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Abstract - The note reports the results of iron yoke optimization of the high gradient quadrupole developed for the LHC IRs for operation in Tevatron low-beta insertions at 4-4.5 K. The expected magnet performance parameters are also presented.

1. INTRODUCTION

Fermilab in collaboration with LBNL has developed large-aperture high gradient quadrupoles (HGQ) for the LHC inner triplets [1].  These magnets were designed to operate at 1.9 K in superfluid helium providing field gradients up to 215 T/m in the 70 mm bore with large critical current and critical temperature margins required for the operation at high radiation-induced heat depositions in the coil. Magnet design parameters have been optimized and confirmed by a series of short models and the full-scale prototype [2-4]. The production of these magnets for the LHC interaction regions (IR) has been recently started at Fermilab [5]. 

Large-aperture high-gradient quadrupoles of this type could also be used in other applications, in particular in Tevatron, instead of the obsolete low-beta quadrupoles (LBQ). One of the possible applications could be the new interaction region at C0 being studied for the BTeV experiment. In Tevatron the HGQ magnets will operate at 4.5 K with lower field gradient.  The HGQ iron yoke designed for the field gradient up to 250 T/m can be re-optimized resulting in a reduction of the cold mass and cryostat sizes and leading to significant cost saving. 

The HGQ iron yoke optimized for operation at 4.5 K is described in this note. During the optimization the collared coil parameters were kept the same preserving all magnet parameters including the field quality and quench performance as they were measured in HGQ short models and prototype. The magnet performance parameters are also reported in the note.

2. IRON YOKE OPTIMIZATION

The cross-section of HGQ is shown in Figure 1.  Two-layer collared coil is surrounded by the two-piece iron yoke held together by the welded skin. The iron yoke consists of four large round holes required for the longitudinal heat transfer by superfluid helium from the coil to the external HeII heat exchanger and four large rectangular holes reserved for the high-current bus-bars and electrical instrumentation. These holes along with the high nominal field gradient of 215 T/m resulted in the quite large iron yoke outer diameter of 400 mm.
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Figure 1. Cross-section of 70-mm HGQ developed for the LHC IRs.
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Figure 2. Optimized HGQ magnet cross-section.

The optimization goals were reduction of the iron yoke OD from 400 mm to 267 mm as in LBQ, optimization of the iron yoke cross-section providing holes for the power and instrumentation cables and channels for the liquid helium flow, and minimization of the iron saturation effect.  The inner shape and size of the new iron yoke are similar to the shape and size of the HGQ collared coil. The collared coil is supported and aligned inside the yoke with a help of alignment keys. As in HGQ there is a small gap between the collar and yoke excluding the yoke from the coil mechanical support structure.

The field quality was optimized using OPERA2D code. In order to reduce the iron saturation effect to tolerable limits, eight round holes were used. The optimized holes restrict the yoke saturation effect within 0.15·10-4 at the reference radius of 17 mm.

Figure 2 shows the optimized iron yoke geometry and the flux distribution in the magnet cross-section. Two 19(19 mm2 rectangular holes are sufficient to accommodate 4-6 pairs of 12-15 kA stabilized electrical bus-bars described in [6] and the other two rectangular holes could house the necessary instrumentation wires and cables. If required the size of these holes can be increased without dramatic effect on the magnet field quality. Eight round holes with total cross-section area of 12.3 cm2 and 1-2 mm annular channel provide sufficient cross-section for the helium flow inside the magnet cold mass.

The calculated transfer function, inductance and stored energy at currents ~10 kA for the optimized HGQ design are 17.82 T/m/kA, 3.29 mH/m and 168 kJ/m respectively.

3. MAGNET PERFORMANCE

In this section the magnet performance parameters at 4.5 K are reported based on the results obtained on last HGQ short models and full-scale prototype. This approach is valid since the iron yoke is not an element of the coil support structure in this design.

3.1.  Magnet training

The training at 4.5 K of optimized magnets can be estimated based on the training at 4.5 K of few last HGQ short models with optimized mechanical design and fabrication technology. The results are shown in Figure 3.  The variations of the maximum current reached during training are due to the variations of critical current density of NbTi strands used in those models. 
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Figure.3. Magnet training (HGQ05-07) at 4.5 K.   
3.2.  Temperature dependence of magnet short sample limit

The dependence of magnet quench current vs. the temperature for HGQ05-09 is presented in Figure 4. Solid line shows the generic short sample limit for this magnet design calculated based on the SSC strand specifications. The data show that this type of magnets can reach its short sample limit at temperature above 3.5 K and operate at currents up to 10 kA at temperatures 4.5 K.
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Figure 4. Temperature dependence of HGQ05-09 quench current.
3.3.  Ramp rate sensitivity of magnet quench current

The typical dependence of magnet quench current at 1.9 K vs. the current ramp rate for HGQ05 and HGQ09 fabricated using the optimized coil curing cycle, is shown in Figure 5.  Similar performance is expected for this type of magnets at higher temperatures.
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Figure 5. HGQ05 and HGQ09 quench current ramp rate dependence at 1.9 K. 

