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ABSTRACT

Phenomena that result from the interaction of the beam with the rf fields in superconducting cavities, and can potentially limit the performance of high average power Energy Recovering Free Electron Lasers (FELs), are reviewed. These phenomena include transverse and longitudinal multipass, multibunch beam breakup, longitudinal beam-loading type of instabilities and their interaction with the FEL, Higher Order Mode power dissipation and rf control issues. We present experimental data obtained at the Jefferson Lab IR FEL with average current up to 5 mA, compare with analytic calculations and simulations and extrapolate the performance of Energy Recovering FELs to much higher average currents, up to approximately 100 mA.
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1. INTRODUCTION

Energy recovery is the process by which the energy invested in accelerating a beam is returned to the rf cavities by decelerating the same beam. There have been several energy recovery experiments to date, the first one at the Stanford Superconducting Accelerator FEL (SCA/FEL) [1]. The largest scale demonstration of energy recovery is at the Jefferson Lab (JLab) IR FEL, where 5 mA of average current has been accelerated to 50 MeV and energy recovered [2]. Energy recovery is used routinely for the operation of the JLab FEL as a user facility. Inspired by the success of the Jefferson Lab IR FEL, recirculating, energy recovering linacs (ERLs) have been proposed for a variety of applications: high average power Free Electron Laser (FEL) drivers [3], drivers for synchrotron light sources [4,5], and electron accelerators in the linac-ring scenarios of electron-ion colliders [6,7]. There are several benefits to energy recovery. One of the most important ones is that the required linac rf power becomes nearly independent of beam current. In addition to the direct savings resulting from this benefit, the overall system efficiency increases. 

To quantify the efficiency of energy recovering linacs we use the concept of “rf to beam multiplication factor” (, defined as ( ( Pbeam/PRF , the ratio of the beam power at its highest energy Ef to the rf power required to accelerate the beam to Ef. For an electron beam of average current Ib injected into an ERL with injection energy E​inj​, accelerated to E​f and then energy recovered, the multiplication factor is given by 
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where the normalized current J is given by,
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and QL is the loaded quality factor, Ga the accelerating gradient and (r/Q) the shunt impedance per unit length of the linac rf cavities. This expression is valid in the limit of perfect energy recovery (exact cancellation of the accelerating and decelerating beam vectors). Figure 1 is a plot of the multiplication factor ( as function of the average beam current, for parameters close to the Cornell ERL [4] design: QL=2x107, Ga=20 MV/m, (r/Q)=1000 (/m,  Einj = 10 MeV and Ef = 7 GeV. First note that for beam currents of order 200 mA, the multiplication factor is ~500, approaching efficiencies typical of storage rings, while maintaining beam quality characteristics of linacs: emittance and energy spread determined by the source properties and the ability to have sub-picosecond short bunches. Second, the multiplication factor increases with average beam current, and asymptotically approaches Ef/Einj . Therefore, the higher the beam current is, the higher the overall system efficiency becomes.

2. MULTIBUNCH INSTABILITIES – SINGLE CAVITY MODEL

The price to be paid for increasing the beam current and therefore the overall system efficiency is that a number of collective effects, driven predominantly by the high-Q superconducting rf cavities, become important and can potentially limit the average current. In a recirculating linac, there is a feedback system formed between the beam and the rf cavities, which is closed and instabilities can arise at sufficiently high currents. Instabilities can result from: a) the interaction of the beam with the fundamental accelerating mode (beam-loading instabilities) [8,9], b) the interaction of the beam with transverse Higher Order Modes (HOMs) (transverse Beam Breakup (BBU)) [10,11] and c) the interaction of the beam with longitudinal HOMs (longitudinal BBU) [12]. The physical mechanisms that drive these instabilities have been described previously and will not be repeated here. Although these three types of instabilities differ in the details, there is a fundamental similarity, which allows one to define a threshold current that occurs when the power fed into the mode equals the mode power dissipation. In the simple case of a single mode, single cavity, single recirculation, one can derive a generalized expression for the threshold current, applicable to all three instabilities:
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where (r/Q)​ and Q are the shunt impedance and quality factor of the mode m with frequency (m, Mij is the (i,j) transfer matrix element of the recirculator, k=(/c is the wavenumber of the mode, t​r​ is the recirculation time, and pr is the momentum of the recirculating beam. The integer l is equal to 1 when m denotes a longitudinal HOM, and it is equal to 0 otherwise. The above equation is valid only when Mij​sin((t)<0. Further discussion on the sign of the equation can be found in [11] and [13]. When i,j=1,2 or 3,4 and m denotes a transverse HOM, this expression gives the threshold current of the transverse BBU. When i,j=5,6 and m denotes a longitudinal HOM, this expression gives the threshold of the longitudinal BBU, and when i,j=5,6 and m denotes the fundamental accelerating mode, this expression gives the threshold of the beam loading instabilities. This approximate expression is useful for understanding the parametric dependence of the threshold current on accelerator and beam parameters, and, under certain conditions, it may also be useful for obtaining estimates of the threshold of these instabilities. In general, however, numerical codes that take into account the details of a given configuration and the possible interaction among several modes should be used to calculate the threshold current. 

