
11.II.iliIIU~1
o ],],bO 00524113 'I

SDC-90-00069

soc
SOLENOIDAL DETECTOR NOTES

MAGNETIC lRANSFORMERS FOR THE SDC

I. Horvath, F. Lobkowicz, G. Osborne, J. Soong



.' ROCHESTER PARTICLE PHYSICS

Magnetic Transformers for the SOC

I. Horvath. r. Lobkowicz, G. Osborne. J. Soong

University of Rochester. Roch.star N.Y. 14627

P.02

We have investigated ths probl-= of shielding magnetic transformers in the

fi.ld of an SDC ~agn.tic coil. In particulsr our conclusions ••••

1) The "long coil" option. with a field of '" Tesla, makes it impossible to

use msgnetic transformers in the end plugs. The central barrel would

preeumably b. in a zero field and so no shielding ia necessary there.

2) The "ahort eoil" option will make it poasible to use magnetic

transformers in most plsces, with the poseibls exception of some of the

!M section in the endesp. In the following we justify these

conclusions •

1. Transformer Manufacture

We have studied e Wide range of transformer ferrites, we come to the

conclusion that the Philips 303 material - used in Helios - is atill the

beat material if one requires good behavior at large frequencies and low

temperatures. It has a magnetic permeability p • 750 at room

temperature; st LN2 temperaturs thia drops to e value p = 275. Its loss

factor is tan 6 • 0.015 at 1 MHz.

If one wants to use toroid transformers. then obviously a smaller

e.en.former ~equiras la.. i~on for sh1aldir.g in a magne~ic field.

Unfortunately other conside~ations put a low-r limit to the transfO~ers

sizal

(i) Smaller transforme~s require mo~e turns to raach the same

salfinductance. ?hilipa makes 303 toroid. of 00 =0.5". 0.375". and

0.23". Tha reapactlvft number of turns reqUired to roach a salf

inductance of 500 ~Hy at low temperatures is'

00 II of turns

0.5"

0.375"

57

64

97
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No~e ~hat the tranaformer coil - in particular the primary wiring 

edde at. leaAt 2mm to the overall diameter.

(ii) The minimum secondery inductance of 300-500 pHy ia given by

noise conaiderationsl the perallel resistance

~Ls
It .-p 6

should be ~ SO kO at frequenciea of V • 2-6 MHZ.

(iii) The coupling factor k-L1 1 ' ~ of the transformer should be

very close to unity. Any deviation produces an inductive termination

of the order of (l-k) Lt where L, ia the primary inductance of the

transformer. As Figures 1 and 2 show, such en inductive termination

significantly increases the rise time. Note that whi1e a damping

resistor in reduces the initial ringing, it also introduces a serial

rasistance which is scsled up by the transformer and contributes to

the serial noise.

Helios uses Toroidal tranaformers of 0.52" outer diameter, with 55

turns forming tha secondary winding. Tha typical (l-k) is

1-2 x 10-land the total primary-to-secondary capacitance is N lS pF.

We have built trar.sformers of only slightly lower quality onto 3/8"

diameter toroida, with (1-k)N2-3 x 10-' after rounding the sharp

corners of the commercial toroids. We believe it will be extremely

difficult to build much smaller transformeral aomewhere between en 00

of 0.3 and 0.4" one hits a "brick wall". In consequ'enee we believe

that any shielding tubing for.magnetic transformera ahould have an 10

of "t lCl1ct 0.5", and a value of 0.6" aeems mor.. cons"rvative.

2. Trsnsformers in Magnetic Field

The tranformer reacts to an external magnetie field by seturation.

We measure the effect by measuring the change in secondary

.elfinductance. Any external magnetic field is most dangerous if it

lies in the ?lane of the toroid. In Figure 3. we show the respon.e of a ~

303 toroid tc such an axterns.!. f::.eld. One no"es "ha" while ~b. iulLl.l
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aelfinduc~ance a~ low ~empe~a~u~e. i. ~educed, ~he .a~u~a~ion p~ocee. i •

• 1so .omawha~ alower. rilure 4••hows the .ame m.a.urem.nt in.ida a

magnetic .hield. As.in on••••• that the t~aft8former b.havio~

deterioretes at very a!milar field. at room and LN2 temperature.. From

Figure 3. we then conclude that a parallel fi.ld of 200 Gaus. will begin

to affect the performance of the ~ranaformer.

We have elso inves~iga~ed the effect of a magne~ic field

perpendicular ~o the plane of the tran.form.~ torus. We find no

transformer d.gradation at a fiald of 1 kGaus. and a 50% 10.. of L, at

1.3 kGause. We a••ume in ~he following ~ha~ ~he ~ran.former orien~a~ion

is always .uch ~ha~ ~he field doe. maximum damase.

