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Summary of contributions to the T2 WG at the Snowmass 2001 conference
P. Bauer, C. Darve, I. Terechkine

Abstract:

Ever since a post LHC hadron collider is being discussed, synchrotron radiation was identified as a major technological issue. The synchrotron radiation power emitted by the protons, scales with the fourth power of the particle energy. Therefore, any energy frontier hadron collider of the future is likely to produce several W/m/beam of synchrotron radiation power. The currently proposed VLHC in its second stage, for example, would produce 5 W/m/beam of synchrotron radiation power. The following discusses the implications of synchrotron radiation and the possible solutions to the problem of extracting the radiation power (most likely from a cryogenic environment) in the range of radiation powers of 1-30 W/m/beam, most likely to occur in the next generation hadron collider.

1.0
INTRODUCTION

 Ever since a post LHC hadron collider is being discussed, synchrotron radiation was identified as one of the major technological challenges. The synchrotron radiation power emitted by the protons, scales with the fourth power of particle energy (4), the beam current and -2, where  is the arc-bending radius of the machine. Therefore, any energy frontier hadron collider of the future, using high field magnets (to reduce the tunnel size), is likely to produce several W/m/beam of synchrotron radiation power. The currently proposed VLHC in its second stage, for example, would produce 5 W/m/beam of synchrotron radiation power [1]. This level of radiation power is still far below the level of SR in what is believed to be the last circular electron machine, Cern’s LEP, which generates ~400 W/m/beam. It is possible to imagine hadron collider scenarios, using very high field magnets and accelerating hadrons to extreme energies, such that similar levels of radiation power arise. However, given the technical limitations in magnet technology, limitations related to the cost of the machine and other limitations (such as beam-energy and IR debris power), a more realistic range of radiation powers of 1-30 W/m/beam is most likely to occur in the next generation hadron collider. The following discusses the implications of synchrotron radiation and the possible solutions to the problem of extracting the radiation power (most likely from a cryogenic environment) in this range of radiation powers.

2.0
SYNCHROTRON RADIATION POWER

Figure 1 shows the calculated SR power level versus machine size (or more precisely the particle trajectory bend radius in the guide field) for various particle energies that are possible in a future VLHC (here assuming an average beam-current Ib=100 mA). The SR power psR can be calculated with (1) from Sand’s constant C, the proton energy Eb, the beam current Ib and the bending radius of the particle trajectory .


[image: image2.wmf]÷

ø

ö

ç

è

æ

=

m

W

I

E

C

p

b

p

SR

2

4

2

r

p

g





   
              

       (1)

The presently known solutions to the problem of extracting the SR related heat load from a cryogenic environment, e.g. with a cooled beam-screen or a photon-stop, have their limitations. The following attempts to explore these solutions in the full range of SR heat loads indicated in the introduction. Schematics of the solutions are shown in Figure 2. Two possible beam-screen configurations are shown: A cooled beam-screen, much like the LHC beam-screen and a room temperature beam-screen with an additional screen.
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Figure 1: Synchrotron radiation power as a function of arc bending radius for different particle energies and constant beam current (100 mA).
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Figure 2: Schematics of different solutions to the SR problem in cryogenic colliders: cooled beam-screen, room temperature beam-screen with internal shield and photon-stop.
2.1 Beam-Screens