As we will see later, out of the three kinds of multibunch instabilities, transverse BBU appears to be the limiting instability in recirculating, energy recovering linacs. The longitudinal BBU appears to have the highest threshold current because typical values of M56 are an order of magnitude smaller than M12 or M34, while typical damping of the strongest longitudinal HOMs is at the 104- 105 level, similar to the transverse HOMs. The beam loading instabilities can exhibit open loop threshold currents close to the design currents contemplated in upcoming ERL projects. However, the low level rf control feedback raises the threshold by more than an order of magnitude [8].

In the following, we discuss recent theoretical and experimental work done on the topics of transverse BBU and higher order mode power dissipation, as both are important for future ERL-based projects.  

3. TRANSVERSE BEAM BREAKUP

The theory of transverse BBU is quite mature. The most recent highlights include an analysis of the effect for arbitrary number of cavities and recirculations based on the impulse approximation [10]. A generalization of the theory to include subharmonic bunching was obtained in 1991 [14]. For M recirculations and N cavities, the final solution is obtained by solving for the eigenvalues of an M-dimensional matrix. In the case of subharmonic bunching the dimensionality increases to NxM-1.  

In 1987 a two-dimensional simulation code, called TDBBU, was written to predict the threshold of the transverse BBU instability for arbitrary recirculating linac configurations [15]. Recently, a new code is being developed, called MATBBU, as a numerical tool complimentary to TDBBU. MATBBU solves the exact equations of motion for a given configuration and calculates the eigenvalues of the matrix [16]. Both TDBBU and MATBBU accept identical input files. The output of TDBBU is a plot of the bunch offset as function of bunch number. The output of MATBBU is a plot of the real vs. imaginary part of the beam current as the frequency of the HOMs is swept over a range of frequencies. The lowest value of the real part of the beam current that has zero imaginary part, determines the threshold of the instability. Figure 2 shows a close-up (around the (0,0) point) of the stability plot for the JLab IR FEL. All the rf input parameters, including Q’s of HOMs, shunt impedances and frequencies as well as the recirculation time have measured values.  The optics transfer matrix elements have calculated values from DIMAD [17]. From the stability plot the threshold current of the present FEL configuration is determined to be 26.3 mA. This result is in excellent agreement with TDBBU’s prediction of 27 mA [18].

Neither code has been benchmarked against experimental data despite previous attempts [19] in the Injector of the CEBAF accelerator. Therefore we proposed and carried out a series of experiments in the Jefferson Lab IR FEL in order to: a) Attempt to induce the BBU instability, and b) measure beam transfer functions in the recirculation mode. The experiment aimed towards inducing the BBU instability consisted of both changing the optics of the recirculator so that larger beta functions in the cavity locations were obtained, and lowering the injection energy into the linac to 5 MeV and the highest energy to 20 MeV. Under these conditions the predicted threshold was just under 5 mA. However during the execution of the experiment, the beam quality was sufficiently poor that the beam tripped at 3.5 mA and the instability was not observed. 

