A MULTI-FUNCTION RING MAGNET POWER SUPPLY
FOR RAPID~CYCLING SYNCHROTRONS*
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Abstraces Ring magnet power supply (RMPS)

circuits chat produce a wide range of magnet current
waveshapes for rapid-cycling synchrotrons (RCS) arte
described. The shapes range from long flact-tops
separated by a biased dual frequency cosine wave to
those having a flat-bottom (injection), followed by a
lower frequency cosine nalf wave (acceleration), a
flact-top (extraction), and a higher frequency cosine

half wave (magnet reset). Appiications of chese
circuits for proposed synchrotrons are outlined.
Solid-state switching circuits and the rasults of

proof=of~concept tests are shown.
Introduction

Ring magnets of RCSs are usuflly excited by a de=
biased sinewave of Erequency fo- In 198 5 proposed
a circuit for dual frequency excitation.™’ A half
cosine wava of frequency fl < fn 1s applied during
acceleration, thereby reducing significantly che peak
cf power required as compared to single frequency, fo,
operation. After acceleration, the magnets are reset
with a half cosine wave of frequency £, > fo. The
repetition rate of the dual frequency circuit is the
suzme as for a single frequency circuit operating at fo
= 2 &) £/(f;+f;). Figure 1, without switch Sy;, is a
block diagram of the circuit. Later I added switch
Su ¢o provide constant curfezlt during beam fnjection
or duving beam extraction.”? This paper describes
furthar circult developments for gencrating a wide
variety of RMPS current shapes. Their application
should minimize the cost of new RCSs, and in some
cases peralt zo build and operate facilities in stages

and perhaps to upgrade existing facilities, To
siaplify cthe wave shape diagrams, the inductance
values of ring magnets, and of energy storaga

»
chokes, Loy, are assumed toL“fﬁave equal values.
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Fig. L Dual frequency resonant circuit.

Long Flac-Tops Separated by
Dual Frequency Cosine Wave

The waveshapes of Fig. 2 are proposed for a
svachrotron with a 100 pps repetition rate and 5 ms
flac-tops for the DNaresbury Laboratory in England.
They can be generated by the circuit of Fig. 3. At
time tys all circuit energy is stored in the induc-
tances: the magner current i,, is at beam injection
level, the choke current iy 13 at its peak value. At
this Time, solid-state switch 35; is closing, switch
3 teaaing apen. Between tiwmes ty and ta, the cir-
Juli Ttesonates at frequency fl while the energy scorad
in choke Loy is being cransfarved to the magnets Ly
via capacitors C, + Ca. At time L. the capacitors ate
zged, switsh $77 is closing”and $; is opening.
Setween Iizes ¢, and Cj3, the magnet current is held
conszant by de power supply E‘,. = i?'. R)‘. while the beam
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Fig. 2 Long Elat-tops separated by dual frequency

cosine wave.
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Fig, 3 Circuit to generate the waves of Fig. 2

the choke current is being main-
=i Roy- The differ-

i3 being extracted;
tained by dc power supply E cu Be
ence of the two currents, 41 = iy ~ 16!1 flows through
switch Syp. At time ¢ switch § opens causing the
circuit to oscillate at frequency EZ uatil time tg
when the magnet curreat has decayed to its injaction
level. At ctime ts» the above cycle is repezted. The
ac pover losses of the resonant circuits are made up
by a cgu-::em: pulse L on the primary winding of the
choke. This pulse” is usually applied during the
descending pertion of the magnet current. When the
current pulse occurs sypmettically around the pesk of
the capacltor voltage, ec = - &, there is no phase
disturbance. Therefore, it 13 possible to make up
circuit losses more eﬁ?nonu!.ly during accelaration
with a current pulse i arrangad symmetricslly around
time t, in place of pllse L .. During acceleration,
there }.s more time for the pulse and the capacitor
voltage is smaller. For initicl start-up switch S
is closed until the magnet current i, and the choke
current "CH have risen to the values shown for tige
to.

Long Injection and Extraction Times with
Different Frequencies for Acceleration and Reset

The waveshapes of Fig. 4 can be generated by the
circuit of Fige. S which is shown ia its scart-up
condicion. With swi:chii Syr aad Sppp closed, the de
power supplias ECH + ECH drive t?s choke carrent to
its flat~top value; power supply drives the magnet
current to its flat-bottom value. This condition 1is
the one shown at time ty. Beam 1is injected between
times t, and ;. At time t, switch SI closes and
switches SII ani SI 1 open. T*\e energy stored in the
choke s :ransferres to the magnet via capacitors cl
ind C. between times t, and t, whea the beam is being
accelérated. At time t, slow beam extraction begins
“hen switchas Sn and SI\' close and switch S,_ opens.
The ragnet current i{s neid congtant at iss flac-top
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leval ty the series connected power supplies Ey + EFB
the choke current Ls held ac lta lowest level by pouer
supely 8 At time ¢, team axtraction {s terainated

ng of switches Sy and Spy. The energy scored
in the magnets Ls trausferred to the choke via capaci-
tor <. at a1 frequency r.. betwaen :i'ues c, and tgo.  AC
Time tg, switchas § and :’III ar Llosed again and
~he above cycle 1is repe ted.
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Fig. 4 Long injzction and extraction.
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Fig. 5 Circult to generate the waves of Fig. 4.

