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ABSTRACT

A pulsed-transformer (flux-concentrator) magnet has been
built and used in which the high-field region can be shaped according
to experimental requirements. Access to the high~field region is
easily provided both parallel toc the field direction and in a plane
normal to it. The design is such that the magnet can be dismantled
completely, repaired or modified, and reassembled, even after having
been operated for several thousand pulses. Two such magnets have been
used in an experiment o measure the magnetic moment of the A® hyperon;
each produced 200 kG in a volume of 200 cm3 for about 5000 pulses and

is still in usable condition,
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PRINCIPLES OF THE MAGNET DESIGN

The magnet we describe is essentially a pulsed trans Tmer combining

a single-turn secondary with a multiturn primary. The basic principles of this

type of magnet have been discussed in the literature ( ref. 1 and 2, for example). We

recall that in general the secondary consists of a single block of conductor
containing a central bore which is linked radially to the outside of the block
by means of a slot as illustrated in Fig. 1. When a current pulse is passed
through the primary w1nd1ngs a current is induced in the opposite sense in the
outer surface of the secondary. This current which is constralned by the skin
effect, is forced to flow along the faces of the slot and round the central bore,
producing a magnetic field in it. Alternatively; the magnetic'flux produced

by the primary current may be regarded as being concentrated in the bore of the
secondary (Fig. 1), where the radial slot serves to prevent the latter from
being short-circuited. For this reason such a magnet is commonly referred to

as a "flux concentrator”.

A magnet of this type has certain features which are of advanfage in
the production of high pulsed magnetic fields. The principal forces are exerted
on a single block of metal, thus the magnet does not depend critically on the
resistance to stress of relatiVely weak insulating materials*). The inductance
presented to the external circuit can be adjusted by choosing the number of
primary turns. Furthermore, a field of a given configuration may be produced
by shaping the inside surface of the secondary, since the lines of flux are
effectively bounded by the current flowing in this surface. The principal dis-
advantage of this type of magnet is the low efficiency with which energy is
transferred into high magnetic field in the useful volume of the magnet (see

Table I).

"1.1 General features of the magnet

The pulsed-transformer magnets described in the literature (for example
ref. 1 = 6) possessed a central bore of circular cross-section into which

the magnetic flux was concentrated. The magnet we describe represents a more

*) In fact the electromagnetic forces acting on the primary windings are -
small if these windings are embedded in a helical groove cut into the outside

of the secondary.
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general application of the principles of flux concentration., It is essentially

a "double" or "twin" flux concentrator built up of two essentially identical halves
which are in contact in a plane of mirror symmetry and have their primary windings
connected in series (Figs 2a and 2b). The plane of symmetry divides the central
high-field region in two, and all field lines cross it normally. This type

of design makes it relatively easy to give complex shapes to the high-field

region, and to provide access af right‘angles to the field by cutting channels

of appropriate shape into the faces of contact between the two half blocks. If
charged-particle beams are introduced through such channels, they will remain

in the contact plane and can be made to leave again through channels in the

same plane after having been deflected by the field.

The general principles of the mechanical design, described in detail §,7

in Section 2 below, were

(i) It must be possible to dismantle the magnet for inspection, repairs
or modifications and to reassemble it subsequently without major

" difficulties.,

(ii) The primary windings and their high-voltage insulation must not
be submitted to large mechanical forces during pulsing. The
forces were taken in part by the secondary blocks and in part by

constraining yokes clamped around them.

1.2 Specific application of the magnet

N

The features of the magnet outlined above have been exploited in

an experiment toc determine the magnetic moment of the A° hyperon.

This type of experiment relies for the production of the hyperons
on the interaction of an intense pion beam with the nuclei of a target placed

inside the magnet. The hyperonstraverse the high field pioduced in the magnet,

o

and their decays are detected in pellicles of nuclear emulsion also located
inside the magnet. In order to make a precise measurement of the A° magnetic
moment by this method, it is necessary to impose a field in excess of 200 kG in
a direction transverse to the flight paths of the hypercns and over a length of
10 to 12. cm. Moreover, a layout which allows the detettion of the hypefons

both to the left and to the right of the primary beam helps to eliminate biases

as well as to increase the number of events.
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The high-field bore, which in each half of the secondary contains
the path of the hyperons from the target to the detectors, is shaped as a
narrow oblong corridor, oriented so as to form an extension of the slot of the
flux concentrator (Fig. 2(a)). In the experiment considered, this serves as
a collimator to shield the detectors from some of the charged particles originating

from the target.