The second experiment consisted of beam transfer function measurements in the recirculating mode. Although these measurements can be performed at beam currents below the threshold current, yet they lead to clear estimates of the instability threshold. A broadband Beam Position Monitor (BPM) wired oppositely was used to impart transverse momentum to the beam with the modulating frequency of the HOM under study. A network analyzer was driving a broadband amplifier at the proper frequency, sweeping the frequency across the HOM frequency. The signal from the cavities was fed back to the network analyzer’s input port to complete the S21 measurement. Data were recorded by exciting different HOMs at several different cavities, with different associated r/Q and Q values, at two different energies, and several optics settings. The data were fitted to first and second order models and the threshold current for each configuration was derived from the fits. A complete account of the different experimental setups and the corresponding threshold currents is presented in [13]. We found that under the various accelerator configurations the threshold current varied between 7 mA and 32 mA. For the nominal FEL configuration the threshold was between 16 mA and 21 mA. This is to be compared with the theoretical prediction of 27 mA, resulting in agreement at the 40% level or better. The observed dependence of the threshold current on the recirculator optics has not been quantified yet. Further experiments and extension of the analysis tools are planned. 

4. HIGHER ORDER MODE POWER DISSIPATION 

High average current, short bunch length beams in superconducting rf cavities excite HOMs. The power dissipated by the beam in exciting these modes is given by:

PHOM = 2 k|| Q2 fbunch
where k|| is the loss factor of the superconducting rf cavities, a function of bunch length (z, and the factor of 2 accounts for the two beams in the linac (accelerating and decelerating). At high currents, the amount of dissipated power can be quite high. For example, for an average current of 100 mA, bunch charge equal to 0.5nC and k|| =10 V/pC, the HOM power dissipation is approximately equal to 1 kW per cavity. (In contrast, the maximum HOM power dissipated to date in the JLab IR FEL is approximately 6 W per cavity) The interesting question is where this power is going. Most of it is expected to be transferred to loads and be dissipated in room temperature environment. It is, however, important to quantify the fraction of the power that is dissipated in the cavity walls, because it can potentially limit the average and peak current due to finite cryogenic capacity. In superconducting rf environments there exists a mechanism by which HOM power generated by very short bunches can be increasingly dissipated in the cavity walls. From the BCS theory, the surface resistance of Nb increases with the square of the frequency, therefore the power dissipated in the cavity walls increases as the frequency of the electromagnetic radiation increases. A simple model, which provides an estimate of the fraction of HOM power lost in the walls, has been developed [20]. It predicts that  >90% of the HOM power is in frequencies up to approximately 100 GHz, although frequencies up to 600 GHz are excited by the ~psec long bunches. The model predicts that the fraction of power lost in the walls is much smaller than the fundamental power load, as most of the power escapes the cavity via the various cavity openings and can, in principle, be absorbed in locations between cavities and/or cryomodules by cooled absorbers [21]. 

The issue of HOM power is nevertheless an important and potentially limiting one, so experimental measurements of the power dissipation under varying beam parameters was pursued at the JLab IR FEL. The amount of HOM power transferred to the loads was measured and compared with calculations. Temperature diodes were placed on the two HOM loads of a linac cavity and temperature data were recorded for values of the charge per bunch ranging from 0 to 80 pC, in steps of 20 pC and three values of the bunch repetition frequency: 18.7, 37.5 and 75 MHz (each a factor of 2 higher than the previous one).  Figure 3 displays the measured HOM power vs. charge in one of the two HOM loads per cavity, for the three frequencies. The data were fitted to curves of the form aQ2, 2aQ2 and 4aQ2 (to account for the frequency ratios) and the loss factor was derived from the fit. The sum of the loss factors from the two loads is 9.4 V/pC, whereas the calculated loss factor from URMEL is 11 V/pC for 1 ps bunch, implying agreement at the 15% level. At the present time no statement can be made about the amount of power dissipated in the cryogenic environment because no instrumentation was in place to measure it. 

