SLAC—PUB—7583July 1997PULSE TRANSFORMER R&D FOR NLC KLYSTRON PULSEMODULATOR*M. Akemoto�, S. Gold, A. Krasnykh and R. KoontzStanford Linear Accelerator Center, Stanford University, Stanford CA 94309Abstract We have studied a conventional pulse transformer for the NLC klystron pulsemodulator. The transformer has been analyzed using a simplified lumped circuitmodel. It is found that a fast rise time requires low leakage inductance and lowdistributed capacitance and can be realized by reducing the number of secondaryturns, but it produces larger pulse droop and requires a larger core size. Aftermaking a tradeoff among these parameters carefully, a conventional pulsetransformer with a rise time of 250ns and a pulse droop of 3.6% has been designedand built. The transmission characteristics and pulse time-response were measured.The data were compared with the model. The agreement with the model was goodwhen the measured values were used in the model simulation. The results of thehigh voltage tests using a klystron load are also presented.Presented at the 11th IEEE International Pulsed Power ConferenceBaltimore, Maryland, USAJune 29 - July 2, 1997

* Work supported by Department of Energy contract DE—AC03—76SF00515.� Visiting from KEK, permanent address: 1-1 Oho, Tsukuba-shi, Ibaraki-ken 305 Japan.

2PULSE TRANSFORMER R&D FOR NLC KLYSTRON PULSE MODULATOR*M. Akemoto�, S. Gold, A. Krasnykh and R. KoontzStanford Linear Accelerator Center, Stanford University, Stanford CA 94309Abstract We have studied a conventional pulse transformer for the NLC klystron pulse modulator. Thetransformer has been analyzed using a simplified lumped circuit model. It is found that a fast rise timerequires low leakage inductance and low distributed capacitance and can be realized by reducing the numberof secondary turns, but it produces larger pulse droop and requires a larger core size. After making a tradeoffamong these parameters carefully, a conventional pulse transformer with a rise time of 250ns and a pulsedroop of 3.6% has been designed and built. The transmission characteristics and pulse time-response weremeasured. The data were compared with the model. The agreement with the model was good when themeasured values were used in the model simulation. The results of the high voltage tests using a klystronload are also presented.1. Introduction The klystron pulse modulator for the Next Linear Collider(NLC) is required to produce a 500kV, 530A pulsewidth, 1.5ms flat top to drive a pair of PPM-focused 75MW klystron[1]. The R&D of basic elements, a chargingsupply , a PFN, a thyratron switch tube and a pulse transformer for a prototype NLC modulator is being performedat SLAC[2]. The power efficiency of the modulator is extremely important. The effective output power of the modulator is thepower of the flat-top portion of the high voltage output pulse. Since a pulse transformer is a major contributor tothe waveform, the pulse transformer requires a fast rise time. In order to achieve a rise time that is less than 400ns,we have improved the design of a 14:1 pulse transformer by tradeoffs among the droop, the core size and the risetime. The test transformer has been built, and low and high voltage tests have been performed.2. Analysis of the pulse transformer In this section, we discuss the rise time, core size and pulse droop of a pulse transformer using a lumped circuitmodel. In order to simplify the analysis, we consider a simple geometrical arrangement with rectangular core. Asingle-layer secondary is wound over a one-layer primary and the distance between layers is constant[3].2.1 Equivalent circuit Figure 1 shows an equivalent circuit for the pulse transformer including an ideal turns ratio of 1:n. The LP isprimary inductance, the LS is secondary inductance, the LL is leakage inductance, the CD is distributed capacitance, theLD is distributed leakage inductance. We shall neglect core loss and nonlinearity of the core. These circuit elementscan be calculated from the geometrical constants of the transformer, the dielectric constant of the insulation, and thepermeability of the core material.

Figure 1. Equivalent circuit for the pulse transformer.

* Work supported by Department of Energy contract DE—AC03—76SF00515.� Visiting from KEK, permanent address: 1-1 Oho, Tsukuba-shi, Ibaraki-ken 305 Japan.

