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As part of Fermilab’s Very Large Hadron Collider (VLHC) feasibility study, vacuum system calculations were performed by M. Pivi and W.C. Turner during the VLHC workshop at Fermilab in Jan 2001. This note resumes the results of these calculations using the latest set of accelerator parameters for the VLHC - stage 2, together with the results of some additional calculations performed here at Fermilab. 

1) VLHC PARAMETERS

A very large hadron collider (VLHC) is being discussed as a possible post LHC hadron collider. The current set of general characteristics of this machine in its second stage, referred to as VLHC2 in the following, is listed in Table 1. Such an accelerator in its second stage, would produce protons at energies more than 10 times larger than the LHC.

Table 1: VLHC2 machine parameters[1]. A p-p cross-section of 150 mb was used in the calculations.

Energy per proton Eb (TeV)
87.5

Peak Luminosity L (cm-2s-1)
2(1034

Total Circumference C (km)
233

Bending radius ( (km)
29.9

Dipole Field B (T)
9.7

Magnet packing factor  (%)
83

Number of Bunches Nb
37152

Initial Nr. of Protons per Bunch Np/b 
0.75(1010

Bunch Spacing  (ns)
18.8 

Revolution frequency f (Hz)
1286

Number of IP’s
2

Beta* (m)
0.71

Luminosity life-time (collision only) (L (hrs)
13

Gamma (
93284

Beam Current Ib (mA)
57.4

Radiation damping time (R (hrs)
2.5

Power deposited in the IR per beam (kW)
42

The SR power radiated by the beam can be calculated with the parameters of Table 1 for example using (1) from literature[2], where the power is calculated from the energy loss per proton per revolution E times the number of protons in the ring Np and the revolution frequency f, divided by 2(( (arc length). The formula for the energy loss per proton contains the proton rest-mass mpc2 and the classical proton radius rp, the Lorentz-factor ( and the bending radius (. The number of protons is calculated from the number of bunches Nb and the number of protons per bunch Np/b.
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The peak SR power in such a VLHC2 scenario, calculated with (1) and the initial number of protons per bunch Np/b, amounts to ~5 W/m per beam. 

Table 2: Synchrotron radiation parameters in the VLHC2 according to Table 1.

SR power per beam per meter pSR (W/m)
4.7

Critical energy (keV)
8.03

# of incident photons per meter (m-1s-1)
1.2(1016

Incidence angle of SR (mrad)
1.3

RMS width of the strip of SR on the beam tube (mm)
0.5

The incidence angle and the SR spot size in Table 2 were calculated with E. Keil’s[3] accelerator program.
The critical energy in Table 2 is given with[4]:
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Half of the power is carried by photons with E>Ecrit. Half of the photons are emitted with an energy larger than 0.08 Ecrit. The flux of photons in Table 2 is given with:
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The synchrotron radiation in the VLHC2, as proposed in Table 1 is ~50 times as much as in the LHC case. The heat load deposited by SR on the beam tube has to be removed by a refrigeration circuit. The SR photons impinging on the beam tube surface convert tightly bound surface molecules into a steadily increasing surface density of physisorbed molecules of H, C and O. The isotherm density/pressure of hydrogen increases suddenly as the surface density approaches a mono-layer. Both problems, refrigeration and photo-desorption, can be alleviated by a liner/beam-screen. The liner can be operated at a higher temperature to reduce the cooling power cost. Calculations of the optimal liner temperature have been reported elsewhere[5]. According to these calculations the optimal beam screen temperature from a refrigeration cost stand-point, for the SR parameters listed in Table 2, is ~100 K. If the liner is perforated, photodesorbed gas can be cryo-pumped onto the cold bore inner surface and thus shielded from re-desorption by the SR photons. Answers to the following questions were sought:

· What is the pressure-level required to keep the power deposition in the magnets due to beam gas scattering below 0.1 W/m/beam?

· What are the pressure levels required to keep the beam life-time reduction due to beam gas collisions much lower (1/5) than the particle burn-off due to the interactions in the IR’s.

· What is the pumping speed required to keep the pressure in the beam tube below the stipulated limits?

· What hole fraction is required in the beam-screen surface to guarantee the above specified pumping speeds using the cryopump constituted by the cold bore wall?

· How large is the total gas-load desorbed during the operational life-time of the accelerator (~20 years). Is there a need for enhanced surface (cryo-sorber) on the cold bore to keep the H2 surface density below one monolayer?

· How important is thermal desorption from the beam screen at higher beam-screen temperatures? How important is the effect of thermal radiation between the 100 K beam-screen and the 4.2 K magnet cold bore on thermal desorption?

2) W.C. TURNER’s & M. PIVI’s PRESSURE LIMIT CALCULATIONS

Part of the calculations presented in the following were performed by W.C. Turner and M. Pivi during their stay at Fermilab in Jan. 2001. Recent changes of the VLHC parameters required new calculations that were performed at Fermilab following the procedures developed by W.C. Turner. The calculation procedure is outlined in further detail in reference [6]. A brief summary of the formulas used in the calculations is given in the following. The VLHC2 parameters required for the calculations are listed in Table 1. 