3.4.  AC losses

The expected level of AC losses in HGQ magnets with optimized coil curing cycle, represented by HGQ03A and HGQ05, is shown in Figure 6.  
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Figure 6. AC losses in the triangular cycle with current change 

within 500-6500 A range vs. the current ramp rate.

3.5.  Magnet transfer function 

Figure 7 shows the measured and calculated transfer function for the HGQ short models HGQ01-05,09 and optimized HGQ as a function of current. As it can be seen, there is a good correlation between measured and calculated data at all currents in the magnet. The reduction of the magnet transfer function at high currents is caused by the iron saturation. At operation current of 10.1 kA the nominal field gradient is 180 T/m.
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Figure 7. Measured and calculated magnet transfer function.

3.6.  Body field harmonics

In the magnet body the field is represented in terms of harmonic coefficients defined by the power series expansion
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where Bx(x,y) and By(x,y) are the transverse field components, B2 is the quadrupole field strength, bn and an are the “normal” and “skew” harmonic coefficients (b2=104) at a reference radius Rref of 17 mm. 

The coordinate system for magnetic measurement is defined with the z-axis at the center of the magnet aperture and pointing from return to lead end with the origin at the boundary between return end and straight section. The x-axis is horizontal and pointing right, and the y-axis, vertical and pointing up to the observer who faces the magnet lead end.

Table 1 shows mean values and RMS spread at Rref=17 mm of low-order field harmonics over the last five short models HGQ05-09 measured at 6 kA current. 

Table 1. Averages and Standard Deviations of field harmonics for HGQ05-09.

	
	Mean
	RMS

	b3
	0.49
	0.26

	a3
	0.12
	0.28

	b4
	-0.01
	0.08

	a4
	-0.15
	0.37

	b5
	-0.02
	0.07

	a5
	-0.06
	0.15

	b6
	-0.23
	0.17

	a6
	-0.03
	0.05

	b7
	0.01
	0.03

	a7
	0.02
	0.03

	b8
	0.00
	0.01

	a8
	0.00
	0.01

	b9
	0.00
	0.00

	a9
	0.00
	0.01

	b10
	0.00
	0.01

	a10
	0.00
	0.00


The expected shift of b6 from the value presented in the Table 1 at 800 A current due to the coil magnetization effect is –(1.2-1.3) units at 4.5 K.  Its decay during first 900 s is less than 0.4 units.  The calculated effect of iron saturation on b6 and b10 in HGQ with the optimized iron yoke is show in Figure 8.
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Figure 8. The yoke saturation effect for the optimized HGQ design.
4. CONCLUSIONS

Optimized HGQ magnets described in this note provide the nominal field gradients up to 180 T/m at operation temperatures 4.5 K or less, with nominal current up to 10 kA and current ramp rates less than 150-200 A/s and excellent reproducible field quality.   
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summary

				G/I, T/m/kA

		I, A		HGQ01		HGQ02		HGQ03		HGQ05		HGQ06		HGQ07		HGQ08		HGQ09

		750		18.375		18.338		18.361		18.381		18.139		18.147		18.043		18.391

		5750		18.231		18.221		18.229		18.270		18.101		18.076		18.075		18.303

		10750		18.011		18.023		18.007		18.051		17.960		17.931		17.929		18.092

				G/I, T/m/kA

		I, A		HGQ01		HGQ02		HGQ03		HGQ05		HGQ06		HGQ07		HGQ08		HGQ09

		750		18.375		18.346		18.365		18.400		18.131		18.151		18.003		18.391

		5750		18.243		18.240		18.231		18.289		18.103		18.079		18.047		18.303

		10750		18.019		18.023		18.007		18.070		17.960		17.932		17.903		18.092





summary plot

		750		750		750		1000		0.0084612719		0.0084612719		0.004245267		0.004245267		0.0405		0.0405

