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We have investigated the problem of ahiaelding magnetic tranaformers in the

fiald af an SDC magnatic coil. In perticular sur concluaions xre:

1)

2)

The "long coil" option, with a field of 2 Tesla, makes it imposasible to
usa magnetic transformers in the end plugs. Tha central barrel would
prasumably be in & zerc field and so no shielding is necessary there.
The "short coll" option will make it posaible to use magnetic
transformers in most places, with the possible exception of some of the
M geezion in tha erdeep. In the fellowing we justify thaae
conclusions.

‘1. Transformer Manufacture

Wea have studied 2 wide range of tranaformer ferrites; we come to the
concluadien that the Philips 3D3I material - used in Helios - is still the
best materisl if one requires good behavior st large frequencies and low
tamperatures. It has s magnetic permeability g4 = 750 at roem
temperature; at LN2 temperaturs this drops to a value 4 = 275. Its loss
factor is tan § = 0,015 at 1 MHz.

If one wants to use toroid transformers, then obviously a smaller
tzansformer requiras less iron for shilelding in a magnetic field,
Unfortunataly other considerations put a lower limit to the transformers

sizet

(1) Smaller transformers requira mers turna to reach the same
selfinduczance. Philips makes 3D3 toroids of OD = 0.5%, 0.375%, and
0,23", The reapective number of turns required to reach a gelf

inductance of 500 gEy at low temperatures is:

op ¢ of turas
0.5" 57
0.3725" 64

0.25" 97



ROCHESTER PARTICLE PHYSICS P.O3

Rote that the transformer coil - 4in particular the primary wiring -
adda ar leaat 2mm to the overall diametar.

11) The minimum secondary inductance of 300-500 uHy is given by
noise considerations; the parallel resistance
WLy

R = ——

6

should be 2 50 kil at frequancies of ¥ = 2.6 MHZ.

(111) The coupling factor keL,,/ VI, I; of the transformer should be
vary close to unity. Any deviation produces an inductive terminatien
of the order of (l-k) Iy whare L, is the primary inductance of the
transformer. As Figures ! and 2 show, auch en Inductive termination
significantly incresses the rise time. Note that while a damping
resistor RD reduces the initial ringing, it also introduces a serial
resistance which i{s scaled up by the transformer and contributes to

the serial noise.

Helics uses Toreoidal transformers of 0.52" outer diametar, with 55
turns forming the gsecondary winding. The typical (1-k) ia

1-2 % 10 3and the total primary-to-secondary capscitance is ~ 15 pF.
We have builr transformers ef only slightly lower quality onto 3/8"
diameter toroids, with (1-k)~2-3 x.IO" after rounding the sharp
corners of the commercisl toroids, We believe it will ba extremely
difficult to build much smaller transformara; scmewhere betwean an 0D
af 0,3 and (.4" one hits a "Hrick wall". In consequence we believe
that any shielding tubing for magnetic transformers should have an ID

of at lenst 0.5", and a valua of 0.6" seems more consmrvative,

2. Transformers in Magnetic Fileld
The tranformer reacts to an axternal magnetic field by saturation.

We maagure the effact by measuring the change in secondary
selfinductance. Any external magnetic field is most dangerous if it
lies in the plane of the toroid. In Figure 3., we show the response of a

303 toroid tc such an external field. UOne noetes that while (he lodllsel
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salfinductance at low temperatures iz reduced, the saturation process is
also somewhat slower. Figure 4. shows the sams measurement inaside a
magnetic shield. Agsin one sees that the transformer behavior
deteriorates at very similar fields at room and LN2 temperaturss. From
Figure 3. wa then conclude that a parallel field of 200 Gauss will begin
to affect the performance of the transformar.

We have also investigated the efifect of & magnetic field
perpendicular to the plane of the transformer torus. We find no
transformer dagradation at a fiald of 1 kGauss and a 501 loss of L, at
1.3 kGauss. We assume in the following that the transfeormer orientation
is alwsys such that the fisld does maximm damage.