Residual Gas Pressure

Estimations of the bounds on the beam tube gas pressure for the VLHC2 parameters stated in Table 1 are listed in Table 3. The limiting pressure (for gas j) is calculated from the beam-gas scattering life-time (4), neglecting the contribution stemming from emittance growth (because of strong radiation damping) and assuming g>5L, where L is the luminosity life-time (see Table 1). (pj is the cross-section for the interaction between the protons and the gas molecules (of type j) and pj is the room temperature equivalent partial pressure of gas j.
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The power radiated into the magnet cold mass due to beam-gas scattering is calculated with (5), where Ib is the beam current and Eb the proton energy.
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Table 3 lists the limiting pressures for the most common UHV gases calculated from (4) and (5) for the VLHC2. The limiting gas pressure is calculated for a single-gas in each case, hence a combination of gases would require smaller pressure limits than those indicated in the table. Furthermore the pressure values refer to ambient temperature (and can be converted to gas densities using the ideal gas law for T=300 K). The pressure limits for beam-gas scattering derived from the beam life-time stipulation ((g=5(L) and the pressure limits for the radiated power (P’j(0.1 W/m)) due to beam gas scattering are listed in columns 3 and 4.

Table 3: Numerical bounds on the beam tube gas pressure for the most common UHV gases in the VLHC2 – calculated for each gas “alone” for ambient room temperature equivalent pressure.

gas
pj (mb)
Pj (nTorr) (g=5(L, equ. (4)
P’j (nTorr) (0.1 W/m), equ. (5)

H2
120
35
50.3

CH4
648
6.6
9.3

H2O
690
6.2
8.7

CO
1014
4.2
6

CO2
1584
2.7
3.8

According to Table 3 the limiting pressure in the VLHC has to be in the nTorr range for the most common gases in a UHV system. The table shows that the limiting process (that is the process requiring the more stringent pressure limits) is beam life-time reduction due to beam gas interaction rather than the scattered power radiated into the magnets. More refined, numerical solutions of equations (4)&(5) involving summing of the contributions of the different gases listed in Table 3 produced similar results. 

Thermal Outgassing

Since thermodynamic efficiency considerations[5] suggest a high temperature beam screen (~100 K) the rate of thermal outgassing from the beam-screen surface is likely to increase in comparison to e.g. the LHC beam screen which operates at ~15 K. Given the low saturation vapor pressure of most gases at 100 K thermal outgassing is negligible for these gases. The high saturation vapor pressure of H2 makes H2 the only gas of concern for thermal outgassing at these surface temperatures. Assuming the worst case, that all surface gas molecules have been converted through SR from tightly bound states to weakly bound (physisorbed – Eact~40 kJ/mol) states, thermal outgassing is given with (6): Abs is the beam screen inner surface per unit length – Abs=((dbs(cm)(100 cm, s the surface density of hydrogen – s~1015 cm-2, R the gas constant R=8.3145 J/mol-K and T the beam screen temperature.
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Assuming a worst case scenario, i.e a monolayer of weakly adsorbed H2 (3(1015 molecules/cm2) and a beam-screen with dbs=3 cm ID, the thermal desorption rate calculated with (6) varies between zero at 10 K to 0.25 nTorr-liter/sec-m at 100 K beam screen temperature. Formerly measured thermal desorption rates of H2 at low temperature are in a comparable range and listed in Table 4. The amenity of a higher beam screen temperature is that the rate of cryo-sorption of formerly desorbed surface molecules is drastically reduced and thus the beam tube surface scrubbing by the SR flux is more efficient.

Photo Desorption

Photo-induced desorption due to SR with a critical energy of 8 keV is the most important source of vacuum contamination in the VLHC. For that reason the following calculations have been performed for a Cu coating on the inside of the beam screen. Cu can be prepared to have a small initial photo-desorption coefficient (0. In first approximation the desorption rate can be regarded as independent of the surface temperature. Thus, the photon induced desorption rate can be estimated with (7), where (SR is the photo-desorption coefficient (molecules per photon) and 
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 is the photon flux (photons/sec-m).
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The proportionality factor in (6), (7) simply converts the number of desorbed molecules to Torr-liters:
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The dependence of the desorption coefficient (SR on the integrated photon dose ( (“beam scrubbing”) can be described with a simple power law (9), where (0 is the initial desorption coefficient (molecules/photons), (0 is a constant integrated flux (lit/m) at which the desorption coefficient starts to decrease rapidly (here (0 =1020 photons/m) and ( is the integrated photon flux (10). 
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The integrated photon flux, assuming a constant beam current I (amps), is given in (10), where ( is the relativistic factor, ( the bending radius of the particle trajectory in the magnets (km), and t the time (hours).
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The pumping speed for gas j Sj can be calculated with:
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where Qj,photo is the photo-desorption rate of gas j, Qj,therm is the thermal desorption rate of gas j and pj is the partial pressure of gas j. Neglecting Qj,therm (which is indeed small as can be seen in Table 4), substituting (4) for the pressure in (11) and defining the pumping speed relatively to the pumping speed of CO (12), generates an expression for the CO equivalent pumping speed Sco (13).
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A similar procedure substituting (5) for pj produces (14):
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(13) or (14) are used depending on which process sets the more restrictive limitation on the beam pressure. In this case the gas pressure required to keep the beam life-time large enough is the more stringent condition and (13) is chosen in the subsequent calculation of the pumping speed. 

