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sunraary

/+ variaple frequency linear accelerator for heavy
ions, (AlAC, was canpleted in 1981. It has been working
stavly without serious troubles for three years since.
It consists of six quarter-wave resonators with drift
tubes loaded at their open ends. Resonant freguency is
tunable according to charge to mass ratio of ions
between 17 anu 45 1ilz, by use of shorting devices and
capacity campensators. The minimum charge to mass ratio
of ions which can be accelerated is 1/2s at 17:Hz and
1/4 at 45riiz. 'The maximum energy of ions is 0.6 MeV/amu
at 170Hz and 4nevV/amu at 45:liiz. Since the RF voltage for
acceleration of the heaviest element is not very large,
power consumption is relatively small, allowing
continuous operation of the RIF systeri. The CW mode has
simplified the &' circuits and the control system of the
accelerator

The linac has accelerated ions of element from
hydrogen to gold. The beams are being used for
exgeriments of nuclear chemistry, atomic physics, solid
state physics and radiation Liology. In future, the
RILAC will serve also as an injector to a new post-—
stripper accelerator, a separated sector cyclotron. RF
of the both machines is tuned to the sane frequency.
nergy will be multiplied by a factor of 17 and the
range of application will be extended.

Introduction

RILAC is the first linac of which accelerating
frequency is tunable in a wide range. It consists of an
electrstatic injector up to 50U kV and six i/dderoe typr
RE acceleration structures of which the resonant
freguency is tunaple between 17 and 45 iijz. RILAC was
proposed in 1971 as a new type prestripper accelerator
of a two-stage heavy-ion accelerator couplex and its
preliminary design was presented at the sSixth Inter-
national Cyclotron Conferencel in 1972,

Object of the frequency varilable design was two-
fold: OUne is to secure acceleration of ions of alnost
all the elements in the periodic table. 1The other is to
match the accelerating condition between the pre-
stripper linac and the post-stripper separated sector
cyclotron.

The construction of RILAC was started in 1975. ‘The
first bean acceleration by the first resonator was
achieved in 1979 and that by the whole six resonators in
1981. It has accelerated successfully ions of various
elements ranging from hydrogen to gold at difrerent
accelerating frequency depending on the chargye-to-rass
ratio of ions. Acceleration of heavy ions is feasible by
the freqguency tuning as far as their charge to mass
ratio is larger than 1/28. power consumption is smaller
for acceleration of the heavier ions by use of lower
frequencies than for lighter ions for which higher
freguencies are used. Since the RF voltage for accelera-
tion of the heaviest element is not very large, power
consurption is relatively small, allowing continucus
operation of the Rt system. The CW mode has simplified
the RI' circuits and the control system of the
accelerator. A charyge stripping technique can be
applied to save the RF power 1f necessary.

The maxinum eneryy of accelerated ions is 0.6
tev/amu at the lowest and 4.0 MeV/amu at the highest
frequency. RILAC by itself is beiny actively used for
nuclear chemistry, atanic physics and material scilence.
The energy of ions is multiplied by a factor of 17 by
the next stage separated sector cyclotron which is under
construction since 19Y8u. In tihils report, design and
perfoniance of the KILAC are presented.

36

Design and perfornance

The condition for the synchronous acceleration of
ions in a drift tube linac is given by a sinple relation
between the accelerating frequency £, the velocity of
ions v and the length Ly, of the n-th cell. The velocity
is further expressed in terms of nass A of the 1on and
its enerygy whici is its charye nultiplied by a suni of
the effective acceleratinyg voltages V. The suni is
over the accelerating gaps which the lon has passeu
until it reaches the cell. when the effect of relativity
is negligible, the resulting expression is

k g 1/2
L=~ -1V (1)
fia

where K is a constant. The lengtir L. is fixed for each
cell and the charge to mass ratio g/A is given by the
ion source. W/hen ions with different values of /i are
to be accelerated by the same accelerating structure, we
have to adjust some other parameters in the expression
to make the equality to hold.

In the present ion source technology, the ratio ¢/a
is much different between light and heavy elements.
Accoraing to lg.(1), the voltage Vi must be proportional
to A/g of ions if f is not adjustable. It wmeans that
ruch larger accelerating voltage is required for ions of
heavy elewents than for light ones. However, 1f we can
change the freguency 1n proportion to the sguare root of
q/A, there is no need to change the voltage for
different ions. Extrene voltage holding capability is
not required for drift tube gaps in acceleration of very
heavy ions nor use of voltage unauly small for light
ions. Therefore, the power consunption in the Kb systan
is not so different between the acceleration of neavy
and light ions.

