83     43.24     41.07     34.32

  35    127.10    117.97     92.58     43.29     41.71     36.96

  40    127.29    120.29    100.85     43.32     42.11     38.57

  45    127.41    121.88    106.52     43.34     42.39     39.64

  50    127.50    123.02    110.58     43.35     42.59     40.38

  55    127.56    123.87    113.58     43.37     42.73     40.93

  60    127.61    124.51    115.87     43.37     42.84     41.33

  65    127.65    125.00    117.64     43.38     42.93     41.65

  70    127.68    125.40    119.05     43.39     43.00     41.90

  75    127.71    125.72    120.19     43.39     43.05     42.10

  80    127.73    125.98    121.12     43.39     43.10     42.26

  85    127.75    126.20    121.89     43.40     43.13     42.39

  90    127.76    126.38    122.54     43.40     43.16     42.50

  95    127.77    126.53    123.09     43.40     43.19     42.60

 100    127.78    126.66    123.55     43.40     43.21     42.68

 105    127.79    126.78    123.96     43.40     43.23     42.75

 110    127.80    126.88    124.30     43.40     43.25     42.81

 115    127.81    126.96    124.61     43.41     43.26     42.86

10000    127.88    127.88    127.88     43.42     43.42     43.42

CO2

This table is for L=880cm pipe diameter=8in and (n-1)x10^6=382

  p     NpePI     NpeK      NpeP    filt NpePI   filt NpeK    filt NpeP

   5      0.00      0.00      0.00      0.00      0.00      0.00

  10     28.11      0.00      0.00     13.59      0.00      0.00

  15     33.40      0.00      0.00     14.81      0.00      0.00

  20     35.25      7.22      0.00     15.21      6.89      0.00

  25     36.11     18.17      0.00     15.39     10.92      0.00

  30     36.57     24.11      0.00     15.49     12.58      0.00

  35     36.85     27.70      2.26     15.55     13.49      2.26

  40     37.03     30.03     10.55     15.59     14.04      8.32

  45     37.16     31.62     16.23     15.62     14.41     10.32

  50     37.25     32.76     20.30     15.64     14.67     11.54

  55     37.31     33.61     23.31     15.65     14.85     12.37

  60     37.36     34.25     25.59     15.66     14.99     12.96

  65     37.40     34.75     27.37     15.67     15.10     13.41

  70     37.43     35.15     28.79     15.68     15.19     13.75

  75     37.46     35.47     29.93     15.68     15.26     14.02

  80     37.48     35.73     30.86     15.68     15.31     14.23

  85     37.50     35.94     31.63     15.69     15.36     14.41

  90     37.51     36.13     32.28     15.69     15.40     14.56

  95     37.52     36.28     32.83     15.69     15.43     14.68

 100     37.53     36.41     33.30     15.70     15.46     14.78

 105     37.54     36.53     33.70     15.70     15.48     14.87

 110     37.55     36.62     34.05     15.70     15.50     14.95

 115     37.56     36.71     34.35     15.70     15.52     15.02

10000     37.63     37.63     37.63     15.72     15.72     15.72

N2

This table is for L=880cm pipe diameter=8in and (n-1)x10^6=278

  p     NpePI     NpeK      NpeP    filt NpePI   filt NpeK    filt NpeP

   5      0.00      0.00      0.00      0.00      0.00      0.00

  10     17.87      0.00      0.00     10.83      0.00      0.00

  15     23.16      0.00      0.00     12.33      0.00      0.00

  20     25.01      0.00      0.00     12.81      0.00      0.00

  25     25.87      7.92      0.00     13.03      7.21      0.00

  30     26.33     13.87      0.00     13.15      9.54      0.00

  35     26.61     17.46      0.00     13.22     10.71      0.00

  40     26.79     19.78      0.30     13.26     11.40      0.30

  45     26.92     21.38      5.99     13.29     11.85      5.99

  50     27.01     22.52     10.05     13.32     12.16      8.13

  55     27.07     23.37     13.06     13.33     12.39      9.26

  60     27.12     24.01     15.35     13.34     12.56     10.04

  65     27.16     24.51     17.13     13.35     12.69     10.61

  70     27.19     24.91     18.54     13.36     12.79     11.03

  75     27.22     25.23     19.68     13.37     12.87     11.37