  The beam-screen solution will look different according to the SR heat load. For a heat load < 10 W/m/beam, a cooled beam-screen - similar to the LHC BS - is a possible solution. To minimize the cryo-power requirements the beam-screen operational temperature has to be raised with increased SR heat load, together with the required He mass flow rate and thus the cooling channel size. Another possible beam-screen solution consists of a room temperature, water-cooled beam-screen surrounded by an 80 K (helium-cooled) shield. The room temperature beam-screen is not attractive at a SR heat load <5 W/m/beam, because it produces a residual heat load of 3.7 W/m/beam (extracted by the “internal” shield placed between the screen and the cold bore), independently of the SR load. In terms of power cost the room temperature beam-screen is the better solution above a SR heat load of 5 W/m/beam. Figure 3 shows the power-cost at the plug per meter per beam for both solutions. The formulas (2), used in these calculations are 2nd order polynomial fits to numerical calculations presented in detail in [2], [3]. The constants used in the fits are listed in Table 1. The calculations on which fit (2) is based assume 20 bar gaseous helium as the cooling agent, a 135 m length for the cooling loop, a 20 K / 1 bar temperature / pressure drop along the cooling loop, coefficients of conductive and radiative heat transfer between the screen and the cold mass measured at Cern in the frame of the LHC beam-screen development, and operation at the thermodynamically optimal temperature. The optimal temperature rises quickly with increased SR load and reaches ~100 K at ~5 W/m before, saturating at ~120 K at ~20 W/m. Above that load an increase of beam-screen temperature is not favored, because the heat transfer from the screen to the 5 K cold mass becomes prohibitively large. The saturation of the optimal temperature is an indication that an additional shield is required, such as in the case of the room temperature beam-screen. 
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Table 1: Constants of polynomial fit of plug-power requirement of different beam-screen solutions.

	
	a
	b
	c

	cooled beam-screen
	-0.1503
	11.324
	7.4119

	room-temperature beam-screen
	0
	1
	37.06


Figure 3: Calculated plug Power for cooled and room temperature beam-screen, per m of machine, per beam. The calculation includes only the heat load on the beam screen (at the Carnot efficiency related to its operating temperature) and the conductive and radiative heat transfer to the cold-mass (which depends as well on the operating temperature).

Although the room-temperature beam-screen solution may appear more attractive at a SR load exceeding 5 W/m, it is not. The room-temperature beam-screen solution requires a larger magnet aperture because of the internal 80 K shield, which makes it un-attractive compared to the more compact cooled beam screen solution. On the other hand, as mentioned above, the cooling channel size requirement in the case of the cooled beam-screen increases with increasing heat load. Therefore, the room temperature beam-screen solution starts to become interesting at a SR power load at which the cooled beam-screen becomes larger than the room temperature beam-screen (whose size is in first approximation SR load independent). It has to be noted as well that the room temperature beam screen creates an engineering problem because the intermittent screen interferes with the cryo-pump function of the cold bore. Figure 4 shows the result of a calculation of the required aperture for the beam-screen solutions as a function of SR heat load. As can be seen in this plot the crossing occurs at ~20 W/m/beam. The calculations on which Figure 4 is based are described in the following. The aperture requirement is estimated from the sum of the equivalent diameters of the various components. First, the minimum beam area assumed in these calculations is a circle with Ø 20 mm. Then, the equivalent diameters of the cold-bore wall, the insertion gap, the cooling tube wall and the support ring are calculated from their respective thickness (multiplying the thickness by 2). The equivalent diameter of the required coolant flux as a function of SR power is calculated with a fit to numerical data presented in [2]. In the case of the RT beam-screen the size of the screen cooling channels and the 80 K shield are assumed to be constant. The additional internal shield in this case requires a second set of gaps and supports which is factored into (4) by doubling the dgap/support and dctwall contributions.
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Table 2: Equivalent diameters (in mm) of various components of the cooled beam-screen (BS) and the room temperature beam screen (RTBS).

	beam screen
	beam area

dbeam
	cooling tube wall 

dctwall
	cold-bore wall 

dcb
	gap

+supports

dgap/support
	80 K shield dshield
	coolant surface 

dcool

	
	
	
	
	
	
	

	cooled BS
	20
	3
	3
	2
	-
	see (3)

	RT BS
	20
	3
	3
	2
	13
	5.3
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Figure 4: Aperture requirements for the cooled BS and RT-BS as a function of SR heat load.

However, all beam-screen solutions, especially in a large ring, entail large cryo-power requirements and cost. The SR power load in these plots was therefore restricted to ~30 W/m/beam. The cryo-power cost and especially the cost of the enlarged magnet aperture are considerable. The enlarged aperture can be avoided in magnet designs, which have larger vertical apertures (e.g. block-type coils) without increasing the horizontal aperture and thus at no additional cost, where large cooling capillaries can be accommodated. However, such magnets have not been developed yet.

