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The AC lossof a superconductingmagnetcanbe determinedby simultaneouslymeasuringthe
voltageacrossthemagnetandcurrentthroughthemagnetduring arampcycle.Integrationof the
productV*I with respectto time over a closedcurrentcycle yields theenergyloss. Previous
methodsrequireda "bucking" coil which subtractedthe inductive componentof the magnet
voltagebeforethemagnetvoltage andcurrentcouldbe integrated.For thesemeasurements,we
have insteaddigitally integratedthe product*J using high sensitivity digital integrating
voltmeters,eliminating the needfor a "bucking’ coil, and substantiallysimplifying the
measurementsystem.

A measurementrun typically consistsof asetof 10 rampcyclesfor eachramprateto be studied.
Data is not taken until after 3 cycles haveelapsed,so thatpreviouslyinducedmagnetization
currentsareerased.The first set ofmeasurementsperformedwererampratestudiesof theAC
lossfor a unipolarramp.A simple sawtooth-typeramp wasusedwith 5 seconddwellsat I mm
50A or 500 A, and 1mac 5000A. Theserampswere executedfor a seriesof ramp rates,
rangingfrom 30 A/secto 300 A/sec.

A setof bipolar testswerealsoperformedusinga sawtoothrampwith 5 seconddwells at ‘Sn
-5000A, Tmax 5000A, andI = 0 A. Energylossovera cycle wasmeasuredfor ramp rates
in therange60 A/secto 300A/sec.

For theunipolarramp cycle from 500 to 5000A, we conclude that the lpss is essentiallya linear
function of the ramp rate.Theloss due to hysteresisin thesuperconductoris about60 Joules,
while therampratedependenceis found to be about0.220J/A/sec.This rampratedependence
arisesfrom lossesdueto eddycurrentsin thesuperconductingcableandtheiron laminationsof
themagnetyoke, both of which increasewith increasingramp rate.Theseresultsare in good
agreementwith simple calculationsperformedfor the expectedenergy loss of 40mm SSC
dipoles.

For the unipolarramp where‘Sn = 50 A, both thesuperconductorhysteresisand ramp rate
dependencehaveincreasedas a resultof thelargerrangein field strengthfor this cycle.The
superconductorloss has now increasedto 66 Joules,while the ramp ratedependencehas
increasedto about0.260J/A/sec. The rampratedependenceand superconductorlossareboth
expectedto increasewith the increasein field change,andourresultagreeswith this prediction.

The bipolardatashow both largerhysteresislossesand eddy currentlosses,due to thefield
reversalthat occursduring this ramp cycle.Thesuperconductorhysteresisloss haschanged
from about60 J to 188 J, an increaseof aboutafactor of 3. The rampratedependencealsohas
changedto 0.348 J/A/sec.Theseresultsarenot surprising,asone would expectthatbipolar
hysteresislosseswould be greaterthan their unipolarcounterparts,asthe areaenclosedby a
typicalhysteresiscurveand,therefore,theenergyloss associatedwith executingsucha curve
in thebipolarcaseis generallygreaterthantwice thatof the unipolarcase.This is due to the
extraareaof the curvewherethe magnetizatonis non-zeroas theexternalfield crossesthe
vertical axis when polarity is reversed.

Ourpresentmeasurementsensitivity is about5%,and this is expectedto beimproved. In the
future we will measuretheAC lossesof 50mm apertureSSCmodel dipoles,undervarious
unipolar andbipolar ramp conditions,including ramp cycles designedspecifically for the
operationof theHEB of theSSC. Thesefutureresultswill helpestablishdesignguidelinesfor
the HEB, by providing estimatesof theenergylossesassociatedwith bipolaroperation,and,
therefore,therefrigerationrequirementsof theHEll.
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MEASUREMENT TECHNIQUE:

* USE SENSITIVE DVMTs TO SIMULTANEOUSLY MEASURE
VMAG AND io

* DIGITALLY INTEGRATE V*Idt OVER A CLOSED
CURRENT CYCLE

* TRIGGER VOLTMETERS SIMULTANEOUSLY USING
EXTERNAL TRIGGERING; SUPPLY TRIGGER PULSES
USiNG A DIGITAL WAVEFORM GENERATOR

ADVANTAGES :

* DRIFT OF ANALOG INTEGRATOR ELIMINATED

* USE OF "BUCKING COIL" TO BALANCE OUT THE
INDUCTIVE COMPONENT OF V0 NO LONGER NEEDED

-
-- A TIME-CONSUMING AND CRITICAL OPERATION

* SIMPLER MEASUREMENT SYSTEM; FEWER
COMPONENTS





FIRST MEASUREMENT EFFORTS
MAGNET DSA321

GOALS:

* BASIC EVALUATION OF THE MEASUREMENT METHOD

* ONEPOWER SUPPLY VS. 2 POWER SUPPLY OPERATION

* INPUT FILTER FREQUENCY 4, 100, 1000Hz EVALUATION

* 2 DIFFERENT DATA ACQUISITION RATES AND 2
DIFFERENT INTEGRATION TIMES 4.5, 14 Hz; .016, .167 s

* PERFORM SOME MEASUREMENTS AT DC CURRENT,
AND WITH P.S. OFF, TO DETERMINE ANY OFFSET

RESULTS :

* OPERATION WITH SINGLE POWER SUPPLY BEflER;
DUAL POWER SUPPLY OPERATION EXHIBITS "GLITCH"
IN I = ft, WHICH LEADS TO A LARGE SPIKE IN V0

* 4 AND 100 Hz FILTERS ARE BETtER, AS WAS AN
INTEGRATION TIME OF 10 PLC’s 0.167s

* NO NOTICEABLE ENERGY LOSS @ DC



SECOND MEASUREMENT EFFORTS
MAGNET DSO31S

GOALS:

* MEASURE ENERGY LOSS FOR TWO DIFFERENTRAMP
RATES: 100 A/S AND 300 A/S

* AGAIN LOOK AT 2 DIFFERENT INTEGRATION TIMES
0.016 and 0.167s

* AGAIN STUDY EFFECTS OF DIFFERENT DATA
ACQUISITION RATES 4.5, 15, AND 38 Hz

* PERFORM MEASUREMENTS WITH AND WITHOUT THE
INDUCTIVE COMPONENT OF V0 SUBTRACTED OUT
BY USING THE "BUCKING" COIL FOR CERTAIN RUNS

RUN PARAMETERS:

* MOD IFIED SAWTOOTH RAMP FROM 500-5000-500A
5 SECOND DWELLS AT I AND I TO FACILITATE
DATA ANALYSIS

* 100 Hz FILTER USED ON INPUTS, ONE POWERSUPPLY
ONLY

* WAIT 3 COMPLETE CYCLESREFORETAKINGDATA, SO
THAT PREVIOUS MAGNETIZATION EFFECTS ARE
ELIMINATED



RESULTS :

* BEST REPRODUCIBILITY OBTAINED WITH NPLC = 10,
AND Hz

* AEFOR DC RUNS IS SMALL tlJ

* GRAPHICAL ANALYSIS OF IVdt YIELDS A FIGURE-OF
MERTT CRITERION : DISCONTINUffIES IN fVdt RESULT
FROM NOISE IN VMAG AND YIELD AN ADDED FALSE
CONTRIBUTION TO aE

* NO APPARENT BENEFIT TO USING THE "BUCKING" COIL
- AS LONG AS THE CRITERIONDESCRIBEDABOVE IS

FULFILLED, NO DIFFERENCE IN LE

* FLA’llTOPS @ I AND IIMPROVE THE "ROBUSTNESS"
OF THE DATA ANALYSIS ALGORITHM - REDUCED
ERRORS IN DETERMINING THE ENDPOINTS OF AN
INTEGRATION CYCLE