5. DISCUSSION AND CONCLUSIONS 

Based on the information outlined above, we now attempt to extrapolate the prospects for rf stability to higher currents and higher power energy recovering linacs. Thus far, for the 5 mA ERL of the Jefferson Lab IR FEL, the calculated threshold for the transverse BBU instability is 27 mA, the threshold for the beam-loading instability is 27 mA open loop and close to 1 A when the low level rf control feedback is taken into account, and the HOM power dissipation is approximately 6 W per cavity. For the 10 mA ERL of the JLab IR FEL Upgrade, the calculated threshold for the transverse BBU instability is 50 mA provided that the HOMs of the 7-cell cavities are damped to ~105 level. The calculated threshold for the beam-loading instabilities is 27 mA without feedback and again it rises to approximately 1 A with feedback. The calculated HOM power dissipation is 40 W per cavity. For the 100 mA ERL of the Cornell ERL, the calculated threshold of the transverse BBU is approximately 200 mA, the beam-loading instabilities threshold is calculated to 22 mA without feedback rising to approximately 1 A with feedback, and the HOM power dissipation is calculated to be 160 W per cavity. It is clear that design currents begin to approach the limits imposed by stability considerations. So one might ask “What is the maximum average current that can be recirculated and energy recovered?” 

At the present time, it appears that transverse BBU is the limiting rf stability mechanism. However, one could imagine that a focused effort could result in better HOM damping in multi-cell cavities. Furthermore, bunch-by-bunch transverse feedback, similar to the one used in B-Factories, where bunches are separated by 4 nsecs, may be feasible. Both approaches should help raise the stability threshold to a value closer to 0.5 A to 1 A. Of course one must not preclude the possibility that a different, not thought of yet, phenomenon could provide a limit at a lower current. 

In conclusion, rf stability in recirculating, energy recovering linacs is theoretically well understood. The experimental verification of simulation codes and models is being pursued in the JLab IR FEL. Quantitative agreement between codes and experimental data has been demonstrated. Greater capabilities for experimental verification of the models will be offered with the 10 mA JLab IR FEL Upgrade and the 100 mA Cornell ERL Prototype.  

Furthermore, inspired by the Jefferson Lab IR FEL success, energy recovery is emerging as a powerful application of rf superconductivity. An interesting question to ask is how far can one push the limits of energy recovery in the multi-dimensional space of average current, energy, bunch charge, bunch length and other fundamental accelerator and beam parameters. The work described here attempts to address one aspect of this important question. 
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FIGURE CAPTIONS

Figure 1. RF to beam multiplication factor ( as function of beam current, in the limit of perfect energy recovery. 

Figure 2. Complex current eigenvalues as the coherent frequency is swept in real frequency, for the JLab IR FEL calculated using MATBBU. An arbitrarily small imaginary part corresponds to growth. The 7 families of complex current eigenvalues have been determined and the actual threshold current corresponds to the smallest positive real value. 

Figure 3. HOM power measured in one of the two HOM loads of the CEBAF 5-cell cavities vs. bunch charge for 3 different bunch repetition rates.
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437.83197

