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Abstract

The production of large fluxes of pions and muons using high-energy, high-intensity proton pulses impinging on solid or liquid targets presents unique problems which have not yet been entirely solved.  We investigate the possibilities of using solid targets by choosing a metal of either extremely low thermal expansion coefficient or exceptionally high mechanical strength.  Candidates are respectively Super-Invar and  Vascomax 350 or Inconel 718.  Moving targets in the form of chains or cables would be required for cooling purposes. These materials seem easily capable of surviving the beam pulses required for the largest beam power contemplated.  Questions regarding radiation damage effects are being investigated.

INTRODUCTION

*The new frontier of multi-megawatt accelerators offers important new physics opportunities as well as interesting technical challenges.  In particular, the production of large fluxes of pions and muons using high-energy, high- intensity proton pulses impinging on solid or liquid targets [1, 2] presents unique problems which have not yet been entirely solved.  The large required power and power density deposited in the material as well as the short pulse duration produce large, almost instantaneous local heating, and the resulting sudden thermal expansion can result in damage-causing stresses in solids and in the violent disruption of liquid jets.  We concentrate on solutions based on solid metallic targets which, through their motion, carry the deposited power from the interaction region to a cooling bath.

The conditions created by the short beam pulses (rms width ~50 ns during recent experiments [3] and <5 ns for a final system [1, 2] are very unusual.  Intense, almost instantaneous, beam heating causes a fraction of the target volume to suddenly be in a highly compressed, inertially confined state.  Subsequently this volume expands initiating strong vibrations in the material.  The amplitude of these oscillations is such that large negative pressures (tensile stresses) or shear stresses can be generated exceeding the strength of the material and thus causing mechanical failure. 

For a preliminary screening of possible materials, we assume that tensile and sheer stresses will arise in the oscillations which are similar in magnitude to the initial compression. In fact, the natural tendency in most cases will be for the energy initially concentrated in a fraction of the target volume to rapidly spread over the entire volume thus reducing subsequent peak values. However, vibration focusing effects can lead to unexpected stress concentrations. Computer modeling will  be required once a candidate material is selected, and target geometries can then, if necessary,  be modified. 

CANDIDATE MATERIALS

Two possible approaches to avoid stress induced failures are to either select extremely strong materials that may withstand the large stresses, or materials with extremely low coefficient of thermal expansion for which the thermal shock stresses will be minimized.  In the present study we consider the alloys Vasco Max C-350 and Inconel 718  in the first category  and Super Invar in the second one.  For comparison, we also include data for pure iron.  Table 1 lists the thermal and mechanical properties of these materials.

For all these materials and for target radii ranging down to a few mm, the radial sound transit times are orders of magnitude larger than the energy deposition times of nanoseconds or even tens of nanoseconds.  Heat diffusion times are longer still by several orders of magnitude.  The initial compression is therefore inertially confined to good approximation and the subsequent oscillations are nearly adiabatic.

STRESS ESTIMATES

To determine the initial compression we must first find maximum values of the energy density deposited by the beam.  This was done by using the MARS code [4] for a number of different target radii, and by assuming a proton beam rms radius,  2.5 times smaller than the target radius in each case.  An example of such a calculation for iron is shown in Fig. 1 for a target radius of 7.5 mm, a beam rms radius of 3 mm and a 24 GeV proton pulse of 16  1012 protons. Table 2 lists maximum energy density values for a range of radii.   Once the maximum value max of the energy density (per unit mass) is found from these calculations for each case, we calculate the corresponding maximum compression Pmax for each material:       

 Pmax = 3 max    cv



where B is the bulk modulus, the linear expansion coefficient,  and cv the specific heat at constant volume.  The factor 3 is, for an isotropic material, the ratio between volumetric and linear relative expansions. These stress values are then appropriately scaled for the 1 MW and the 4 MW options of the  Muon Collider/ Neutrino Factory project [1, 2] the first of which calls for  15 pulse per second with 17.3 1012 protons per pulse, with both these numbers doubled for the second one.

Table 1. Mechanical and thermal characteristics.