Also the acceleration conditions of the 1linac
should nmatch witn that of the post-stripper separated
sector cyclotron. Synchronized operation of the two
accelerators is easiest if the accelerating frequency of
both 1s set to the same value.

lor realization of the new scheme, the most
important was the development of accelerating structure
with its resonant frequency variabtle in a wide ranye.
Other itews were the high power variable freguency
amplifiers, the control systen and the beam diagnostic
equipnents necessary to facilitate operation of the
accelerator in the variable frequency node.

Resonator

In order to keep the syuchronous accelerating
condition under the variable frequency scheme, the
change of the frequency shoulu not affect the distribu-
tion of accelerating voltage at the gaps along the beam
axis. The requirement as well as the conditions of the
large frequency tunability and the minimun power
consumption places certain restrictions on the type of
resonators of the linac.

Vie decided to use a structure as sinple as
possible, with only one resonating eleent in the region
of frequency concerned, so as to avold complication of a
coupled resonating system. s such a resonator, a co=-
axial guarter wave cavity having a race-track like cross
section was proposed.z Figure 1 shows its conceptual
drawing and priq.2 an engineering design.

Frequency 7Tuning. A shorting device and two
capaclty compensators are used for the tuning ot the
resonant frequency. ‘the frequency can be tuned betwecn
17 and 60 riHz by cnanging the position of thue shorting
device by about 200U mm, but the range of the frequency
used for beam acceleration wis chosen up to 45 (o2 as a
results of consideration of circulation frequency ot
ions in the cyclotron and pimitations of the hlgh jower
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fig. 1 Concept of a quarter wave coaxlal resonator
having a race track-type cross section with
drift tubes loaded at its open end.

variable freqguency amplifier technology. The profile of
the voltage in the accelerating gaps along the beam axis
could be made constant within 10 % in tnis frequency
interval. $ix resonators are necessary for the RILAC and
each must be tuned with accuracy within 1uuU Hz of the
given frequency. 'the capacity compensators are used for
the fine frequency tuning required and also for
automatic resonant freguency restoration during
operaticon.

tlaximum current density at the shorting contacts of
the shorting device is expected to be 50 Afcm at the
highest voltage at 45 tiz. Though no failure of the
contacts has been observed to date, use of a charge
stripper after the fourth tank at the high freguency
operation is being discussed to avoid overheating of the
contacts in the fifth and sixth cavities and to save

power .

prift Tubes. The open ena of the quarter wave
resonator is enlarged in the direction of acceleration
where drift tubes are aligned. The drift tubes are
supported by the outer and inner conductors alternately
and those supported by the outer conductor contain
quadrupole rmagnets for bean focusing. The length of the
drift tubes 1is made so that the phase of the Rb field
changes by T while ions transit through the drift tube
section. towever, in the first resonator where it is
necessary to focus ions with low velocity and small /A,
the drift tubes which contain the magnets are made
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Fig. 2 tngineering design of accelerating structure.
Coarse frequency change is made by the shorting
device driven by four long stems vacuun sealed by
long welded bellows. Filne frequency tuning is by
capacitive tuner of which tuning range is 1 Miz
at the nighest frequency and 200 klz at the
lowest.

longer so that the phase of K¢ field changes 3- 7 during
the transit of ions through the section.

Compact cquadrupole nagnet for drift tubes was
developed. Its maximum field gradient is 7 kG/cm for
pole gap of 23 mmn. The maximum power dissipation is 1
K. Two types of colls have been used to realize the
high gradient and efficilent cooling. One is an improved
tape coil which original ly was developed at LisL.3 The
other is a quadrant stacked coil devised and developed
in our laboratory.¢ Both types enable to use a large
anmpere—-turns in a narrow space and allow the size of the
nagnets and the drift tubes to be reduced.

Outer diameter of the drift tubes containing the
nagnets 1s loU i and tnat of the drift tubes without
magnets is 100 mm. Figure 3 shows the
drift tube array in the first tank. Center of the
quadrupolar field was aligned with accuracy within .1
i helped by a hot-wire technigue. NLote their short and
thick stems to avoid local resonance. pNo position
readjusting mechanism is provided.

p-Values. teasured ¢-value of the resonator is
18500 at 17 w#illz and 12000 at 450z, which allows
continuous excitation of the resonator by making accele-
rating gradient modest. The acceleration rate is (.86

RESONATOR CHARACTERISTICS

Numerals in parentheses correspond to the case when charge stripping is applied behind #4 resonator.