  80     27.24     25.49     20.62     13.37     12.94     11.64

  85     27.26     25.70     21.39     13.38     12.99     11.85

  90     27.27     25.89     22.04     13.38     13.04     12.03

  95     27.28     26.04     22.59     13.38     13.08     12.18

 100     27.29     26.17     23.05     13.39     13.11     12.30

 105     27.30     26.28     23.46     13.39     13.14     12.41

 110     27.31     26.38     23.81     13.39     13.16     12.50

 115     27.32     26.47     24.11     13.39     13.18     12.58

10000     27.39     27.39     27.39     13.41     13.41     13.41

N2 at 0.75 bar

This table is for L=880cm pipe diameter=12in and (n-1)x10^6=208.5

  p     NpePI     NpeK      NpeP    filt NpePI   filt NpeK    filt NpeP

   5      0.00      0.00      0.00      0.00      0.00      0.00

  10     11.03      0.00      0.00     11.03      0.00      0.00

  15     16.31      0.00      0.00     15.53      0.00      0.00

  20     18.16      0.00      0.00     16.38      0.00      0.00

  25     19.02      1.08      0.00     16.76      1.08      0.00

  30     19.49      7.02      0.00     16.97      7.02      0.00

  35     19.77     10.61      0.00     17.09     10.61      0.00

  40     19.95     12.94      0.00     17.17     12.94      0.00

  45     20.07     14.53      0.00     17.22     14.53      0.00

  50     20.16     15.68      3.21     17.26     15.22      3.21

  55     20.23     16.52      6.22     17.29     15.62      6.22

  60     20.28     17.16      8.50     17.31     15.92      8.50

  65     20.32     17.66     10.29     17.33     16.15     10.29

  70     20.35     18.06     11.70     17.34     16.33     11.70

  75     20.37     18.38     12.84     17.35     16.48     12.84

  80     20.39     18.64     13.77     17.36     16.60     13.77

  85     20.41     18.86     14.54     17.37     16.69     14.54

  90     20.43     19.04     15.19     17.37     16.77     14.98

  95     20.44     19.20     15.74     17.38     16.84     15.25

 100     20.45     19.33     16.21     17.38     16.90     15.48

 105     20.46     19.44     16.61     17.38     16.95     15.67

 110     20.46     19.54     16.96     17.39     16.99     15.83

 115     20.47     19.62     17.27     17.39     17.03     15.97

10000     20.54     20.54     20.54     17.42     17.42     17.42

Ne

This table is for L=880cm pipe diameter=8in and (n-1)x10^6=62.5

  p     NpePI     NpeK      NpeP    filt NpePI   filt NpeK    filt NpeP

   5      0.00      0.00      0.00      0.00      0.00      0.00

  10      0.00      0.00      0.00      0.00      0.00      0.00

  15      1.93      0.00      0.00      1.93      0.00      0.00

  20      3.78      0.00      0.00      3.78      0.00      0.00

  25      4.64      0.00      0.00      4.64      0.00      0.00

  30      5.10      0.00      0.00      5.10      0.00      0.00

  35      5.38      0.00      0.00      5.38      0.00      0.00

  40      5.56      0.00      0.00      5.56      0.00      0.00

  45      5.69      0.15      0.00      5.69      0.15      0.00

  50      5.78      1.29      0.00      5.78      1.29      0.00

  55      5.84      2.14      0.00      5.84      2.14      0.00

  60      5.89      2.78      0.00      5.89      2.78      0.00

  65      5.93      3.28      0.00      5.93      3.28      0.00

  70      5.97      3.68      0.00      5.97      3.68      0.00

  75      5.99      4.00      0.00      5.99      4.00      0.00

  80      6.01      4.26      0.00      6.01      4.26      0.00

  85      6.03      4.47      0.16      6.03      4.47      0.16

  90      6.04      4.66      0.81      6.04      4.66      0.81

  95      6.05      4.81      1.36      6.05      4.81      1.36

 100      6.06      4.94      1.82      6.06      4.94      1.82

 105      6.07      5.06      2.23      6.07      5.06      2.23

 110      6.08      5.15      2.58      6.08      5.15      2.58

 115      6.09      5.24      2.88      6.09      5.24      2.88