2.2 Photon-Stops

Photon-stops are water-cooled fingers, placed after every bending magnet, that can be driven toward the magnet axis during the magnet ramp to intercept the rising synchrotron radiation power emitted by the accelerated beam. The photon-stop will always be the preferred solution (compared to a beam-screen), because it extracts the SR heat load at room temperature and thus at optimal Carnot efficiency. Unfortunately it remains to be proven that it works. Critical issues of the photon-stop design are primarily related to the surface power-density and secondarily to its impedance. Photon-absorbers in 3rd generation light sources operate at power rates of up to 10 kW, or surface densities up to 1 kW/cm2. This SR power level certainly exceeds that of any possible future large hadron collider. To restrict the surface power density on the photon-stop, its size has to increase with increasing SR heat load. There seems to be no reason (except space limitations in the magnet interconnect) why such a photon-stop could not be shaped like a wedge (or taper) with a longitudinal extension of up to 1 m. The recent VLHC study [1] has shown that the impedance of a 3.5 cm long photon-stop with 1 cm radial and azimuthal extension is small and the impedance decreases with its length. There is no need to extend the stop azimuthaly (which would raise the impedance) because the SR light hits it along a very thin line. The impedance of the photon-stop increases roughly with the third power of the radial extension and it should thus not exceed ~2/3 of the beam-tube radius. Under these precautions, we believe, that a photon-stop will be found in all future hadron colliders. However, there are "hard" limits to the applicability of such a device, which are neither related to the thermal requirements, nor to the impedance. They are of  geometrical nature and related to the size of the ring and the magnet length and aperture. Photon-stops are only practical in machines with a large enough aperture and a large enough ring. Figure 5 gives a sketch of the SR beams along a set of two magnets. The magnets are assumed to be straight and they are centered with respect to the beam. Furthermore the following calculations assume that the radiation is entirely absorbed in the photon-stops. A magnet rotates the particle velocity vector by , the opening angle of the trajectory segment covered by one magnet.  is given by the magnet length divided by the arc bending radius R. The plot is based on a “N-2 scheme” in which the photon-stop extracts all the SR from the second magnet up-stream (see Figure 5). The formula for the maximum magnet length can be derived easily from the plot, with r the magnet bore radius, Ls the interconnect (IC) length (here assumed to be 3 m) and the arc bending radius R (5&6).
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Figure 5: Schematic (top-) view of the particle and SR beam trajectories. 
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Figure 6 shows the maximum magnet length compatible with photon-stops placed between the magnets (in a 3 m long interconnect section) as a function of machine arc bending radius, for various magnet apertures in the range 20 – 60 mm, as calculated with (6).
  
      