438.69213

439.54675

440.39575

441.23925

442.07733

442.9099

443.7372

444.5592

445.37585

446.18737

446.9937

447.79492

448.59112

449.38232

450.1685

450.9498

451.72622

452.49777

453.26455

454.02664

454.78405

455.5368

456.28488

457.02844

457.76751

458.502

459.23214

459.9579

460.6792

461.39624

462.109

462.81747

463.52175

464.22186

464.91787

465.6097

466.2976

466.98138

467.66116

468.33703

469.009

469.677

470.34121

471.0016

471.65817

472.31097

472.9601

473.60556

474.24728

474.88543

475.52

476.15093

476.77838

477.40234

478.02273

478.6397

479.25332

479.86352

480.4703

481.07382

481.674

482.27087

482.86453

483.45495

484.04217

484.6262

485.2071

485.78488

486.3595

486.9311

487.49963

488.06512

488.6276

489.18713

489.74374

490.29736

490.8481

491.39596

491.94097

492.4831

493.02243

493.55892

494.0927

494.62371

495.15197

495.67752

496.2004

496.7206

497.23815

497.75308

498.2654

498.77511

499.2823

499.78686

500.28897

500.7885

501.28558

501.7802

502.2723

502.76205

503.24935

503.73425

504.2167

504.69686

505.17462

505.6501

506.12322

506.59405

507.06262

507.5289

507.99295

508.45477

508.91433

509.37176

509.82696

510.28

510.7309

511.17965

511.6263

512.0708

512.51324

512.95355

513.39184

513.82806

514.26226

514.69445

515.12463

515.55285

515.97906

516.40325

516.82556

517.24584

517.6643

518.0809

518.4954

518.90814

519.319

519.728

520.1352

520.54046

520.944

521.34564

521.7455

522.1436

522.5399

522.9345

523.3273

523.7184

524.10766

524.4953

524.8813

525.2655

525.648

526.0289

526.4081

526.78564

527.1616

527.5359

527.90856

528.27966

528.6491

529.017

529.3833

529.74804

530.11126

530.47283

530.833

531.1916

531.54864

531.9042

532.25823

532.6108

532.9619

533.3115

533.6597

534.00634

534.3516

534.6955

535.0379

535.3789

535.71844

536.05664

536.3935

536.7289

537.0629

537.3956

537.7269

538.0569

538.3855

538.7129

539.0388

539.3635

539.6869

540.009

540.3297

540.6492

540.9674

541.28436

541.60003

541.9145

542.22766

542.5396

542.85034

543.1598

543.468

543.77514

544.08105

544.3857

544.68914

544.99145

545.2926

545.5925

545.8913

546.1889

546.4854

546.78076

547.075

547.3681

547.6601

547.9509

548.24066

548.5293

548.81683

549.10333

549.38873

549.673

549.9562

550.23834

550.5195

550.7995

551.07855

551.35644

551.63336

551.9093

552.18414

552.458

552.73083

553.0026

553.2735

553.54333

553.81213

554.08

554.3469

554.6128

554.87774

555.1417

555.4047

555.6668

555.92785

556.18804

556.44726

556.7056

556.96295

557.2194

557.4749

557.72955

557.9833

558.236

558.48803

558.73895

558.98913

559.2383

559.4867

559.73425

559.9808

560.22656

560.4714

560.7154

560.9586

561.2009

561.4424

561.6831

561.92285

562.16186

562.4

562.6374

562.8739

563.10955

563.3445

563.57855

563.8119

564.0444

564.2761

564.50695

564.7371

564.9665

565.19506

565.4228

565.64984

565.8761

566.1016

566.3264

566.55035

566.7736

566.9961

567.2179

567.43884

567.6592

567.8788

568.09753

568.3157

568.533

568.74975

568.96563

569.1809

569.39544

569.6093

569.8224

570.03485

570.2466



fort

		0		0.00E+00

		1		6.0991797

		2		12.092992

		3		17.984144

		4		23.77525

		5		29.468838

		6		35.067352

		7		40.573146

		8		45.988513

		9		51.315662

		10		56.55673

		11		61.71379

		12		66.78883

		13		71.783805

		14		76.7006

		15		81.54102

		16		86.306854

		17		90.999794

		18		95.6215

		19		100.17359

		20		104.657615

		21		109.07511

		22		113.42753

		23		117.716285

		24		121.94279

		25		126.10838

		26		130.21436

		27		134.26201

		28		138.25255

		29		142.1872

		30		146.06711

		31		149.89343

		32		153.66722

		33		157.38962

		34		161.06163

		35		164.68425

		36		168.25851

		37		171.78537

		38		175.26576

		39		178.70056

		40		182.09068

		41		185.43701

		42		188.7404

		43		192.0016

		44		195.2215