	
	Density
	Linear Exp. Coeff.
	Young Modulus
	Bulk Modu-lus
	Poisson Ratio
	Specific Heat @ constant pressure
	Thermal Conducti-vity
	Yield Stren-gth
	Fatigue Endu-

rance Limit

	Symbol
	
	
	Y
	B
	
	CP
	
	
	

	Unit
	g/cm3
	10-6 /  0K
	G Pa
	G Pa
	
	J/(g 0K)
	W/(m 0K)
	M Pa
	M Pa

	Iron
	7.87
	12.5
	205
	171
	0.30
	0.478
	80
	170
	~85

	Inconel 718
	8.19
	13.1
	200
	158
	0.29
	0.435
	11.2
	1034
	586

	VascoMax C-350   
	8.08
	15.0
	200
	167
	0.30
	0.450
	25.2
	2242
	758

	Super Invar 
	8.15
	0.63
	144
	88.9
	0.23
	0.515
	10.5
	276
	~138
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Fig. 1  Three-dimensional view of energy deposition MARS values for a 3 mm rms radius 24 GeV, 16  proton beam pulse on a 7.5 mm radius iron target.
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Fig. 2  Maximum initial stress as % of yield stress for the 24 GeV, 17.3  proton beam pulses required for the   1 MW option

In Figs. 2 and 3, we apply our criterion to both options of the Muon Collider/Neutrino Factory proposal [1, 2] by plotting these maximum stresses as percentages of the respective
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Fig. 3  Maximum initial stress as % of yield stress for the 24 GeV, 34.7  proton beam pulses required for the  4 MW option

yield stresses for the different materials and for a range of rms beam radii, with target radii 2.5 times larger. We see, for example, that for Vascomax 350 our criterion wouldn't be exceeded even for the 4 MW option down to a ~4 mm radius target which is smaller than envisaged. Super-Invar, while being further from reaching the yield stress is limited to larger radii due to the fact that its low expansion coefficient characteristic disappears at temperatures higher than ~120 oC.  Also, results from radiation damage studies, reported elsewhere in these proceedings [5], indicate that Super-Invar may not be an appropriate choice.

A somewhat more stringent criterion for estimating the resiliency of these materials is to compare the maximum initial stresses to the fatigue limit  instead of the yield stress.  In that case the results for Vascomax 350 and for Inconel 718 become similar, and indicate that target radii equal or larger than 4.5 mm and than 7.5 mm would be viable for the 1 MW and the 4 MW option respectively. Using fatigue limits is probably overly conservative since these limits, which are specified at low repetition rates, are known to increase substantially with frequency.  We also see that iron or other alloys much weaker than the ones considered here would be inadequate even for the 1 MW option using either criterion.

Table 2.  Maximum energy densities deposited by  16 24 GeV proton beam pulses 

in iron targets.  Values for the other materials considered here will be nearly identical.

	Proton beam rms radius [mm]
	.5
	1
	1.5
	2
	2.5
	3
	3.5

	Target radius [mm]
	1.25
	2.5
	3.75
	5
	6.25
	7.5
	8.75

	Maximum energy density [J/g]
	305
	105
	55.6
	36.0
	26.5
	22.1
	16.5


POSSIBLE IMPLEMENTATIONS

Finally we show some schematic representations of possible chain configurations for moving targets as alternatives to the previously proposed "Band Saw" system [6] or the use of a metallic cable  [7] .


[image: image4.png]



Fig. 4 
Examples of metallic chain links configurations showing rather compact designs with large metal to gap volume ratios.
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Fig. 5. Schematic of a chain with long links which, if surrounding hardware such as magnet coils permit, would allow each beam pulse to be coaxial with the target.
Cooling requirements dictate in each case the minimum velocity as well as the length for a chain of a given material and a given geometry. An estimated required velocity for a Vascomax C-350 chain for the 4 MW option would, for example, be 3 m/s and the total length would be ~35 m to transfer the power deposited by the beam to a 20 oC cooling bath without exceeding an internal target temperature of 300 oC and thus largely preserving the strength of the material.

