
TRIUMF UNIVERSITY OF ALBERTA EDMONTON, ALBERTADate 2001/01/08 File No. TRI-DNA-01-1Author GM Stinson Page 1 of 22Subject A design for an AC steering magnet for beam line 2A1. IntroductionIt is proposed to build a target for beam line 2A that would be capable of accepting a 100 �A beam of500 MeV protons. However, the target is designed as an annulus of width 5 mm about a central radius of11.5 mm. Consequently, the incident beam is also required to have that shape.The production of such an annular beam has been discussed in ref 1), although in that note the centralradius of the annulus was approximately 7.5 mm. This annular beam was produced by two AC steeringmagnets operating 90� out of phase and located between the two 15� dipoles on the west leg of beam-line 2A. REVMOC 2) calculations indicated that a horizontal (x) deection of 1.65 mr and a vertical (y)deection of 2.15 mr was required of the primary beam.In order to produce an annular beam of the required diameter, REVMOC calculations indicate that 2.6 mr ofsteering are required in the horizontal plane and 3.6 mr of steering are required in the transverse plane. Thisamount of steering is readily provided by the TRIUMF standard 4-inch steering magnets when operated atDC currents in Amperes numerically equal to the required deections in mr. However, because the steeringmagnets must be operated in an AC mode, the immediate implication is that a laminated magnet must beused|that is, hysteresis and eddy current losses must be considered.This report presents a study of a design that should be suitable for the generation of an annular beam spotat the targets in beam line 2A. It is assumed that the �nal magnet will be constructed from laminations.2. Tests with an existing 4-inch steering magnetThe coil of this magnet has 1000 turns of 0.080-in. square copper conductor and was designed for a maximumcurrent of 5 A DC. Its resistance is given as 6.96 
. POISSON 3) gives the stored energy for one quarterof the magnet of 35.9 Joules/m at an excitation of 5,000 A-t or 143.6 J/m for a complete magnet. Themagnet iron is 6 in. = 0.1524 m long; consequently, its stored energy is estimated to be 21.88 J at fullexcitation. The stored energy S, inductance L, and current I are related byS = L I22 ;and from this the inductance may be estimated asL = 2SI2 = 2(21:88)(5)2 = 1:75 H.Assuming this value for the inductance of the magnet, its inductive reactance at 60 Hz is thenXL = !L = 2�(60)(1:75) = 659:734 
:Thus the impedance of the magnet at 60 Hz isZ = p6:862+ 659:7342 = 659:771 
,that is, the magnet may be considered as a pure inductance.As a check of this calculation, an existing 4-inch steering magnet was connected to a Variac and the voltage