Finally, we required that the magret should withstand operation for of

the order of 104‘pulses.

The magnet was built to satisfy these conditions. Its electrical

characteristics matched to a 75000-pF condenser bankY) are set out in Table I (p. 3a).

DESTGN OF THE MAGNET

The principal features of the design of the magnet are described below.

Some stages in its assembly are further illustrated in Fig. 2.

2.1 érimary

The primary windings consists of four spirals of copper, two of
smaller and two of larger diameter, each having four turns and the same pitch
aﬁd rectangular cross-section. Each spiral was bent from a bar of the material
and afterwards turned to its final dimensions. A groove of sguare cross-section
was turned into the outside of each spiral to receive a copper tube of 5 mm

bore (Fig. 2(c)). This provides a passage for cooling water.

2.2 Secondary

The secondary consists of two identically-shaped blocks, made of
Cu=Cr-Zr alloy*). Each block is machined out of a thick circular disc, into
the outer surface of which a deep helical groove is turned to receive the
primary windings (see paragraph 2.3). The insides are turned and milled out to
form the "corridor" (Fig. 2), through which the magnetic flux threading the
coil is concentrated. Cylindrically-shaped cavities in one end of each corridor

provide room for the particle detectors (nuclear-emulsion pellicles). The slot

*) The alloy of Cu with ~ 1% Cr and ~ 0.1% Zr has an electrical resistivity
(2.1 x 10'6 Ohm/cm) which is only about 15% higher than that of pure copper.
Its tensile strength (S0-60 kg/mmz) is, however, about twice that of copper.
The presence of zirconium in this alloy, as manufactured by Osnabriicker
Kupfer-und Drahtwerk, Germany, leads to increased resistance to creep.




-3 A

*z *BT4 jJo sBurmexp ayjz woxy uadesz ag Aew jgaubew ayj 4o suorsuawtp Tedrtoutad ayl (=x
*(y ydexBexed aas) sitop c0l x g°g 4o abejTon abzeyosip e 3e pasTnd osTe sem jaubew syl (x

TABLE I. ELECTRICAL CHARACTERISTICS QOF THE PULSED~TRANSFORMER MAGNET

- €0~ VAN jaufew ay3 Jo ,ASUBTOTI4Tu
1z (@xnjexadway WooI 3B WO °wyg mloF X 1z =0 A3TAT
a( val ’ A dop=ut)s paunss
- w3 g°Q ~ g ~3sTS8I) Iojonpuod Azepuodas ayji ut yijdsp-urxs p Y
Jwam p— 0 , . : | B
, . ass xpg'L ~l(&-=-) == 2 asind ayj jo awr3—-asTy
aas m..E X 0°l a muﬁ: 0°l ( o L) T
—— oas e Ol X § ~ (27) 12 ~ 1 asTnd ay3 jo potrzad awr|
T
- wyg gL X ¢~ Y qsubew ayj Jo SOUERSTSAI JTWUo (°2°B) antidagsl
MI
XEu
- ARzusy Q] X g ~ 3 4 I - | (Rzepuooss 4 Azewtzd) jaubew ayj 4o S3UBRINPUT BATII844 3
-— . [a . . .
’ (‘3 + 3J)e
pTaT4 Mesd 3B AJIEpuUodas
- aTner QL X 9°Qg ~ em ay3 pue sburpurm Azewrzd ayiz cmmzwmn.nunopm Abzauxy
g : . ,
_ BWU_ O xeu v
sxaduy mDF X J°} axgduy mmw X 2 ~ u/ I = 1 "pTaT4 Mead 1B jusixnd AzewtId
PT8T4 ead 3B
- arnop mow X 0%} ~ ou Azepuoass m;#.mcanmmnz# XNT4 ay3 ut pazols Abasuj
PTIaT4 >ead
XEeu
- .NEu.mm:mw mov X g ~ 3 1e Azepuooas syj Burpeaxzyj xnT4 oatiaubew paztnbay
- ( vAmEo oot) x 2 Az Y9079 Axepuocdss ayj UT SIOPTITIOD PTaTI-ubTy ayz Jo swunTop
* %
- g xg u jaufew syy  Jo suany Azewrad jo Taquny
- atnopr mov X 0°c M>u g= uu afxeyastp 3EB sxasuspuod ayj ut paxols Abasuy
. 3
( ITOA mor X 6°2 3TON moe X 6°2 A szgsuapuod ayy Jo abezTon abaeyost(g
* .
peIe mloe X Gg) - 7 siueq xasuspuo3d ayg jJjo AirToede]
ERE SNTEN UoT3TUt Jap
panIasqo IO UaNTy whtsa( /ToquAg —~ Aytaueny
~ N




.