DISCUSSION AND CONCLUSIONS

We conclude that  solid moving metallic targets with very large tensile strength are viable candidates for a 1 MW and even a 4 MW Muon Collider/Neutrino Factory system and should therefore also be considered for other multi megawatt high energy proposals.  It was also shown that more conventional solids such as iron can not be expected to work.

The choice between Vascomax C350 and Inconel 718 (or perhaps Inconel 750) may be influenced by the fact that  Inconel isn't ferromagnetic and will therefore not be subjected to the rather large forces Vascomax chains will experience when entering and exiting a high solenoidal field.  A disadvantage of Inconel is its low thermal conductivity which makes cooling slower and will thus require longer chains. It may be possible to improve this situation by providing cooling channels through the chain links.

The present stress and temperature estimates are thought to be conservative since no credit was taken for the  advantageous frequency dependence of fatigue tolerance, nor for the possibility of using non-Gaussian beam profiles to reduce the peak energy density if necessary. Uncertainties about the survival of high-temperature stationary carbon targets and about the possibility of rapidly clearing large quantities of dispersed mercury for liquid jet targets [8] makes these moving solid targets a safer choice.
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						KE		TP		SIGx		SIGy		J/g max		J/g max normalized to SIG = 1mm and 16TP		TP per pulse for 1 MW facility (12 pulses/s)		TP per pulse for 4 MW    (30 pulses/s)

						GeV				mm		mm		J/g		J/g

				C		24		1		1.7		0.7		5.5		104.7		16.3		34.7

				Fe		24		16		0.5		0.5		310.0		77.5		16.3		34.7

				Hg		24		16		1.0		1.0		80.0		80.0		16.3		34.7

				To stay below 100 J/g for Fe or Invar:														1MW Facility		4MW Facility

																		SIG(mm)		SIG(mm)

																		1.1465234969





Sheet4

		Summary of results for a 7.5 mm radius target - 1 MW Option

		CRITERIA		Vascomax 350 Gaussian Beam		Vascomax 350 Flat Beam		Super Invar  Gaussian Beam		Super Invar      Flat Beam

		Comressive Stress / Yield Stress		0.156		0.052		0.041		0.014

		Compressive Stress / Fatigue Limit		0.470		0.157		0.081		0.027

		Available Energy / Yield Energy		0.092		0.029		0.004		0.001

		Available Energy / Fatigue Energy		0.828		0.261		0.014		0.005

		Summary of results for a 7.5 mm radius target - 4 MW Option

		CRITERIA		Vascomax 350 Gaussian Beam		Vascomax 350 Flat Beam		Super Invar  Gaussian Beam		Super Invar      Flat Beam

		Comressive Stress / Yield Stress		0.314		0.105		0.082		0.027

		Compressive Stress / Fatigue Limit		0.942		0.314		0.163		0.054

		Available Energy / Yield Energy		0.205		0.059		0.008		0.002

		Available Energy / Fatigue Energy		1.850		0.531		0.031		0.009





Sheet3

		Summary of MARS calculations

				KE		TP		SIGx		SIGy		J/g max		J/g max normalized to SIG = 1mm and 16TP		?

				GeV				mm		mm		J/g		J/g

		C		24		1		1.7		0.7		5.5		104.7		?

		Fe		24		16		0.5		0.5		310.0		77.5		?

		Hg		24		16		1.0		1.0		80.0		80.0

		Hg		24		16		1.0		1.0		133.56

		Hg		24		16		2.0		2.0		56.52

		Hg		24		16		3.0		3.0		30.72

		Hg		24		16		4.0		4.0		19.90

		Hg		24		16		5.0		5.0		12.94

		Hg		24		16		6.0		6.0		9.41

		Hg		24		16		7.0		7.0		7.68

		Hg		24		16		8.0		8.0		5.41
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										Yield s		170																Yield s		2242																Yield s		276																Yield s		1034

		TP for 1 Mw:								Fatigue L		85																Fatigue L		758																Fatigue L		138																Fatigue L		586

