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Summary

During the past years pulsed magnet systems have been developed at: Argonne National Laboratory to
transport beam bursts of charged high energy particles of the Zero Gradient Synchrotron (ZGS) facility.
The particular features of the switching circuits, the power supplies and the magnets are described. In-
cluded are septum, quadrupole, beam shutter and bending magnets with energies ranging from 25 J to 100 kJ.
The degree to which magnet --.rrent must be repeated and held constant (flattopped) during beam spill varies
from ± 5% for a beam shutter magnet to ±0.005% for a bending magnet; the duration of flattop ranges from
a few us to many ma.

Introduction

Pulsed magnets used in transport systems for beams of charged high energy particles are usually ex-
cited by discharging a capacitor bank in an oscillatory circuit. The frequency of oscillation is chosen so
that the crest of the first current peak remains essentially constant for the duration of the beam spill.
These circuits stop oscillating after one cycle when part of the original energy has been returned to the
capacitors. If magnet losses must be reduced or where the energy return is low, the second half cycle is
shuntet". around the magnet through a high-Q choke. Figure 1 illustrates such a conventional circuit. For
relatively long flattops it is impractical to use a half sinewave. A better method is half waves with two
peaks,.and half waves with two peaks that are separated by an independently adjustable flattop. Pulse re-
petition rates (PRR) range from 25 ppm to 30 pps. The pulsed magnets require laminated iron cores;
where possible, tape wound cores are used in place of stamped laminations to reduce cost.

Switching circuits for generating different flattop current shapes will be discussed first. Charging pow-
er supply circuits for energy storage capacitor banks will be described next and finally the salient features
of the magnet designs will be mentioned.

1. COMPARISON OF SWITCHING CIRCUITS TO GENERATE CURRENT PULSES

1 . 1 - Half Sinewaves When the capacitor of Fig. 1 is discharged into the load, an oscillatory current will
result provided the total resistance in the circuit is sufficiently low. The frequency of a sinewave, that
has crest values within limits AP of its peak value P for a flattop time At, can be calculated from
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Fig. 1, Conventional capacitor discharge
circuit and associated waveforms.
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that brings the capacitor voltage closer to 10 kV. With a transformer ratio n_/n
L and capacitance C will resonate at a frequency of

1.1.1 - Transformer Coupling of Switching Cir-
cuits For energy storage capacitors the cost per
joule versus voltage goes down as the voltage in-
creases and reaches a minimum around — 10 kV.
Above 10 kV the cost goes up in proportion to the
voltage. Therefore, in applications where the ca-
pacitor voltage eQ § 10 kV, the cost for energy
storage can be greatly reduced with a transformer

the magnet inductance
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* Work performed under the auspices of the U.S. Energy Research and Development Administration.



For example a 16 jiH, 6 mC5 septum magnet load must be pulsed during the extraction of the proton beam
from the 200 MeV booster of the ZGS. The pulse must have a rise time of £ 1 ms, a flattop of 2 100 (is dur-
ing which the current is maintained within s ± 0.5%, and a peak current adjustable between 3 kA and 10 kA.
These requirements can be met with a 255 Hz half sine wave pulse. In its simplest form, this could be done
by discharging the energy stored in a capacitor bank into the magnet as illustrated by Fig. 1. A capacitor
bank of 24000 (iF charged to ~ 300 V would be required. Thyristors SI and S2 shown in Fig. 1 would be a s -
semblies consisting of four thyristors in parallel each thyristor rated 500 V and 1200 A rms. The total
cost of the discharge circuit would be ~ $25,000. A saving of ~ $13,500 was realized by providing a t rans-
former with a 4:1 turns ratio between the capacitor bank and the magnet. This reduced the capacitor bank
to 24000 nF/16 = 1500 nF and increased the voltage to ~ 1200 V. Figure 2 shows the improved circuit* '.