Pumping Speed

Substituting (7)-(10) for Qj,photo in (13) or (14) generates an expression for the CO equivalent pumping speed as a function of accelerator operation. For any other gas the result has to be multiplied by the f-factor. The f-factor and the other numerical parameters for the equations above are listed in Table 4. A cross check of the photo-desorption parameters (SR calculated with (9) and the parameters in Table 4 with recent desorption measurements[7] on a Cu surface further justifies this approach. It is believed that (SR  does not increase further with the critical energy of the photon spectrum above the level of ~keV, the data in Table 4 are valid for Ecrit~ 3 keV. Recent indications of an increase of desorption yield by an order of magnitude between 77 K and room temperature [9] have not been considered.

Table 4: Numerical values and parameters used for the evaluation of equations (9), (11), (12). The transition photon dose (0 in (9) is assumed to be 1020 photons/m. The parameters for the photo-desorption power law were chosen to fit data obtained on Cu at a critical energy of 3 keV[8]. The thermal desorption Q,j,tds was taken from reference [9].

gas
(0j (molec/phot) –Copper surface
(j
Qj,tds (nTorr-l/s-m)
fj

H2
0.0035
0.8
1.61
3.74

CH4
0.0002
1.25
0.016
1.32

CO
0.0015
0.8
0.032
1

CO2
0.001
0.8
0.032
0.8

The following figure shows the CO equivalent pumping speed as a function of beam scrubbing for the VLHC2 parameters stated in Table 1.

Assuming a conditioning time of 1/3 of an operational year of 100 days (=0.33(107 sec)  together with the beam current indicated in Table 1 yields I(t=48 A-hours. Using Figure 1 this can be related to an ultimate CO equivalent pumping speed (after beam scrubbing) of 5.6 lit/sec-m.
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Figure 1: CO equivalent pumping speed required to achieve a specified gas scattering rate versus I*t for the VLHC2 version described in Table 1. The different (from top to bottom) curves stand for g/L= 30,20,10, 3, 1, 0.3 as maximum permissible beam-gas scattering life-time ratio.

3) CONDITIONING PROFILES

The photo-desorption rate (SR changes over 3-4 orders of magnitude as the accumulated  photon flux increases (see equation 9). During the commissioning of the machine the beam current has to be kept small to allow the evacuation of the initial gas load set free by the SR. The initial pumping speed would have to be much higher than the 5.6 lit/sec/m calculated in chapter 2 to pump the initially desorbed gas load (see Figure 1). A possible commissioning beam current profile is shown in Figure 2. The initial current in the profile (Figure 2) is calculated from the condition that the beam-gas scattering power (5) remains below 0.1 W/m. The pressure pj in (5), required to obtain the beam gas scattering power deposition is calculated from the photo-desorption rate Q (7) and a CO equivalent pumping speed of 61 l/sec-m using (11). The pumping speed is obtained from the hole fraction of the liner inner surface (here 1.5%) with (16). For the calculation of the first initial current I0 the desorption rate (SR in (7) is assumed to be (0,  independent of the integrated flux ((0/(~1). The photon rate in (7) is calculated with (10) using I0.

The current profile is then calculated from (15), where (L is the luminosity life-time (given that there are 2 IP’s) and (g is the beam-gas scattering life-time. A simple model was used to calculate L, assuming that the luminosity decreases as the number of particles in the beam decreases, neglecting the change of beam parameters like emittances, etc.. during the store. However, since L is always much larger than g during the commissioning phase, L does not have a large impact on the current decay pattern. The beam gas scattering life-time is given in (4). The pressure for gas j in (4) pj is substituted with Qj/Sj (11), assuming that the thermal desorption is negligible. The CO equivalent pumping speed S in (11) is assumed to be 61 lit/m-sec. The photo-desorption rate Qj is calculated from (7).
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The beam-gas scattering life-time in the integral of the exponent of (15) contains the instantaneous current I(t) and the time integrated current raised to the power of (-vj). Therefore (15) can only be solved numerically. The current is left to decay during 15 hours before a new initial current is calculated. The new initial current is calculated following the above described procedure, with the only difference that the factor (0/) is taken into account in the calculation of SR. The conditioning profile assumes three ramps to the 30 mA, 38 mA and 51 mA. The total conditioning time is 45 hours. The conditioning cycle is shown in Figure 2. The initial current (and other parameters) for the VLHC conditioning scenario are listed in Table 5.

Table 5: Characteristics of the conditioning profile proposed for VLHC2.

initial current
initial pressure
initial beam-gas scattering power
conditioning time
2nd current
3rd current

30 mA
20 nTorr
0.1 W/m
45 hrs
38 mA
51 mA
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Figure 2: conditioning plot for the low luminosity VLHC-2. Shown is the beam current Ib during the conditioning cycles.

4) CRYO-PUMPING TO THE MAGNET COLD BORE

Due to its high saturation vapor pressure, H2 cannot be cryosorbed on a 4.2 K surface beyond one mono-layer (~3(1015 H2/cm2). The pumping speed calculated in 2) satisfying the stipulated pressure requirements can be achieved through cryo-pumping the gas onto the cold (~5 K) magnet bore. As will be shown in the following calculation cryosorbers (e.g anodized Al) will have to be used to guarantee a large enough cryo-pumping capacity of the cold bore surface. The amount of slots per unit axial length Nh with surface Ah required in the beam screen to obtain the above specified pumping speed Sj for gas j is given in (16), with p the probability that the molecules get through the slots given the finite thickness of the beam-screen, (p~0.7) and vj the mean thermal velocity of gas j, (vCO(100 K)~2.4(104 cm/s).
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To achieve a CO equivalent pumping speed of 5.6 lit/sec-m a hole fraction of 0.22% is required. As mentioned in 3) the conditioning of the beam vacuum requires a larger pumping speed. A CO equivalent pumping speed of 61 lit/sec-m  (similar to the case of the LHC beam screen) requires a 1.5% hole fraction (Table 6).

