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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 harmonics,
especiallyB2, under unipolar and bipolar
ramp conditions.

The motivation

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



Though the HEB magnetsarenot the sameas
the main ring SSCdipoles, they are similar
enoughthat the data would be useful. Also,
the measurementtechnique could be
evaluated.

* The normalsextupoleB2 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 booster can be
operated in the most efficient manner, it was
importantto measureit under bipolar
operating conditions similar to thosebeing
consideredfor the SSC.
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First - a shortAtutorial on AC losses...

There are4 primary mechanismsthat produce
AC losses:

1. Superconductor Hysteresis
Magnetization

2. Eddy Currents in the Cu matrix of the
cable

* 3. flvsteyesisin the iron yoke

4. Eddy currents in other componentsof the
magnet Cu 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’s law of Induction:
-C--- -

#E.di -dc1/dt = -d/dtdA = v

* 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:
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The power clissipatioiicanbe written as:
Lamm, Haddock

p = a & geometrical factors

where a is the conductivity of the
conductor carrying the eddy
currents

B 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 4jssipated energ is simply the power
integrated with resiit ime over a closed
S
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Iron Magnetization :

The other "noiinal" 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:

l.a a
w = H.dB with = applied field

and B = magnetic mduction

* This energy dissipation arises from the j
ordering of magnetic domains. regions of
aligned spin - domains with spin oriented in
the favored direction will grow, while
oppositely oriented domains will decreasein
size.

Low applied field: Rnersie process,no
energy loss

B
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High field: Irreversibleprocess- motion of
domainwalls maybe hinderedby
crystaldefectsor impurities:
çnergybatherto be overcomein
increasingdomainsize,andin
returningto un-magnetizedstate.

Also - atveryitigh field, domain
rtaii takesplace- domain
structuredifficult to re-foim.

/i

S

MCDEQ1T2 62
a
Sd

b . ‘

.t
.-! --t

4

-fl

I.-,-.* . *. -*-

Lri’ 4tjq C

d
‘¼

/

-

-A

Nc Fz!2



SuperconductorHysteresis

Recall the Criticl-Statemodel

Screeningcurrentsflow in a superconductor,at
the critical current densityJ,, in order to
excludethe externalfield. The currentdensity
d®s not chpgein responseto changesin the
external field - only the currentdenAiy
distributionchanges!

One-dimensionalmodel
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Effectof chanjingtransportcurreQ:

Changesin the transportcurrent flowing in a
superconductorlead to additional lossescalled
self-field losses.They aredueto the addedflux
ps1snJpmthe changingfield producedby
changesin the transportcurrentflowing in the
conductor itself. The re-distribution of
snhg currents or superconductingeddy
currents,in responseto changesin transport
current, involve flujc..jiiotion - which again
dissipatesenergy.
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The situation is further complicated by
coupling betweenfilaments in a strand, and
betweenstrandsin a cable:

* Copling betweenfilamentsaffectsthe
screeningcurrentdistribution

* Eddycurrentsflow latheresistiveCu matrix
of strands,addingto losses

In general,the lossesare difficult to calculate,
due to the variousinteractionsbetweenthe loss
mechanisms,and the componentsof the
magnet.

Summarizing:

C.iiile: SCHysteresisloss
Filamentarycoupling
Eddycurrentsin Cu

Ljrninati.or’s: Eddy currentsin collar and
yoke
Magnetizationhysteresisin
iron yoke

cu wedges Eddycurrents



AC LOSS MEASUREMENTS

MEASUREMENT TECHNIQUE:

* USESENSITIVEDVMIS TO SIMULTANEOUSLY MEASURE
VMAO AND ‘MACI

* DIGITALLY JINTEGRATEV*Idt OVER A CLOSED
CURRENT CYCLE - -

* TRIGGERVOLTMETERS SIMULTANEOUSLY USING
EXTERNAL TRIGGERING;SUPPLYTRIGGEkPULSES
USING A DIGITAL WAVEFORM GENERATOR

ADVANTAGES :

* DRIfl OF ANALOG INTEGRATOR LIMINATED

* USEOF "BUCKiNG COIL" TO BALANCE OUT THE
II’IDUCTWE COMPONENTOFV0 N4 LONGERNEEDED

A TIME-CONSUMING AND CRITICAL OPERATION

* SJMPL.RMEASUREMENTSYSTEM; FEWER
COMPONENTS
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FIRST MEASUREMENT EFFORTS
MAGNET DSA321

GOALS:

* BASIC EVALUATION OF ThE MEASUREMENTMETHOD

* ONE POWERSUPPLYVS. POWER SUPPLYOPERATION

* INPUT FILTER FREQUENCY4,100,1000 Hz EVALUATIO?<

* 2 DIFFERENTDATA ACQUISITION RATE$ AND 2
DIFFERENT INTEGRATION TIMES 4.5, 14 Hz; .016, .167 s

* PERFORMSOME MEASUREMENTSAT DC CURRENT,
AND WITH P.S. OFF,TO DETERMINE ANY OFFSET

RESULTS :