10000      6.16      6.16      6.16      6.16      6.16      6.16

He 

This table is for L=880cm pipe diameter=8in and (n-1)x10^6=32.5

  p     NpePI     NpeK      NpeP    filt NpePI   filt NpeK    filt NpeP

   5      0.00      0.00      0.00      0.00      0.00      0.00

  10      0.00      0.00      0.00      0.00      0.00      0.00

  15      0.00      0.00      0.00      0.00      0.00      0.00

  20      0.82      0.00      0.00      0.82      0.00      0.00

  25      1.68      0.00      0.00      1.68      0.00      0.00

  30      2.15      0.00      0.00      2.15      0.00      0.00

  35      2.43      0.00      0.00      2.43      0.00      0.00

  40      2.61      0.00      0.00      2.61      0.00      0.00

  45      2.73      0.00      0.00      2.73      0.00      0.00

  50      2.82      0.00      0.00      2.82      0.00      0.00

  55      2.89      0.00      0.00      2.89      0.00      0.00

  60      2.94      0.00      0.00      2.94      0.00      0.00

  65      2.98      0.32      0.00      2.98      0.32      0.00

  70      3.01      0.72      0.00      3.01      0.72      0.00

  75      3.03      1.04      0.00      3.03      1.04      0.00

  80      3.05      1.30      0.00      3.05      1.30      0.00

  85      3.07      1.52      0.00      3.07      1.52      0.00

  90      3.09      1.70      0.00      3.09      1.70      0.00

  95      3.10      1.85      0.00      3.10      1.85      0.00

 100      3.11      1.99      0.00      3.11      1.99      0.00

 105      3.12      2.10      0.00      3.12      2.10      0.00

 110      3.12      2.20      0.00      3.12      2.20      0.00

 115      3.13      2.28      0.00      3.13      2.28      0.00

10000      3.20      3.20      3.20      3.20      3.20      3.20

Long

Freon 114

This table is for L=2450cm pipe diameter=12in and (n-1)x10^6=1300

  p     NpePI     NpeK      NpeP    filt NpePI   filt NpeK    filt NpeP

   5    250.27      0.00      0.00     36.42      0.00      0.00

  10    329.59     18.01      0.00     41.78      9.78      0.00

  15    344.27    205.80      0.00     42.70     33.03      0.00

  20    349.42    271.52     55.02     43.01     37.93     17.09

  25    351.80    301.94    163.38     43.16     39.99     29.43

  30    353.09    318.47    222.25     43.24     41.07     34.32

  35    353.87    328.43    257.74     43.29     41.71     36.96

  40    354.37    334.90    280.77     43.32     42.11     38.57

  45    354.72    339.33    296.57     43.34     42.39     39.64

  50    354.97    342.50    307.87     43.35     42.59     40.38

  55    355.15    344.85    316.22     43.37     42.73     40.93

  60    355.29    346.64    322.58     43.37     42.84     41.33

  65    355.40    348.03    327.53     43.38     42.93     41.65

  70    355.49    349.13    331.45     43.39     43.00     41.90

  75    355.56    350.02    334.62     43.39     43.05     42.10

  80    355.61    350.74    337.21     43.39     43.10     42.26

  85    355.66    351.35    339.36     43.40     43.13     42.39

  90    355.70    351.85    341.16     43.40     43.16     42.50

  95    355.73    352.28    342.68     43.40     43.19     42.60

 100    355.76    352.65    343.99     43.40     43.21     42.68

 105    355.79    352.96    345.10     43.40     43.23     42.75

 110    355.81    353.23    346.08     43.40     43.25     42.81

 115    355.83    353.47    346.92     43.41     43.26     42.86

10000    356.03    356.03    356.02     43.42     43.42     43.42

CO2 at 2bar

This table is for L=2450cm pipe diameter=8in and (n-1)x10^6=764

  p     NpePI     NpeK      NpeP    filt NpePI   filt NpeK    filt NpeP

   5    103.53      0.00      0.00     15.62      0.00      0.00

  10    182.93      0.00      0.00     20.76      0.00      0.00

  15    197.64     59.01      0.00     21.58     11.80      0.00

  20    202.78    124.81      0.00     21.86     17.15      0.00

  25    205.17    155.26     16.55     21.99     19.13      6.25

  30    206.46    171.80     75.48     22.05     20.12     13.34