Page 2 of 22 File No. TRI-DNA-01-1across, and current through, the magnet were (rather imprecisely) monitored. At RMS voltages of 110 Vand 51 V the measured RMS currents were 200 mA and 100 mA, respectively. Then, assuming that themagnet may be considered as a resistance of R = 6:96 
 and an inductance L in series, the inductancemay be calculated from Z = V=I with Z = qX2R +X2L. ThusXL = sV 2I2 �X2R = 8><>: p(110=0:2)2� (6:96)2 = 549:956 
;p(51=0:1)2� (6:96)2 = 509:953 
;and with XL = ! L = 376:991L, we have L = 8><>: 1:459 H:1:352 H:These inductance values are approximately 20% lower than that calculated from the stored-energy consid-eration above. Consequently, it is reasonable to assume that the inductance of the existing 4-inch steeringmagnets is of the order of 1.5 H. It is clear that in order to drive an existing steering magnet with a peakcurrent of 4 A, a peak AC voltage of (110p2)(4=p2)=0:2 = 2,200 V would be required.Were such a voltage used, the resistive power loss in the coil would beP = I2RMSR = �Ipeakp2 �2R = 42(6:86)2 = 54:9 W,and the reactive power required at 60 Hz would beQ = XLI2RMS = !LI2RMS = !L �Ipeakp2 �2 = (2�(60)1:5)422 = 4:52 kvar.However, because eddy-current losses are proportional to the thickness of the laminations, a single 6 inchthick `lamination' would be expected to have too large a loss of this type. Consequently, an alternatemagnet design was sought.3. An alternate design for the steering magnetOne way to modify the existing design is to decrease the number of turns in the coil and increase thecurrent supplied to it. A quantity of the 0.162-inch, square conductor that was used for the 4-inch steeringmagnets and mini-quadrupoles of the HEBT is available to construct coils for these new steering magnets.This water-cooled conductor is capable of being driven at a DC current of 100 A. Consequently, a �rstattempt at a redesign was attempted using this conductor.The coil of the existing design was replaced with a coil eight turns wide by six turns high of the 0.162-inchconductor. Operation at 100 A peak thus would produce 4,800 A-t of excitation, thus emulating that of theexisting steering magnets. The proposed conductor is coated with a nominal thickness of 0.011-inch doubleDacron glass (DDG) insulation. Assuming that a single layer of 0.007-inch thick �berglass tape is woundwith a 0.25-inch spacing on the conductor (as with the HEBT steering magnets), the nominal thickness ofthe conductor plus insulation will bednom = Conductor dimension + 2(DDG thickness + Fiberglass thickness)= 0:162 in. + 2(0:011 in. + 0:007 in.) = 0:198 in.Thus, ignoring a ground wrap of 0.028 in., the coil dimension will be approximately 1.60 inches wide by



File No. TRI-DNA-01-1 Page 3 of 221.20 inches high. The pole shape and air gap of the existing design were maintained. The thickness of eachof the to and bottom yokes were increased from 2.75 inc. to 3.00 in. to make them the same thickness asthe outer yokes. Overall outer dimensions were modi�ed to suit the new coil design. A quarter section ofthe new design is shown in �gure 1. Each step on the pole edge is 0.0625 inch deep; the width of the stepclosest to the midplane is 0.50 inch and that of the other step is 1.00 in.A POISSON run was made with this particular design. At an excitation of 4,800 A-t the stored energyfor the quarter section of a magnet 6 inches long was predicted to be 20.897 J. Thus, assuming a peakexcitation current of 100 A, the predicted inductance of the magnet isL = 2SI2 = 2(20:897)(100)2 = 4:179 mH.3.1 Resistive losses of the alternate designThe resistance of a coil may be estimated from the following considerations. We take the minimum bendingradius of the conductor, Rmin, to be approximately four time its nominal dimension. ThusRmin = 0:75 in.We assume a gap G between the coil and the pole and yokes of the magnet and round the pole ends withradii Rpole of Rpole = Rmin � Gto ensure a constant pole-coil gap. Then, at the center of the �rst turn, the radius of bend R1 isR1 = Rmin + dnom=2and that at the center of the nth turn Rn isRn = Rmin + dnom=2 + (n� 1)dnom= Rmin � dnom=2 + ndnom:The pole is square, each side having a (nominal) length of Lpole. Consequently, the lengths of the straightsides of the pole are Lstr = Lpole � 2Rpoleand the length of the nth turn of conductor isln = 4Lstr + 2�Rn:Consequently, the length of a layer of N turns isLN = XNn=1ln = XNn=14Lstr + 2�Rn= XNn=14[Lpole � 2Rpole] + 2�[Rmin � dnom=2 + ndnom]= 2N [2(Lpole � 2Rpole) + �(Rmin � dnom=2 + (N + 1)dnom=2)]:Inserting the following values into this relationRmin = 0.750 in. Lpole = 6.000 in.G = 0.125 in. dnom = 0.200 in.Rpole = 0.625 in. N = 8