		17.3		Target radius		Sigma		J/g for 16 TP		Iron		% yield Gaussian		%Fatigue Gaussian		% yield flat		% Fatigue flat		Avail en / Yield en.G		Avail en / Fatigue en.G		Avail en / Yield en.F		Avail en / Fatigue en.F		Vacomax 350		% yield Gaussian		%Fatigue Gaussian		% yield flat		% Fatigue flat		Avail en / Yield en.G		Avail en / Fatigue enG.		Avail en / Yield en.F		Avail en / Fatigue en.F		Super Invar		% yield Gaussian		%Fatigue Gaussian		% yield flat		% Fatigue flat		Avail en / Yield en.G		Avail en / Fatigue en.G		Avail en / Yield en.F		Avail en / Fatigue en.F		Inconel 718		% yield Gaussian		%Fatigue Gaussian		% yield flat		% Fatigue flat		Avail en / Yield en.G		Avail en / Fatigue en.G		Avail en / Yield en.F		Avail en / Fatigue en.F

				mm		mm				J/g																		J/g																		J/g																		J/g

		J/g for P=yield								12.66																		134.07																		846.07																		78.2

				1.25		0.5		305		329.78125		2604.9071879937		5209.8143759874		869.4616782355		1738.9233564711		4.24E+02		1.70E+03		1.42E+02		5.66E+02		329.78125		245.9769150444		737.9307451331		82.1017740469		246.3053221406		3.69E+00		3.23E+01		1.23E+00		1.08E+01		329.78125		38.9780100937		77.9560201875		13.0100167202		26.0200334404		1.32E-01		5.28E-01		4.41E-02		1.76E-01		329.78125		421.7151534527		742.2186700767		140.7593970136		247.7365387439		1.13E+01		3.52E+01		3.77E+00		1.17E+01				9		1

				2.5		1		105		113.53125		896.7713270142		1793.5426540284		299.3228728352		598.6457456704		8.49E+01		3.40E+02		2.83E+01		1.13E+02		113.53125		84.6805773104		254.0417319311		28.2645451637		84.793635491		7.26E-01		6.35E+00		2.42E-01		2.12E+00		113.53125		13.4186592126		26.8373184252		4.4788582152		8.9577164303		2.70E-02		1.08E-01		9.01E-03		3.60E-02		113.53125		145.1806265985		255.5179028133		48.4581530702		85.2863494036		2.21E+00		6.88E+00		7.38E-01		2.30E+00				9		10

				3.75		1.5		55.6		60.1175		474.8617693523		949.7235387046		158.4985879013		316.9971758026		3.70E+01		1.48E+02		1.23E+01		4.94E+01		60.1175		44.8403818901		134.5211456702		14.9667496295		44.9002488886		3.14E-01		2.75E+00		1.05E-01		9.17E-01		60.1175		7.105499545		14.2109990899		2.3716620644		4.7433241288		1.19E-02		4.76E-02		3.97E-03		1.59E-02		60.1175		76.8765984655		135.3028132992		25.6597458162		45.1611526366		9.51E-01		2.96E+00		3.17E-01		9.88E-01				9		100

				5		2		36		38.925		307.4644549763		614.9289099526		102.6249849721		205.2499699441		2.19E+01		8.76E+01		7.31E+00		2.92E+01		38.925		29.0333407921		87.1000223764		9.690701199		29.0721035969		1.85E-01		1.62E+00		6.17E-02		5.40E-01		38.925		4.6006831586		9.2013663172		1.5356085309		3.0712170618		7.05E-03		2.82E-02		2.35E-03		9.41E-03		38.925		49.7762148338		87.6061381074		16.6142239098		29.2410340812		5.59E-01		1.74E+00		1.87E-01		5.81E-01				9		1000