* "REASONABLE" VALUES FOR HYSTERESIS LOSS AND
RAMP RATE DEPENDENCE

THESE PRELIMINARY RESULTS WERE
ENCOURAGING, AND INDICATED
THAT FURTHER STUDY WAS
WARRANTED...
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ENERGY LOSS AS A FUNCTION OF RAMP RATE
Magnet 050315
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THIRD MEASUREMENT EFFORTS
MAGNET DSO31S - AGAIN

GOALS:

* MEASUREMENTS OF AE AS A FUNCTION OF RAMP
RATE dI/dt = 30, 50, 100, 150,200, 250, 300 A/sec
USING OUR "STANDARD" RAMP : 500 - 5000 - 500 A

* MEASUREMENTSWITH I = 6500A REQUIRED
MODIFICATIONS TO PS CONTROLLER

* STUDY EFFECTS OF LOW RESISTANCE TO GROUND AT
VARIOUS POINTS IN THE MEASUREMENT CIRCUIT

* ADDED LOSS MECHANISM - Cu BAR INSERTED IN BORE
OF MAGNET, TO DETERMINE SENSITIVITY AND
ACCURACY

* UNIPOLAR RAMP RATE STUDIESWITH I =50 A,
RATHER THAN 500 A

* BIPOLAR TESTS, USING:

"STANDARD" RAMPS: 0±5000A, VARIOUS RAMP
RATES

SSC "HEB" RAMPS



RESULTS :

* AE vs dI/dt RESULTS LOOK QUITE REASONABLE -

WE GET A HYSTERESIS LOSS OF ABOUT 60 J, AND A
RAMP RATE DEPENDENCEOF ABOUT 0.220J/A/sec

* MEASUREMENTSWITH I = 6500 A ARE REASONABLE
AE = 100 J @ dI/dt = 100 A/s compareto 84 J for "std" ramp
@ dI/dt = 100 A/s

* NO OBSERVED EFFECT WHEN SYSTEM RESISTANCE
TO GROUND IS CHANGED AT VARIOUS POINTS IN THE
CIRCUIT - VARIATION IN LOSS MEASUREMENT IS 5 J,
COMPARABLE TO OURREPRODUCIBILITY

* UNIPOLAR RAMPS WITH 1MN =50 A: SHOWS BOTH
LARGER HYSTERESIS LOSS 66 J AND LARGER RAMP
RATE DEPENDENCE0.260J/A/sec



Energy Loss as a Function of Ramp Rate
Magnet DS0315
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Energy Loss as a Function of Ramp Rate
Magnet DS0315
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* COPPERBAR STUDIES:

- ADDED LOSS SCALES AS CONDUCTIVITY a;

THE POWER DISSIPATED IS GIVEN BY:

P = alñ2w3h/12L Lamm, Haddock

WHERE a = conductivity, L = length of bar,
w = width of bar, h = height of bar,

CALCULATIONS SHOWED THAT ADDED LOSS AT
ROOM TEMPERATURE TO BE BELOW MEASUREMENT
SENSITIVITY

PERFORM MEASUREMENTS AT 77 K, 4.2 K

MEASURED AND EXPECTED ADDED LOSS aE* FOR
OUR "STANDARD" RAMP @ 100 A/sec:

T K p = 1/a AE*cac J AE*MEAS J

300 1.71 E-8 0.4
77 1.4E-9 5 3-4
4.2 3E-10 23 =20

THESE RESULTS ARE QUALITATIVELY IN GOOD
AGREEMENT - WE MUST MEASURE a OF OURBAR
AT 77 K AND 4.2 K TO ACHIEVE A MORE ACCURATE
COMPARISON



Energy Loss as a Function of
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* BIPOLAR STANDARD RAMP : RAMP RATE STUDY WITH
dI/dt = 60, 100, 150, 200, 250, 300 A/sec; SYMMETRIC RAMP
WITH 5 SECOND DWELLS AT I, 1MAX’ AND AT I = 0