Table 6: Hole-surface requirements for beam screen, according to equation (16) to satisfy pumping speeds defined in chapter 3). The pumping probability p was assumed to be 0.7. The inner beam screen surface per unit axial length (ID=30 mm) is 942 cm2/m.

VLHC2 
SCO
vCO
NhAh
NhAh/Abs

cryo-pump
61 lit/s-m
2.4(104 cm/s
14.5 cm2/m
1.5 %

The hole-size size requirements can be satisfied in a VLHC beam screen. A major question is related to the pumping capacity of the cryopump, constituted by the cold bore inner surface. The integrated gas-load set free by the SR photons during a 20 year (2(108 sec) accelerator operation, calculated from (7), (9) and (10) with the nominal current (Table 1) is 1.1(1019 molecules/m. For this gas-load to be adsorbed by a 3.6 cm ID cold bore (with the mono-layer surface density of H2 s~3(1015cm-2) will require a 3.3-fold surface enhancement. Therefore, to remain below the mono-layer surface density of H2, the cold-bore will have to be warmed up periodically to allow the removal of a part of the adsorbed gas-load. 

5) THERMAL RADIATION

Another, yet unexplored issue, is the thermal desorption from the cold surface due to the heat load radiated from the beam screen to the 4.2 K magnet bore. Figure 3 shows the thermal radiation power as a function of beam screen temperature. A beam tube operating at 100 K would produce a thermal load of ~ 0.05 W/m, assuming a LHC beam-tube type geometry. The emissivity used in this calculation was that of a technical steel surface  The results of measurements of thermal radiation induced desorption effects applied to such a radiation heat load would yield a pressure bump of 0.1 nTorr, which is negligible.
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Figure 3: Thermal radiation power from a beam-screen to the magnet cold bore at 4.2 K (LHC geometry).

References:

[1] 
S. Peggs, “VLHC Accelerator Physics”, Draft version 0.2.409, BNL, 04/2001

[2] 
G. Dugan, “Really Large Hadron Colliders”, Proc. 1996 DPF/DPB Summer Study (Snowmass)

[3]
E. Keil, Cern-AP-SL, http://wwwslap.cern.ch/~keil/math.html, accelerator calculation worksheet, Dec. 2000;

[4]
H. Wiedemann, “Bending Magnet Radiation”, p. 183 of the Handbook of Accelerator physics and engineering, A.W. Chao and M. Tigner, editors, World Scientific 1999;

[5]
C. Darve et al: “VLHC beam-screen cooling”, Fermilab, Technical Division Note TD-01-005, Feb. 2001;

[6]
W.C. Turner, “Beam Tube Vacuum in Low Field and High Field Very Large Hadron Collider”, LBNL 39482, UC 414, presented at the Snowmass Conference, Oct. 1996;

[7]
A. Mathewson, O. Groebner, Handbook of Accelerator Physics and Engineering, A. Chao, M. Tigner editors, “Thermal Outgassing and Beam Induced Desorption”, p. 224, (1998)

[8]
A. Mathewson, O. Groebner, P. Strubin, P. Marin, R. Souchet, AIP Conf. Proc., 236,313 (1990)

[9]
A. Mathewson, C. Reymerier, S. Zhang, Cern Vacuum Tech. Note 95-22 (1995)

[10]
C. Benvenuti, R.S. Calder, G. Passardi, J. Vac. Sci. Techn., 13,6,1976, p. 1172