¥
of the flux concentrator is filled with a spacer of Vetronite ).

Cooling water is circulated through four holes traversing the

secondary blocks.
2.3 Insulation

Each of the primary spirals is individually encased with layers of
Vetronite, glued into place and sealed with Araldite**), in order to provide
. insulation that withstands a tension of 3 kV. The bottom and sides of
‘the helical groove in each of the two secondary blocks are similarly lined with
layers of Vetronite and the insulation tested to 3 kV. Finally, the two spirals
(one smaller and one larger) belonging to each half of the magnet are screwed
into place in the secondary, making use of a silicone fluid to act as  lubricant
and insulating filler between the sliding surfaces (Fig. 2(c)). Each half of the

coil thus completed is tested to withstand a tension of 6 kV.

2.4 Assembly and connections

The two halves of the secondary are clamped together by twelve
stainless-steel bolts, This is necessary to ensure elastic behaviour of the

system although the forces between the halves are attractive during a pulse.

.vThe endsof the primary spirals are ﬁonnected together af the junction
betwéen the two coil halves (Fig. 2) in such a manmer that the primary circuit
is formed by the outer spiral of the first half followed by the inmer spiral
of the second half, then linked by an external bridge to the inner spiral of
the first half and completed by the outer spiral of the second half.

*) "Vetronite EPG11" in the form of laminated sheets, consisting of fibreglass
impregnated with epoxy resin, is manufactured by Isola Werke, Breitenbach,
Switzerland. In order to achieve satisfactory insulation and mechanical
behaviour it was found necessary to have the Vetronite sheets ground to
close tolerances.

¥*) "Araldite AW 106" is a liquid epoxy resin which gives a bond of high
resistance to impact and vibration, It is manufactured by CIBA A.G.,
Basel, Switzerland.

.
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Current is supplied to the coil via six coaxial cables from the
condenser bank which are attached to a collecting bar., Reversal of the
orientation of the magnetic field through the coil can be effected by

reversing the connections to the primary windings of this collecting-bar

aséembly.

2.5 Constraining yoke

It became evident from tests of prototypés that the secondary block
of a magnet of this type is not able, without external constraint, to withstand
the forces generated in the central volume by a field in excess of 200 kG,

A yoke was therefore designed to fulfil the following functions: to prestress

the secondary in the direction perpendicular to the plane of the slot, so that

the forces generated across this plane during a pulse would be taken up without

causing the slot to open permanently; and to constrain the primary windings

against the radial forces which tend to eject them from the secondary.

This yoke consists essentially of two heavy rings of stainless steel,
one clamped around each half of the coil., In fact, each ring is turned to the
external diameter of the coil; it is then split horizontally into two halves
which are mounted and pulled fogether around the coil by the application of a
pair of heavy steel clamps. Each of these clamps bears on the two halves of the
ring via wedge-shaped pads and is drawn into place with the aid of bolts. At
the side of the coil containing the slot it is necessary to insulate the two
halves of the ring from each other. This is done by means of a layer of
Vetronite between the pads and under the heads of the bolts holding the correspond-

ing clamp in place,

Finally, the coil with its constraining yoke is mounted between two
rectangular insulating end pieces. The overall wéight of the magnet assembly

is about 1 ton.

PERFORMANCE OF THE MAGNET

4.1 Magnetic field

Calibrated search coils connected to an integrating circuit were used
to establish the magnitude and direction of the magnetic field generated in the

magnet.

The time variation of the magnitude of the field [ﬁl during a pulse
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is recorded in Fig, 3. The observed rise time of the field of approximately 1 ms

is in accordance with the expected value given in Table I,

The variation of the magnetic field ( lﬁl }  with position inside
the magnet is illustrated in Fig. 4. This shows the distribution of the lines
of flux in the horizontal median plane of the magnet (Fig. 2(b)).

