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Abstact
As pare of the Polarized Proton Project at the
AGS, a pulsed power supply system has been developed
to energize a set of twelve "fast" quadrupoles which
are syianetrically distributed around the 1/2-mile c i r cumference of the machine. During a typical acceleration cycle, which is normally repeated every 2.4 s,
these magnets are energized with bursts of triangular
current pulses. The rise-time of each pulse is less
than 2 ys and the width at the base varies from 1 to
3.5 ms depending on the pulse. Within a burst, pulses
alternate in polarity and vary in amplitude from 160
A to 2700 A peak. Pulse separation is on the order of
40 ms.
Due to the distributed nature of the load and high
d i / d t , each magnet is powered by a separate modulator.
Magnets are driven via coaxial pulse transmission
cables up to 200 ft long. In the modulators, the high
power pulses are switched with thyratron/ignitron
switch pairs. All modulators are charged in parallel
with a common system of programmable high voltage
power supplies. The overall system is controlled with
a distributed network of microcomputers. This paper
describes thi development, construction and i n i t i a l
performance of the pulsed power supply system.
Introduction
Presently, there is a program underway at
Broo!:haven to accelerate polarized protons iii the AGS
up to 26 GeV. During acceleration, more than fifty
depolarizing resonances of two types (imperfection
and intrinsic) aust be crossed. To minimize beam
depolarization while crossing the eight intrinsic
resonances, a series of fast-rise/slow fall vertical
tune shifts is introduced by pulsing a set of socalled "fast" quadrupole magnets in the ring. Thus
during each acceleration period, the fast quads are
energized with a burst of eight triangular current
pulses which alternate in polarity and vary in arapli-

tude from 160 A to about 2700 A peak. All magnets
are pulsed simultaneously so that the total required
tune shift takes place within one beam revolution
period or approximately 2 jis. For polarized protons,
the AGS operates at a nominal rate of one cycle
every 2,4 sec.
The fast quads u t i l i z e high frequency ferrite
cores and cerajnic vacuum chambers. The inside surfaces of the vacuum chambers are coated with an 8000
A thick Al film to prevent charge build-up in the
ceramic and to maintain a low rf impedance. The
layer is thin enough, however, to be transparent
to the pulsed field. The inductance of a fast
quad, shown in Fig. 1, is £_pproximately 6 yH.
Due to the distributed nature of the system and
high required di/dt, each quadrupole is powered by
i t s own modulator. With limited space in the machine
tunnel, modulators have been installed in small
buildings outside and energize the magnets via
coaxial pulse transmission cables. This realization
also provides an easy access to the equipment for
test or maintenance purposes. A prototype of the
system has been described in an earlier paper ( 1 ) .
Pulse Specification?
Parameters of magnet excitation pulses within a
burst, such as peak amplicude, 1^, base width, x^, and
time of resonance crossing, t x , are given in Table I .
The required pulse waveform is shown in Fig. 2 where
the r i s e - t i n e t r = 2 Us. In Table I, pulses have been
labeled sequentially with and without regard to polarity ( i . e . , PI is the first positive pulse, e t c . )

Table I

Pulse No.

E(Gev/c)

tx(ms)

1. (IP)
2, (IN)
3, (2P)
4, (2N)
5, (3P)
6, (3N)
7, (4P)
8, (4N)

1.70
4.58
7.98
10.85
14.26
17.13
20.53
23.41

69
142
178
226
2S6
358
431
504

Im(A)

35
- 451

197
-1071
1409
- 592
1014
-2252

rd(ms)

1.0
3.5
1.0
3.0
3.5
1.0
1.2
3.5

A fast quadrupole magnet
""*Work performed under the auspices of the U.S. Department of Energy.
Fig. 2

Required pulse wavefora
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System Design Considerations

The. design goals and constraints for the overall
system are summarized in Table I I .
Table

voltage capacitors CL which greatly reduces the -jize
of the charging supplies. It also permits parallel
charging of low voltage circuits in a l l modulators
with a resulting simplification of the system pulse
amplitude control.