The discharge is initiated by triggering thyris-
tors SI and S2, diode Dl blocks C from discharg-
ing into the choke. Diode D2 blocks current from
flowing through the choke when the magnst current
has passed its peak. At the end of the first half
cycle the thyristors block and the capacitors are
charged to « -830 V. Triggering S3 initiates the
recovery half cycle via Dl through the high-Q
choke. S3 also connects the transformer in paral-
lel with the capacitor via D2, permitting a mag-
netizing current to flow which resets the t rans-
former core. Thyristors S2 in the transformer
secondary block current flow during the last quar-
ter of the recovery cycle. It is worth mentioning

that one thyristor in the place of D2 could replace both Dl and D2. This thyristor would be turned on with
S3 to reset the transformer.

Fig. 2. Discharge circuit with matching
transformer and associated waveforms.

1 .2 - Half Wave With Two Peaks The losses of the above circuits and the capacitor reverse voltage can
be greatly reduced and the charge recovery choke eliminated with the circuit of Fig. 3. This circuit os-
cillates for a little more than a half cycle. Its first current peak is identical to the current peak of the
circuit of Fig. 1. The second current pt:ak is generated by the energies stored in the capacitor and in the
magnet at time tj and is , on account of circuit losses, slightly smaller than the first peak.

A magnet pulse is initiated by triggering thyristors SI and S2. At time t l t after the magnet current has
passed its peak and has decayed to AP below its peak value P, thyristors S3 and S4 are triggered. This
applies the negative voltage on capacitor C to turn off thyristors SI and S2 and provides a return path to
recharge C. The frequency of the resonant circuit of capacitor C and magnet L required for a flattop time
At can be calculated from
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r
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Fig. 3. Discharge circuit with two
current peaks and associated waveforms.

Inductors LI in conjunction with the transient pro-
tective circuits of the thyristors, keep the rate of
r ise of voltage and current within Ue ratings of
the thyristors. For high current low voltage (LV)
applications a transformer will reduce the overall
cost. For example, a 1.8 (iH, 2.3 mf) septum
magnet requires a 7. 5 kA flattop with di/I < l x 10"3

for 20 p.s. An 8:1 step down transformer, as indicated by dots in Fig. 3, reduced the capacitor bank by a
factor 64 to 220 y.F. It also brought the current and voltage values on the transformer primary to easily
manageable values of ~ 940 A and ~ 700 V.

1 . 3 - Half Wave With Two Peaks Separated By an Adjustable Flattop By adding a power crowbar to the
circuit of Fig. 3 as illustrated by Fig. 4 we can have a flattop between the current peaks. This circuit was
developed for the 14.3 ton switching magnet, shown in Fig. 22'^'.

In the circuit of Fig. 4, pulse energy is provided by a 13 kV, 100 kJ capacitor bank Cl which determines
the current rise and fall times only. A magnet pulse is initiated by triggering thyristor assemblies SI and
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S2. The magnet current is monitored with a precision coax-
ial s h u n t ' ^ ' ^ . At time t j , after the magnet current has
passed its peak and has decayed to within 0.005% of its flat-
top value, thyristors S5 and S6 are gated on to crowbar .the
magnet. The negative voltage onCl turns'bff Sl'and S2,
forcing the current into the crowbar. The flattop field-in.
the magnet gap is maintained by the electrolytic capacitor
bank C2. During the flattop a fast ejected proton beam of the
ZGS is passed through the magnet and deflected 3° to a bub-
ble chamber (BC) experiment. The flattop is terminated at
time t2i when thyristors S3 and S4 are gated on. These thy-
r is tors apply the negative voltage en Cl to turn off thyristors
S5 and S6. They also provide a return path to recharge Cl
to 91% of its original voltage. Figure 5 illustrates the cur-
rent and voltage waveforms.

Between times tj and tg the current can be written:
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where

Fig. 5. Current and voltage waves of
the circuit of Fig. 4.

s = Laplace variable C,= capacitor bank in crowhar
R ^ ^ c i r c u i t r e s i a t a n c e

I = magnet current at time t L = total circuit inductance.
VQ= voltage on C., at time

With (R/L) < 4/LCj the circuit is oscillatory and the time response of (4) is

gE " !o I ) 3inBt -at (5)

where
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R
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Figure 6 shows calculated flattop currents as a function of time for various values of CZ and initial ca-
pacitor voltages. For our application a 2.2 5 F bank and an initial charge of 97. 3 V were selected.