The distance d between the tip of the photon-stop and the center of the magnet (where the beam is) can be found with (7):
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In (7) the distance d is independent of the constraint on magnet length given by (6). In order to include this constraint the magnet length Lm in (7) can be replaced by Lmmax (6) and dmax becomes:
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The scheme shown in Figure 5 allows for a maximum distance d between the photon-stop tip and the beam. Another scheme, in which the photon-stop extracts a (1-X)th part of the SR from the second magnet up-stream and a |(X-1)|th fraction of the SR from the first magnet up-stream is discussed in the following. In this “X-scheme”, the photon-stop comes closer to the beam, increasing its impedance as well as the risk of accidental beam impact. On the other hand the “X-schemes” allow to use photon-stops in rings with a smaller bending radius than those compatible with the “N-2” scheme. The maximum possible magnet length can again be found from the condition that the radiation emitted at (1-X)Lm of the second magnet up-stream hits the beam tube wall (radius r) at the end of the next magnet (10). (10) can be resolved in terms of the maximum possible magnet length (11).
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The distance d from the beam is: 
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       (12)          
In a procedure similar to that in the “N-2 scheme”, the magnet length Lm in (12) can be constrained through (11), yielding:
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As can be easily shown with (13) the distance between the photon-stop and the beam becomes zero whenever X=1.
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Figure 6: Maximum magnet length compatible with photon-stops versus arc bending radius, for the “N-2 scheme”.
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Figure 7: Minimum distance of photon-stop to beam as a function of arc bending radius for a 30 mm physical beam tube aperture and different magnet lengths.
Figure 6 shows the maximum magnet length for different magnet apertures as calculated with (6). As mentioned before a “mixed scheme”, would allow to raise the maximum magnet length above the limits indicated in the figure in small bending radius machines. However, since the constraint in this scheme comes less from the magnet length condition, but the distance d to the beam, it is the latter issue that will be discussed next. Figure 7 shows the minimum distance of the photon-stop tip to the magnet axis (and thus 
the beam orbit) as a function of arc bending radius for a fixed magnet length and aperture (30 mm). The distance d is almost flat in larger machines, which can use the “N-2 scheme”. Below the limiting bend radius of the “N-2 scheme” the “X-scheme” is used, 
which leads to a rapid decrease of the minimum distance as the X-fraction becomes larger. Eventually the bend radius is small enough for the distance to become zero. It is not clear at that point what the minimum acceptable distance between photon-stop tip and beam orbit is. However, a few mm are certainly required.

Furthermore a scheme suggested by Talman [4], in which the magnet is displaced horizontally with respect to the beam orbit, would allow to gain some more mm in separation between the photon-stop and the beam. This scheme has not been addressed in detail here.

    Although not confirmed yet, it is almost certain that some pumping mechanism has to be provided together with the photon-stop, as it is for example commonly done in light sources. In a cryogenic machine it would be most reasonable to use the cryo-pump constituted by the cold bore, which is most efficient in conjunction with a (warmer) liner. Therefore, in the current VLHC, it was deemed most prudent to propose a combined solution of beam-screen and photon-stop [1]. In the case, in which the photon-stop is working at full capacity, the beam-screen only fulfills the pump function. In this case the screen could be restricted to the location of the photon-stop only. Another issue worth mentioning in this context, is the engineering design, which for increased SR power becomes more difficult. For example, the thermal radiation power from the room temperature photon-stop surface is 0.17 W for a 10 cm2 surface.

3.0
CONCLUSIONS

Unlike in most of the electron machines, proton machines use high field superconducting magnets operating at low temperatures. Therefore the issue of extracting a synchrotron radiation power heat load becomes more critical and costly. Solutions to the problem of extracting the synchrotron radiation power heat load exist, namely beam screens and photon-stops. Cooled beam-screens such as in the LHC are not only much more expensive in production and operation than a photon-stop solution, but almost certainly become unattractive above a SR load of 30 W/m/beam. Photon-stops are the most economical solution because the heat load is extracted at room temperature. On the other hand there are (geometrical) limitations to the use of photon-stops, related to the magnet size, magnet aperture and bending radius of the particle trajectory. We are nevertheless confident, that, inspired by the experience with electron colliders and light sources, photon-stops will be an attractive solution to the synchrotron radiation problem in future hadron machines, even for radiation levels similar to those currently found in the most powerful electron machines. We should be even more confident, since proton machines have the undeniable advantage over accelerators of lighter particles, that the larger mass of the protons results in stiffer beams that are less affected by perturbations such as photon-stops. The limiting parameter for the use of photon-stops is the circumference of the machine (and in relation to it the magnet aperture). Given the (current) limitations in magnet technology to <15 T, such an impediment is not of importance in very large energy rings (> 200 TeV cm), which automatically require a large circumference to allow steering of the beams with the limited magnet technology. An increase of aperture, allowing the use of photon-stops as well in rings of smaller size and energy (e.g. below the current proposal for the VLHC in its second stage), is not a recommendable option since it is uneconomical. Therefore a number of schemes that would allow the use of photon-stops as well in smaller machines were discussed here.