  35    207.24    181.78    111.01     22.10     20.70     16.18

  40    207.75    188.25    134.07     22.12     21.06     17.78

  45    208.09    192.69    149.88     22.14     21.31     18.79

  50    208.34    195.87    161.19     22.15     21.48     19.49

  55    208.53    198.22    169.56     22.16     21.61     19.99

  60    208.67    200.00    175.92     22.17     21.71     20.36

  65    208.78    201.39    180.87     22.18     21.78     20.64

  70    208.86    202.50    184.80     22.18     21.84     20.87

  75    208.93    203.39    187.97     22.19     21.89     21.05

  80    208.99    204.11    190.57     22.19     21.93     21.19

  85    209.04    204.72    192.72     22.19     21.96     21.31

  90    209.07    205.22    194.52     22.19     21.99     21.41

  95    209.11    205.65    196.05     22.20     22.01     21.49

 100    209.14    206.02    197.35     22.20     22.03     21.56

 105    209.16    206.33    198.47     22.20     22.05     21.62

 110    209.18    206.61    199.44     22.20     22.06     21.68

 115    209.20    206.84    200.29     22.20     22.07     21.72

10000    209.40    209.40    209.40     22.21     22.21     22.21

CO2

This table is for L=2450cm pipe diameter=8in and (n-1)x10^6=382

  p     NpePI     NpeK      NpeP    filt NpePI   filt NpeK    filt NpeP

   5      0.00      0.00      0.00      0.00      0.00      0.00

  10     78.27      0.00      0.00     13.59      0.00      0.00

  15     92.99      0.00      0.00     14.81      0.00      0.00

  20     98.14     20.10      0.00     15.21      6.89      0.00

  25    100.52     50.58      0.00     15.39     10.92      0.00

  30    101.82     67.13      0.00     15.49     12.58      0.00

  35    102.60     77.12      6.29     15.55     13.49      3.85

  40    103.11     83.60     29.37     15.59     14.04      8.32

  45    103.45     88.04     45.19     15.62     14.41     10.32

  50    103.70     91.22     56.51     15.64     14.67     11.54

  55    103.89     93.57     64.89     15.65     14.85     12.37

  60    104.02     95.35     71.25     15.66     14.99     12.96

  65    104.13     96.75     76.21     15.67     15.10     13.41

  70    104.22     97.85     80.14     15.68     15.19     13.75

  75    104.29     98.74     83.32     15.68     15.26     14.02

  80    104.35     99.47     85.91     15.68     15.31     14.23

  85    104.39    100.07     88.07     15.69     15.36     14.41

  90    104.43    100.58     89.87     15.69     15.40     14.56

  95    104.47    101.01     91.40     15.69     15.43     14.68

 100    104.50    101.37     92.70     15.70     15.46     14.78

 105    104.52    101.69     93.82     15.70     15.48     14.87

 110    104.54    101.96     94.79     15.70     15.50     14.95

 115    104.56    102.20     95.64     15.70     15.52     15.02

10000    104.76    104.76    104.76     15.72     15.72     15.72

N2

This table is for L=2450cm pipe diameter=8in and (n-1)x10^6=278

  p     NpePI     NpeK      NpeP    filt NpePI   filt NpeK    filt NpeP

   5      0.00      0.00      0.00      0.00      0.00      0.00

  10     49.76      0.00      0.00     10.83      0.00      0.00

  15     64.48      0.00      0.00     12.33      0.00      0.00

  20     69.63      0.00      0.00     12.81      0.00      0.00

  25     72.01     22.06      0.00     13.03      7.21      0.00

  30     73.31     38.62      0.00     13.15      9.54      0.00

  35     74.09     48.60      0.00     13.22     10.71      0.00

  40     74.60     55.08      0.85     13.26     11.40      0.85

  45     74.94     59.53     16.67     13.29     11.85      6.27

  50     75.19     62.70     27.99     13.32     12.16      8.13

  55     75.38     65.05     36.37     13.33     12.39      9.26

  60     75.52     66.84     42.74     13.34     12.56     10.04

  65     75.62     68.23     47.70     13.35     12.69     10.61

  70     75.71     69.34     51.63     13.36     12.79     11.03

  75     75.78     70.23     54.80     13.37     12.87     11.37