As mentioned before, for high current, LV ap-
plications the cost of the capacitor bank Cl and of
part of the switching circuit can be reduced by add-
ing a transformer. As indicated with dots in Fig.
4 the transformer would be before the power crow-
bar and be isolated from the crowbar by a rectifier.
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Fig. 6. Flattop
currents for various
capacitance and volt-
age values.
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1.4 - Fast Rise Time With a Slow Decay There
are applications where a magnetic field must rise
very fast and be maintained within relatively
coarse tolerances. For example, at the ZGS a
beam transport system is in use with the 12-ft BC
which separates particles of high energy beams by
means of radio frequency. For good resolution it
is desirable to have five to seven particle tracks
per picture. Typically, this number of particles



is reached within 9 us for protons and 35 us for pions. Additional particles of the 50 us beam spill are
P^vented^from^eaching the BC by the pulsed field of a 1 kG-m bending magnet which deflects the beam ..in-
to" af. beam stop. This beam shutter magnot has an aperture of 15 x ! 5 c m a r ise time of ~ 3 fs followed by
a flattop which is maintained within 10% for 2 40 vis.

1.4.1 - Circuit Description In the circuit of Fig. 7 high voltage:(HV) capacitors Cl determine the cur-
rent r i se time in cbnjuriction with the circuit inductance. A magnet pulse is imtiat^.;byjapp'lying.aBiHV pulse
to the igniter of ignitrans 1, These ighitrons conduct within ~ 0.6 us connecting capacitors Cl, charged to
voltage E l , across the magnet. Between to and tj a sinusoidal current will flow as sh^wn in Fig. 8. When
the voltage on capacitors Cl reverses , it will drive current through the ignitora of ignitrons 2 via HV diodes
Dl and current limiting resistors R l . At time t j , the negative voltage on capacitors Cl is large enough to
strike an arc in ignitrons 2, and the current commutates from the HV to the LV capacitors C2, which are
charged to voltage E 2 . At time t2 , ignitrons 1 have turned off and with C2 » Cl the change of current is
decreased. At time t3, capacitors C2 have discharged and LV diodes D2 arc conducting. This terminates
the flattop region of the current pulse. Between t3 and t4 the magnet current decays to zero with the L/R
time constant of the circuit. Diodes D2 and the zener-fired thyristor SI protect C2 from reverse and from
overvoltage in case of an accidental discharge of Cl into C2.

TO THIRD
DISCHARGE
ASSEMBLY

« • TO LV POWER SUPPLY

- TO HV POWER SUPPLY

ONE DISCHARGE ISSEUBLV Fig. 7.
Circuit for
fast rise

-* time and
slow decay.

Fig. 8. Current
and voltage waves of
the circuit of Fig. 7.

Fig. 9. Flattop
pulses for different
values of E2 and
C2 = 0.015 F .

At time t2 the resistive voltage drop is ~ 100 V.
A voltage E2 larger than 100 V will cause the cur-
rent to overshoot. One makes use of this fact to
hold the current within ± 5%, using a capacitance
much smaller than would be required if no over-
shoot were permitted. This is illustrated by Fig. 9
which shows magnet currents i and capacitor volt-
ages e c z as a function of time for a total circuit
inductance of 600 nH, C2 = 0.015F and various
values of E 2 . Fie. 10 shows the effect of varying
the value of capacitance C2. For this application
a 0.01? F capacitor bank charged to 150 V was
chose-i. The average current of the crowbar ig-
nitrons must be < 2 A. This requires that part
of the transmission line be made from stainless
steel to increase the circuit resistance without the
iEnitrons to ~ 2.9 mfi in order to reduce the L/R
time constant of the current decay. Because the
vr'tage drop across the ignitrons is nearly constant,
the damping factor exp (-tR/L) increases aa the
current decreases. The current decay was calcu-
lated in steps of At = 1 us using the expression

400*

If the circuit resistance would be increased still
further to 2 6.6 mfi the time response of Eq. (4)
would no longer be given by Eq. (5). With (R/L)2

= 4/LC2 the circuit is critically damped and the
time response becomes

Fig. 10.
Flattop pulses
for different
values of C2
and E2 = 150 V.