		45		198.4008

		46		201.54031

		47		204.64076

		48		207.70291

		49		210.7274

		50		213.71498

		51		216.66628

		52		219.58197

		53		222.46274

		54		225.30908

		55		228.12175

		56		230.90126

		57		233.64827

		58		236.36322

		59		239.04678

		60		241.69945

		61		244.32178

		62		246.91426

		63		249.47737

		64		252.01169

		65		254.51768

		66		256.99572

		67		259.44638

		68		261.8701

		69		264.26724

		70		266.63833

		71		268.98376

		72		271.3039

		73		273.59927

		74		275.8701

		75		278.1169

		76		280.34005

		77		282.53991

		78		284.71676

		79		286.8711

		80		289.0031

		81		291.1133

		82		293.2019

		83		295.2693

		84		297.3158

		85		299.34164

		86		301.34725

		87		303.3329

		88		305.29885

		89		307.24536

		90		309.17282

		91		311.08145

		92		312.97152

		93		314.8433

		94		316.69705

		95		318.5331

		96		320.3516

		97		322.15283

		98		323.93707

		99		325.70455

		100		327.45547

		101		329.19012

		102		330.90866

		103		332.61132

		104		334.29837

		105		335.97

		106		337.62643

		107		339.26782

		108		340.89443

		109		342.50646

		110		344.10406

		111		345.68746

		112		347.25677

		113		348.8123

		114		350.3542

		115		351.88253

		116		353.39758

		117		354.89956

		118		356.38851

		119		357.86471

		120		359.32824

		121		360.77932

		122		362.21813

		123		363.64474

		124		365.05941

		125		366.46215

		126		367.8532

		127		369.23275

		128		370.60086

		129		371.95773

		130		373.30343

		131		374.63818

		132		375.96197

		133		377.2751

		134		378.57763

		135		379.8697

		136		381.15136

		137		382.42288

		138		383.68423

		139		384.93563

		140		386.17715

		141		387.40896

		142		388.63113

		143		389.84371

		144		391.047

		145		392.24093

		146		393.42572

		147		394.60131

		148		395.76797

		149		396.9258

		150		398.07476

		151		399.21514

		152		400.3469

		153		401.47012

		154		402.58505

		155		403.6916

		156		404.79

		157		405.88021

		158		406.96252

		159		408.0368

		160		409.10324

		161		410.16195

		162		411.21295

		163		412.25637

		164		413.29226

		165		414.32077

		166		415.3419

		167		416.35574

		168		417.36236

		169		418.36193

		170		419.35437

		171		420.3399

		172		421.31857

		173		422.2903

		174		423.25537

		175		424.21377

		176		425.16546

		177		426.1107

		178		427.04937

		179		427.9817

		180		428.90768

		181		429.82733

		182		430.74078

		183		431.6481

		184		432.54931

		185		433.44445

		186		434.33367

		187		435.21691

		188		436.0944

		189		436.966

		190		437.83197

		191		438.69213

		192		439.54675

		193		440.39575

		194		441.23925

		195		442.07733

		196		442.9099

		197		443.7372

		198		444.5592

		199		445.37585

		200		446.18737

		201		446.9937

		202		447.79492

		203		448.59112

		204		449.38232

		205		450.1685

		206		450.9498

		207		451.72622

		208		452.49777

		209		453.26455

		210		454.02664

		211		454.78405

		212		455.5368

		213		456.28488

		214		457.02844

		215		457.76751

		216		458.502

		217		459.23214

		218		459.9579

		219		460.6792

		220		461.39624

		221		462.109

		222		462.81747

		223		463.52175

		224		464.22186

		225		464.91787

		226		465.6097

		227		466.2976

		228		466.98138

		229		467.66116

		230		468.33703

		231		469.009

		232		469.677

		233		470.34121

		234		471.0016

		235		471.65817

		236		472.31097

		237		472.9601

		238		473.60556

		239		474.24728

		240		474.88543

		241		475.52

		242		476.15093

		243		476.77838

		244		477.40234

		245		478.02273

		246		478.6397

		247		479.25332

		248		479.86352

		249		480.4703

		250		481.07382

		251		481.674

		252		482.27087

		253		482.86453

		254		483.45495

		255		484.04217

		256		484.6262

		257		485.2071

		258		485.78488

		259		486.3595

		260		486.9311

		261		487.49963

		262		488.06512

		263		488.6276

		264		489.18713

		265		489.74374

		266		490.29736

		267		490.8481

		268		491.39596

		269		491.94097

		270		492.4831

		271		493.02243