PAGE  
5

_1044796959.unknown

_1048432138.unknown

_1048584589.unknown

_1049185710.unknown

_1048585278.unknown

_1048433445.doc


5







10







50







100







500







1000























I*t Amp-hrs



















5







10







50







100







500







1000







SCO 



l/s/m








































_1048584580.unknown

_1048584357.xls
Chart1

		0

		0.1500000071

		0.3000000142

		0.4500000214

		0.6000000285

		0.7500000356

		0.9000000427

		1.0500000499

		1.200000057

		1.3500000641

		1.5000000712

		1.6500000784

		1.8000000855

		1.9500000926

		2.1000000997

		2.2500001069

		2.400000114

		2.5500001211

		2.7000001282

		2.8500001354

		3.0000001425

		3.1500001496

		3.3000001567

		3.4500001639

		3.600000171

		3.7500001781

		3.9000001852

		4.0500001924

		4.2000001995

		4.3500002066

		4.5000002137

		4.6500002209

		4.800000228

		4.9500002351

		5.1000002422

		5.2500002494

		5.4000002565

		5.5500002636

		5.7000002707

		5.8500002779

		6.000000285

		6.1500002921

		6.3000002992

		6.4500003064

		6.6000003135

		6.7500003206

		6.9000003277

		7.0500003349

		7.200000342

		7.3500003491

		7.5000003562

		7.6500003634

		7.8000003705

		7.9500003776

		8.1000003847

		8.2500003919

		8.400000399

		8.5500004061

		8.7000004132

		8.8500004204

		9.0000004275

		9.1500004346

		9.3000004417

		9.4500004489

		9.600000456

		9.7500004631

		9.9000004702

		10.0500004773

		10.2000004845

		10.3500004916

		10.5000004987

		10.6500005058

		10.800000513

		10.9500005201

		11.1000005272

		11.2500005343

		11.4000005415

		11.5500005486

		11.7000005557

		11.8500005628

		12.00000057

		12.1500005771

		12.3000005842

		12.4500005913

		12.6000005985

		12.7500006056

		12.9000006127

		13.0500006198

		13.200000627

		13.3500006341

		13.5000006412

		13.6500006483

		13.8000006555

		13.9500006626

		14.1000006697

		14.2500006768

		14.400000684

		14.5500006911

		14.7000006982

		14.8500007053

		15.0000007125

		15.1500007196

		15.3000007267

		15.4500007338

		15.600000741

		15.7500007481

		15.9000007552

		16.0500007623

		16.2000007695

		16.3500007766

		16.5000007837

		16.6500007908

		16.800000798

		16.9500008051

		17.1000008122

		17.2500008193

		17.4000008265

		17.5500008336

		17.7000008407

		17.8500008478

		18.000000855

		18.1500008621

		18.3000008692

		18.4500008763

		18.6000008835

		18.7500008906

		18.9000008977

		19.0500009048

		19.200000912

		19.3500009191

		19.5000009262

		19.6500009333

		19.8000009404

		19.9500009476

		20.1000009547

		20.2500009618

		20.4000009689

		20.5500009761

		20.7000009832

		20.8500009903

		21.0000009974

		21.1500010046

		21.3000010117

		21.4500010188

		21.6000010259

		21.7500010331

		21.9000010402

		22.0500010473

		22.2000010544

		22.3500010616

		22.5000010687

		22.6500010758

		22.8000010829

		22.9500010901

		23.1000010972

		23.2500011043

		23.4000011114

		23.5500011186

		23.7000011257

		23.8500011328

		24.0000011399

		24.1500011471

		24.3000011542

		24.4500011613

		24.6000011684

		24.7500011756

		24.9000011827

		25.0500011898

		25.2000011969

		25.3500012041

		25.5000012112

		25.6500012183

		25.8000012254

		25.9500012326

		26.1000012397

		26.2500012468

		26.4000012539

		26.5500012611

		26.7000012682

		26.8500012753

		27.0000012824

		27.1500012896

		27.3000012967

		27.4500013038

		27.6000013109

		27.7500013181

		27.9000013252

		28.0500013323

		28.2000013394

		28.3500013466

		28.5000013537

		28.6500013608

		28.8000013679

		28.9500013751

		29.1000013822

		29.2500013893

		29.4000013964

		29.5500014035

		29.7000014107

		29.8500014178

		30.0000014249

		30.150001432

		30.3000014392

		30.4500014463

		30.6000014534

		30.7500014605

		30.9000014677

		31.0500014748

		31.2000014819

		31.350001489

		31.5000014962

		31.6500015033

		31.8000015104

		31.9500015175

		32.1000015247

		32.2500015318

		32.4000015389

		32.550001546

		32.7000015532

		32.8500015603

		33.0000015674

		33.1500015745

		33.3000015817

		33.4500015888

		33.6000015959

		33.750001603

		33.9000016102

		34.0500016173

		34.2000016244

		34.3500016315

		34.5000016387

		34.6500016458

		34.8000016529

		34.95000166

		35.1000016672

		35.2500016743

		35.4000016814

		35.5500016885

		35.7000016957

		35.8500017028

		36.0000017099

		36.150001717

		36.3000017242

		36.4500017313

		36.6000017384

		36.7500017455

		36.9000017527

		37.0500017598

		37.2000017669

		37.350001774

		37.5000017812

		37.6500017883

		37.8000017954

		37.9500018025

		38.1000018097

		38.2500018168

		38.4000018239

		38.550001831

		38.7000018382

		38.8500018453

		39.0000018524

		39.1500018595

		39.3000018666

		39.4500018738

		39.6000018809

		39.750001888

		39.9000018951

		40.0500019023

		40.2000019094

		40.3500019165

		40.5000019236

		40.6500019308

		40.8000019379

		40.950001945

		41.1000019521

		41.2500019593

		41.4000019664

		41.5500019735

		41.7000019806

		41.8500019878

		42.0000019949

		42.150002002

		42.3000020091

		42.4500020163

		42.6000020234

		42.7500020305

		42.9000020376

		43.0500020448

		43.2000020519

		43.350002059

		43.5000020661

		43.6500020733

		43.8000020804

		43.9500020875

		44.1000020946

		44.2500021018

		44.4000021089

		44.550002116

		44.7000021231

		44.8500021303

		45.0000021374



time (hrs)

beam current (amp)