Different Combinations of Injection and
Extraction Times

The circuit of Fig. 5 can provide any combination
>f injection and extraction times by operating
s@itcnes S, through S,y appropriately. For example,
for the propused TRIOMF Il “Xaoa Factory”, Fig. 6
illuscrates the facility operation. Protons from

ig. 6 TRIUMF TI facility operation.

tne 13 MMz ow TRIUMF cyclotron are stoc. {4 {in an
ACCIMULATIOR before they are fnjected at 340 Mev
into a4 50 pps BOOSTER~-ATY which accelarates thew to 3
veV. Juring acceleration the BOOSTER rescnates at
.03 33 '3 Hz and when the =agnets are cese:t (.
sisonatas At £, = (00 Yz. Five BOOSTER pulses are
axtrazted into”a COLLECTOR befsre thay are injected
{2ty 3 1@ pps DRIVER-RLS which accalerates theam to 30
eV, Th2 Juai frequency driver resonazes at 3 N3 Hz
i H Sean say be extracted fast or Iiaty am
slow extriction. The TRIUMF group
constdering 1 staged construction which

initially would not have the COLLECTOR and EXTENDER
rings. The same beams could be provided at 2 lower
repetition rate oy operating the B300STER and DRIVER
syiehrotrons as illustrated in Fig. 7. The 300STER
could use a RMPS as described in reference 7, and the
DRIVER could use the one illustrated im Fig. 5.
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Fig. 7 TRIUMF II initial stage wichout
COLLECTOR and EXTENDER.

Solid-State Switching Circuits

The switches shown 1n the above circuits must be
capable of carrying curreats of < 3 kA and of holding
off forward and reverse voltages < 20 kV In che low
voltage proof-of-concept circuits of Figs. 8 and 10
SCRs and/or GTOs wrre used to make up switches S; and
S¢;. For practical applications, each of the S or
G’Bs shown in Figs. 8 and 10 for St and S;; would
represent a columm of these components connected in
series to achieve the required voltage rating. This
i3 being done routinely with SCRs and their hard tura-
off circuits (comprising Cy, 53, Sy, and Ry 1o
Fig. 8} are relatively inexpensive. &{nly recently
have GIOs becom: commercially available with ratings
approaching those of SCRs. Devices with heavy metal
doping possecs symmetrical blocking characteristics
which wmakes them suitable for our applications.
However, at this time, it 1is not clear whether a
colum of series connected GTOs with their more
complicated gate and snubber circuits will be as
economical and reliable as SCR-coluems. In the near
future, experience will be gaimed in this respect; as
will be shoawn below, either component can be used.
For very large currents, thyristor columns aust be
connected in parallel with forced current sharing.

Proof—of~Concept SCR Circuit

In tha circuit of Fig. 8, a consgtant d¢ current
circulates through the magnet. I,(, and choke ]‘Cﬂ' ac~-
excitation 1is provided by 3 curreat pulse when the
magiet voltage 1s at 1t: pesk. The circuit was
operated in three modes as shown in Figs. 9a through
9¢c. circuit was arranged toc test the SCR-
s:'itching’, no effort was made to hold the bottoms and
teps very flat. Therefore, when the magnet was crow
barredt ut its lowest current, Fig. 9a, the fixed so0l-=
tage B; drove the current up at a rate of diy/dt =
Edu:/LH During flat top, Figs. 9t :nd S, rhe voltage
Edc vas not qulte large encugh to maintain the current
coastant.
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fig. . Provi-of-cous.ot SCR ciccuit.



, Fig. 9b Flat-top.

Fig. 9¢
Flat-bottom and very
long flat-top.

fraoof-of~Concepc GTO Circuit

Figure 10 shows the tast clircuit which simulates
the civcuit of Fige. 5. Three modes were succassfully
testad as shown in Figs. lla to llc.
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Fig. 10 Proof-uf-Concept SCR and GTO circuit.

Fig. lla Loug flat-tops
separated by dual
frequency cosine wava.

Fig. llb Llong flat-bottoms
separated by dual
frequency cosine wave.

Fig. lle
Long flac-bottom,
"3low" current rise,
Lomg flat-rop and
"Zase™ current decay.

An Applicacion for LAMFP [I BO0OSTER

The 6 seV Booster-RCS proposed £3r LAMPS L[ nas a
repetition rate of 50 pps. [cs injaction czurrent of
1.05 kA i3 maintained for 1 ms, the curreat rises to
5 kA at a frequency £) = 41,35 Hz duting acceleratior
and_ returns Co 1.05 kA at a frequency £, = 127.7
Hz.e A block diagram of the Booezer-RHPSS i3 shown in
Fig. 123 its estimaced cnat ia $4.4 x 197,

PULSED POWER SUPPLY
Fig. 12 RMPS for LAMPF II 6 GeV 60 pps Booster.
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