32.2 Droop and core size The droop Dr is given by

D r

R kly L s = � t

2

,(1)where Rkly is the klystron impedance, t the pulse width and LS the secondary inductance. The cross-section area of the core A is given by

AVsBNs= tD 1

, (2)where VS is the voltage of secondary, NS the number of secondary turns and DB the total magnetic flux density swingof the core. Thus, the cross-sectional area of the core is inversely proportional to the number of secondary turns. The secondary inductance LS is calculated by

LseANsl= �m m0 2

, (3)where m0 is the permeability of freespace, m e the effectivemagnetic permeability andl the length of the magneticpath. Thus, the droop Dr is given by

DrBRklyeVslNs= �D2 0mm

. (4)The droop is propoportinal to the length of the magnetic path and inversely to proportional to the number ofsecondary turns. From Equation (2) and (4), the core volume Vcore is given by

VcoreAleBPDr= = � �2 0 2m m tD

, (5)where P is the peak power of the output pulse. Thus, the core volume is independent of the number of turns andproportional to the droop and the output pulse power (Pt).2.3 Rise time The rise time tr is determined by

t

r

L

L

C

D � �

. (6)The leakage inductance LLiscalculatedby

LuNsL� � �m 0 2D

, (7)where D is the distance between layers, u the average circumference of the layers and L the winding length.ThedistributedcapacitanceCDiscalculatedby

CDruLn� � -�Ł �łe e0 12D

, (8)

4where e0 is the permittivity of free space, er the dielectric constant of the insulation andn the turns ratio. Therefore,by using u»4�A, we find that the rise time is given by

t

r

V

s

B

N

s n

n

e

D

. (9)It is found that the rise time strongly depends on the number of the secondary turns and is almost independent of theturns ratio.2.4 Tradeoffs From the above analysis, it is found that a fast rise time requires low leakage inductance and low distributedcapacitance and can be realized by reducing the number of secondary turns, but it produces larger pulse droop andrequires a larger core size. Since a droop of several percent can be compensated by making adjustments to the PFN,we can improve the rise time by tradeoffs among the parameters.3. Fabrication of test pulse transformer The conventional pulse transformer has been carefully designed and optimized by model calculations. Thetransformer is an isolation transformer type with two parallel primary basket windings, and with two parallel taperedsecondary basket windings as shown in Figure 2. It has been fabricated by Stangenes Industries, Inc. Parallelprimaries and secondaries are wound on each leg providing bifilar characteristics. The core is made up of 3 smallersubcores strapped together. Each subcore is wound from 0.002-inches thick, silectron grain-oriented silicon steelribbon. Table I and II shows specifications and parameters of the pulse transformer, respectively.

Figure 2. Side view of the pulse transformer.Table I. Specification of the pulse transformerPrimary voltage33.2 kV

Primary current5320 ASecondary voltage465 kVSecondary current380 AOutput impedance1224 WFlat top pulse width1.5 msPulse droop3.6 %Rise time250 nsTurns ratio1:14Pulse repetition rate180 pps

5Table II. Parameters of the pulse transformerParametersunit

Total magnetic flux density swing(DB)T2 . 0

Effective magnetic permeability(me)1 , 5 0 0 Corepackingfactor(Pf)%89Areaofthecore(A/Pf)m 20.0102Distance between layers in the high-voltage sidemm52Distance between layers in the low-voltage sidemm6Mean magnetic-path length(l)m1.04Effective winding length(L)mm260Circumference of the primary layermm550Number of primary turns(NP)turns3Numberofsecondaryturns(NS)turns42

4. Low voltage Tests[4] The low voltage tests of the pulse transformer were performed in air.4.1 Equivalent circuit parameters The primary inductance, secondary inductance, leakage inductance and the distributed capacitance between theprimary and the secondary windings were measured with an LCR meter (BK Precision 875A). In the modelcalculation, the shape of the tapered basket, the distribution of voltage along the windings and the bobbin insulationwere considered. The measured and calculated parameters for the pulse transformer are summarized in Table III. Themeasured and calculated d-c capacitance between the primary and the secondary windings were 210pF and 160pF,respectively. We are investigating the discrepancy between the calculations and the measurements. It should be notedthat the calculated value does not include the inductance of the shorting strap across the primary. If the shorting is200nH, 39.2mH should be subtractedfrom the measuredvalue andin this case, close agreementbetweenmeasuredandcalculatedvaluesisobtained.Table III. Equivalent circuit parameters for the pulse transformer in airItemu n i t ModelcalculatedvalueMeasuredvalue

PrimaryInductance(LP)mH1305 5 . 2

SecondaryInductance(LS)mH2 5 . 4 8 1 0 . 8 1 Distributedcapacitance(CD)p F 2533Leakageinductance(L)mH8 0 . 4 1 2 2 . 2

4.2 Transmission characteristics The transmission characteristics of the pulse transformerweremeasuredwith the network analyzer(HP3577A).The test circuit is shown in Figure 3.