II

PS System — Design Goals and Constraints
1. Generate bursts ol triangular current pulses
simultaneously in 12 quadrupoles

8 pulses/burst
Pulse sep. - 36 ms

2. Bipolar Output
3. Wide Range of Pulse Amplitudes

160A - 27Q0A

4. Fast Rise/Slow Fall Pulses

tt = 2.0 MS
t,= 3.5 ms

5. Pulse Repetition Rale

1 burst/2.4 s
2 • 10e pulses/week

6. Individual Pulse Height Adjustment

+20%

7. Pulse Height Stability

±1%

8. Long Pulse Life

> 10B pulses

9. Long MTBF

> 1 0 7 pulses

j^R d 7S-^u 5 ,s N

[_1»

10. Minimum Cost

C

JL

IN2

From Table II it is clear that for the given
magnet inductance and required di/dt the peak driving
voltage must be of the order of 15 kV. With the
present state of technology, the combined requirement
of a long fall-time, small turn-on j i t t e r , high
output voltage and long pulse life can only bs
met with composite switches j;.de up of t'r.yratrons
and ignitrons.
Modulator Design
After considering several alternate designs, the
basic c i r c u i t of Fig. 3 has been chosen. In this c i r cuit the pulse is generated in two segi?2nt3 - the leading edge is established by CH and l^, while "h»
falling edge is determined by CL and Rj. TU_ .slue of
the "lew" voltage capacitor CL is rather la; •<*• but i t s
operating voltage is on the order of 1 kV. Ir. fact,
the nngnlcudii of VL depends on the critical anode
voltage of switch S2, stray inductance l.s and p ',•-.
current I^.

V

N2"

lbN2

I

|

Fig.

4

j

I

The bipolar n-pulse modulator circuit

In each of the low voltage c i r c u i t s of Fig. +
'
there are three elements, Rj., C c , LL, which were
omitted e a r l i e r for the sake of simplicity. The effect of LL is to linearize the slope of the t r a i l i n g
edge of the pulse. The R^C,- c i r c u i t is used to improve pulse commutation between the high and the low
voltage sections. The advantage of using LL is in
that it reduces the size of CL for a given i n i t i a l
slope as well as the amount of charge transferred
per pulse.
Simulation
The c i r c u i t of Fig. 4 with 100 ft of output
cable has been simulated on a d i g i t a l computer
and the computed pulse No. 4M is shown in Fig.
5 (solid curve). For comparison, a pulse with
the same i n i t i a l slope but an exponential decay
is also shown in the figure.

l m = 2252 A
T

ch =
T
d =

V L = 1.0 kV

70 ms
3.5 ms

i. u = 0.04 A

F?d = 0.444 Ohm
7882pF
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A two-sectioii single pulse circuit

An extension of the ci-cuit of Fig. 3 to a bipolar
n-pulse c i r c u i t , n = 2 , 3 , . . . , is shown in Fig. 4. The
augmented circuit employ:; a single bipolar high v o l t age section and n unipolar "low" voltage c i r c u i t s (PI,
Nl, P 2 , . . . ) . Capacitor CH is charged either positively or negatively with a bipolar high voltage power
supply VH and discharged into the load with one of the
two unipolar output s u i t e d , So+ or So-, depending on
th,> polnrity of the pulse. The low voltage c i r c u i t s
are charged with separate power supplies (Vpj . Vn] ,
e t c . ) . This scheme permits slow charging of the low
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Computed 4tl pulse

The effect oC stray inductance in the low voltage
circuit on the shape of the front end of the same
pulse is shown in Fig. 6. From the above results i t
is clear that in order to minimize the perturbation
in the 4fl pulse, the value of Lg must be less than
0.5 UH. In other c i r c u i t s , where resistances R<i
are larger, higher values of Ls may be tolerated.