				6.25		2.5		26.5		28.653125		226.3280015798		452.6560031596		75.5433917155		151.0867834311		1.54E+01		6.16E+01		5.14E+00		2.06E+01		28.653125		21.3717647498		64.1152942493		7.133432827		21.4002984811		1.29E-01		1.13E+00		4.31E-02		3.77E-01		28.653125		3.3866139918		6.7732279835		1.1303785019		2.2607570038		4.97E-03		1.99E-02		1.66E-03		6.64E-03		28.653125		36.6408248082		64.4878516624		12.2299148225		21.5246500876		3.91E-01		1.22E+00		1.31E-01		4.06E-01				9		10000

				7.5		3		19.55		21.1384375		166.9702804107		333.9405608215		55.7310682279		111.4621364558		1.09E+01		4.36E+01		3.64E+00		1.46E+01		21.1384375		15.7667170135		47.3001510405		5.2625891233		15.78776737		9.20E-02		8.05E-01		3.07E-02		2.69E-01		21.1384375		2.4984265486		4.9968530973		0.8339207439		1.6678414877		3.55E-03		1.42E-02		1.18E-03		4.74E-03		21.1384375		27.03125		47.575		9.0224465955		15.879506008		2.78E-01		8.66E-01		9.28E-02		2.89E-01				9

				8.75		3.5		16.45		17.7865625		140.4941745656		280.9883491311		46.8939167442		93.7878334884		9.06E+00		3.62E+01		3.02E+00		1.21E+01		17.7865625		13.2666237786		39.7998713359		4.4281120756		13.2843362269		7.61E-02		6.66E-01		2.54E-02		2.22E-01		17.7865625		2.10225661		4.2045132199		0.701687787		1.4033755741		2.94E-03		1.18E-02		9.81E-04		3.93E-03		17.7865625		22.7449648338		40.0311381074		7.5917773143		13.3615280732		2.30E-01		7.16E-01		7.68E-02		2.39E-01				9

		J/g for 100 deg Invar																																												52
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Sheet1

		

						KE		TP		SIGx		SIGy		J/g max		J/g max normalized to SIG = 1mm and 16TP		TP per pulse for 1 MW facility (12 pulses/s)		TP per pulse for 4 MW    (30 pulses/s)

						GeV				mm		mm		J/g		J/g

				C		24		1		1.7		0.7		5.5		104.7		16.3		34.7

				Fe		24		16		0.5		0.5		310.0		77.5		16.3		34.7

				Hg		24		16		1.0		1.0		80.0		80.0		16.3		34.7

				To stay below 100 J/g for Fe or Invar:														1MW Facility		4MW Facility

																		SIG(mm)		SIG(mm)

																		1.1465234969





Sheet4

		Summary of results for a 7.5 mm radius target - 1 MW Option

		CRITERIA		Vascomax 350 Gaussian Beam		Vascomax 350 Flat Beam		Super Invar  Gaussian Beam		Super Invar      Flat Beam

		Comressive Stress / Yield Stress		0.156		0.052		0.041		0.014

		Compressive Stress / Fatigue Limit		0.470		0.157		0.081		0.027

		Available Energy / Yield Energy		0.092		0.029		0.004		0.001

		Available Energy / Fatigue Energy		0.828		0.261		0.014		0.005

		Summary of results for a 7.5 mm radius target - 4 MW Option

		CRITERIA		Vascomax 350 Gaussian Beam		Vascomax 350 Flat Beam		Super Invar  Gaussian Beam		Super Invar      Flat Beam

		Comressive Stress / Yield Stress		0.314		0.105		0.082		0.027

		Compressive Stress / Fatigue Limit		0.942		0.314		0.163		0.054

		Available Energy / Yield Energy		0.205		0.059		0.008		0.002

		Available Energy / Fatigue Energy		1.850		0.531		0.031		0.009





Sheet3

		Summary of MARS calculations

				KE		TP		SIGx		SIGy		J/g max		J/g max normalized to SIG = 1mm and 16TP		?

				GeV				mm		mm		J/g		J/g

		C		24		1		1.7		0.7		5.5		104.7		?

		Fe		24		16		0.5		0.5		310.0		77.5		?