Page 4 of 22 File No. TRI-DNA-01-1we �nd the length of an eight-turn layer to beL8 = 2(8)[2(6:000 � 2(0:625)) + �(0:75 � (0:200)=2 + 9(0:200)=2)]= 16[9:50 + �(0:65+ 0:9)]= 16(14:3695) = 229:915 in.We take the length of an eight-turn layer to beL8 = 240 in. = 20 ft.and the length of conductor per coil is estimated to beLcoil = 6L8 = 1,440 in. = 120 ft.The weight of the conductor is given as 0.07473 lb/ft and the resistance at 20�C, R20, is given as421:1�10�6 
/ft. Consequently, we estimateWeight per coil = 9.00 lbR20 per coil = 50.53 m
Allowing a 30�C rise above ambient of the coil we haveRhot = R20C [1 + (Temp. coe�/�C)�T (�C)]= 0:05053[1+ 0:00393(30)]= 0:0565 
 per coil.Then the peak voltage Vpeak required for a peak current Ipeak of 100 A isVpeak = IpeakRhot = 5:65 V/coiland the power dissipated in resistive loss isPres = I2RMSR = 1002(0:0565)2 = 282:5 W/coil.Resistive power loss = 0.285 kW per coil.This power is approximately 60% of that calculated in ref 4) for the power loss in the DRAGON 6-inchsteering magnets. Given that no cooling problem was found in those magnets, it is felt safe to say that nocooling problem should arise with this new design of steering magnets.Ignoring line loss, we then have for the peak resistive power loss of each magnetIpeak = 100.0 AVpeak = 11.3 VPpeak = 0.6 kW3.2 Core laminations and iron lossesIn this section, we follow the treatment of Otter 5) in the calculation of steel quantity, and hysteresis andeddy-current losses. We will also use some of the data given in that report. To set the scene, we quote thefollowing from the leading paragraph of x2 of ref 5).



File No. TRI-DNA-01-1 Page 5 of 22\: : : will be built from an M17 steel, using 26 gauge laminations. In the newer terminologythis would be termed 47F 168. It is a non-grain oriented steel which is commonly used intransformers in which minimum core loss is not the paramount design parameter. It has thelowest core loss for non-oriented grades. Use of an oriented steel would reduce core losses bya factor between 2 and 3 but the thinner laminations would lead to a higher fabrication cost.: : :"The calculations of Otter were made for a dipole that had a peak ux density of 1.25 T in the steel and oneof 1.05 T in the gap. POISSON predictions for the steering magnet considered here indicate a maximumux density of approximately 0.45 T at the pole root and a peak gap �eld of approximately 0.112 T at anexcitation of 4,800 A-t. (However, the average ux density in the steel is closer to 0.15 T.) Because thesevalues for the steering magnet are considerably lower than those for the dipole of ref 5), it is felt that thenon-oriented steel should be used for the laminations.3.2.1 Quantity of steelWe assume that the magnet will be constructed according to the dimensions shown in �gure 1. Withthe further assumption of an allowance for punching of 1.0 inch on all sides, the gross dimensions of alamination would be Width = 2(7.85 in. + 1.0 in.) = 17.7 in.Height = 2(6.8125 in. + 1.0 in.) = 15.625 in.Thus the gross area of a lamination is (17.1 in.)(15.625 in.) = 276.56 in.2. For a magnet length of 6 inchesand a lamination factor of 0.95, the number of laminations of 26 gauge steel (0.47 mm thick) per magnetNl is Nl = (6 in.)(25:4 mm/in.)(0:95)0:47 mm = 308and, at a density of 7.6 gm/cc, the weight of each lamination Wl isWl = (17.7 in.)(2.54 cm/in.)(15.625 in.)(2.54 cm/in.)(0.047 cm)(7.6 gm/cc) = 637.34 gm = 1.405 lb.and the gross weight of steel per magnet W isW = (308 laminations)(1.405 lb./lamination) = 432.8 lb.We take Gross weight of steel per magnet = 435 lb.To calculate the net weight of steel we �nd from �gure 1 that the area of one-quarter of the magnet A4 isA4 = (7.85 in.)(3.00 in.) + (3.8125 in.)(3.00 in.) + (1.625 in.)(3.00 in.)+ (0.0625 in.)(1.00 in.) + (0.0625 in.)(0.50 in.)= 39.956 in.2and the net weight per lamination wl becomeswl = 4(39.956 in.2)(2.54 cm/in.)2(0.047 cm)(7.6 gm/cc) = 368.316 gm = 0.812 lb.Thus we estimate the net weight of steel per magnet to beNet weight of steel per magnet = 250 lb.