3) Shielding against a magnetic field.

Any hollow magnetic material will produce a large attenua~ion of the

field until it sa~u~ata.. However, it also a~~rac~. field lines and

thus ~he field at the outer steel surfsce will be larger ~han a~

infinity.

Fo~~una~ely, an easy analY~ical calculation allowa one ~o ••~ima~. ~his

effec~. OU~8ide the s~eel ~he m.gne~ic field ia ~he sradient of •

potential; with VI; • o. Thus for a cylinder (Fiald perpendicular ~o

cylinder)

(1)

where a i. the cylinder ou~er radiu•• For a .phere one haa

; . llo (r -
al

P, (coa II) .~o·Ll- a
l j~)

(xl +)'1 +.1 )3/2
(2)

In both ca.e. llo i. the field (in x- or .- direc~ion) at infinity. In

ei~her caae tha maximum fiald on the .urface i.

for a cylinder

for a aphere
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For the following we sssume ~ylindrical gsometry. One should note that

this is true only if the external magnetic field ia approximately

r.Y~."rilr"l.r t~ the eylinder axis. ~o~un.t.ly, thie will ftatu~ally bo

true in the end ~aps where the fiald. are lerge.t.

We have investigated the queation whether a 8insle ahield is better than

multiple shields if one keeps the outarmoe~ diameter (and of coure. the

inner.nost diameter) tha 8am•• A singla shield providaa a maximum of

at..l which can "shunt" the magnatic fi.ld lines. A multiple shiald

provides stten.tion at each step. since only the fiald lines "leaking

in" have to be caught and shuntad aside by the next inner lsyar.

How~v~r, 8 multiple shield provide. l.ss sta.l if tha outer dinmeter ia

to stay tha aame. Figura 5 givea axampl.a how rapidly tha field

penetrates inside; We ahow measured maximum field values ins ida a single

shield and insida • double shield of epproxl~t.ly double ehe total

Q~OQl th!altftess. A. 8ft& ~&" e,~, ~~~e th~ fitld L.~~w......~~ ••~1". ~h

gtews very rapidly. The sbsciasa i8 the =agnetic field at infinity,

calc~lated from the measured value on the outar surface (we simply

dividad by two).

Figure 6 shows what value ot a "field at infinity" on. oan tolerate for

single shielda of various thick:,eas. The parameter "Ti,;" i" the total

thickness of steel i: the most inside radius is equal to unity. Thus

"Tir-1" means. e.g., a "ingle shield of outer diameee,; equal to twica

ehe inner diam.t.r:

OD - (l+Tir)ID

Some meaaured values a,;8 also shawn. One ahould noea that the

,.,.~r111.t.n m.onll1-in filii'''' innitln lin rhn en.i 1 ~ ,

and 9 o-clock relative to the direction of the fiald. The field falls

off further inside.

In Figure 7 we illustrate why double ahielde are no b"tter, and indeed

slightly inferior, to 8ingl" shields of equal total thicknesa. Th"

megnetic field collected in twice the area around the tube has to ba



ROCHESTER PARTICLE PHYSICS

-5-

P.03

ehunted throusa ~ae ataal. Th. narrow*at ~~o•• a.~tion in the ovarall

f~.ld d~r.~tion il at ~ n'r,lnr,~ r.'ar{ve to the ex~ern.l fiold. And thua
~ ~

B in the a~eel ia ~x~m.l thare. Howaver, at thar. spot B i. a1ao

parallel to the eteel surface and therefore it i. the H-vector which i.
~ ~ :t

.".taue",.. TAu.. !I - III' 1• .,:,~!\c.l ....:;.... • ~.u."'•• Lh. ".p .nd ~h. B.. fiellS in

t.h~ {nn.r ~yl1n~er fa ~ra~r{~.lly the D~ aD t. a.a e~e•••~lLa44~.

One hea mainly loat a bit of steel croaa eection - namely the gsp

it.elf.

Finally, ligure 8 .h~. a m&Knetic field map calculated by Nobu Unno.

The arrangement i. for a short coil with flux return as shown in the

tOI. Also ahewn are the locationa of the calorimeter module.. If one

accepta the re.u1ts of Figure 6, sccording to which one can certainly

shield 5 kG.u•• and probably 6.7 kGauss, then the only area of concern

would be the 1arga ~-region. Even there, however, the field i. nowhere

lerger than 7 kGauAA and the hadronic aectione are in fielda of S kCauaa

or l.as.

We should estimate here the effect of en inhomogeneous magnetic field.