-at

and with ( H / L ) > 4/LC 2 , the circuit is over-
damped having a time response of
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,POWER SUPPLY VOLTAGE E

1.4.2 - Discharge Assemblies Each of the:three;assembUes shown in Fig.~J consists of;a_1037 igni-
tron, a 1041 crowbar ignitron, a 2 nF HV capacitor, a O.oOSFelectrolytic capacitor bank and the recti-
fiers shown. The 2 viF capacitor and the ignitrons are cbaxiaUy mounted to a parallel-plate-transmission
line to keep the circuit inductance and the time it takes to commutate the current into the crowbar to a
minimum. All discharge current carrying components are rigidly mounted to counteract magnetic forces.

2. - CHARGING SUPPLY CIRCUITS

2.1 - Rectifier Phase Control Large capacitor banks are usually charged from a three phase HV pow-
er supply. A constant charging current is achieved by thyristor phase control on the low voltage rectifier
transformer primary. The transformer secondary is usually wye connected and feeds a 3-phase full wave
HV rectifier bridge. When the capacitor bank has reached the desired voltage, the control loop initiates
blocking of the thyristors thereby terminating the charging cycle.

2.2 - Charging Through a Resistor and Thyristor Turn-off Circuit Capacitor banks of fi 5 kj are often
charged from an unregulated 3-phase rectifier and the voltage is controlled by a. thyristor turn-off circuit.

Figure 11 shows a typical example. The 3-phase
rectifier output voltage is larger than the desired
capacitor peak voltage eVi. When SI is turned on,
the charging current i^j is limited by resistor Rl .
When the capacitor bank Cl is within 0.05% of the
desired voltage, S2 is turned on. This causes a
reverse current to flow out from the capacitor
bank Cl through SI and S2 into the turn-off capac-

Fig. 11. Charging circuit with thyristor turn-off itor C2. This reverse current will turn off SI.
and associated waveforms. Capacitor C2 will be charged to the power supply

peak voltage at which time S2 turns off. The
circuit is ready for the next charging cycle after

C2 has been discharged via S3 and R2. The drawbacks of this charging circuit are the high losses in r e -
sistors Rl and R2.

2. 3 - A Controlled Charging-Choke Circuit A much more efficient charging circuit than the one des-
cribed in paragraph 2.2 has been developed which uses a choke with a crowbar thyr is tor ' " .

Without thyristor SI the circuit of Fig. 12
would be a conventional charging-choke circuit.
When capacitor C discharges, rectifier D con-
ducts current i^in the direction shown but does
not let the current reverse. At time t0 the sup-
ply voltage E drives an essentially sinusoidal
current through the charging circuit. Between
tj and tj the decaying charging current generates
a voltage L di/dt which aids the supply voltage
to charge the capacitor C to a voltage larger
than E. In the case where R •* 0, this voltage
will be, at time t£, e^ = 2E. By providing a
thyristor (or other suitable switch) across the

charging choke, the charging cycle can be terminated at any instant between times t.. and t , . In the
circuit of Fig. 12 a fraction of the capacitor voltage e_ is compared with a reference voltage. At
time t r , when these voltages are equal, a pulse is generated which turnr on SI. With SI conducting,
the driving voltage L di/dt is removed from the circuit and with the capacitor voltage e c larger than
the power supply voltage E, diode D is back-biased and the charging current ij stops. The current
i2 flowing in choke L at time t r will decay with a time constant L/R, where R is the resistance of
the choke and thyristnr circuit. Thyristor SI remains turned on until at time tj the capacitor dis-
charges into the load, '."ith the capacitor discharged, the supply voltage E is back-biasing SI and
thereby turning it off. This returns the choke back to the charging circuit and tic above cycle repeats.
The current i2 flowing in the choke when SI ia turned off will aid in charging capacitor C (the energy

SUBSEQUENT CYCLES

Fig. 12. Charging-choke circuit with turn-off
thyristor and associated waveforms.



Fig. 13. Reactor-transformer circuit with
turn-off thyriutor.