Page 6 of 22 File No. TRI-DNA-01-13.2.2 Hysteresis lossesOtter gives the core loss for 26 gauge, M17 steel as 0.193W/lb at a frequency of 60 Hz and 0.475 T. Figure 2shows the POISSON prediction for the �eld distribution in the iron yoke at an excitation of 4,800 A-t. Thereis clearly a variation of ux density throughout the yoke, but a value of 0.475 T is not an unreasonable�gure to take as a nominal peak value. Figure 3 of ref 6) indicates that at that �eld the ratio of hysteresisloss to total loss for this steel is approximately 66%. On this basis we estimate the hysteresis loss to be0.66(0.193 W/lb) = 0.1274 W/lb for 26 gauge M17 steel at 60 Hz and 0.475 T. Thus the total hysteresisloss per magnet under these conditions is estimated to be (0.1274 W/lb)(250 lb) = 31.85 W.Total hysteresis loss per magnet = 35 W.3.2.3 Eddy current lossesFrom the above, the eddy current losses are expected to be approximately 34% of the total losses or0.34(0.193W/lb) = 0.0656W/lb. Thus the total eddy current loss is expected to be (0.0656W/lb)(250 lb)= 16.4 W. We take Total eddy-current loss per magnet = 20 W.3.2.4 AC parametersAssuming that the resistance and inductance values quoted above are correct, then the total resistance oftwo coils in series is Rtot = 2(0.0565 
 = 0.113 
. The inductive reactance of the magnet at 60 Hz isXL = 2�(60 Hz)(4:179�10�3 H) = 1:575 
so that the impedance of the magnet, assuming that it may br treated as a resistance and inductance inseries, is jZj = qR2tot +X2L = q(0:113)2+ (1:575)2 = 1:579 
:Again, under this assumption, it is seen that the magnet may be considered to act almost as a pureinductance. The phase angle � is � = tan�1(XL=Rtot) = 85:896�:The required RMS voltage at a RMS current of IRMS = 100=p2 A = 70.7 A isVRMS = jZjIRMS = (100=p2 A)(1:579 
) = 111:7 V.The RMS voltage drop across the resistive portion of the load isVR;RMS = IRMSRtot = (100=p2 A)(0:113 
) = 8:0 V,and that across the inductive portion of the load isVL;RMS = IRMSXL = (100=p2 A)(1:575 
) = 111:4 V.Thus the active power is P = IRMSVR;RMS = (8:0 V)(70:71 A) = 566 W,the reactive power is Q = IRMSVL;RMS = (70:71 A)(111:4 V) = 7:88 kvar,