DWELL AT I=OIS DICTATED BY BIPOLAR SWITCH
OPERATION

RESULTS:

HYSTERESIS LOSS = 188 J

RAMP RATE DEPENDENCE = 0.35 J/A/sec

QUALITATIVELY, THIS SEEMS REASONABLE

QUANTITATIVELY, WE HAVE NO REAL CALCULATIONS
FOR COMPARISON

* BIPOLAR SSC "HEB" CYCLES:

- STILL TO BE ANALYZED



Energy Loss as a Function of Ramp Rate
Magnet D50315
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FUTURE STUDIES

NEXT LIKELY MAGNET - DS0314 40 mm

* STANDARD UNIPOLAR RAMP RATE STUDY

* STANDARD BIPOLAR RAMP RATE STUDY

* EFFECTS OF DIFFERENT AB

* EFFECTS OF DIFFERENT B0

* COMPARISON WITH ACCURATE CALCULATIONS FOR
LOSS OVER ONE OF OUR "STANDARD" CYCLES, FOR
A SHORT MAGNET

THEN --- THE NEXT 50 mm MAGNET DSA324

* STANDARD UNTPOLAR RAMP RATE STUDY

* STANDARD BIPOLAR RAMP RATE STUDY

* BIPOLAR STUDIES

* COMPARISON WITH CALCULATIONS...
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INTRODUCTION

The objectives of thesestudies were twofold:

* To study the AC lossesof SSCmodel
dipole magnets,under unipolar and bipolar
ramp conditions, and....

* To measurethe magnetic field hainionics,
especiallyB2, under unipolar and bipolar
ramp conditions.

The motivation

* The AC lossesare an important design
consideration for the SSC HEB High Energy
Booster,since the boosterwifi be ramped in
a bipolar AC fashion through many cyclesas
protons and anti-protons are injected into the
main ring. Theselosseswill add measurably
to the steady-staterefrigeraton requirements
of the HEB.



Though the HEB magnets arenot the sameas
the main ring SSC dipoles, they are similar
enoughthat the data would be useful. Also,
the measurementtechnique could be
evaluated.

* The noirnal sextupoleB2 affects the
chromaticity and the tune-shift of the beam
during injection - both of which deplete tune-
space,and can lead to greater beamloss and
emmitance.

Therefore, sinceB2 must be known and
carefully controlled so that the boostercan be
operated in the most efficient manner, it was
importantto measureit under bipolar
operating conditions similar to thosebeing
consideredfor the SSC.



First - a shortAtutorial on AC losses...

There are 4 primarymechanisms that produce
AC losses:

1. Superconductor Hysteresis
Magnetization

2. Eddy Currents in the Cu matrix of the
cable

3. Hysteresis in the iron yoke

4. Eddy currents in other componentsof the
magnetCu wedges,collar laminations,
etc.



Eddy Current Mechanisms :

Mechanisms 2,3, and 4 are "normal" - i.e.,
they are treated in most texts on E&M, and the
fundamental explanation for 2 and 4 is basically
that of:

Faraday’slaw of Induction:

@.di -db/dt = -d/dtdA = y

This induced voltage leads to currents, called
"eddy" currents, in the conductive components
of the magnet that are linked by the change in
flux as the field is ramped up/down.

Just like any other current flowing in a resistive
medium, dy currents dissipate energy heat
through Joule heating:

V T TZR
Cti- - . -.



The powerjjjp4ion can be written as:
Lamm, Haddock

P = cy E geometrical factors

where a is the conductivity of the
conductor carryingthe eddy
currents

is the rate of changeof the
magnetic field

and the geometric factors describe the mutual
inductance flux linkage between field
producing conductors and various magnet
components.

The dissipated energ is simply the power
integrated with respect to timeover a closed
cyci.

13 Dt0fl lAct

c Ug1nta

Ag cSABsetm rAt?