Figure 3. Test circuit.

6 Figure 4 shows the data of the amplitude and phase for the transformer as a function of frequency. A remarkablefeature of the measurement data is a prominent sharp dip at 7.198MHz. This frequency corresponds to 1/2p� LDCD.Using the measured distributed capacitance, we find that the distributed inductance LD is 14.8mH. The broken curve inthis figure shows result simulated by a computer codeMicro-Cap IV using the equivalentcircuit parametersof themeasured values. The simulation gives a good fit to the data,but in the rangeof more than 8MHz the modelis i n disagreementwithdata.

-90-80-70-60-50-40-30101102103104

Amplitude(dB)Frequency(kHz)-200-150-100-50050101102103104

Phase(degree)Frequency(kHz)Figure 4. Amplitude and phase for the pulse transformer as a function of frequency.4.3 Pulse response A square low-voltage pulse signal with a width of 2ms was fedto the primary side, andthe output pulsewaveformwas measuredwith the oscilloscope as shown in Figure 3. The result is shown in Figure 5. The risetime(10-90%) was 190ns. Thus, the rise time in oil is estimatedto be 280ns andalmost satisfies the designvalue.The broken curvein this figure shows simulated result. The simulation gives a goodfit to the data.To fit theovershoot of the waveform, a distributed capacitance of ~50pF is required.

-0.020.000.020.040.060.080.100.120.1401234

Output voltage(V)Time( m s ) Figure 5. Pulse response of the pulse transformer.5. High voltage test The high voltage test of the pulse transformer connected to a 5045 klystron has performed in oil. The transformerwas operated by a conventional line type modulator consisting of three parallel PFNs with 11 sections.5.1 Output pulse waveform The solid line in Figure 6 shows an example of the klystron voltage waveform. An output pulse with a peakvoltage of 405kV and a rise time of 430ns(10-90%) was successfully generated. The PFN was not adjusted to make aflat-top.5.2 Distributed capacitance There are distributed capacitances in between the pulse transformer and the oil tank, and the klystron cathode.They have direct effects upon the rise time. We measured the total distributed capacitance experimentally. Theklystron voltage and current were measured while switching off the klystron heater. From the relation of theintegrated charge and the voltage, the total distributed capacitance was estimated to be ~250pF. The detail of the

7distributed capacitance is shown in Table IV. The broken curve in Figure 6 shows the result simulated by adding thedistributed capacitances into the model circuit. The simulation agrees well with the experimental data. It should benoted that the distributed capacitance for the pulse transformer itself contributes approximately one third to the totaldistributed capacitance.

-500-400-300-200-10001000123

Klystron voltage(kV)Time( m s ) Figure 6. Output pulse waveform at the klystron.Table IV. Detail of the distributed capacitanceItemCapacitance(pF)

Klystron cathode~90

Distributed capacitance for the pulse transformer~73Other~87Total~250

6. Summary For the NLC klystron pulse modulator, we have developed an improved pulse transformer design with a 14 to 1turns ratio by making tradeoffs among the droop, the core size and the rise time, and have built a test transformer tostudy its characteristics. In the low voltage test, the transmission characteristics and pulse time-response weremeasured and the data was compared with the lumped circuit model. The agreement with the model was good whenthe measured values were used in the model simulation. In the high voltage test of the transformer using a klystronload, an output pulse with a peak voltage of 405kV and a rise time of 430ns was successfully generated.Acknowledgments The authors wish to thank George Caryotakis and Ronald Ruth for their support of this project.References [1]The NLC Design Group: �Zeroth-Order Design Report for the Next Linear Collider�, SLAC-474, 1996. [2]R. Koontz, M. Akemoto, S. Gold, A. Krasnykh and Z. Wilson: �NLC Klystron Pulse Modulator R&D atSLAC�, Proc. of the 1997 IEEE Particle Accelerator Conference, 1997. [3]N. G Glasoe and J.V. Lebacqz: �Pulse Generators�, Massachusetts Institude of Technology Radiation LaboratorySeries, vol. 5, McGraw-Hill Book Company, New York, 1948. [4]M. Akemoto, S. Gold and A. Krasnykh: �Analysis of the conventional pulse transformer by a lumped circuitmodel�, to be published.