3) Shielding againat a magnetic field.
Any hellow magnetic material will produce a lazge attenuation of the
field until it saturates. However, it also attracts field lines and

thus the field st the outer steel surface will be larger than at
infinity.

Fortunately, an easy analytical calculation allows ons to estimata this

effect. OQutside the stsel the magnetic field ia the gradient of &

potential ¢ with V1§ = 0. Thus for s cylinder (Field perpendicular to
cylinder) '

a? Ty
¢-3°(:-r)coaﬂﬂlox-‘q—'——-—x.*y, (1)
whare a 1s the ¢ylinder outer radius, For a sphere one has

¢ =B, (r - i}) Py(coe ) = Bya |1 - £ SI;T} (z)

(xl +yl +33 )

In both cases By in the field (in 2~ or z= direction) at infinity. 1In

either case the maxioum field on the surface is

Bmax = 2 B, for a cylinder

=385, fozr a sphere
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For the following we assume cylindrical gzeometry. One should note that
this i3 true only if the external magnetic £ield is approximately
perpendirnlar ta the cylinder axis. Fortunately, this will naturslly ba
trus in tha end caps where the fialds are largest.

We have investigatad the question whether & single shield is better than
muleipla shislds 1f one keeps the outarmowt diameter (and of course the
innermost diameter) the same. A single shield provides a maximum of
stesl which can "shunt® the magnetic field lines. A multiple shiald
providas attenation at sach step, since only the field linss “leaking
in" have to be caught and shunted aside by the next inner layer.
Howaver, a multiple shield provides less steel if tha outer diamoter is
to stay the same. Figure 5 gives examples how rapidly the fiseld
penetrates inside; We show measured maximum £ield veluea inaide a single
shield and inaide a doubls shield of spproximately double the total

toal thizlmess. An ane man 2e2, once the FAEld becvies wmssuiuxbin, 1k
grewa very rapidly. The sbscisea is the magnetic field art infinitcy,

caleculatad from the measured value on the cutar aurface (we simply
dividad by twn).

Figure § shows what value of a "fiaid at infinity" one can tolerate for
single shields of various thickness. The parmmeter “Tiz" £is the total
thicknass of stoel if the most inaide radius is equal to unity. Thus

"Tir=1" means, €.g., a single shield of cuter diameter equal to twica
the inner diasmetar:

O = (1+4Tir)ID

Seme measursd values are alse shown. One should note that the
nelrnlatad magnatin Filald innfda fa rha movimom nelus shda® ssnuma on 3
and § o-clock relative to the direction of the fisld, The field falls
off further inside.

In Figure 7 we illustrate why double shields are ne bettar, and indeed
slightly inferior, to aingle shields of equal total thickness. The

magnetic field colleacted in twice the area around the tube haz to be
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shuntad threugh the ateal. Tha narrowest cross section in the overall
£iald dirmction is at 1 n’rlnck relarive to the extarnal £lold, and thus
B in the steel is maximsl thers. Howaver, at that spot B 1s also
parallel to the steel surface and therefore it is the H-vector which is
sasinuoua. Thus ¥ - 3!# ia contluvus suiuse Lhe gap and che K-fiold in
tha inner ecylindar {u practiaslly the oame so im whe eunaw aylinder.

One has mafnly lost a bit of steel cross section - namely the gap
itself,

Finally, TFizure 8 abiows = magnetic field map caleculatad by Nobu Unno.
The arrangement is for a short coll with flux return as shown in the
EQI. Alac shown ars tha locations of the calorimeter modules. If one
accepts the resulta of Pigure 6, sccording to which one can certainly
shield 5 kGauss and probably 6~7 kGauss, then the only area of concern
would be the large f-region. Even there, howaver, the fiald is novhere

larger than 7 kGauas and the hadronic sections ars in ficlds of § kGeuas
er lgaa.