Iron Magnetization S

_______________________________________

S

The other "normal" energy loss mechanism3
is the magnetization loss, or hysteresisloss, in
the iron yoke...

The energy dissipated per unit volume over a
closedcycle through iron hysteresisis given by:

w = 5fl.dE with = applied field
and B = magnetic induction

This energy dissipation arises from the j
ordeing of magnetic domains
aligned spin -

the favored

regions of
domains with spin oriented in

direction will grow, while
oppositely oriented domains will decreasein
size.

Law applied field: ljeyersj process, no
energy loss

£t- C&t$e 0

B

‘4



illh field: Irreversible process - motion of
domain walls may be hindered by
crystal defectsor impurities:
energybather to be overcomein
increasing domain size,and in
returning to un-magnetizedstate.

Also - at very high field, domain
rçtati takesplace - domain
structure difficult to re-form.
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Superconductor Hysteresis

Recall the critical-State model .

S

Screeningcurrents flow in a superconductor, t
.the tical current density_J. in order to
exclude the external field. The current density
does not chpge in responseto changesin the
external field - only the current _densijy
distribution changes!

One-dimensionalmodel:

0
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Effect of c1rngin translaortcurrent.:

Changes in the transport current flowing in a
superconductor lead to additional lossescalled
self-field losses.They are due to the added flux

from the clnging field produced by
cges in the transport current flowing in the
conductor itself. The re-distribution of

currents or superconducting eddy
currents, in responseto changes in transport
current, inyQiltiLux motion - which again
dissipatesenergy.
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The situation is further complicated by
coupling between filaments in a strand, and
betweenstrandsin a cable:

* çppjjg betweenfilaments affects the
screeningcurrent distribution

* Eddy currents flow lathe resistive Cu matrix
of strands, adding to losses

In general, the lossesare difficult to calculate,
due to the various interactions betweenthe loss
mechanisms, and the components of the
magnet.

Summarizing:

Cable: SC Hysteresisloss
Filamentary coupling
Eddy currents in Cu

Ljtrninatins: Eddy currents in collar and
yoke
Magnetization hysteresisin
iron yoke

çu wedges: Eddy currents



AC LOSS MEASUREMENTS

MEASUREMENT TECHNIQUE:

* USE SENSITWE DVMs TO SIMULTANEOUSLY MEASURE

2 ANI

* DIGITALLY INTEIRATE V*1dt OVERA CLOSED
CURRENTCYCLE

* TRIGGER VOLTMETERS SIMULTANEOUSLY USING
EXTERNAL TRIGGERiNG; SUPPLYTRIGGERPULSES
USING A DIGITAL WAVEFORM GENERATOR

ADVANTAGES :

* DRiFT OF ANALOG iNTEGRATOR13IJM1NATED

* USE OF "BUCKING COIL" TO BALANCE OUTTHE
INDUCTiVE COMPONENTOF V6 NJ LONGER NEEDED

A TIME-CONSUMING AND CRiTICAL OPERATION

* SIMPLER MEASUREMENT SYSTEM; FEWER
COMPONENTS



Bipolar

‘JI, tCinrr



FIRST MEASUREMENT EFFORTS
MAGNET DSA321

GOALS:

* BASIC EVALUATION OF THE MEASUREMENTMETHOD

* ONE POWERSUPPLY VS. 2 POWER SUPPLY OPERATION

*.INPJJflJLTERFREQUENCY 4,100,1000HzEVALUATIOt<

* 2 DIFFERENTDATA ACQUISITION RATES AND 2
DIFFERENT INTEGRATION TiMES 4.5, 14 Hz; .016, .167 s

* PERFORM SOMEMEASUREMENTSAT DC CURRENT,
AND WITH P.S. OFF, TO DETERMINE ANY OFFSET

RESULTS :

* OPERATION WITH SINGLE POWERSUPPLY BETIER
DUAL POWERSUPPLY OPERATION EXHIBITS "GLITCH"
IN I = ft, WHICH LEADS TO A LARGE SPIKE IN VMAG