File No. TRI-DNA-01-1 Page 7 of 22and the apparent power is S = VRMSIRMS = (111:7 V)(70:71 A) = kVA.The power factor is the cos� = P=S = (0:566 kW)=(7:90 kVA) = 0:072:This low power factor implies an ine�cient transfer of energy to the magnet. The power factor may beimproved by adding capacitance in series or in parallel with the steerer. We consider each of these, althougha capacitance in parallel with the magnet would be the more probable solution.3.2.5 Addition of a series capacitanceThe magnitude of the impedance jZseries j and phase angle �series of a circuit in which a resistance R, aninductance L, and a capacitance Cseries are connected in series are given by 7)jZseriesj = qR2 + (XL �XCseries)2 = qR2 + (!L� 1=!Cseries)2and �series = tan�1 �XL �XCseriesR � = tan�1 �!L� 1=!CseriesR �with XL = !L and XCseries = 1=(!Cseries). Clearly, if XL = XCseries then jZseriesj is minimum and�series = 0|that is, the circuit behaves as a pure resistance. For this to occur at a given (angular)frequency !0 requires !0L = 1=(!0C) or !20LCseries = 1:Thus, for R = 0:113 
, L = 4:18 mH, and a frequency of 60 Hz, the required capacitance isCseries = 1!20L = 1[2�(60)]2(0:00418) = 1; 633 �f.Cseries = 1,633 �f.Thus, with these values of R, L, and Cseries, the power factor is unity and the magnitude of impedance isequal to the resistance of the magnet coils (in this case).3.2.6 Addition of a parallel capacitanceThe magnitude of the impedance jZparaj and phase angle �para of a circuit in which a resistance R and aninductance L in series are paralleled by a capacitance Cpara are given by 7)jZparaj = vuut R2 +X2LR2=X2Cpara + (XL=XCpara � 1)2 = vuut R2 + !20L2!20C2paraR2 + (!20LCpara � 1)2and �para = tan�1 "XL(1�XL=XCpara)� R2=XCparaR # = tan�1 "!0[L(1� !20LCpara)� CparaR2 ]R #For � = 0|or a power factor of unity|we requireXL(1�XL=XCpara) = R2=XCpara or L(1� !20LCpara) = CparaR2



Page 8 of 22 File No. TRI-DNA-01-1so that for our values of R and L we �nd at 60 HzCpara = LR2 + !20L2 = 0:00418(0:113)2+ (2�(60))2(0:00418)2 = 1; 675 �f.Cpara = 1,675 �f.We note that Cpara�Cseries. This should be the case, for with R2�!20L2 (as is the case under discussion)then the above expression for Cpara reduces to that for Cseries.We note in passing that, contrary to the result found for a series RLC circuit, the magnitude of theimpedance is at a maximum when the power factor is unity. That this is so may be found by di�erentiatingjZparaj with respect to Cpara. This is simpli�ed by noting that the dependence on Cpara of jZparaj onlyoccurs in its denominator D = !20C2paraR2 + (!20LCpara � 1)2and so only the derivative of D�1=2 with respect to Cpara need be considered. ThusdD�1=2dCpara = � 12 D�3=2 ddCpara [!20C2paraR2 + (!20LCpara� 1)2]= �D�3=2[!20CparaR2 + !20L(!20LC � 1)]and is zero if Cpara = LR2 + !20L2as was obtained above. With this value of Cpara the magnitude of the impedance is found to bejZparaj = R2 + !20L2R4. Stability of the power supplyThe stability of the power supply must be such that the beam is not allowed to wander outside of thetarget volume. Were this to happen, damage to the target container could occur. To estimate the requiredstability of the power supply several REVMOC runs were made in which the amounts of vertical andhorizontal steering were increased and decreased by 1% and 10%.Figure 3 shows the predicted beam pro�le at the target entrance with maximum vertical (3.6 mr)andhorizontal (2.6 mr) steering applied. It is to be noted that this is not a physical situation; it was run onlyto �nd the amounts of steering necessary to provide an annular beam of the required central radius. Forthis calculation scattering in the stripper foil only was included. The result of a similar calculation thatincludes scattering caused by the 0.005 inch aluminum window located in the beam line downstream of thelast 15� dipole and by the 0.010 inch copper window located in the entrance of the target vessel is shownin �gure 4. The e�ect of these additional scatterers is clear.However, because we are interested in any shifts of the beam centroid caused by power supply instability,the calculations that follow were made considering scattering in the stripper foil only.The procedure used to estimate the centroid shift caused by power supply instability was as follows. AREVMOC run was �rst made with each of the horizontal and vertical steering increased by 10% from theirnominal values. A second run was made with each steering decreased by 10% from nominal values. Twocomparison runs, one with each steering increased to 1% above nominal and one with each steering reducedby 1% from nominal, were also made.