  Other effects of SR include photo-induced gas-desorption from the PS or beam-tube walls and radiation damping. Increased particle energy and SR (flux and characteristic energy) seem to have only minor effects on the vacuum system and they are mostly of the facilitating kind. For example, larger SR flux and higher characteristic energy reduce the conditioning time. Due to the increase in proton-residual gas cross-section the vacuum quality has to be raised as one goes toward higher proton-energies, but the effect is small. The big advantage of synchrotron radiation damping allows a considerable gain in luminosity and is believed to be the major advantage of a synchrotron radiation dominated machine.
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						This file uses a corrected formula for d (d=r/4+1/4LsSqrt(r/2R)).

						Minimum distance to beam at fixed magnet length and fixed aperture as function of R

		B (T)		Sum of Ztrans (MW/m)		Min distance from beam

		2		142.5		2.63

		3		93.9		2.659

		4		69.72		2.684

		5		55.28		2.705

		6		45.7		2.725

		7		52.62		1.973

		8		68.72		0.8261

		9		79.12		0

		10		71.21		0

		11		64.73		0

		12		59.34		0

		13		54.78		0

		14		50.86		0

		15		47.47		0

						Minimum distance to beam at fixed magnet length and fixed aperture as function of R

						aperture=20 mm

		B (T)				Lm=12m		Lm=13m		Lm=14m		Lm=15m		Lm=16m

		2				2.63		2.63		2.63		2.63		2.63

		3				2.659		2.659		2.659		2.659		2.659

		4				2.684		2.684		2.684		2.684		2.684

		5				2.705		2.705		2.705		2.705		2.705

		6				2.725		2.725		2.725		2.725		2.725

		7				2.743		2.743		2.743		1.973		0.934

		8				2.76		2.76		1.941		0.8261		0

		9				2.775		2.108		0.934		0		0

		10				2.79		1.231		0		0		0

		11				1.69		0.3539		0		0		0

		12				0.934		0		0		0		0

		13				0		0		0		0		0

		14				0		0		0		0		0

		15				0		0		0		0		0

						Minimum distance to beam at fixed magnet length and fixed aperture as function of R

						aperture=30 mm

		B (T)		Lm=12m		Lm=13m		Lm=14m		Lm=15m		Lm=16m		Lm=11m		Lm=10m		Lm=17m		Lm=8m		Lm=7m