		272		493.55892

		273		494.0927

		274		494.62371

		275		495.15197

		276		495.67752

		277		496.2004

		278		496.7206

		279		497.23815

		280		497.75308

		281		498.2654

		282		498.77511

		283		499.2823

		284		499.78686

		285		500.28897

		286		500.7885

		287		501.28558

		288		501.7802

		289		502.2723

		290		502.76205

		291		503.24935

		292		503.73425

		293		504.2167

		294		504.69686

		295		505.17462

		296		505.6501

		297		506.12322

		298		506.59405

		299		507.06262

		300		507.5289

		301		507.99295

		302		508.45477

		303		508.91433

		304		509.37176

		305		509.82696

		306		510.28

		307		510.7309

		308		511.17965

		309		511.6263

		310		512.0708

		311		512.51324

		312		512.95355

		313		513.39184

		314		513.82806

		315		514.26226

		316		514.69445

		317		515.12463

		318		515.55285

		319		515.97906

		320		516.40325

		321		516.82556

		322		517.24584

		323		517.6643

		324		518.0809

		325		518.4954

		326		518.90814

		327		519.319

		328		519.728

		329		520.1352

		330		520.54046

		331		520.944

		332		521.34564

		333		521.7455

		334		522.1436

		335		522.5399

		336		522.9345

		337		523.3273

		338		523.7184

		339		524.10766

		340		524.4953

		341		524.8813

		342		525.2655

		343		525.648

		344		526.0289

		345		526.4081

		346		526.78564

		347		527.1616

		348		527.5359

		349		527.90856

		350		528.27966

		351		528.6491

		352		529.017

		353		529.3833

		354		529.74804

		355		530.11126

		356		530.47283

		357		530.833

		358		531.1916

		359		531.54864

		360		531.9042

		361		532.25823

		362		532.6108

		363		532.9619

		364		533.3115

		365		533.6597

		366		534.00634

		367		534.3516

		368		534.6955

		369		535.0379

		370		535.3789

		371		535.71844

		372		536.05664

		373		536.3935

		374		536.7289

		375		537.0629

		376		537.3956

		377		537.7269

		378		538.0569

		379		538.3855

		380		538.7129

		381		539.0388

		382		539.3635

		383		539.6869

		384		540.009

		385		540.3297

		386		540.6492

		387		540.9674

		388		541.28436

		389		541.60003

		390		541.9145

		391		542.22766

		392		542.5396

		393		542.85034

		394		543.1598

		395		543.468

		396		543.77514

		397		544.08105

		398		544.3857

		399		544.68914

		400		544.99145

		401		545.2926

		402		545.5925

		403		545.8913

		404		546.1889

		405		546.4854

		406		546.78076

		407		547.075

		408		547.3681

		409		547.6601

		410		547.9509

		411		548.24066

		412		548.5293

		413		548.81683

		414		549.10333

		415		549.38873

		416		549.673

		417		549.9562

		418		550.23834

		419		550.5195

		420		550.7995

		421		551.07855

		422		551.35644

		423		551.63336

		424		551.9093

		425		552.18414

		426		552.458

		427		552.73083

		428		553.0026

		429		553.2735

		430		553.54333

		431		553.81213

		432		554.08

		433		554.3469

		434		554.6128

		435		554.87774

		436		555.1417

		437		555.4047

		438		555.6668

		439		555.92785

		440		556.18804

		441		556.44726

		442		556.7056

		443		556.96295

		444		557.2194

		445		557.4749

		446		557.72955

		447		557.9833

		448		558.236

		449		558.48803

		450		558.73895

		451		558.98913

		452		559.2383

		453		559.4867

		454		559.73425

		455		559.9808

		456		560.22656

		457		560.4714

		458		560.7154

		459		560.9586

		460		561.2009

		461		561.4424

		462		561.6831

		463		561.92285

		464		562.16186

		465		562.4

		466		562.6374

		467		562.8739

		468		563.10955

		469		563.3445

		470		563.57855

		471		563.8119

		472		564.0444

		473		564.2761

		474		564.50695

		475		564.7371

		476		564.9665

		477		565.19506

		478		565.4228

		479		565.64984

		480		565.8761

		481		566.1016

		482		566.3264

		483		566.55035

		484		566.7736

		485		566.9961

		486		567.2179

		487		567.43884

		488		567.6592

		489		567.8788

		490		568.09753

		491		568.3157

		492		568.533

		493		568.74975

		494		568.96563

		495		569.1809

		496		569.39544

		497		569.6093

		498		569.8224

		499		570.03485

		500		570.2466