File No. TRI-DNA-01-1 Page 9 of 22Figure 5 shows the predicted shift of the horizontal beam when steering is increased and decreased by 10%of nominal. In this case, the shift of the beam centroid is seen to be approximately 1.2 mm. Figure 6 showsthe centroid shift predicted in the vertical plane for the same variation in vertical steering. Again, a shiftof approximately 1.2 mm is predicted.Figures 7 and 8 show similar data for a variation of �1% from nominal. From these �gures it is di�cultto obtain an estimate of the centroid shifts. Consequently, the upper portions of the predicted curves areplotted in �gures 9 and 10. From these latter �gures, it is seen that a centroid shift of approximately0.12 mm is predicted in each of the horizontal and vertical planes.A centroid shift of 1.2 mm may be acceptable if the target is properly designed. However, one of 0.12 mmis probably acceptable under any circumstances. Further, given that the stability of a power supply isusually quoted at full output and given that operation of these magnets is expected to be at most 70%of full output, we feel that the maximum current variation should be at most 1%. A regulation of 0.5%should be the design goal.5. DiscussionThis note has presented a design for an AC steering magnet that would be suitable for the production ofan annular beam at either of the beam line 2A production targets. The design presented is a modi�cationof that of the existing 4-inch DC steering magnets. New new coils are speci�ed and the overall dimensionsof the magnet have been altered so as to accommodate the new coil.Each of these magnets would be constructed of 308 laminations of 26 gauge M17 steel. Each magnet ispredicted to have a (hot) resistance of 56.5 m
 per coil and an inductance of approximately 4.2 mH.Figure 11 shows a quarter section of the �nal magnet based on the more detailed study given in theappendix. Figure 12 shows the dimensions of a complete magnet. Table 1 summarizes the parameters ofthe magnet.References1. G. M. Stinson, On the production of a hollow beam spot at the beam line 2A target, TRIUMF ReportTRI-DNA-00-2, TRIUMF, June, 2000.2. C. Kost and P. Reeve, REVMOC: A Monte Carlo Beam Transport Program, TRI-DN-82-28, TRIUMF,1982.3. M. T. Menzel and H. K. Stokes, User's Guide for the POISSON/SUPERFISH Group of Codes, LosAlamos National Laboratory Report LA-UR-87-115, January, 1987.4. G. M. Stinson, A simple 6-in. x-y steerer for the DRAGON facility, TRIUMF Report TRI-DNA-98-7,TRIUMF, December, 1998.5. A. J. Otter, A prototype for the booster dipole, TRIUMF Report TRI-DN-89-K18, TRIUMF, February,1989.6. P. Schwandt, Estimation of the speci�c core losses in DC-biased Laminated magnets, TRIUMF ReportTRI-DN-89-K22, TRIUMF, February, 1989.7. Radiotron Designer's Handbook, F. Langford-Smith Ed., Wireless Press, Sydney, Australia (1953), p144�.