0.0303447491

0.0299368836

0.0295345082

0.0291375483

0.0287459305

0.0283595826

0.0279784335

0.0276024131

0.0272314523

0.0268654829

0.0265044375

0.0261482499

0.0257968546

0.0254501871

0.0251081836

0.0247707815

0.0244379186

0.024109534

0.0237855672

0.0234659589

0.0231506503

0.0228395835

0.0225327015

0.0222299479

0.0219312672

0.0216366045

0.0213459057

0.0210591175

0.0207761872

0.0204970629

0.0202216934

0.0199500282

0.0196820174

0.0194176118

0.0191567629

0.0188994228

0.0186455443

0.0183950808

0.0181479864

0.0179042157

0.017663724

0.0174264672

0.0171924017

0.0169614846

0.0167336735

0.0165089267

0.0162872028

0.0160684613

0.0158526619

0.0156397652

0.015429732

0.0152225238

0.0150181026

0.0148164309

0.0146174717

0.0144211885

0.0142275453

0.0140365066

0.0138480373

0.0136621029

0.0134786692

0.0132977027

0.01311917

0.0129430386

0.012769276

0.0125978503

0.0124287303

0.0122618847

0.0120972831

0.0119348953

0.0117746914

0.011616642

0.0114607183

0.0113068915

0.0111551336

0.0110054165

0.010857713

0.0107119959

0.0105682384

0.0104264143

0.0102864974

0.0101484623

0.0100122834

0.0098779359

0.0097453951

0.0096146368

0.0094856369

0.0093583718

0.0092328181

0.0091089528

0.0089867533

0.0088661971

0.008747262

0.0086299264

0.0085141686

0.0083999675

0.0082873021

0.0081761517

0.0080664961

0.0079583149

0.0078515886

0.0380277491

0.0373776057

0.0367385924

0.0361105185

0.0354931967

0.0348864427

0.0342900758

0.0337039178

0.0331277942

0.0325615329

0.0320049651

0.0314579248

0.0309202488

0.0303917769

0.0298723513

0.0293618172

0.0288600223

0.0283668169

0.0278820541

0.0274055891

0.02693728

0.026476987

0.0260245729

0.0255799029

0.0251428442

0.0247132666

0.024291042

0.0238760444

0.0234681502

0.0230672377

0.0226731873

0.0222858816

0.0219052051

0.0215310443

0.0211632876

0.0208018254

0.0204465499

0.0200973552

0.0197541372

0.0194167935

0.0190852235

0.0187593285

0.0184390113

0.0181241763

0.0178147297

0.0175105793

0.0172116344

0.0169178058

0.016629006

0.0163451489

0.0160661498

0.0157919256

0.0155223946

0.0152574764

0.014997092

0.0147411638

0.0144896156

0.0142423723

0.0139993602

0.013760507

0.0135257414

0.0132949934

0.0130681943

0.0128452765

0.0126261735

0.01241082

0.0121991518

0.0119911059

0.0117866203

0.0115856339

0.011388087

0.0111939206

0.0110030768

0.0108154988

0.0106311307

0.0104499175

0.0102718052

0.0100967408

0.0099246721

0.0097555477

0.0095893174

0.0094259315

0.0092653414

0.0091074992

0.0089523579

0.0087998712

0.0086499938

0.0085026809

0.0083578886

0.0082155739

0.0080756943

0.0079382081

0.0078030743

0.0076702528

0.0075397038

0.0074113886

0.0072852689

0.0071613071

0.0070394662

0.00691971

0.0510901471

0.0499135952

0.0487641837

0.0476412864

0.0465442914

0.0454726012

0.0444256316

0.0434028125

0.0424035864

0.041427409

0.0404737486

0.0395420854

0.0386319121

0.0377427326

0.0368740628

0.0360254292

0.0351963698

0.0343864327

0.0335951768

0.0328221712

0.0320669946

0.0313292359

0.0306084931

0.0299043736

0.029216494

0.0285444795

0.0278879642

0.0272465904

0.0266200088

0.0260078782

0.0254098652

0.0248256441

0.0242548967

0.0236973121

0.0231525868

0.022620424

0.022100534

0.0215926336

0.0210964462

0.0206117017

0.020138136

0.0196754913

0.0192235157

0.018781963

0.0183505928

0.0179291702

0.0175174658

0.0171152553

0.0167223198

0.0163384453

0.0159634229

0.0155970482

0.0152391219

0.0148894491

0.0145478393

0.0142141066

0.0138880694

0.01356955

0.0132583752

0.0129543754

0.0126573852

0.0123672429

0.0120837905

0.0118068738

0.0115363421

0.0112720479

0.0110138475

0.0107616003

0.010515169

0.0102744195

0.0100392206

0.0098094445

0.0095849659

0.0093656628

0.0091514158

0.0089421082

0.0087376261

0.0085378583

0.0083426959

0.0081520329

0.0079657653

0.0077837919

0.0076060136

0.0074323336

0.0072626575

0.0070968928

0.0069349494

0.0067767391

0.0066221759

0.0064711756

0.006323656

0.006179537

0.00603874

0.0059011884

0.0057668074

0.0056355239

0.0055072665

0.0053819652

0.0052595521

0.0051399603



VLHC2cond

		