		Hg		24		16		1.0		1.0		80.0		80.0

		Hg		24		16		1.0		1.0		133.56

		Hg		24		16		2.0		2.0		56.52

		Hg		24		16		3.0		3.0		30.72

		Hg		24		16		4.0		4.0		19.90

		Hg		24		16		5.0		5.0		12.94

		Hg		24		16		6.0		6.0		9.41

		Hg		24		16		7.0		7.0		7.68

		Hg		24		16		8.0		8.0		5.41





Sheet2 (3)

		

										Yield s		170																Yield s		2242																Yield s		276																Yield s		1034

		TP for 4Mw								Fatigue L		85																Fatigue L		758																Fatigue L		138																Fatigue L		586

		34.7		Target radius		Sigma		J/g for 16 TP		Iron		% yield Gaussian		%Fatigue Gaussian		% yield flat		% Fatigue flat		Avail en. / Yield en. G		Avail en. / Fatigue en.G		Avail en. / Yield en. F		Avail en. / Fatigue en.F		Vacomax 350		% yield Gaussian		%Fatigue Gaussian		% yield flat		%Fatigue Flat		Avail en. / Yield en. G		Avail en. / Fatigue en.G		Avail en. / Yield en.F		Avail en. / Fatigue en.F		Super Invar		% yield Gaussian		%Fatigue Gaussian		% yield flat		%Fatigue Flat		Avail en. / Yield en.G		Avail en. / Fatigue en.G		Avail en. / Yield en.F		Avail en. / Fatigue en.F		Inconel 718		% yield Gaussian		%Fatigue Gaussian		% yield flat		%Fatigue Flat		Avail en. / Yield en.G		Avail en. / Fatigue en.G		Avail en. / Yield en.F		Avail en. / Fatigue en.F

				mm		mm				J/g																		J/g																		J/g																		J/g

		J/g for P=yield								12.66																		134.07																		846																		78.2

				1.25		0.5		305		661.46875		5224.87164297		10449.74328594		1743.9491465187		3487.8982930374		1400		5600		467.2897196262		1869.1588785047		661.46875		493.3756619676		1460.3919594242		164.6781248223		487.447249474		1.22E+01		1.07E+02		4.07E+00		3.56E+01		661.46875		78.1877955083		156.3755910165		26.0973950295		52.1947900589		4.30E-01		1.72E+00		1.44E-01		5.74E-01		661.46875		845.8679667519		1488.7276214834		282.3324321602		496.9050806019		3.78E+01		1.18E+02		1.26E+01		3.93E+01

				2.5		1		105		227.71875		1798.7263033175		3597.4526066351		600.3759356868		1200.7518713735		2.35E+02		940		78.437917223		313.7516688919		227.71875		169.8506377266		502.7578876706		56.6924692011		167.8097088353		2.03E+00		1.78E+01		6.78E-01		5.93E+00		227.71875		26.9171099291		53.8342198582		8.9843491085		17.968698217		7.35E-02		2.94E-01		2.45E-02		9.81E-02		227.71875		291.2004475703		512.5127877238		97.1964110715		171.0656834859		6.23E+00		1.94E+01		2.08E+00		6.47E+00

				3.75		1.5		55.6		120.5825		952.4684044234		1904.9368088468		317.9133526113		635.8267052226		9.23E+01		369.2		30.8077436582		123.2309746328		120.5825		89.939956739		266.2222719475		30.0200122627		88.8592362976		7.90E-01		6.91E+00		2.64E-01		2.31E+00		120.5825		14.253250591		28.506501182		4.757426766		9.5148535321		2.93E-02		1.17E-01		9.78E-03		3.91E-02		120.5825		154.1975703325		271.3877237852		51.4678138626		90.5833523983		2.41E+00		7.50E+00		8.04E-01		2.50E+00

				5		2		36		78.075		616.7061611374		1233.4123222749		205.8431779497		411.6863558995		5.15E+01		206		17.1895861148		68.7583444593		78.075		58.2345043634		172.3741329156		19.4374180118		57.534757315		4.38E-01		3.83E+00		1.46E-01		1.28E+00		78.075		9.2287234043		18.4574468085		3.0803482658		6.1606965315		1.64E-02		6.56E-02		5.47E-03		2.19E-02		78.075		99.8401534527		175.7186700767		33.324483796		58.6510914809		1.33E+00		4.14E+00		4.44E-01		1.38E+00