We should estimata here the affect ¢f an inhomogenecus magnetic field.
From Eq (1), one coneludes that the stray field falls off like r' 3,
Thus at & distance of 3«4 times the outer ahield radius the affect of
the dahield is 10X or less. One can turn this argumant around: as long
ao the original field gradiant (without the shield) was only a few

perrant oavar the outer diamator of the shield, tha shislding «ffaci

should be unchanged.

Thers is, howaver, a new cffect in an inhomegensous magnetic fisld;

there will be a force on the shiald tube which nan herame qmire
substantial. One can estimate an upper limit on such & force as

? - grad (ﬁ . 3)

where 28 a rough guess we assume Bmax = 1,5 Tesla averywhere inside the
steal to obtain

M) - B‘;:?‘ PN LS Y fhupeiw = wl)
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if V is the steel volume measured in cubic centimetars. Nota that the

gradient of B 1s to be measured in Tesla/meter if the final force 1s to
be given in Nawton,

4, Vagious gquestions

Thare are two queations en which we comment here:

a) What if the field is not perpendicular to the cylinder axis? Consider a
cylinder of inner radius unity and wall thickness ¢, of large length, but
capped off by end caps on both enda. Will the fiald inaide be smaller if
the field at infinity is parallel or perpendicular to the axis? We have
not had time to do three dimenaional calculations - we will do at laast

one or two in the next month. However, we have a crudea estimate valid at

1annr or Yom forprmnn Pf2aldn

Assume first a f£ield perpendicular to the axist the £flux collacted from
twice the eylinder srea 2({l+t)L (L=langth) has to be shunted through a
ateeal wall of area 2tL, Thus the maximum field in the shiaeld is

B N2 *B, 2(1+)  2(1+t) B,

Tax 2t 1<
Now assume that the field is parallel to the axia. The flux from three
timas the araa 7(l+t)? has te be shunted through o cylindrical wall of
outar radius 1+t and inner radius 1. Thus for a fisld parallel to the
axis:

2 4

B - 3 B i 195,45 LA - I(1+e) B,

max r{l+e)l-x,1 t(2+t)
Thus at t=1 the maximum fleld inside is 4 B; for both orientation. PFor

thinner walls 1t is better to hava the field axial; for vhicker walls one
would prefer a radial field. |

h) What steal sheuld ene vse? Our caleulations are for mild sceel with
saturarion ar 21 ¥ Gauss. Ar low temperatures such steel becomes brittla.
Un tha selhar hand, 9% Nichel Etsasl alss saturates at 21 k Gauas and has
excellent mechanical properties et low temperature; it is recommended as a
matarial for srysgenic applications bacausa it has less intarnal straaaas

and the same yileld strength as 304 stainless steel,
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Tigure 1: Effect of imparfect transformers on risetime. A damping
Reslstor Rb reduces ringing, but also lengthens initial risetime.

The parameters are

L,o= 1 Ely, L, - 100 uRy
(1=k) = 0.2 x10 9, R, = 0, 10

Equal charge injected into each detecteor gap; total detector channel
capacitanca 2 nr.

The input guzrrent pulse has a risetime ¢f 2 nsec.

P.BS
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Figure 2: Same as Figure 1, excest that now

L, = § uHy L, = 500 uHy

Mote that while the perfect transformer’s risetime hardly changes, the

effect of k<l is more severe,
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Figure 4: Response of a shieldad 303 torcid transformaz to an external

magnetic field.
divide by -1.6.

The field is measured near the cylinder. To obtain B,

P.a7
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Figure 5: fThe field inside a single cr double shield in function of field
at infiniey.

Thick/Rins versus Bo(Bins=200 Gauss) Singie shield
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Figure 6: The field of infinity which produces a field of 200 Gauss inside
a shield. Tir is the ratio of steel thickneas to inner radius. The open
circles dencte measurements; the numbers indicate the multiplicity of the

shield.
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Figuse 7: The B-fiald in a double shield. Note that the maxirum field is

guite similar inside the two shields.
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Figure §: Magnetic field strzength in ¢he calorimeter regien. The only
region whare the field strength exceeds 0.6 Tesla is the forward EM
section.
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