		1250		1250		1250		4000		0.0083983358		0.0083983358		0.0105375025		0.0105375025		0.2097		0.2097

		1750		1750		1750		6000		0.0096709393		0.0096709393		0.0058445131		0.0058445131		0.0647		0.0647

		2250		2250		2250		8000		0.0094060648		0.0094060648		0.0042811603		0.0042811603		0.0725		0.0725

		2750		2750		2750		10000		0.0096563192		0.0096563192		0.0047110464		0.0047110464		0.0142		0.0142

		3250		3250		3250		12000		0.0097899404		0.0097899404		0.0064091569		0.0064091569		0.0351		0.0351

		3750		3750		3750		14000		0.0102414414		0.0102414414		0.0074802379		0.0074802379		0.0425		0.0425

		4250		4250		4250				0.0100429306		0.0100429306		0.0059348547		0.0059348547		0.0303		0.0303

		4750		4750		4750				0.0108513921		0.0108513921		0.006805191		0.006805191		0.0252		0.0252

		5250		5250		5250				0.011025992		0.011025992		0.0074567084		0.0074567084		0.01815		0.01815

		5750		5750		5750				0.0112360279		0.0112360279		0.0073568987		0.0073568987		0.02835		0.02835

		6250		6250		6250				0.0114361396		0.0114361396		0.0070849018		0.0070849018		0.03325		0.03325

		6750		6750		6750				0.0114618735		0.0114618735		0.0076664312		0.0076664312		0.0304		0.0304

		7250		7250		7250				0.0113341647		0.0113341647		0.0071884746		0.0071884746		0.01775		0.01775

		7750		7750		7750				0.0113176676		0.0113176676		0.0073648235		0.0073648235		0.01455		0.01455

		8250		8250		8250				0.0112880512		0.0112880512		0.007303923		0.007303923		0.02725		0.02725

		8750		8750		8750				0.0127425359		0.0127425359		0.0073572385		0.0073572385		0.0201		0.0201

		9250		9250		9250				0.0125089795		0.0125089795		0.0076398489		0.0076398489		0.01425		0.01425

		9750		9750		9750				0.0129379729		0.0129379729		0.0081262307		0.0081262307		0.02095		0.02095

		10250		10250		10250				0.012553226		0.012553226		0.0080521607		0.0080521607		0.0205		0.0205

		10750		10750		10750				0.0126007715		0.0126007715		0.0086811458		0.0086811458		0.02585		0.02585

		11250		11250		11250				0.0185895356		0.0185895356		0.0081912937		0.0081912937		0.01805		0.01805

		11750		11750		11750				0.018116107		0.018116107		0.0079797008		0.0079797008		0.0166		0.0166

		12250		12250		12250				0.0188744316		0.0188744316		0.0083771888		0.0083771888		0.015		0.015

		12750		12750		12750				0.0161133485		0.0161133485		0.0080578507		0.0080578507
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calculation

				G/I, T/m/kA

		I, A		calculation				I, kA		G0, T/m		Tr.fun

		1000		18.34				500		9.2991647059		18.5983294118

		4000		18.32				1000		18.5983352941		18.5983352941

		6000		18.23				4000		74.2176470588		18.5544117647

		8000		18.14				6000		110.2037647059		18.3672941176

		10000		18.06				8000		144.3674117647		18.0459264706

		12000		17.97				10000		177.8464117647		17.7846411765

		14000		17.84				12000		211.1356470588		17.5946372549





data

				G/I, T/m/kA																																<>						s/sqrt(n)

		I, A		HGQ01-TC1		HGQ01-TC2		HGQ02-TC1		HGQ02-TC2		HGQ03-TC1		HGQ03-TC2		HGQ05-TC1		HGQ05-TC2		HGQ05-TC3		HGQ06-TC1		HGQ06-TC2		HGQ07-TC1		HGQ07-TC3		HGQ08-TC1		HGQ08-TC2		HGQ09-TC2		HGQ01-5,9		HGQ06-7		HGQ08		HGQ01-5,9		HGQ06-7		HGQ08

		250		19.740		9.842		13.892		20.679		18.989		15.993		218.713		19.500		18.047		17.701		11.725		18.099		47.447		20.1657		25.3514		17.7036

		750		18.375		18.343		18.346		18.330		18.357		18.365		18.400		18.337		18.405		18.131		18.147		18.151		18.143		18.0028		18.0838		18.3907		18.36		18.14		18.04		0.008		0.004		0.040