Resonator No. Freq. Unit #1
Max. peak RF voltage kv 180
in acc. gaps
No. of acc. gaps 16 (m/3M)
Effective energy MeV/q 2.2
gain/charge
Ratio of effective % 76
gain to sum of peaks
Effective shunt 17 MHz M&/m 61
impedance 45 MHz 15
Max. power loss 17 MHz kw 26
45 MHz 108
Q-factors 17 MHz 18,500
45 MHz 12,000
Drift tube aperture mm 25-30
Max. field grad. kG/cm 3.3

§ 2 £3 £4 £5 #6
200 230 250 280 300
(< 140) (<150)
18 14 12 10 10
L 2.8 2.6 2.4 2.6
86 87 87 86 87
150 30 65 45 45
36 22 16 11 11
33 43 51 64 74
133 176 208 261 300
(<65 ) (<75 )
18,500 Same to #2 Same to #2 Same to #2 Same to #2
12,000 o o e "o
20-30 25-30 30 30 30
6.0 3.8 3.2 2.7 2.7
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Fig. 3 Lrift tubes
of the first

resonator .

[leV /m per charge
at 45 MHz and
around 1 MeV/m at
low frequency.

Summary of Resonator Characteristics. Table 1
sunmarizes characteristics of the resonators. For the
£ifth and sixtnh resonators, values 1in parentheses
correspond to the case where charge of ions is increased
by stripping after the fourth resonator.

Amplifiers

Pigure 4 shows a simplified circuit of the high
power RE amplifier chain. A broad band amplifier with
power level of 250 \/ excites the cathode of a grounded-—
grid triode, where no tuning procedures are necessary.
The control grid and plate of the last stage power tube
are tuned by coaxial stubs. Load impedance of the power
tube 1s adjusted by a variable vacuum capacitor
inserted between the plate and the power feeder.
HMatching between the resonator and the feeder is watched
by measurenent of the forward and reflected power by
directional couplers attached to the side of the feeder.
The matching is adjustable by varying the capacitance
between the head of the feeder and the inner conductor
of the resonator, manually or autamatically.

There are four feed back loops for automatic
stabilization or restoration of the accelerator
parameters under operation. Those are loops for (1)
resonant frequency, (2) amplitude of accelerating field,
(3) phase and (4) restoration of cavity field after
discharge. Dbrift of the resonant frequency of the
resonators is watched either by phase difference between

the cavity field and the feeder field or change ot the
reactive coniponent of the resonator impedance seen by
the feeder. The picked up signal is fed back to change
position of the capacity compensators. 'The loops (2) ana
(3) interfere with (1). (1) is given priority.

Excitation of the resonators is automatically turned
off as soon as loss of the high frequency field by saie
reason such as vacuum sparking is detected. Then excita-
tion mode is switched from the continuous to pulse node.
It is essential to turn off the power Limediately and
to pause before resuning excitation for prevent growth
of the multipactoring phenormenon. In the pulse rode, a
fast rising over-voltage excitation is applied for an
interval of a few ten milliseconds with repetition fre-
quency of roughly 1.5 Hz. During the pulse, the field in
the resonator is watched and once the field is restored
the excitation mode is switched back to the continuous
one and the excitation level is brought down to the
normal level. The process is so fast that one seldom
notice occurrence of the vacuwn sparking.

There are other servo loops and auto-tuning loops
for parameter presettine and optimization of the Rt
system. PFor instance, the position of the shorting
device of the resonator and the length of the tuning
stubs are set by the servo loops with reference signals
sent from the central processor. Operation of the
high power radiofrequency system with the feed back
loops above described is very stable and reliable. It is
not critical except at some frequencies higher than 35
liHz. For those freguencies, rodification of the circuit
has been found effective to remove instability. At
present, due to the above problem, time to change
frequency differs considerably according to the region
of frequency to be used.

summary of Radiofrequency Systen. To summarize,
variable frequency operation of the radiofrequency
system composed of the six high power amplifiers
presents no serious problems which make routine
operation difficult or too much laborious. The GW mode
of operation has allowed use of the relatively simple
circuitry for the high power amplifiers. When compared
to the usual pulse operation, change of the accelerator
paranmeters in time is very slow. Rapid response in the
various feed-back loops is not required. Computer-
assistea control with the relatively slow method of
parameter reading by scanning can be used. Figure 5
shows the last stage tube with its tuning stubs
installed in the amplifier box.