0.5 Li, is returned to the circuit). This makes
the circuit not only a very precise voltage regulat-
or but also very efficient.

Figure 13 shows an HV charging circuit in
which part of the discharged energy is recovered
from the magnet load together with the current
and voltage waveforms of the charging circuit.
Between .tithes>IQ.and tj the magnet current has
gone through one cycle as described earlier For
the circuit of Fig. 2. The capacitor is being re-
charged at time t, when thyristor SI applies the
unregulated HV dc power supply voltage E. When
capacitor voltage e£ has reached a level corre-

sponding to the reference voltage, a trigger pulse is generated turning on S2. S2 removes, by transformer
action, the drivinft voltage L. di/dt and terminates the charging cycle. In this case, a reactor-transformer
is used in order that a low voltage thyristor S2 can be used in the HV charging circuit. Between charging
cycles the current ij of the reactor-transformer decays exponentially; this current transformed to the
primary is shown as i'j, in Fig. 13.

At time tj thyristor SI is triggered on again, which reappliee the power supply voltage E to the charging
circuit. The voltage difference E - e c , applied across the reactor-trans former, turns off S2. With the
reactor-transformer inductance back in the circuit, capacitor C is being charged again to a voltage deter-
mined by the reference voltage. The capacitor voltage (magnet current) can be controlled over a wide
range by varying the power supply voltage E. This is done by selecting different taps on the rectifier trans-
former (see Fig. 11).

3. - MAGNET DESIGN

Most of our pulsed magnets have the usual core laminations stacked from stamped or cut sheets. How-
ever, over the years we have been experimenting with tape wound cores in order to reduce cost. We use
cores wound from low carbon steel, and from oriented and nonoriented silicon steel. At present the max-
imum tape width that can be wound commercially is 6-in and the overall diameter is limited to £ 36-in. The
most common tape wound shape is a "C" core. Other cores can be assembled economically by first wind-
ing a toroid from tape as illustrated by Fig. 14a. The toroid is then compressed as shown in Fig. 14b and

annealed. Thereafter it is vacuum impregnated
and the ends cut off resulting in the section shown
in Fig. 14c. The laminated surfaces can then
readily be machined and the section cut into small-
er pieces if this is desired.

L J

Fig. 14. Core lamina-
tions made from tape
wound toroid.

(a) (b) (c)

COil. INSULATION

S E C T I O N fl-A

Fig. 15. Pulsed beam-
shutter magnet.

Fig.
coil.

16. Magnet

3.1 - Beam Shutter Magnet The beam shutter
magnet referred to in section 1.4 was fabricated
from tape wound sections as outlined above.
Grain oriented silicon steel 0.004-in thick was
used. Figs. 15 and 16 illustrate the magnet and
the magnet coil design.

3 . 2 - Septum Magnet The principal mechanical
features of a pulsed beam splitting septum mag-
net, proposed by the writer in 1968, are shown in
Fig. 17. The proton beam is centered at the sep-
tum. Half of it is deflected to the left, the other
half is deflected to the right. Figure IS shows the
flux plot of one magnet quadrant and the field uni-
formity for a nominal field of 3. 5 kG, for Armco
A-6 nonoriented silicon steel. The coil design is
similar to the design described in reference (5)
for a C-type septum magnet.



ill

CORE

Fip. 17.
' Beam
• splitting
' septum

magnet.
6"

t

Fig. 18.
(a) Flux of one
quadrant
of tho
septum
magnet.

(b) Field
uniformity
versus
distance

?j

Fig. 19. Assembly of quadrupolc magnet.
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Fig. 20. Pulsed quadrupole shape and coil.

Fig. 21. H-Frame
magnet with
C-cores.

3.3 - Quadrupole Magnets A pair of pulsed quad-
rupoles spaced 180° apart in the ZGS ring was in-
stalled to prevent the depolarization of polarized
protons during acceleration''1'. The pulse has a
10 us rise time and a Z ms flattop generated with
circuits similar to the one desribed in section 1.4.