* 4 AND 100 Hz FILTERS ARE BPflP.R, AS WAS AN
INTEGRATION TiME OF 10 PLC’s 0.167s

* Q NOTICEABLE ENERGY LOSS@ DQ



SECOND MEASUREMENT EFFORTS
MAGNET DSO31S

GOALS:

* MEASURE ENERGYLOSSFORTWO DIFFERENTRAMJ
RATE: 100A/SAND300A/S

* AGAIN LOOK AT a DIFFERENTjNTEGRATION TIMES
0.016and0.167s

* AGAIN STUDY EFFECTS OF DIFFERENI-A]1&
ACQUISITION RATES 4.5, 15, AND 38 Hz

* PERFORMMEASUREMENTSWITH AND WITHOUT THE
INDUCTIVE COMPONENTOF VMAG SUBTRACTED OUT
BY USING THE "BUCKING" COL FOR CERTAIN RUNS

RUN PARAMETERS:

* tv[ODIFIED SAWTOOTHRAMP FROM 500 - 5000 - 500 A
5 SECONDDWELLS AT I AND I TO FACILITATE
DATA ANALYSIS

* WQ Hz FILTER USED ON INPUTS, ONE POWERSUPPLY
ONLY

* WAlT 3 COMPLETE CYCLES BEFORETAKING DATA, SO
THAT PREVIOUSMACThTETIZATIONEFFECTS ARE



RESULTS:

* BEST REPRODUCIBILIfl OBTAINED WITH NPLC = 10,
ANT 4=4.5 Hz

*AEFORDC RUNS IS SMALL = 1 J

* GRAPHICAL ANALYSIS OF JVdt YIELDS A FIGURE-OF-
MERIT CRiTERION: DISCON’IINUITIES IN fVdt RESULT
FROM NOISE IN V0 AND YIELD AN ADDED FALSE
CONTRIBUTION TO aE

* N& APPARENTBENEFFI’ TO USING THE "BUCKING" COIL
- AS LONG AS THE CRITERIONDESCRIBED ABOVE IS

* FULFILLED, NO DIFFERENCE IN zE

* FLATI’OPS @ I AND I iMPROVE THE "ROB USTNES’
OF THE DATA ANALYSTS ALGflRITHM - REDUCED
ERRORS IN DETERMINING THE ENDPOINTSOF AN
INTEGRATION CYCLE

* "REASONABLE" VALUES FOR HYSTERESIS LOSS AND
RAMP RATE DEPENDENCE

THESE PRELIMINARY RESULTS WERE
ENCOURAGING, AND INDICATED
THAT FURTHER STUDY WAS
WARRANTED...
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ENERGY LOSS AS A FUNCTION OF RAMP RATE
Magnet DS0315
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THIRD MEASUREMENT EFFORTS
MAGNET DSO31S - AGAIN

GOALS:

* MEASUREMENTSOF bE AS A FUNCTION OF RAMP
RATh dlJdt = 30, 50, 100, 150, 200, 250, 300 A/sec
USING OUR "S1&NDA$.p" RAM? : 500 - 5000 - 500 A

* MEASUREMENTS WiTH = 6500A REQUiRED
MODIFICATIONS TO PS CONTROLLER

* STUDY EFFECTS OF LOW RESISTANCE TO GROUND AT
VARIOUS POINTS IN THE MEASUREMENT CIRCUIT

* ADDED LOSS MFCHAMSM - Cu BAR INSERTED IN BORE
OF MAGNET, TO DETERMINE SENSITIVITY AND
ACCURACY

* UNWOLAR RAMPJATE STUDIES WITH I =50 A,
RATHER THAN 500 A

* BIPOLAR TESTS,USING:

"flAMARD" RAMPS: 0±5000A, VARIOUS RAMP
RATES

SSC "HEB" RAMPS



RESULTS:

* àE vs dT/dt RESULTS LOOK OUITE REASONABLE -

WE GET A HYSTPRESTSLOSS OF ABOUT 601, AND A
RAMP.RATPDEPEN1TPNCP.OF ABOUT O.22QJ/A/sec

* MEASUREMENTSWITH I =6500A ARE REASONABLE
aE= 1OftJ@ dI/dt = 100 A/ compareto j4 J for "std" ramp
@ dI/dt= 100A/s

* MO OBSERVED EFFECT WHEN SYSTEM RESISTANCE
TO GROUND IS CHANGED AT VARIOUS POINTS IN THE
CiRCUIT - VARIATION IN LOSS MEASUREMENT IS 5 J,
QMPARABLE TO OURREPRODUCIBILITY

* UNIPOLAR RAMPS WiTH I =50 A: SHOWS BOTH
JJ,ARGER HYSTERF.STS T flSS 66 J AND LARGER RAMP
RATE DEPENDENCE0.260J/A/sec
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Energy Loss as a Function of Ramp Rate
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* COPPERBAR STUDIES:

- ADDED LOSS SCALES AS CONDUCTIVITY a

THE POWER DISSIPATED IS GIVEN BY:

I P = aE2w3h/12L Lamm, Haddock

WHERE a = conductivity, L = length of bar,
w = width of bar, h = height of bar,

CALCULATIONS SHOWED THAT ADDED LOSS AT
ROOM TEMPERATURETO BE BELOW MEASI JREMENJ
gNSn’IvrrY

* PERFORMMEASUREMENTSAT 77 K, 4.2 K $

MEASURED AND EXPECTEDADDED LOSS AE* FOR
OUR "STANDARD" RAMP @ 100 A/sec:

T K p = 1/a AE*CALC J aE*AS J

300 1.71 E-8 0.4
C2NE9 2.3z-9X 3.0 t3-4

4.2 SE4Q 3.1 -‘/O 2.2.3 20

p NEws Fisu / -‘ nEnodce.D V4LUFs

THESERESULTSARE QUAUTATIVELY IN GOOD
> AGREEMENT - WE MUST MEASURE a OF OUR BAR

AT 77 K AND 4.2 K TO ACHIEVE A MORE ACCURATE
COMPARISON
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* BIPOLAR STANDARD RAMP: RAMP RATE STUDY WITH
dI/dt = 60, 100, 150, 200, 250, 300 A/sec; SYMMETRIC RAMP
WITH 5 SECOND DWELLS AT I, I, AND AT I = 0

DWELL AT I=OIS DICTATED BY BIPOLAR SWITCH
OPERATION

RESULTS:

HYSTERESISLOSS = 188 J

RAMP RATE DEPENDENCE = 0.35 J/A/sec

QUALITATIVELY, THIS SEEMS REASONABLE

* QUANTITATIVELY, WE HAVE NO REAL CALCULATIONS
FORCOMPARISON - - - -

* BFOLAR SSC "HEB" CYCLES : RAMP IS A COMPLEX BI
POLAR RAMP SUPPLIEDBY SSCL, BEING CONSiDERED
FOR USE IN THE HEB... CURRENTRANGE IS -i-I- 6400 A,
WITH FLATI’OPS AT ‘mm i’d’TD ‘max AND AT 10.

WE MEASURED AC LOSS AS A FUNCTION FO RAMP RATE
FOR dlJdt = 90, 113, 170, 226, 283, AND 339 A/sec.

RESULTS:

HYSTERESIS LOSS: 212 J
$

RAMP RATE DEPENDANCE: 0.563 J/A/sec

- it’ C - 52 a /,

‘. zL!=L ""*LF ,‘Vj c.t’s
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Energy Loss as a Function of Ramp Rate
Magnet DS0315
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Now - ON 7D.4..