The component of the field normal to this plane is, by symmetry, zero at all
points in this plane; it was also measured to be comparatively small CS 5%

of the total field) at all points within the central high-field corridor.

The distribution of the field is, as expected, symmetric about the vertical
plane of contact between the two halves of the magnet. Some penetration of the
copper alloy by the lines of flux is permitted by the finite thickness of the ,
current "skin" around the central corridor. This effect is a function of the (%f
local temperature and hence of the current density in the conductor as well as

of the time period of the pulse. As the discharge voltage of the condenser

bank is increased one may, therefore, expect the magnetic field to penetrate

more deeply into the metal.

In Fig. 5(a) we plot, for discharge voltages of 0.94, 1.88, 2.90
and 3.20 kV, the absolute magnitude of the field ( \ﬁ() recorded as a function
of distance along the lines TD and TD! in the magnet (Fig. 4). These lines
~correspond to the mean flight paths of the A° hyperons in our experiment. The
variation of the magnitude of the field at the points P and P' of maximum field
is shown in Fig. 5(b) as a function of discharge voltage. Note that the intensity
of the field does not increase linearly with voltage. This effect is, in part at (
least, due to the increase in skin depth mentioned above, but other effects

are likely to contribute also.

We may summarize the conditions obtained for the experiment by
quoting below the cross-product of the mean field (ﬁ) with the path length (¢)

of the hyperons at the two values of the condenser discharge voltage (Vc) used:

V_(kV) A x ¢
c
2.90 192 kG x 11 em

3.20 208 kG x 11 cm




-7

4.2 Mechanical behaviour

The experiment to determine the A® magnetic moment was carried out

with two similar coils of the type we have described.

During use the magnets were subjected to repeated pulsing at a repetition
rate of approximately 1 pulse every 20 seconds for some hundreds of pulses at a
time. In these conditions the maximum femperature of the nuclear emulsions

placed inside the magnets to detect the A° hyperons was chserved to be 40°C,

In the full course of the experimeﬁt one of the coils received a
total of about 5000 pulses at a condenser discharge voltage of 2.9 kV. A single
breakdown of the insulafion Dccurred‘at the_junction.of the primary windings
after about 3DDDrpulses, the repair of which entailea the complete reinsulation
bf the éoil. The other coil withstood, Wifhout_major breakdown, about 4000
pulses at 2.9 kV and about 1000 pulses at 3.2 kV.

In the seoondéry bloéks of ea@h coil, however, cracks wére»obse:ved
to dévelop in the region around the target. This is tHe region of greatést
mechanical strain during pulsing, and it is also the region in which the highest
temperatures (Z'GDD°C during pulse) have been observed. With continued pulsing
the cracks grew slowly. The appearance and growth of the cracks was not associated
with major changes in the magnetic field or field distribution; only in their

neighbburhood was a relatively slight (S 5%) decrease in field recorded.

We conclude that it is possible to constrain a coil of this type
sufficiently to prevent rapid deterioriation and failure due to the large-scale
effects of the forces tending to open the slots in the secondary blocks, The
principal mechanical limitations to the field that can be generated appear
to be the local stresses to which the material of the secondary is subjected

in the regions of maximum strain and maximum flux concentration.
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FIGURE CAPTIONS

Fig. 1 Schematic representation of a pulsed-transformer magnet, showing
' the concentration of magnetic flux in the central bore of the

secondary.

Fig. 2 Assembly of the two halves of the "twin" flux concentrator:

(a) Side elevation.

(b) Horizental section (section AA of Fig. 2(a). T is the target, D and
D' are the positions in which the nuclear-emulsion pellicles are

placed.

(c¢) Detailed section showing the insulation between the primary windings

and the secondary.

Fig., 3 Time variation of the field ( H. ) in the magnet.,

fFig, 4 Magnetic field lines (ﬁ) in the horizontal median plane of . the
magnet (section AA of Fig. 2(a)). TD and TD' represent the mean

lines of flight of A° hyperons from target to detector.

Fig. 5 Variation of the magnetic field ( H ) as a function of:
(a) distance (x) along the lines TD, TD';

(b) condenser bank discharge voltage (Vc)’ at the points p, p' of

maximum field in the magnet.
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