Various schemes for laminating the core from
0.004-in silicon steel were investigated. The cost
estimate for fabrication of two cores from stamped
laminations was about $18,000, of which $5,000
was for a die. The cost of these cores could be re-
duced by $10,000 if we fabricated them from com-
mercially available tape wound cores of 0.004-in
laminations. Actual assembly of tape wound corc-
halves to form a quadrupole core is much simpler
and, therefore, less costly than the assembly of
4-mil stamped laminations.

Four tape wound core-halves were aligned on
a surface plate, insulated from each other by
giass cloth, and clamped between 3/4-in thick
stainless steel end plates as shown in Pig. 19.
The assembly was then vacuum impregnated to
bond the units into a HO-in long C-core. After ros-
in curing and cleanup, the pole shape was ma-
chined to the required dimensions as illustrated
by Fig. 20.

3.4 - Bending Magnets For time sharing of the
beam of a ZGS pulse and for beam lines which re-
ceive beam for less than a few tens of ms, pulsed
bending magnets with air cooled coils were devel-
oped.

3.4.1 - Magnets With Tape Wound C-Cores In
1967 a 500 liter BC project was proposed which
would have required bending magnets with a total
/Bdl of 280 kG*m and 5 cm gap heights. The mag-

nets had to be pulsed once every 2 s with one cycle
of 60 Hz. A cost comparison of various designs
showed that an economical solution was a design
utilizing tape wound C-cores. Figure 21 is a cross
section of the magnet. The C-cores have a pole
face of 6-in x 6-in. They are wound from 0.012-in
thick grain oriented silicon steel. Five magnets
each having a core of 11.5-ft and a field of 16 kC
in the gap would have been required. For a 3-ft
long prototype, 12 C-cores were purchased. The
cores were wound on a 7-in x 9-in mandril. After
annealing and vacuum impregnation with epoxy they
were cut + 0.5-in above center line on one side
and - 0.5-in below center line on the other. By
rotating one core half 180° one has a 2-in gap as
shown in Fig. 21. Each C-core weighs ~ 222 kg.

Each magnet half was to be potted into a steel
box and all gap and yoke return surfaces machined
as a unit. To test the bond strength between the
box and the C-cores and between the core lamina-
tions, half a C-core was bonded in a 6-in wide chan-
nel and suspended by its box. ThiB assembly was



vibrated with 60 Hz for one hour without either bond failing,
inatcd when the 500 1 BO project was cancelled.

This magnet development program was term-

3.4.2 - Ma^netrWith Stamped Laminations Figure 21 illustrates a 24 kG'm pulsed bending magnet
which is powered from the;'cir,cuit:

r'de9cribed;in. section 1.3. The width of the pole face was too large for
C-cores, therefore laminations were used. Each of'the two air cooled coils has 40 turns wound from 2 x 2
cm copper. Figure 23 is <i flux plot of one magnet quadrant at rated field as calculated by computer pro-
gram TRIM. The calculation does not consider the grain orientation of the steel which would tend to de-
crease the fringe fields. Nevertheless, it is obvious that the iron tostns in a long magnet will be less with
stamped laminations as compared to tape wound C-cores. With C-cores the 6-in wide laminations are
parallel with the long gap dimension and intercept this fringe field. This will be of importance for magnets
with high PRR. Needless to say, at high PRR the coil conductor must be made smaller to reduce eddy cur-
rent losses in the copper. Figure 24 shows the field uniformity in the gap center.

MAGNET CHARACTERISTICS

AIR GAP FLUX DENSITY
DURING FLATTOP Bo ' " •<•

EFFECTIVE LENGTH
Or M1GNET i 5 5 m
FIELD UNIFORMITY 15 tin
ON EITHER SIDE OF
tUUIUMIUM ORBIT , . . . i 0.9990
REPROCUC1BILITY UNO CONSTANCY
OF FLATTOP FIELD . to 004%
CURRENT REQUIRED FOR »o 1800 A
0C COIL RESISTANCE . 0.020 O
DC INDUCTANCE 0.041 H
MAGNET TIME CONSTANT 2«» I

222 4 cm
LAMINATION! 0 . 3 M SILICON STEEL

Fig. 22. Air-cooled pulsed bending magnet.
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