				6.25		2.5		26.5		57.471875		453.9642575039		907.9285150079		151.5234504352		303.0469008705		3.50E+01		140		11.6822429907		46.7289719626		57.471875		42.8670657119		126.8865145073		14.3080993698		42.3519741346		2.96E-01		2.59E+00		9.88E-02		8.64E-01		57.471875		6.7933658392		13.5867316785		2.2674785845		4.5349571691		1.12E-02		4.48E-02		3.74E-03		1.50E-02		57.471875		73.4934462916		129.3484654731		24.5305227942		43.1737201179		8.99E-01		2.80E+00		3.00E-01		9.34E-01

				7.5		3		19.55		42.3990625		334.905706951		669.8114139021		111.7842813588		223.5685627176		2.42E+01		96.8		8.0774365821		32.3097463284		42.3990625		31.6245711196		93.6087305139		10.555597837		31.2445695974		2.05E-01		1.79E+00		6.84E-02		5.99E-01		42.3990625		5.0117095154		10.0234190307		1.6728002388		3.3456004775		7.79E-03		3.12E-02		2.60E-03		1.04E-02		42.3990625		54.21875		95.425		18.0970460614		31.8508010681		6.19E-01		1.93E+00		2.07E-01		6.43E-01

				8.75		3.5		16.45		35.6759375		281.8004541864		563.6009083728		94.0588965909		188.1177931819		1.98E+01		79.2		6.608811749		26.435246996		35.6759375		26.6099332438		78.7654024017		8.8818201748		26.2901877175		1.67E-01		1.46E+00		5.57E-02		4.88E-01		35.6759375		4.2170138889		8.4340277778		1.407548027		2.815096054		6.37E-03		2.55E-02		2.13E-03		8.50E-03		35.6759375		45.6214034527		80.2936700767		15.2274377345		26.8002904128		5.04E-01		1.57E+00		1.68E-01		5.24E-01
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										Yield s		170																Yield s		2242																Yield s		276																Yield s		1034

		TP for 1 Mw:								Fatigue L		85																Fatigue L		758																Fatigue L		138																Fatigue L		586

		17.3		Target radius		Sigma		J/g for 16 TP		Iron		% yield Gaussian		%Fatigue Gaussian		% yield flat		% Fatigue flat		Avail en / Yield en.G		Avail en / Fatigue en.G		Avail en / Yield en.F		Avail en / Fatigue en.F		Vacomax 350		% yield Gaussian		%Fatigue Gaussian		% yield flat		% Fatigue flat		Avail en / Yield en.G		Avail en / Fatigue enG.		Avail en / Yield en.F		Avail en / Fatigue en.F		Super Invar		% yield Gaussian		%Fatigue Gaussian		% yield flat		% Fatigue flat		Avail en / Yield en.G		Avail en / Fatigue en.G		Avail en / Yield en.F		Avail en / Fatigue en.F		Inconel 718		% yield Gaussian		%Fatigue Gaussian		% yield flat		% Fatigue flat		Avail en / Yield en.G		Avail en / Fatigue en.G		Avail en / Yield en.F		Avail en / Fatigue en.F

				mm		mm				J/g																		J/g																		J/g																		J/g

		J/g for P=yield								12.66																		134.07																		846.07																		78.2

				1.25		0.5		305		329.78125		2604.9071879937		5209.8143759874		869.4616782355		1738.9233564711		4.24E+02		1.70E+03		1.42E+02		5.66E+02		329.78125		245.9769150444		737.9307451331		82.1017740469		246.3053221406		3.69E+00		3.23E+01		1.23E+00		1.08E+01		329.78125		38.9780100937		77.9560201875		13.0100167202		26.0200334404		1.32E-01		5.28E-01		4.41E-02		1.76E-01		329.78125		421.7151534527		742.2186700767		140.7593970136		247.7365387439		1.13E+01		3.52E+01		3.77E+00		1.17E+01				9		1