Page 10 of 22 File No. TRI-DNA-01-1Table 1Final design parameters of the steering magnetYoke: Length 6.00 in.Width 16.00 in.Height 13.80 in.Lamination thickness (M17, 26 gauge) 0.0185 in.Number of laminations 308Net area/lamination 163.18 in.2Weight/lamination 0.83 lbTotal weight of iron/magnet 256.0 lbCoil: Conductor 0.162 in. squareTurn con�guration 8 wide � 6 highNominal width 1.75 in.Nominal height 1.40 in.Length per coil 122.0 ft.Weight per coil 9.12 lbResistance (hot) per coil 57.43 m
Resistance (hot) per magnet 114.86 m
Cooling: Flow per coil 0.030 USGPMFlow per magnet 0.060 USGPMPower: Maximum current IRMS 70.71 AOperating frequency foper 60 HzTotal resistance per magnet Rtot 0.115 
Stored energy 134.0 J/mStored energy per magnet 20.4 JInductance L at Ipeak 4.08 mHInductive reactance XL at foper 1.538 
Inductive voltage VL;RMS = IRMSXL 108.75 VImpedance jZj = qR2tot +X2L at foper 1.542 
Phase angle � = tan�1(XL=Rtot) 85.73�Maximum voltage VRMS = IRMS jZj 109.04 VActive power P = I2RMSRtot 0.58 kWReactive power Q = IRMSVL;RMS 7.69 kvarApparent power S = VRMSIRMS 7.71 kVAPower factor cos � = P=S 7.52�10�2Series capactiance for cos � = 1 Cseries = 1=(!2L) 1,725 �fParallel capactiance for cos � = 1 Cpara = L=(R2tot + !2L2) 1,715 �f
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Fig. 1. The proposed design for a 4-in., AC steering magnet for beam line 2A.
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Fig. 2. Contour plot of the ux distribution in the yoke of the proposed steering magnet.
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Fig. 5. The e�ect of 10% changes in horizontal steering on the horizontal beam position.

Fig. 6. The e�ect of 10% changes in vertical steering on the vertical beam position.
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Fig. 7. The e�ect of 1% changes in horizontal steering on the horizontal beam position.

Fig. 8. The e�ect of 1% changes in vertical steering on the vertical beam position.
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Fig. 9. The e�ect of 1% changes in horizontal steering on the horizontal beam position.

Fig. 10. The e�ect of 1% changes in vertical steering on the vertical beam position.
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Fig. 11. A quarter section of the proposed design of the �nal magnet.
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Fig. 12. The overall dimensions of the �nal steering magnet.



Page 20 of 22 File No. TRI-DNA-01-1AppendixIn this appendix we present a more detailed calculation of the coil parameters than is presented in themain text.A1. Coil dimensionsThe conductor speci�ed for the coil has the following properties listed in the Anaconda data sheets.Outer dimension 0.1620 in. (square)Inner diameter 0.0900 in. (circular)Copper area 0.01934 in.2Cooling area 0.006362 in.2Weight 0.07473 lb/ftResistance at 20�C 421.1�10�6 
/ftk factor (British units) 0.0622As stated in the main body, the conductor on hand has been coated with a 0.011 inch thickness of doubleDacron glass (DDG) insulation. We also assume an additional thickness of 0.007 inch �berglass tape iswound on the conductor with a 0.25 inch spacing so that the nominal dimension of an insulated conductor,dnom, is dnom = (0:162 in. + 2(0:011 in. + 0:007 in.) = 0:198 in.� 0:20 in.:We also allow an additional 0.010 inch each for keystoning and interturn spacing. Then the width of thecoil is obtained from Wrapped conductor (8�0.20 in.) 1.600 in.Gapping ( 7�0.010 in.) 0.070 in.Ground wrap (4�0.007 in.�2) 0.056 in.Total 1.726 in.The height of the coil is obtained fromWrapped conductor (6�0.20 in.) 1.200 in.Gapping ( 5�0.010 in.) 0.050 in.Keystoning (6�0.010 in.) 0.060 in.Ground wrap (4�0.007 in.�2) 0.056 in.Total 1.366 in.We take Nominal coil width = 1.75 in.Nominal coil height = 1.40 in.In �gure 1 the coil slot is shown as 1.85 inches wide by 1.50 inches high, the height being measured relativeto the main at portion of the pole. Making an allowance of 0.125 inch for coil-yoke insulation leaves1.375 inches for the vertical dimension of the coil. Although this probably is adequate clearance, it issuggested that the depth of the coil slot be increased by 0.125 inch. Thus either the overall magnet wouldbe increased by 0.25 inch or the thicknesses of the top and bottom yokes each be decreased by 0.125 inch.Of these, the latter appears to be the better solution.Similarly, the width of the coil slot|speci�ed in �gure 1 as 1.85 inches|is inadequate to allow insulation0.125 inch thick to be placed between the coil sides and the pole and the yoke. Consequently, the width of