		1250		18.374		18.343		18.353		18.334		18.352		18.363		18.400		18.337		18.409		18.206		18.159		18.167		18.169		18.0712		18.4906		18.389		18.37		18.18		18.28		0.008		0.011		0.210

		1750		18.370		18.340		18.356		18.321		18.351		18.351		18.397		18.330		18.404		18.198		18.185		18.174		18.172		18.1763		18.3057		18.4047		18.36		18.18		18.24		0.010		0.006		0.065

		2250		18.366		18.336		18.356		18.324		18.351		18.354		18.400		18.337		18.407		18.182		18.169		18.168		18.161		18.0554		18.2004		18.4007		18.36		18.17		18.13		0.009		0.004		0.073

		2750		18.361		18.332		18.351		18.316		18.341		18.346		18.394		18.332		18.403		18.181		18.175		18.166		18.160		18.2005		18.2289		18.3963		18.36		18.17		18.21		0.010		0.005		0.014

		3250		18.353		18.325		18.343		18.310		18.335		18.338		18.387		18.324		18.396		18.182		18.174		18.161		18.153		18.1334		18.2036		18.3921		18.35		18.17		18.17		0.010		0.006		0.035

		3750		18.340		18.312		18.336		18.296		18.323		18.325		18.377		18.314		18.386		18.174		18.168		18.149		18.142		18.1385		18.2235		18.3842		18.34		18.16		18.18		0.010		0.007		0.043

		4250		18.322		18.294		18.319		18.284		18.307		18.307		18.361		18.300		18.368		18.147		18.147		18.129		18.124		18.0921		18.1527		18.3695		18.32		18.14		18.12		0.010		0.006		0.030

		4750		18.297		18.269		18.295		18.252		18.283		18.285		18.339		18.277		18.347		18.134		18.134		18.111		18.109		18.0779		18.1283		18.3502		18.30		18.12		18.10		0.011		0.007		0.025

		5250		18.270		18.246		18.267		18.227		18.254		18.258		18.315		18.251		18.322		18.119		18.117		18.094		18.091		18.0739		18.1102		18.3265		18.27		18.10		18.09		0.011		0.007		0.018

		5750		18.243		18.218		18.240		18.202		18.228		18.231		18.289		18.226		18.296		18.103		18.100		18.079		18.074		18.0471		18.1038		18.3031		18.25		18.09		18.08		0.011		0.007		0.028

		6250		18.219		18.193		18.217		18.175		18.202		18.207		18.266		18.205		18.271		18.087		18.086		18.065		18.060		18.0364		18.1029		18.2812		18.22		18.07		18.07		0.011		0.007		0.033

		6750		18.194		18.171		18.194		18.152		18.182		18.183		18.242		18.179		18.248		18.077		18.073		18.051		18.046		18.0263		18.0871		18.2588		18.20		18.06		18.06		0.011		0.008		0.030

		7250		18.171		18.150		18.172		18.131		18.160		18.160		18.219		18.156		18.225		18.062		18.059		18.039		18.034		18.0107		18.0462		18.237		18.18		18.05		18.03		0.011		0.007		0.018

		7750		18.150		18.129		18.151		18.110		18.138		18.138		18.198		18.136		18.204		18.049		18.048		18.026		18.021		17.9981		18.0272		18.2156		18.16		18.04		18.01		0.011		0.007		0.015

		8250		18.127		18.110		18.133		18.090		18.118		18.118		18.177		18.117		18.184		18.037		18.035		18.013		18.008		17.9842		18.0387		18.195		18.14		18.02		18.01		0.011		0.007		0.027

		8750		18.108		18.089		18.109		18.067				18.097		18.158		18.097		18.163		18.024		18.022		17.999		17.996		17.9754		18.0156		18.1773		18.12		18.01		18.00		0.013		0.007		0.020

		9250		18.088		18.071		18.091		18.048				18.078		18.137		18.077		18.143		18.010		18.008		17.984		17.981		17.9606		17.9891		18.1571		18.10		18.00		17.97		0.013		0.008		0.014

		9750		18.067		18.049		18.069		18.025				18.053		18.117		18.057		18.123		17.994		17.995		17.969		17.964		17.9353		17.9772		18.1378		18.08		17.98		17.96		0.013		0.008		0.021

		10250		18.046		18.027		18.048						18.033		18.094		18.034		18.101		17.978		17.978		17.951		17.949		17.9259		17.9669		18.1165		18.06		17.96		17.95		0.013		0.008		0.021