Automatic
Phase feed back | control” system Ampl. & Phase signals
Other and interface 1t W
Gits for computer [ =[|=f Motor I
Ampl. [ control ‘ CO”U?' |
feed back signals ot 20~ 200pF
o 00p
EMAC  + =l RFC
3C% 3000A7| T RCA4648[ p0000F d
g = Vi

Ampl. &
+——phase
controller

~10mwW

Master

oscillator 17~ 45MH;z

(Freaq, |

synthesizer )
Plate power
supply
Vinax = 16kV

I'ig. 4 Frequency tunable high power amplifier circuit.
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Resonator

Fig. 5 Upper part of the amplifier box
showing a power tubxe fitted with
plate and grid tuning stubs.
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tontrol Systeni.

tor operation of tne multiparticle and fregquency
variabile linac, many accelerator parameters nust be set
arkd tuned with possioility of numerous combinations.
This procedure should not take too much time.
Introduction of couputers is inevitable. In our control
system, nlcroprocessors are distributed in the
accelerator vault and neasure parameter values or
transformn instructions from the central processor and
control local instruments. ligure 6 is a block diagram
of the control systemn. Use of the nass storage such as
nagnetic tapes and disks greatly helps operators in
search and determination of the best operation
conditions from the accurulated past operation records.
Remarkable lmprovements in transnission efficiency of
beam through resonators and reduction of starting tine
have been achieved by the canputer assisted control
systein.

Operator console
Fine Tuning|
Panel

Graphic e ——

Panel i
CPU: HP2113B et
Memory

(oRT) 16 bltx%kw___OMr

System
Console

Printer Printer/

Plotter

HP-1B for nearby devices

HP-1B for distant devices

15 L5 15—
37203A] [372038] [37203A] [37203A]
Optical
——————————————— Fiipr =—— |~ =i
40m 50m 75m 90m

[37203a] [37203a] [37203a] [37203A

2240A 2240A 2240A 2240A

Injection  RF#1~3 RF #4~6 Beam Transport
Line System

Serial data link

Fig. 6 Block diagram of the control system.

Layout

. Layout of the RILAC facility is shown in Bige 7
liorizontal distance between the exit of the KILAC and
the post stripper cyclotron is 50 m. Levels of beam
acceleration differs by 14 m. Fig. 8 is a photograph of
the RILAC seen down stream from the injector side.

Amplifiers are positioned as close as possible to each
resonators.

~ \w—‘
S
=6l

i, 7 Layout plan of the RILAC facility.

Fig. 8 photograph of the main part of RILAC.

Status of Operation

Table II gives a rough specifications of the RILAC.

Figure @ shows the distribution of accelerated
ions plotted against the frequency and the voltage gain.
The ions are distributed over the planned frequency
range. tnergy resolution is (.o £ in fwhm and width of
beaw bunch is 1.2 ns in fwnr at the exit of the sixth
cavity. At present, 5 to 20 % of the beam current
extracted from the ion source is ootained at tarygets
depending on the beam qualitiles required.

The frequency tunable linac has a special feature
that beam energy can be changed by selecting the
acceleration frequency. but since the procedure to
change the frequency requires the readjustment of almost
all tne acceleration parameters, it takes several hours.
However, it has been found unexpectedly easy to change
the acceleration eneryy by tuning the RF voltage and
phase of the last resonator in use. i/hen this method
is conbined with simple method of switching off of a few
cavities in the later portion of the linac, the energy
can be set to any value down to as low as 30 % of the
maximum energy within a relatively short time, without
degrading the beam gualities so much.

In spite of numerous combinations of parameters for
every ions and energies, setting of the corresponding
instruments is possible by a few stroke at key board on
the operation console. Starting up from the cold
state takes one to three hours depending on ion species
and frequency to be used. Those for which good number
of operation has been experienced in the past needs
least time to send beam onto targets.

TABLE II SPECIFICATIONS OF FREQUENCY TUNABLE LINAC RILAC
Special feature ; Frequency variable
Frequency range; 17-45 Mz
Charge to mass ratio of ions; >1/28
Number of cavities; 6
Energy per nucleon; 4 MeV/n for o/n=1/4
0.8 MeV/n for q/a=1/20

knergy tuning; Continuous
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Fig. 9 Distribution of accelerated ions plotted against
the frequency and the voltage gain.

Conclusion

All tne freguency range planned nas been covered
already. Unless high power operation is desired at
frequencies higher than 35 tiilz, machine is yguite stable
and current on the target remains constant for long
time.

The variable freguency scheme of tne RILAC seems
proved to work. The success is helped partly by the
recent remarkable development in the autaomatic feed back
control technoloyy and partly by simplification of
control process made possible by continuous mode of
operation of its radiofrequency system. The continuous
mode in turn has been realized by use of the frequency
tuning scheme, which has decreased necessary
accelerating gradient for the ions of the heaviest
elements. The availability of the beam for experiments
is good.
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