File No. TRI-DNA-01-1 Page 21 of 22the coil slot should be increased to (1.75 inches + 2(0.125 inch)) = 2.00 inches or more. The overall widthof the magnet is then increased by a minimum of 0.300 inch.A2. Copper length per coilThe calculations in x3.1 of this report are only slightly modi�ed by the inclusion of the ground wrapdimension in the overall coil dimension. In e�ect, both Rmin and G are each increased by the thicknessof the ground wrap|0.056 inch. Thus Rmin = 0.806 inch and G = 0.181 inch. When these values areinserted into the expression for the length of an eight-turn layer we �ndL8 = 2(8)[2(6:000 � 2(0:625)) + �(0:806 � (0:200)=2 + 9(0:200)=2)]= 16[9:50 + �(0:706+ 0:9)]= 16(14:5454) = 232:726 in.,an increase of approximately 3 inches above the length previously calculated. A nominal value of L8 =240 in. was used in further calculations to yield a total length of six eight-turn layers of 120 ft. Anadditional allowance of 2 feet should be added to allow for coil leads. Consequently, we now take thelength of conductor per coil to be 122 ft. Then, at a weight of 0.07473 lb/ft, the weight per coil, Wcoil,becomes 9.12 lb. Given a resistance at 20�C of 421:1�10�6 
/ft., the resistance per coil at that temperatureis R20 = 0:05137
, and assuming a 30�C temperature rise, the hot resistance of the coil is Rhot = 0:05743
.Lcoil = 122.0 ft.Wcoil = 9.12 lb.R20 = 51.37 m
Rhot = 57.43 m
Then the peak voltage Vpeak required for a peak current Ipeak of 100 A isVpeak = IpeakRhot = 5:75 Vand the power dissipated in resistive loss isPres = Vpeakp2 Ipeakp2 = 0:288 kW.These values of di�er little from those given in x3.1. We take for each coilIpeak = 100.0 A,Vpeak = 5.75 V,Pres = 0.30 kW.A3. Cooling requirementsIn these calculations we use the British system of units. For a given (resistive) power loss Pres the requiredow rate of coolant is given byv (ft/sec) = 2:19�T (� F)� Power (kW)Cooling area (in.2) = 0:0304167�Pres (kW)Ac (in.2)for �T = 72�F = 40�C. For Ac = 6:362�10�3 in.2 and Pres = 0:30 kW, we havev = 0:0304167 0:30 kW6:362�10�3 in.2 = 1:434 ft/sec.



Page 22 of 22 File No. TRI-DNA-01-1The volume of ow required per coil isVolume/coil = v ftsec � 60 secmin �AH2O(in.2)� 1144 ft2in.2 � 62:4 lbft3 � 110 IGlb � 1:20095 USGIG= 3:1225�v (ft/sec)�AH2O(in.2) USGPM= 3:1225(1:434 ft/sec.)(6:362�10�3 in.2)= 0:0285 USGPM.Volume per coil 0.030 USGPMVolume per magnet 0.060 USGPMA4. Pressure dropThe pressure drop is given by �P = k v1:79 psi/ftwith k a function of the cooling area. In our case, for a conductor with k = 0:0622 and v = 1:434 ft/secwe obtain �P = (0:0622)(1:434)1:79 = 0:1186 psi/ft,and the total pressure drop across one coil is�P = (0:1186 psi/ft)(122 ft) = 14:47 psi/coil.Pressure drop per coil = 14.5 psi.