		10750		18.019		18.002		18.023						18.007		18.070		18.010		18.075		17.960		17.961		17.932		17.929		17.9028		17.9545		18.0916		18.04		17.95		17.93		0.013		0.009		0.026

		11250														18.044		17.985		18.050		17.939		17.938		17.913		17.908		17.8849		17.921		18.0711		18.04		17.92		17.90		0.019		0.008		0.018

		11750														18.018		17.959		18.022		17.918		17.917		17.893		17.887		17.8736		17.9068		18.043		18.01		17.90		17.89		0.018		0.008		0.017

		12250														17.988		17.925		17.993		17.894		17.895		17.868		17.863		17.8517		17.8817		18.0118		17.98		17.88		17.87		0.019		0.008		0.015

		12750														17.952		17.892		17.958		17.866		17.866		17.841		17.836						17.9576		17.94		17.85				0.016		0.008
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AC loss summary

		

		Cycle: 500-6500-500 A

		dI/dt, A/s		hgq03				dI/dt, A/s		hgq05

		49.49		158.84				100		171.496475

		99.12		127.75				100		183.302109

		99.12		231.23				150		254.564804

		99.12		257.84				150		262.837585

		148.6		219.63				150		220.716888

		198.25		271.03				200		266.463745

		247.76		297.46				200		256.865204

		247.76		319.13				250		239.371536

		297.37		304.82				250		293.022644

		297.36		340.45				300		324.019714

		dI/dt, A/s		hgq03		hgq05		hgq06		hgq07min		hgq07av		hgq07av		hgq08		hgq09

		0		148		130		140		140		140		128		140

		50		158.84				600		270		496		367		2424

		80														3730

		100		244.535		177.399292		1000						589		4538

		135														5447

		150		219.63		246.039759				593		782		740

		200		271.03		261.6644745		1600						894

		250		308.295		266.19709		1800

		300		322.635		324.019714

														500-6000-500
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hgq03A
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hgq05

		

		I-dot		Loss (J)		Data file name		Remarks										Abs (Loss)		Int(Vdt)		Int(Vdt) <= 0.01				Int(Vdt) <= 0.005

																		(J)		(V-s)		I-dot		Loss (J)		I-dot		Loss (J)

		49.49		-211.41		hgq003_1_50.dat_10De		Beginning the measurement @4.27K and 50A										211.41		-0.01684		49.49		158.84		49.49		158.84

		49.49		-158.84		hgq003_1_50.dat_10De		Beginning the measurement @4.27K and 50A										158.84		-0.00396		49.49		122.75		99.12		127.75

		49.49		-202.34		hgq003_1_50.dat_10De		Beginning the measurement @4.27K and 50A										202.34		-0.02683		99.12		231.23		99.12		231.23

		49.49		-122.75		hgq003_1_50.dat_10De		Beginning the measurement @4.27K and 50A										122.75		-0.00197		99.12		237.87		99.12		257.84

		49.49		-125.66		hgq003_1_50.dat_10De		Beginning the measurement @4.27K and 50A										125.66		-0.01533		99.12		183.97		148.6		219.63

		99.12		-231.23		hgq003_1_100.dat_10D		Perform five measurements @4.27K and 100										231.23		0.00044		99.12		260.38		198.25		271.03

		99.12		-237.87		hgq003_1_100.dat_10D		Perform five measurements @4.27K and 100										237.87		-0.00931		99.12		257.84		247.76		297.46

		99.12		-183.97		hgq003_1_100.dat_10D		Perform five measurements @4.27K and 100										183.97		-0.00697		148.6		219.63		247.76		319.13

		99.12		-260.38		hgq003_1_100.dat_10D		Perform five measurements @4.27K and 100										260.38		-0.00701		148.62		241.31		297.37		304.82

		99.12		-257.84		hgq003_1_100.dat_10D		Perform five measurements @4.27K and 100										257.84		-0.00396		198.25		271.03		297.36		340.45

		148.6		-346.4		hgq003_1_150.dat_10D		Perform five measurements @4.27K and @150										346.4		0.04225		198.26		264.79

		148.62		-128.85		hgq003_1_150.dat_10D		Perform five measurements @4.27K and @150										128.85		-0.02559		198.25		274.41

		148.61		-271.8		hgq003_1_150.dat_10D		Perform five measurements @4.27K and @150										271.8		0.01082		198.28		263.88

		148.6		-219.63		hgq003_1_150.dat_10D		Perform five measurements @4.27K and @150										219.63		0.00483		198.28		270.08