		2		3.909		3.909		3.909		3.909		3.909		3.909		3.909		3.909

		3		3.945		3.945		3.945		3.945		3.945		3.945		3.945		3.945

		4		3.975		3.975		3.975		3.975		3.975		3.975		3.975		3.975

		5		4.001		4.001		4.001		4.001		4.001		4.001		4.001		4.001

		6		4.025		4.025		4.025		4.025		4.025		4.025		4.025		4.025

		7		4.048		4.048		4.048		4.048		4.048		4.048		4.048		4.048

		8		4.068		4.068		4.068		4.068		4.068		4.068		4.068		4.068

		9		4.087		4.087		4.087		4.087		4.087		4.087		4.087		1.927

		10		4.106		4.106		4.106		4.106		2.049		4.106		4.106		0.4747

		11		4.123		4.123		4.123		2.386		0.7535		4.123		4.123		0

		12		4.14		4.14		2.912		1.239		0		4.14		4.14		0

		13		4.155		4.155		1.905		0		0		4.155		4.155		0

		14		4.171		2.723		0.8974		0		0		4.171		4.171		0

		15		4.186		1.846		0		0		0		4.186		4.186		0

		16		2.912		0.9694		0		0		0		4.2		4.2		0

		17		2.157		0		0		0		0		4.214		4.214		0

		18		1.401		0		0		0		0		3.425		4.227		0

		19		0.6456		0		0		0		0		2.782		4.24		0

		20		0		0		0		0		0		2.139		4.253		0

		B (T)		R (km)		Lm=12m		Lm=13m		Lm=14m		Lm=15m		Lm=16m		Lm=11m		Lm=10m		Lm=17m

		2		166.6666666667		3.909		3.909		3.909		3.909		3.909		3.909		3.909		3.909

		3		111.1111111111		3.945		3.945		3.945		3.945		3.945		3.945		3.945		3.945

		4		83.3333333333		3.975		3.975		3.975		3.975		3.975		3.975		3.975		3.975

		5		66.6666666667		4.001		4.001		4.001		4.001		4.001		4.001		4.001		4.001

		6		55.5555555556		4.025		4.025		4.025		4.025		4.025		4.025		4.025		4.025

		7		47.619047619		4.048		4.048		4.048		4.048		4.048		4.048		4.048		4.048

		8		41.6666666667		4.068		4.068		4.068		4.068		4.068		4.068		4.068		4.068

		9		37.037037037		4.087		4.087		4.087		4.087		4.087		4.087		4.087		1.927

		10		33.3333333333		4.106		4.106		4.106		4.106		2.049		4.106		4.106		0.4747

		11		30.303030303		4.123		4.123		4.123		2.386		0.7535		4.123		4.123		0

		12		27.7777777778		4.14		4.14		2.912		1.239		0		4.14		4.14		0

		13		25.641025641		4.155		4.155		1.905		0		0		4.155		4.155		0

		14		23.8095238095		4.171		2.723		0.8974		0		0		4.171		4.171		0

		15		22.2222222222		4.186		1.846		0		0		0		4.186		4.186		0

		16		20.8333333333		2.912		0.9694		0		0		0		4.2		4.2		0

		17		19.6078431373		2.157		0		0		0		0		4.214		4.214		0

		18		18.5185185185		1.401		0		0		0		0		3.425		4.227		0

		19		17.5438596491		0.6456		0		0		0		0		2.782		4.24		0

		20		16.6666666667		0		0		0		0		0		2.139		4.253		0

						Ecm=200TeV						d=		0.003		m		r=		0.01		m

														0.005						0.015

																				0.02

				Magnet Length as a function of R at fixed aperture and min distance to beam

		B (T)		R(m)		aperture limit r=1cm		aperture limit r=1.5cm		fixed d=3mm		fixed d=5mm

		2		166800		28.1290581564		34.6194783677		28.7773504245		37.9511904589

		3		111200		22.8296522451		28.1290581564		23.0038458694		30.4813380856

		4		83400		19.6705778567		24.2599980008		19.5698914486		26.0344622819

		5		66720		17.5147200909		21.6196222588		17.2316583601		23.0038458694

		6		55600		15.9233320005		19.6705778567		15.5094570423		20.769728648

		7		47657.1428571429		14.6865058963		18.1557814287		14.1739004639		19.0356853438

		8		41700		13.6895290782		16.9347391838		13.099689438		17.6397674406

		9		37066.6666666667		12.8637185711		15.9233320005		12.2118374958		16.4850369942

		10		33360		12.1651074328		15.0677115918		11.4623649518		15.5094570423

		11		30327.2727272727		11.5640717732		14.3315962502		10.8189593083		14.671240117

		12		27800		11.0398261226		13.6895290782		10.2589592352		13.9410743461

		13		25661.5384615385		10.5772985441		13.1230507986		9.7659402619		13.2977110238

		14		23828.5714285714		10.1652579971		12.6184062518		9.327669227		12.7253208007

		15		22240		9.7951410612		12.1651074328		8.9348229983		12.2118374958

						what is shown here is basically the magnet length limitation related to the aperture size in scheme1.