* OPERATIONWITH SINGLE POWERSUPPLYBElIER
DUAL POWERSUPPLYOPERATIONEXH1BITS "GLITCH"
IN I = ft, WHICH LEADS TO A LARGE SPIKEIN VMAG

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

* NQ NOTICEABLE ENERGYLOSSa



SECOND MEASUREMENT EFFORTS
MAGNET DSO31S

GOALS:

* MEASUREENERGYLOSS FORTWO DIFFERENTMM?
RAJfES 100 A/S AND 300 A/S

* AGAIN LOOK AT aDIFFERENT LWEGRATION TIMES
0.016and0.167 s

* AGAIN STUDY EFFECTSOF DIFFERENIQAI&
ACQUISiTION RATES 4.5,15,AND 38 Hz

* PERFORMMEASUREMENTSWITH AN] WITt-TOUT THE
INDUCTIVE COMPONENTOF VMAG SUBTRACTED OUT
BY USING THE "gUCKING" COLFORCERTAiN RUNS

RUN PARAMETERS:

* MODIFIED SAWTOOThRAMP FROM 500-5000-500 A
ECOND DWELLS AT I AND I TO FACILITATE

DATA ANALYSIS

* IQQ Hz FILTER USED ON INPUTS, ONE POWERSUPPLY
ONLY -

* WAIT3 COMPLETE CYCLES BEFORETAKING DATA, SO
THAT PREVJOJJSJ%6AGI{]3TI7AT[ON EFFECTSARE



RESULTS:

* ST REPRODUCIBIL1TOBTAINED WITH NPLC = 10,
AND= 4.5

*aEFORDCRUNSISSMALL = 1J

* GRAPHICAL ANALYSIS OF JVdt Y1FI 15 -A FIGURE-OF-
MERiT CRITERION : DISCON’IiNIJITIES IN 1Vd RESULT
FROMNOISEIN VMAG AND YIELD AN ADDED FALSE
CONTRIBUTION TO tIE

* NO APPARENTRENEw’ TO USING THE "BUCKING" COIL
- AS LONG AS THE CRITERIONDESCRIBEDABOVE IS

* FULFILLED, NO DIFFERENCEIN zIE

* FLATI’OPS @ I AN I IMPROVE THE "ROBUSTNESS’
QF THEDATA ANALYSTS AT flORITHM - REDUCED
ERRORSIN DETERMINING THE ENDPOINTSOF AN
INTEGRATION CYCLE

* "REASONABLE" VALUES FORHYSTERESISLOSS 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 tIE AS A FUNCTION OF RAMP
RATPL dI/dt = 30, 50, 100, 150, 200, 250, 300 A/sec
USING OUR "STANDARD" RAMg: 500 - 5000 - 500 A

* MEASUREMENTSWiTH IMAX = 65 A REQUIRED
MODIFICATIONS TO PSCONTROLLER

* STUDY EFFECTSOF LOW RESISTANCETO GROUNDAT
VARIOUS POINTS IN THE MEASUREMENT CIRCUIT

* ADDED LOSS MTCHAMSM - Cij BAR iNSERTEDIN BORE
OF MAGNET, TO DETERMINE SENSITIVITY AND
ACCURACY

* UNIPOLAR RAMP RATI STUDiESWITH I =50 A,
RATHER THAN 510 A

* BiPOLAR TESTS,USING:

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

SSC "HEB" RAMPS



RESULTS :

* aE s’ dT/dt RESULTSLOOK OUITE REASONABLE -

WE GET A HYSTERESISLOSSOF ABOUT 60 .j, AND A
RAMP RATE DEPENDENCEOF ABOUT 0.220J/A/sec

* MEASUREMENTSWiTH I = 6500A ARE REASONABLE
AR = 10[IJQI dI/dt = 100 A/ compareto 4Jfor "std" ramp
@ dI/dt= 100A/s

* rIO OBSERVEDPH-442TWHEN SYSTEM RESISTANCE
TO GROUND IS CHANGED AT VARIOUS POINTS IN THE
CIRCUIT - VARIATION IN LOSSMEASUREMENT IS 5 J,
COMPARABLE TO OUR REPRODUCIBILiTY

*
. UNIPOLAR RAMPS WITH I =50 A : SHOWSBOTH

IJARGERHYSTERESIST flSS 66 J AND LARGER RAMP
RATE DEPENDENCE0.260J/A/sec



Energy Loss as a Function
Magnet D50315
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Energy Loss as a Function of Ramp Rate
Magnet DS0315
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* COPPER BAR STIJDIfl:

-ADDED LOSS SCALES AS CONDUCTIVITY a

THE POWERDISSIPATED IS GIVEN BY:

P = aE2w3h/12L

I WHERE a = conductivity,
w = width of bar,

Lamm, Haddock

L = lengthof bar,
h = heightof bar,

CALCULATIONS SHOWEDTHAT ADDED LOSS AT
ROOM TEMPERATURETO BE BELOW MEAST FREMENJ
SJNSfI’IVUI’Y

PERFORMMEASUREMENTSAT 77 K, 4.2 K

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

p=1/a AE*CALC J AR J

300
77
4.2

EW5

1.71 E-8

Si 6-Jo

0.4

w
3.0

2.2.2

TK

c

=0
3-4

=20
c4E 23z -q

F

_________

THESERESULTSARE QUAUTATIVELY IN GOOD
AGREEMENT - WE MUST MEASURE a OF OUR BAR
AT 77 K AND 4.2K TO ACHiEVE A MORE ACCURATE
COMPARISON



Energy Loss as a Function of Ramp Rate
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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 1=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
FORCOMPARISON - - - - -- - -

* BIPOLAR SSC"HEB" CYCLES : RAMP IS A COMPLEX BI
POLAR RAMP SUPPLIED BY SSCL, BEING CONSIDERED
FOR USE IN THE HEB... CURRENTRANGE IS +1- 6400 A,
W1TH FLATI’OPS AT 1min AND rnn AND AT 1= 0.

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

RESULTS:

HYSTERESIS LOSS: 212 J

RAMP RATE DEPENDANCE: 0.563 J/A/sec

‘7’ Ifl- ‘ Csnrn.t4c F SL "S



Energy Loss as a Function of Ramp Rate
Magnet D50315
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Energy Loss as a Function
Magnet DSQ315
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Now ON

HARMONICS MEASUREMENTS:

THE MAGNETIC FIELD CAN BE DESCRIBED AS AN
INFINI[lE SERIES OF "MULTIPOLES"

B-iB=EB-iAx+iy/r0Y’ forn=0---->°°

where A andBn arethe skew andnormalcoefficients,and
r0 is the referenceradius, chosenas 1cm for SSC dipoles.

The x andy directions arechosenso that A0 is zero for I 0
andB0 is -i-ye for 1= -i-ye.

MAGNETIC FIELD HARMONICS MEASUREMENTS
WERE PERFOPMPD ON MAGNET flSflU S JJSINGOUR
"STANDARD" UNIPQL4SR AND BIPOLAR RAMBS...

1. I = 500A ---> 5000A ---> 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 JLYSTERESIS IN THE MAGNETIC
MULTTP01RS IS THE HYSTERESIS IN THE
SUPERCONDUCTOR--- IT IS MOST EASILY OBSERVED
flTHE NORMAL SEXTUPOLEU.

FROM THE PLOTS OF AS A FUNCTION OF CURRENT,
WE FIND:

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

2 UNIPOLAR jJRVES LIE QN TOP OF BIPOLAR B,
CURVE - NO APPARENTDEVIATION IN B2 AS A
FUNCTIONOF RAMP RANGE, TYPE.

SO... NO REAL SURPRISES HERE.
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NORMAL SEXTUPOLE GAUSS DS0315.EAO12A
PROBE Li MEASLflO 104PR91 11:00:56
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NORMAL SEXTUPOLE GAUSS DS0315.EAO12B
PROBE LI MEAS&ED LOAPR-Q1 11:00:56
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NORMAL SEXTUPOLE GAUSS D50315.EAO13
PROBE II MEASLEO 10-APR-01 12:36:58
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CONCLUSIONS ±

AC LOSS MEASUREMENT TECHNIQUE SEEMS
flASONABLE. - GET GOOD AGREEMENT BETWEEN
EXPECTED RESULTS AND MEASUREMENTS, WHERE
CALCULATIONS EXIST.

SIGNAL INTEGRITY IS OF PRIME IMPORTANCE IN
KNUR1NG VAL1DTREYRODUCIBLE RESULTS.

BIPOLA&LOS ARE GREATER THAN UNITPOLAR
LDSSSES. AS EXPECTED, BOTH THE SC AND IRON
HYSTERESIS AND THE EDDY CURRENTLOSSES ARE
GREATERUNDER BIPOLAR OPERATION.

THE FiELD HARMONICS OBEY INVERSION
YMMEIRY, i.e, B I = - B -I, AS EXPECTED.

FUTURE STUDIES:

UNIPOLAR AND BIPOLAR LOSS STUDIES ON 50mm
SHORT MAGNETS LD!A324, DSA326..., USING OUR
"STANDARD’ CYCLES,AND SSCHEB CYCLES.

COMPARISONW/ CALCULATIONS...

AFAASUREMENT SYSTEM IMPROVEMENTS DATA
RATE, SOFTWARE,SIGNAL FILTERING...

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

C-cwr er.etn ‘

i’tPOt.,,t O#auaA-,t& -‘ t/E- CCSoo
brp PrOS u, Iflcfla.j t