		0.00E+00		3.03E-02

		0.1500000071		2.99E-02

		0.3000000142		2.95E-02

		0.4500000214		2.91E-02

		0.6000000285		2.87E-02

		0.7500000356		2.84E-02

		0.9000000427		2.80E-02

		1.0500000499		2.76E-02

		1.200000057		2.72E-02

		1.3500000641		2.69E-02

		1.5000000712		2.65E-02

		1.6500000784		2.61E-02

		1.8000000855		2.58E-02

		1.9500000926		2.55E-02

		2.1000000997		2.51E-02

		2.2500001069		2.48E-02

		2.400000114		2.44E-02

		2.5500001211		2.41E-02

		2.7000001282		2.38E-02

		2.8500001354		2.35E-02

		3.0000001425		2.32E-02

		3.1500001496		2.28E-02

		3.3000001567		2.25E-02

		3.4500001639		2.22E-02

		3.600000171		2.19E-02

		3.7500001781		2.16E-02

		3.9000001852		2.13E-02

		4.0500001924		2.11E-02

		4.2000001995		2.08E-02

		4.3500002066		2.05E-02

		4.5000002137		2.02E-02

		4.6500002209		2.00E-02

		4.800000228		1.97E-02

		4.9500002351		1.94E-02

		5.1000002422		1.92E-02

		5.2500002494		1.89E-02

		5.4000002565		1.86E-02

		5.5500002636		1.84E-02

		5.7000002707		1.81E-02

		5.8500002779		1.79E-02

		6.000000285		1.77E-02

		6.1500002921		1.74E-02

		6.3000002992		1.72E-02

		6.4500003064		1.70E-02

		6.6000003135		1.67E-02

		6.7500003206		1.65E-02

		6.9000003277		1.63E-02

		7.0500003349		1.61E-02

		7.200000342		1.59E-02

		7.3500003491		1.56E-02

		7.5000003562		1.54E-02

		7.6500003634		1.52E-02

		7.8000003705		1.50E-02

		7.9500003776		1.48E-02

		8.1000003847		1.46E-02

		8.2500003919		1.44E-02

		8.400000399		1.42E-02

		8.5500004061		1.40E-02

		8.7000004132		1.38E-02

		8.8500004204		1.37E-02

		9.0000004275		1.35E-02

		9.1500004346		1.33E-02

		9.3000004417		1.31E-02

		9.4500004489		1.29E-02

		9.600000456		1.28E-02

		9.7500004631		1.26E-02

		9.9000004702		1.24E-02

		10.0500004773		1.23E-02

		10.2000004845		1.21E-02

		10.3500004916		1.19E-02

		10.5000004987		1.18E-02

		10.6500005058		1.16E-02

		10.800000513		1.15E-02

		10.9500005201		1.13E-02

		11.1000005272		1.12E-02

		11.2500005343		1.10E-02

		11.4000005415		1.09E-02

		11.5500005486		1.07E-02

		11.7000005557		1.06E-02

		11.8500005628		1.04E-02

		12.00000057		1.03E-02

		12.1500005771		1.01E-02

		12.3000005842		1.00E-02

		12.4500005913		9.88E-03

		12.6000005985		9.75E-03

		12.7500006056		9.61E-03

		12.9000006127		9.49E-03

		13.0500006198		9.36E-03

		13.200000627		9.23E-03

		13.3500006341		9.11E-03

		13.5000006412		8.99E-03

		13.6500006483		8.87E-03

		13.8000006555		8.75E-03

		13.9500006626		8.63E-03

		14.1000006697		8.51E-03

		14.2500006768		8.40E-03

		14.400000684		8.29E-03

		14.5500006911		8.18E-03

		14.7000006982		8.07E-03

		14.8500007053		7.96E-03

		15.0000007125		7.85E-03

		15.1500007196		3.80E-02

		15.3000007267		3.74E-02

		15.4500007338		3.67E-02

		15.600000741		3.61E-02

		15.7500007481		3.55E-02

		15.9000007552		3.49E-02

		16.0500007623		3.43E-02

		16.2000007695		3.37E-02

		16.3500007766		3.31E-02

		16.5000007837		3.26E-02

		16.6500007908		3.20E-02

		16.800000798		3.15E-02

		16.9500008051		3.09E-02

		17.1000008122		3.04E-02

		17.2500008193		2.99E-02

		17.4000008265		2.94E-02

		17.5500008336		2.89E-02

		17.7000008407		2.84E-02

		17.8500008478		2.79E-02

		18.000000855		2.74E-02

		18.1500008621		2.69E-02

		18.3000008692		2.65E-02

		18.4500008763		2.60E-02

		18.6000008835		2.56E-02

		18.7500008906		2.51E-02

		18.9000008977		2.47E-02

		19.0500009048		2.43E-02

		19.200000912		2.39E-02

		19.3500009191		2.35E-02

		19.5000009262		2.31E-02

		19.6500009333		2.27E-02

		19.8000009404		2.23E-02

		19.9500009476		2.19E-02

		20.1000009547		2.15E-02

		20.2500009618		2.12E-02

		20.4000009689		2.08E-02

		20.5500009761		2.04E-02

		20.7000009832		2.01E-02

		20.8500009903		1.98E-02

		21.0000009974		1.94E-02

		21.1500010046		1.91E-02

		21.3000010117		1.88E-02

		21.4500010188		1.84E-02

		21.6000010259		1.81E-02

		21.7500010331		1.78E-02

		21.9000010402		1.75E-02

		22.0500010473		1.72E-02

		22.2000010544		1.69E-02

		22.3500010616		1.66E-02

		22.5000010687		1.63E-02

		22.6500010758		1.61E-02

		22.8000010829		1.58E-02