		148.62		-241.31		hgq003_1_150.dat_10D		Perform five measurements @4.27K and @150										241.31		0.00779		247.76		298.45

		198.25		-271.03		hgq003_1_200.dat_10D		Perform five measurements @4.27K and @200										271.03		0.00001		247.76		297.46

		198.26		-264.79		hgq003_1_200.dat_10D		Perform five measurements @4.27K and @200										264.79		0.00709		247.76		319.13

		198.25		-274.41		hgq003_1_200.dat_10D		Perform five measurements @4.27K and @200										274.41		0.00771		247.76		288.25

		198.28		-263.88		hgq003_1_200.dat_10D		Perform five measurements @4.27K and @200										263.88		-0.00643		297.37		304.82

		198.28		-270.08		hgq003_1_200.dat_10D		Perform five measurements @4.27K and @200										270.08		0.00959		297.36		340.45

		247.73		-380.69		hgq003_1_250.dat_10D		Perform five measurements @4.27K and @250										380.69		0.01162

		247.76		-298.45		hgq003_1_250.dat_10D		Perform five measurements @4.27K and @250										298.45		0.00933

		247.76		-297.46		hgq003_1_250.dat_10D		Perform five measurements @4.27K and @250										297.46		0.00335

		247.76		-319.13		hgq003_1_250.dat_10D		Perform five measurements @4.27K and @250										319.13		0.00276

		247.76		-288.25		hgq003_1_250.dat_10D		Perform five measurements @4.27K and @250										288.25		-0.00852

		297.37		-304.82		hgq003_1_300.dat_10D		Perform five measurements @4.27K and 300										304.82		-0.00221

		297.36		-340.45		hgq003_1_300.dat_10D		Perform five measurements @4.27K and 300										340.45		0.00131

		297.37		-372.28		hgq003_1_300.dat_10D		Perform five measurements @4.27K and 300										372.28		0.01470

		297.36		-253.31		hgq003_1_300.dat_10D		Perform five measurements @4.27K and 300										253.31		-0.02262
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hgq07

		50		55.844421		-0.046381

		50		497.853027		0.052216

		50		137.002609		-0.014202

		100		39.967278		-0.057741

		100		171.496475		-0.002546		100		171.496475

		100		183.302109		-0.008845		100		183.302109

		150		254.564804		-0.006204		150		254.564804

		150		262.837585		0.007932		150		262.837585

		150		220.716888		-0.007795		150		220.716888

		200		266.463745		-0.007148		200		266.463745

		200		261.510315		0.010399		200		256.865204

		200		256.865204		0.009982		250		239.371536

		250		286.517365		-0.011574		250		293.022644

		250		239.371536		-0.00442		300		324.019714

		250		293.022644		-0.003259

		300		217.072174		-0.033899

		300		364.369659		0.012637

		300		324.019714		0.004917
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hgq09

		

		500-6500 Amp Run

		(2 PS)

		Ramp Rate		Loss		Int(Vdt)

		(A/sec)		(J)		(V*sec)

		50		488.115509		0.011875		496.47946925

		50		623.781311		0.037981

		50		604.286926		0.040842

		50		269.734131		-0.038902

		150		841.953552		0.020791		782.431311

		150		822.233826		0.012728

		150		593.026489		-0.036063

		150		743.07312		-0.008113

		150		911.869568		0.031418

		0						140

		0		140		140		128

		50		488.115509		496.47946925

		50		623.781311

		50		604.286926

		50		269.734131

		150		841.953552		782.431311

		150		822.233826

		150		593.026489

		150		743.07312

		150		911.869568

		0		128		128

		50		392

		50		368

		50		365

		50		364

		50		345		366.8				128

		100		590						367

		100		606						589

		100		594						740

		100		571						894

		100		584		589

		150		730

		150		755

		150		755

		150		742

		150		717		739.8

		200		1035

		200		899

		200		896

		200		815

		200		823		893.6
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		dI/dt, A/s		W, J		Wav, J						dI/dt, A/s		W, J

		0		140		140						0		140

		50		2237								50		2424

		50		2503								80		3730

		50		2327								100		4538

		50		2472								120		5075

		50		2582		2424.2						135		5447

		80		3632

		80		3801

		80		3784

		80		3775

		80		3659		3730.2

		100		4656

		100		4480

		100		4593

		100		4523

		100		4436		4537.6

		120		5081

		120		5000

		120		5237

		120		4953

		120		5103		5074.8

		135		5451

		135		5410

		135		5459

		135		5466

		135		5450		5447.2
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