From Eq (1), one conclude. that the stray field fall. off like r-I •

Thus at a die~eDee of 3·4 time. the outer ehield radiu. the effect of

thw .hi.ld i. lO~ or le... One can turn this argument .rounOI a_ long

ao the orisinel field Iradi.nt (without the .hield) wae only a tew
~.r~.nt over the outer di-=oco~ of eke shiel., .k••Aield!ftl .ff.~~

should be unchanged.

There ia, however, a new affent in an inhomose,.eou8 ma&n.t~~ field I

there will b. a for~e on the shield tube which roAn h~~nm. ~'fr.

subetantial. One can e.timate an upper limit on such. foree ••

F: Ired (K • B)

where aa a rough

ate.l to obtain

gue._ we a••uma B - 1.5 Te.la everywhere 1nsioe the
max
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if V ia tha ateel volume meesured in cubic centimeters. Nota that the

aradient of B ia to be meaaured in Teala/meter if the final force is to

be given in Newton.

4. Var!oua gue.~!oft.

There are two quest.iona on which we comment here:

a) What. if the field is not perpendicular to the cylindar axis7 Consider a

cylinder of inner radius unity and wall thickness t, of lerge length, but

capped off by end caps on both ends. Will the field inDide be GmAller if

the field at infinity ia parsllel or perpendicular to the axis? We have

not had time to do three dimensional calculations - we will do at least

one or two in the next month. Howaver, we hava a crude estimate valid st
, nnnr nr , mIT "nTnTlTnlt .,., n1 rtn

Assuma first a field perpendicular to the axial the flux collected from

twice the cylinder area 2(1+t)L (L-length) has to be shunted through a

stael wall of araa 2tL. rnua the maximum fi.ld in the shield is

B ~ 2 .. B 2(1+tl _ 2(1+t) B
max 0 2t t 0

Now assume that the field ia parallel to the axis. The flux from thr••

timas the area ~(l+t)t has to b. shunted through c cylindrical wall of

outer radius l+t and inner radius 1. Thus for a field parallel to the

"xiSI

B
lIl&X

_ 3 llo 'It lI'(1+t1' •1I'(1+t)l-tr.1
3(HI:)'
t(2+t) .80

Thu. at t-l the maximum field inside is 4 Bo for both orientation. For

thinner walla it ia bettar to have,the field axial, for thicker walls one

would prefer a radial field.

b) What stael should one use7 Our calculation. are for mild ataal with

saturation St 21 k Gauss. At 1~ temperatura••uch steel become. brittle.

On. t.h. tJt.Aar ft.an.tl, 9S !U.eko1 &t.ool a~~o aa't.ura.cea at. 21 k GAU•• Aft.:! bo...

excellent mechanical properties at l~~ temperature; it i. recommended •• a

mat.rial for eryozanie a??lieatio~ baeau•• it ha. la•• ine.rnal .er•••••

and the aeme yield atrength a. 304 .teinle•••teel.
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:ig~re 1: Effect of i~?erfect tran~for.me=, on risetime. A dL~pin;

Resistor ~ =ed~ce~ ringing, but also lengthens initial risetime.

!he parameters are

... • 1 plly,
-3(l-k) • 0.2 x10 ,

L2 - 100 lilly

~ • 0, Hi

t~~al charge injected into each ~et.cter gap; tot.l detector channel

capacitance 2 nF.

The inp~t current pulse has a ria.time of 2 ntec,
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Fiq~:e 2: Same as Figure 1, exeept ~ha~ now

L, • 5 llHy

Note that while the pe~teet transformer's riaetime hardly eha~qea, the

effect of k<l is more aevere.
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Figure 3: Response of a 303 toroid magnet to an external magnetic field

lying in thQ pl~r.Q of the toru~.
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Figure 4: Response of a shielded 303 toroid transformer to an external

magnetic field. The field is measured near the cylinder. TO Obtain B.

divide by -1.6.
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Fisure 5: The field inside a sin;le or double shield in funotion of field

at infinity.

Thick/Rins versus Bo(Bins=200 Causs) Single shield
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Fiqure 6: The field of infinity which produces a field of 200 Gauss inside

a shield. Tir is the ratio of steel thickness to inner radi~s. The open

circles denote measurements; the numbers indioate the multiplioity of the

shield.
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Fiqu=e 7: The B-fie1d in a double shield. Note that the maxi~~~ field is

q~ite similar i~5ide the two shield$.
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riqu=e 8: Magnetio field strength in the oslorimete= =egion. The only

=egion where the field .trength exceeds 0.6 Tesla is the :orward L~

section.
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