		22.9500010901		1.55E-02

		23.1000010972		1.53E-02

		23.2500011043		1.50E-02

		23.4000011114		1.47E-02

		23.5500011186		1.45E-02

		23.7000011257		1.42E-02

		23.8500011328		1.40E-02

		24.0000011399		1.38E-02

		24.1500011471		1.35E-02

		24.3000011542		1.33E-02

		24.4500011613		1.31E-02

		24.6000011684		1.28E-02

		24.7500011756		1.26E-02

		24.9000011827		1.24E-02

		25.0500011898		1.22E-02

		25.2000011969		1.20E-02

		25.3500012041		1.18E-02

		25.5000012112		1.16E-02

		25.6500012183		1.14E-02

		25.8000012254		1.12E-02

		25.9500012326		1.10E-02

		26.1000012397		1.08E-02

		26.2500012468		1.06E-02

		26.4000012539		1.04E-02

		26.5500012611		1.03E-02

		26.7000012682		1.01E-02

		26.8500012753		9.92E-03

		27.0000012824		9.76E-03

		27.1500012896		9.59E-03

		27.3000012967		9.43E-03

		27.4500013038		9.27E-03

		27.6000013109		9.11E-03

		27.7500013181		8.95E-03

		27.9000013252		8.80E-03

		28.0500013323		8.65E-03

		28.2000013394		8.50E-03

		28.3500013466		8.36E-03

		28.5000013537		8.22E-03

		28.6500013608		8.08E-03

		28.8000013679		7.94E-03

		28.9500013751		7.80E-03

		29.1000013822		7.67E-03

		29.2500013893		7.54E-03

		29.4000013964		7.41E-03

		29.5500014035		7.29E-03

		29.7000014107		7.16E-03

		29.8500014178		7.04E-03

		30.0000014249		6.92E-03

		30.150001432		5.11E-02

		30.3000014392		4.99E-02

		30.4500014463		4.88E-02

		30.6000014534		4.76E-02

		30.7500014605		4.65E-02

		30.9000014677		4.55E-02

		31.0500014748		4.44E-02

		31.2000014819		4.34E-02

		31.350001489		4.24E-02

		31.5000014962		4.14E-02

		31.6500015033		4.05E-02

		31.8000015104		3.95E-02

		31.9500015175		3.86E-02

		32.1000015247		3.77E-02

		32.2500015318		3.69E-02

		32.4000015389		3.60E-02

		32.550001546		3.52E-02

		32.7000015532		3.44E-02

		32.8500015603		3.36E-02

		33.0000015674		3.28E-02

		33.1500015745		3.21E-02

		33.3000015817		3.13E-02

		33.4500015888		3.06E-02

		33.6000015959		2.99E-02

		33.750001603		2.92E-02

		33.9000016102		2.85E-02

		34.0500016173		2.79E-02

		34.2000016244		2.72E-02

		34.3500016315		2.66E-02

		34.5000016387		2.60E-02

		34.6500016458		2.54E-02

		34.8000016529		2.48E-02

		34.95000166		2.43E-02

		35.1000016672		2.37E-02

		35.2500016743		2.32E-02

		35.4000016814		2.26E-02

		35.5500016885		2.21E-02

		35.7000016957		2.16E-02

		35.8500017028		2.11E-02

		36.0000017099		2.06E-02

		36.150001717		2.01E-02

		36.3000017242		1.97E-02

		36.4500017313		1.92E-02

		36.6000017384		1.88E-02

		36.7500017455		1.84E-02

		36.9000017527		1.79E-02

		37.0500017598		1.75E-02

		37.2000017669		1.71E-02

		37.350001774		1.67E-02

		37.5000017812		1.63E-02

		37.6500017883		1.60E-02

		37.8000017954		1.56E-02

		37.9500018025		1.52E-02

		38.1000018097		1.49E-02

		38.2500018168		1.45E-02

		38.4000018239		1.42E-02

		38.550001831		1.39E-02

		38.7000018382		1.36E-02

		38.8500018453		1.33E-02

		39.0000018524		1.30E-02

		39.1500018595		1.27E-02

		39.3000018666		1.24E-02

		39.4500018738		1.21E-02

		39.6000018809		1.18E-02

		39.750001888		1.15E-02

		39.9000018951		1.13E-02

		40.0500019023		1.10E-02

		40.2000019094		1.08E-02

		40.3500019165		1.05E-02

		40.5000019236		1.03E-02

		40.6500019308		1.00E-02

		40.8000019379		9.81E-03

		40.950001945		9.58E-03

		41.1000019521		9.37E-03

		41.2500019593		9.15E-03

		41.4000019664		8.94E-03

		41.5500019735		8.74E-03

		41.7000019806		8.54E-03

		41.8500019878		8.34E-03

		42.0000019949		8.15E-03

		42.150002002		7.97E-03

		42.3000020091		7.78E-03

		42.4500020163		7.61E-03

		42.6000020234		7.43E-03

		42.7500020305		7.26E-03

		42.9000020376		7.10E-03

		43.0500020448		6.93E-03

		43.2000020519		6.78E-03

		43.350002059		6.62E-03

		43.5000020661		6.47E-03

		43.6500020733		6.32E-03

		43.8000020804		6.18E-03

		43.9500020875		6.04E-03

		44.1000020946		5.90E-03

		44.2500021018		5.77E-03

		44.4000021089		5.64E-03

		44.550002116		5.51E-03

		44.7000021231		5.38E-03

		44.8500021303		5.26E-03

		45.0000021374		5.14E-03
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