.
In Fig. 4, the KG circuit at the load end oE
the oatput cable serves to damp out cable reflections.
With the values of elements indicated, the amplitude
of: retlections which appear as a ripple on the
front edge of the pulse .are reduced to an acceptable
level (see Fig. 6).
-3.0

-to
, = IOOOV

Vrt= 14850 V

,= 4063ft F

CH= 0.2ft F

,, = 0.22 Ohm

of the EEV-1538 which has bean successfully used in a
pulsed application at Livermora. Ignitrons are used
only in the output circuit and in five of the high
current low voltage c i r c u i t s . Thus there are ten
thyratrons and seven ignitrons per modulator.
Triggers for each pair of tubes are obtained froma pulse transformer with two output windings. The
output pulse cable consists of two 11-chm low
inductance double coax cables in parallel. Most of
the high current interconnections in the modulators
have been made with 5 in x 1/8 in busbars. Power r e sistors have been made up by paralleling a number of
ceramic tubular r e s i s t o r s . A layout of components
inside a modulator is shown in Fig. 8. A dummy
load has been incorporated into each modulator
to f a c i l i t a t e testing.
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The effect of stray inductance Ls on
the front end of the pulse
Realization

The design of the system is based on twelve
modulators, one bipolar 20 kV and eight tconopolar 1.5
kV programmable charging supplies. Modulators are
housed in separate buildings outside the machine tunnel
and are connected to the magnats in the ring via coaxi a l pulse cables up to 200 ft long. All of the
chctging supplies are locate.! in one of the buildings
and are cor.r.ncted to the modulators with long charging
cables placed around the ring as shown in Fig. 7.
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A prototype of the modulator has been built
and tested in the fall of 1982/spring 1983. The
first eight units were installed and successfully
tested as a system during the first part of this
year. All of the modulators have been built at
BJJL; the high voltage charging supplies were
purchased outside.
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Test Results and Operational Experience
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Fig. 7

Component layout inside the modulator

Ps system layout

Each aodulacor is connected to the charging cables
with a set of high voltage contactors. Hard wired
interlocks and control circuits automatically disconnect the equipment from the charging cables in the
case of a fault. The entire system is controlled with
a network of microcomputers. System triggers ara
derived fro-.a a coicnon source controlled by one of the
micros .
In. the modulators the high power switches are composed of EEV-1591 glass thyratrons and GE GL-37238
ignLtrons. These thyratroas nrc an improved version

The waveform of a magnet current pulse is shown
in " l g . 9 and a three pulse t e s t burst is shown
in Fig. 10. Consultation of current from the thyratron
to the ignitron in one of the output tube pairs
during a number of shots is shown in Fig. 11.
The broad leading edge of the igviitron pulse is
due to ignitron turn-on j i t t e r . As can be seen,
this effect is automatically compensated for by
the thyratron so that the output pulse is stable.
The system of the f i r s t eight modulators has been
used in the commissioning of the polarized proton
project since the early part of this year. Since
acceleration until now has been up to 10.3 Gev/c,
only the first three pulses per burst have been
used during operation. The remaining pulses will
be required in the near future for acceleration
to higher energies. So-far, each of the modulator
output switches has accumulated several hundred
thousand pulses with no recorded failures.

200 A/cm
iO ys/cm

m
Fig. 9

A magnet current pulse
Fig. 11

Commutation of current from the
thyratron to the ignitron in one of
the output tube pairs
Acknowledgnents

500 A/cni
20 ms/cni

The authors would like to acknowledge the technical assistance of C. Eld and D. Warburton during the
various phases of the project. Technical expertise
of M. Iwantchuk was essential in the commissioning of
the system.

References

Fig. 10

A three pulse test

1. R.J. Nawxocky and R.F. Larabiase, IEEE Transactions on Nuclear Science, Vol. NS-30, No. 4, August
1983, pp. 2772-74.

DISCLAIMER
This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