  80     75.84     70.96     57.40     13.37     12.94     11.64

  85     75.88     71.56     59.55     13.38     12.99     11.85

  90     75.92     72.07     61.36     13.38     13.04     12.03

  95     75.96     72.50     62.88     13.38     13.08     12.18

 100     75.99     72.86     64.19     13.39     13.11     12.30

 105     76.01     73.18     65.31     13.39     13.14     12.41

 110     76.03     73.45     66.28     13.39     13.16     12.50

 115     76.05     73.69     67.13     13.39     13.18     12.58

10000     76.25     76.25     76.25     13.41     13.41     13.41

Ne

This table is for L=2450cm pipe diameter=8in and (n-1)x10^6=62.5

  p     NpePI     NpeK      NpeP    filt NpePI   filt NpeK    filt NpeP

   5      0.00      0.00      0.00      0.00      0.00      0.00

  10      0.00      0.00      0.00      0.00      0.00      0.00

  15      5.37      0.00      0.00      3.56      0.00      0.00

  20     10.52      0.00      0.00      4.98      0.00      0.00

  25     12.91      0.00      0.00      5.52      0.00      0.00

  30     14.20      0.00      0.00      5.79      0.00      0.00

  35     14.98      0.00      0.00      5.95      0.00      0.00

  40     15.49      0.00      0.00      6.05      0.00      0.00

  45     15.84      0.41      0.00      6.11      0.41      0.00

  50     16.09      3.59      0.00      6.16      2.91      0.00

  55     16.27      5.95      0.00      6.20      3.75      0.00

  60     16.41      7.74      0.00      6.22      4.27      0.00

  65     16.52      9.13      0.00      6.24      4.64      0.00

  70     16.61     10.23      0.00      6.26      4.91      0.00

  75     16.68     11.12      0.00      6.27      5.12      0.00

  80     16.73     11.85      0.00      6.28      5.29      0.00

  85     16.78     12.46      0.44      6.29      5.42      0.44

  90     16.82     12.97      2.25      6.30      5.53      2.25

  95     16.85     13.39      3.77      6.31      5.62      2.98

 100     16.88     13.76      5.08      6.31      5.70      3.46

 105     16.91     14.07      6.20      6.32      5.76      3.82

 110     16.93     14.35      7.17      6.32      5.82      4.11

 115     16.95     14.59      8.02      6.32      5.87      4.35

10000     17.15     17.15     17.15      6.36      6.36      6.36

He

This table is for L=2450cm pipe diameter=8in and (n-1)x10^6=32.5

  p     NpePI     NpeK      NpeP    filt NpePI   filt NpeK    filt NpeP

   5      0.00      0.00      0.00      0.00      0.00      0.00

  10      0.00      0.00      0.00      0.00      0.00      0.00

  15      0.00      0.00      0.00      0.00      0.00      0.00

  20      2.29      0.00      0.00      2.29      0.00      0.00

  25      4.68      0.00      0.00      3.32      0.00      0.00

  30      5.97      0.00      0.00      3.75      0.00      0.00

  35      6.75      0.00      0.00      3.99      0.00      0.00

  40      7.26      0.00      0.00      4.14      0.00      0.00

  45      7.61      0.00      0.00      4.24      0.00      0.00

  50      7.86      0.00      0.00      4.31      0.00      0.00

  55      8.04      0.00      0.00      4.36      0.00      0.00

  60      8.18      0.00      0.00      4.39      0.00      0.00

  65      8.29      0.90      0.00      4.42      0.90      0.00

  70      8.38      2.00      0.00      4.45      2.00      0.00

  75      8.45      2.89      0.00      4.46      2.61      0.00

  80      8.50      3.62      0.00      4.48      2.92      0.00

  85      8.55      4.23      0.00      4.49      3.16      0.00

  90      8.59      4.73      0.00      4.50      3.34      0.00

  95      8.62      5.16      0.00      4.51      3.49      0.00

 100      8.65      5.53      0.00      4.52      3.61      0.00

 105      8.68      5.84      0.00      4.52      3.71      0.00

 110      8.70      6.12      0.00      4.53      3.80      0.00

 115      8.72      6.36      0.00      4.54      3.87      0.00
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