				2.5		1		105		113.53125		896.7713270142		1793.5426540284		299.3228728352		598.6457456704		8.49E+01		3.40E+02		2.83E+01		1.13E+02		113.53125		84.6805773104		254.0417319311		28.2645451637		84.793635491		7.26E-01		6.35E+00		2.42E-01		2.12E+00		113.53125		13.4186592126		26.8373184252		4.4788582152		8.9577164303		2.70E-02		1.08E-01		9.01E-03		3.60E-02		113.53125		145.1806265985		255.5179028133		48.4581530702		85.2863494036		2.21E+00		6.88E+00		7.38E-01		2.30E+00				9		10

				3.75		1.5		55.6		60.1175		474.8617693523		949.7235387046		158.4985879013		316.9971758026		3.70E+01		1.48E+02		1.23E+01		4.94E+01		60.1175		44.8403818901		134.5211456702		14.9667496295		44.9002488886		3.14E-01		2.75E+00		1.05E-01		9.17E-01		60.1175		7.105499545		14.2109990899		2.3716620644		4.7433241288		1.19E-02		4.76E-02		3.97E-03		1.59E-02		60.1175		76.8765984655		135.3028132992		25.6597458162		45.1611526366		9.51E-01		2.96E+00		3.17E-01		9.88E-01				9		100

				5		2		36		38.925		307.4644549763		614.9289099526		102.6249849721		205.2499699441		2.19E+01		8.76E+01		7.31E+00		2.92E+01		38.925		29.0333407921		87.1000223764		9.690701199		29.0721035969		1.85E-01		1.62E+00		6.17E-02		5.40E-01		38.925		4.6006831586		9.2013663172		1.5356085309		3.0712170618		7.05E-03		2.82E-02		2.35E-03		9.41E-03		38.925		49.7762148338		87.6061381074		16.6142239098		29.2410340812		5.59E-01		1.74E+00		1.87E-01		5.81E-01				9		1000

				6.25		2.5		26.5		28.653125		226.3280015798		452.6560031596		75.5433917155		151.0867834311		1.54E+01		6.16E+01		5.14E+00		2.06E+01		28.653125		21.3717647498		64.1152942493		7.133432827		21.4002984811		1.29E-01		1.13E+00		4.31E-02		3.77E-01		28.653125		3.3866139918		6.7732279835		1.1303785019		2.2607570038		4.97E-03		1.99E-02		1.66E-03		6.64E-03		28.653125		36.6408248082		64.4878516624		12.2299148225		21.5246500876		3.91E-01		1.22E+00		1.31E-01		4.06E-01				9		10000

				7.5		3		19.55		21.1384375		166.9702804107		333.9405608215		55.7310682279		111.4621364558		1.09E+01		4.36E+01		3.64E+00		1.46E+01		21.1384375		15.7667170135		47.3001510405		5.2625891233		15.78776737		9.20E-02		8.05E-01		3.07E-02		2.69E-01		21.1384375		2.4984265486		4.9968530973		0.8339207439		1.6678414877		3.55E-03		1.42E-02		1.18E-03		4.74E-03		21.1384375		27.03125		47.575		9.0224465955		15.879506008		2.78E-01		8.66E-01		9.28E-02		2.89E-01				9

				8.75		3.5		16.45		17.7865625		140.4941745656		280.9883491311		46.8939167442		93.7878334884		9.06E+00		3.62E+01		3.02E+00		1.21E+01		17.7865625		13.2666237786		39.7998713359		4.4281120756		13.2843362269		7.61E-02		6.66E-01		2.54E-02		2.22E-01		17.7865625		2.10225661		4.2045132199		0.701687787		1.4033755741		2.94E-03		1.18E-02		9.81E-04		3.93E-03		17.7865625		22.7449648338		40.0311381074		7.5917773143		13.3615280732		2.30E-01		7.16E-01		7.68E-02		2.39E-01				9

		J/g for 100 deg Invar																																												52
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