HARMONICS MEASUREMENTS:

THE MAGNETIC FIELD CAN BE DESCRIBED AS AN
INFINHE SERIESOF "MUL’IIPOLES"

ByiBx ZB11-iAx+iy/r0’ forn=0>oo

where A11 andBn are the skewandnormalcoefficients,and
r0 is the referenceradius, chosenas 1cm for SSC dipoles.

The x and y directions arechosenso that A0 is zero for I 0
and B0 is +ve for I = +ve.

MAGNETIC FIELD HARMONICS MEASUREMENTS
WERE PERFORMPO ONMAGNET nStY 1 S USING OUR
"STANDARD" UNIPOLARAND BIPOLAR RAMPS...

1. I = 500A ---> S000A ---> 500A,

2. I=50A--->5000A--->50A,and

3. I=OA--->5000A--->OA--->-5000A--->OA

at dI/dt = 100 A/sec.

FIELD HARMONICS WERE MEASURED USING THE
STANDARD LAB2 MAGNETOMETER - 6Hz ROTATING
MORGAN COIL, V/F CONVERTERS,ETC....



RESULTS:

THE ORIGIN OF JIYSTERESIS IN THE MAGNETIC
MULTIP01ES IS THE HYSTERESIS IN THE
SUPERCONDUCTOR--- iT IS MOST EASILY OBSERVED
IN THE NORMAL SEXTUPOLE .

FROM THE PLOTSOF B9 AS A FUNCTION OF CURRENT,
WE FIND:

1. THE SEXTUPOLE SHOWS INVERSION SYMMETRY,
i.e.,

_s9 :132 -I

2. UNIPOLAR B12QIRVESLIE ON TOP OF BIPOLAR B7
CURVE - NO APPARENTDEVIATION IN B2 AS A
FUNCTION OF RAMP RANGE, TYPE.

SO... NO REAL SURPRISESHERE.

Nvrr W9 IEfl’J P30&p,4L;tero

0 1:0
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NORMAL SEXTUPOLE GAUSS DSO3150EAO12B
PROBE IL MEASURED 10-APR-91 11:00:56
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NORMAL SEXTUPOLE GAUSS D503150EA013
PROBE 11 MEASURED 10-APR-91 12:36:58
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CONCLUSIONS:

L SS MEASUREMENT TECHNI UE SEEMS
.REASONABLE - GET GOOD AGREEMENT BETWEE
EXPECTED RESULTS AND MEASUREMENTS, WHERE
CALCULATIONS EXIST.

SIGNAL INTEGRITY IS OF PRIME IMPORTANCE IN
ENSURINGVALTDTREIRO15TJC1BLERESULTS.

BIPOLARjSQSSES ARE GREATER THAN UNIPOLAR
LO$St AS EXPECTED, BOTH THE SC AND IRON
HYSTERESIS AND THE EDDY CURRENT LOSSES ARE
GREATERUNDER BIPOLAR OPERATION.

THE FIELD HARMONICS OBEY INVERSIOIj
J1MMEflY, i.e, B11 I = - B11 -1, AS EXPECTED.

FUTURE STUDIES:

UNIPOLAR ANt BIPOLAR LOSS STUDIES ON 50mm
SHORT MAGNETS DSA324, DSA326..., USING OUR
"STANDARD" CYCLFSTAND SSCHEB CYCLES.

COMPARISON W/ CALCULATIONS...

J%4EASUREMENT SYSTEM IMPROVEMENTS DATA
RATE, SOFTWARE, SIGNAL FiLTERING...

AND IN A RELATED VEIN... .STUDIES OF B2t AFTER
BIPOLAR CYCLES?

Pncvrarr. a
Bto41 p. - t.re ecaloc.a
13jo UPD... ffj



Power Dissipation as a Function of Ramp Rate

* Unipolar Ramp

s Bipolar Ramp

MagnetDS0315

* Unipolar Ramp 50 - 5000

Unipolar slope: 2.48 E-5
- -

- Bipolar slope:
-. -‘

- Unipolar slope50 -5000 : 2.76 E-5
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Power Dissipation as a Function
MagnetDS0315
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