						In scheme1 the limitation is the aperture, in the mixed scheme the limitation comes from both, the aperture and d

						Ecm=200TeV						d=		0.003		m		r=		0.015		m

												d=		0.005		m

						Magnet Length as a function of R at fixed aperture and min distance to beam

		B (T)		R (km)		distance to beam = 3 mm		B (T)		R (km)		distance to beam = 5 mm		B (T)		scheme 1		scheme 3

		8.3		40.1606425703		17		11		30.303030303		14		2		34.62		39.84

		9.4		35.4609929078		16		13		25.641025641		13		3		28.13		32.34

		10.5		31.746031746		15		15		22.2222222222		12		4		24.26		27.88

		12		27.7777777778		14		18.2		18.315018315		11		5		21.62		24.83

		13.8		24.154589372		13								6		19.67		22.58

		16		20.8333333333		12								7		18.15		20.83

		19		17.5438596491		11								8		16.93		19.42

														9		15.92		18.25

														10		15.07		17.26

														11		14.33		16.41

														12		13.69		15.67

														13		13.12		15.02

														14		12.62		14.44

														15		12.16		13.91

														16		11.75		13.44

														17		11.38		13.01

														18		11.04		12.61

														19		10.72		12.25

														20		10.43		11.91

						what is shown here is basically the magnet length limitation related to the aperture size in scheme1.

						In scheme1 the limitation is the aperture, in the mixed scheme the limitation comes from both, the aperture and d
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magnet aperture=2cm
Ecm=200TeV
scheme 1

fixed d=3mm

aperture limit r=1cm
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		mp		1.673E-27		kg

		c		2990000000		m/s

		rp		1.534E-18		m

		e		1.602E-19		Coul

		current		0.1		Amp

		PSR (W/m/beam)		cooled BS @ optimal temperature		RT BS + 80 K shield

		1		0.0334315271		0.0512822956

		2		0.0356453767		0.0512822956

		3		0.0373489082		0.0512822956

		4		0.0387866762		0.0512822956

		5		0.0400541563		0.0512822956

		6		0.0412004917		0.0512822956

		7		0.0422549388		0.0512822956

		8		0.0432365869		0.0512822956

		9		0.0441587091		0.0512822956

		10		0.045030977		0.0512822956

		11		0.0458606965		0.0512822956

		12		0.046653546		0.0512822956

		13		0.0474140433		0.0512822956

		14		0.0481458526		0.0512822956

		15		0.0488519945		0.0512822956

		16		0.0495349942		0.0512822956

		17		0.0501969879		0.0512822956

		18		0.0508398024		0.0512822956

		19		0.0514650138		0.0512822956

		20		0.0520739937		0.0512822956

		21		0.0526679442		0.0512822956

		22		0.053247926		0.0512822956

		23		0.0538148807		0.0512822956

		24		0.0543696486		0.0512822956

		25		0.0549129832		0.0512822956

		26		0.0554455637		0.0512822956

		27		0.0559680043		0.0512822956

		28		0.0564808631		0.0512822956

		29		0.0569846487		0.0512822956

		30		0.0574798264		0.0512822956
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		c		2990000000		m/s

		rp		1.534E-18		m

		e		1.602E-19		Coul

		current		0.1		Amp

		PSR (W/m/beam)		cooled BS @ opt. Temp.		RT BS + 80 K shield

		1		18.5856		38.06

		2		29.4587		39.06

		3		40.0312		40.06

		4		50.3031		41.06

		5		60.2744		42.06

		6		69.9451		43.06

		7		79.3152		44.06

		8		88.3847		45.06

		9		97.1536		46.06

		10		105.6219		47.06

		11		113.7896		48.06

		12		121.6567		49.06

		13		129.2232		50.06

		14		136.4891		51.06

		15		143.4544		52.06

		16		150.1191		53.06

		17		156.4832		54.06

		18		162.5467		55.06

		19		168.3096		56.06

		20		173.7719		57.06

		21		178.9336		58.06

		22		183.7947		59.06

		23		188.3552		60.06

		24		192.6151		61.06

		25		196.5744		62.06

		26		200.2331		63.06

		27		203.5912		64.06

		28		206.6487		65.06

		29		209.4056		66.06

		30		211.8619		67.06
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Sheet1

		mp		1.673E-27		kg

		c		299000000		m/s

		rp		1.534E-18		m

		e		1.602E-19		Coul

		current		0.1		Amp

		R (km)		30 TeV		50 TeV		70 TeV		100 TeV		150 TeV

		5		4.0714742568		31.4156964262		120.6865393907		502.6511428185		2544.6714105188

		10		1.0178685642		7.8539241065		30.1716348477		125.6627857046		636.1678526297

		15		0.4523860285		3.4906329362		13.4096154879		55.8501269798		282.7412678354

		20		0.2544671411		1.9634810266		7.5429087119		31.4156964262		159.0419631574

		25		0.1628589703		1.256627857		4.8274615756		20.1060457127		101.7868564208

		30		0.1130965071		0.8726582341		3.352403872		13.962531745		70.6853169589

		35		0.0830913114		0.6411366618		2.4629905998		10.2581865881		51.9320696024

		40		0.0636167853		0.4908702567		1.885727178		7.8539241065		39.7604907894

		45		0.0502651143		0.387848104		1.4899572764		6.2055696644		31.4156964262

		50		0.0407147426		0.3141569643		1.2068653939		5.0265114282		25.4467141052

		55		0.0336485476		0.2596338548		0.9974094165		4.1541416762		21.0303422357

		60		0.0282741268		0.2181645585		0.838100968		3.4906329362		17.6713292397

		65		0.0240915636		0.1858916948		0.7141215349		2.9742671173		15.0572272812

		70		0.0207728278		0.1602841654		0.61574765		2.564546647		12.9830174006

		75		0.0180954411		0.1396253174		0.5363846195		2.2340050792		11.3096507134

		80		0.0159041963		0.1227175642		0.4714317945		1.9634810266		9.9401226973

		85		0.0140881462		0.1087048319		0.4176004823		1.7392773108		8.8050913859

		90		0.0125662786		0.096962026		0.3724893191		1.5513924161		7.8539241065

		95		0.011278322		0.0870240898		0.3343117435		1.3923854372		7.0489512757

		100		0.0101786856		0.0785392411		0.3017163485		1.256627857		6.3616785263
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Sheet1

		mp		1.673E-27		kg

		c		2990000000		m/s

		rp		1.534E-18		m

		e		1.602E-19		Coul

		current		0.1		Amp

		R (km)		20 mm		30 mm		40 mm		50 mm		60 mm

		5		4.25		5.373724357		6.3210678119		7.1556941504		7.9102540378

		10		6.3210678119		7.9102540378		9.25		10.4303398875		11.4974487139

		15		7.9102540378		9.8566017178		11.4974487139		12.9430639376		14.25

		20		9.25		11.4974487139		13.3921356237		15.0613883008		16.5705080757

		25		10.4303398875		12.9430639376		15.0613883008		16.9276695297		18.614916731

		30		11.4974487139		14.25		16.5705080757		18.614916731		20.4632034356

		35		12.4787565553		15.451851746		17.9582869339		20.1665006634		22.1628784748

		40		13.3921356237		16.5705080757		19.25		21.610679775		23.7448974278

		45		14.25		17.6211730709		20.4632034356		22.9670824513		25.2307621135

		50		15.0613883008		18.614916731		21.610679775		24.25		26.6361278753

		55		15.8331239518		19.5600960116		22.7020787991		25.4702212043		27.9728132327

		60		16.5705080757		20.4632034356		23.7448974278		26.6361278753		29.25

		65		17.2777563773		21.3294021658		24.745097568		27.7543856275		30.474989992

		70		17.9582869339		22.1628784748		25.7075131106		28.8303989155		31.653703492

		75		18.614916731		22.9670824513		26.6361278753		29.8686217848		32.7910196625

		80		19.25		23.7448974278		27.5342712475		30.8727766017		33.8910161514

		85		19.8655281281		24.4987623459		28.4047594742		31.846012026		34.9571421427

		90		20.4632034356		25.2307621135		29.25		32.7910196625		35.9923461417

		95		21.0444947177		25.9426956301		30.0720700148		33.7101218802		36.9991721764

		100		21.610679775		26.6361278753		30.8727766017		34.6053390593		37.9798334621
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