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Abstract

Two ion cooler rings, TARN and TARN II were constructed and
operated from 1975 to 1992 at the Institute for Nuclear Study, Univ.
of Tokyo, for mainly accelerator studies concerning the beam
accumulation, acceleration and cooling. The main subjects
performed in these facilities were; 1) beam stacking in transverse
and longitudinal phase spaces, 2) stochastic momentum cooling, 3)
electron cooling, 4) synchrotron acceleration and 5) slow beam
extraction. In the present paper, typical experimental results on
these subjects, arc described as well as the basic physical idea
underlying these experimental results. The technical details are
out of scope of the present paper. They can be found in the other
papers refered in the concerned section in the text.

1. Introduction

An ion storage ring TARN was constructed in 1975-1977. Its aim was
to perform the preparatory works for the high-energy heavy-ion
accelerator project, called NUMATRON1'2) which was, at that period, the
future project of INS and the nuclear physics community in our country.
The name of " TARN " was an acronym of the Test Accumulation Ring for
NUMATRON. From the dictionary, the English meaning of " TARN " is a tiny
pond at the top of mountain, representing well the nature of small storage
ring for beam accumulation. In the design process of accelerator complex
of NUMATRON project, the idea of accumulation of heavy ions, was
proposed1- 3> to get a good intensity of heavy ion beam. Normally the peak
current of heavy ion beam is three or four orders smaller than that of
electron or proton beams. Then a storage ring for beam accumulation as an
intermediate stage of accelerators complex, between an injector and a final
synchrotron, was planned to gain the beam current. To verify



experimentally this idea and also as an integrated test accelerator facility
for NUMATRON, TARN was constructed4'. The performance of expectations
at TARN was excellent to attain the accumulation of ions effectively in four
dimensional phase spaces and the stochastic momentum cooling5 ' .
However, the NUMATRON project itself faced several difficulties, for
example the site problem, and was abandoned in 1980 after serious efforts
for more than ten years.

In the meanwhile, the accelerator group at INS, decided to continue
the research concerning the cooler rings as well as the heavy ion linac, in
the difficult conditions due to the death of NUMATRON project. Hence the
construction of TARN II , three times larger than TARN ring, was started
aiming at the accelerator studies such as the synchrotron acceleration and
the electron cooling which could not be done at the small ring TARN.

During such a circumstances in our country, the ion cooler rings
have been extensively developed around the world. A chronological review
of the development of cooler rings was given by the present author6' as
follows;

" Storage rings were developed firstly for the collider experiment to
get a large center-of-mass energy, and culminated in the discovery of weak
bosons W and Z with the innovation of stochastic cooling. Accumulation
and cooling of anti-protons, are presently inevitable tool for the hadron
colliders to obtain a good luminosity. Being stimulated by this marvelous
technology, ion cooling rings have been built in this decade for the study
of nuclear- and atomic-physics where electron coolers are employed
instead of stochastic cooling, taking advantage of its fast cooling at
relatively low energy and its possible use as an electron target. The first
period of ion cooling rings could be defined as the beginning of ICE
experiments in 1979 and the successful operation of LEAR. The success of
stacking of cyclotron beams with the combination of multi-turn injection
and RF stacking and the stochastic cooling of low energy beams in TARN,
shortly thereafter showed the possibility of cyclotron injector. Following
these activities, many laboratories started the construction of ion cooling
rings. The electron cooling system installed in LEAR in 1987, was a first
second-generation of electron cooling device, routinely operated
successfully. In 1988 electron cooling was in operation at IUCF and MPI
Heidelberg TSR, in 1989 at TARN II, and in 1990 at CELSIUS and ESR. ASTRID



in Denmark is noteworthy of laser cooling equipment in 1990. The beam
injection was performed at CRYRING at the end of 1990, and COSY in Julich
is scheduled to be commissioned in 1992. "

Presently, twelve cooling rings are being operated all over the
world. The historical development of cooling rings, is illustrated in Fig. 1
where the circle denotes the proton and/or anti-proton cooling rings, the
triangle the light ions rings and the square the heavy ion rings. The
shadowed ones represent the rings being operated presently. The member
of this "cooling club", now counts twelve and three heavy ion rings are
planned in Dubna, Kiev and Italy.

2. Outlines of TARN and TARN II

TARN was an ion storage ring which could accumulate the beam
from the SF cyclotron with K number of 68. The maximum beam energy was
8 MeV/u for the ion of charge to mass ratio q/A=0.3. The maximum
magnetic fieid was 9.0 kG and the radius of curvature was 1.333 m whereas
the average radius was 5.06 m (Fig. 2). The useful aperture was rather wide,
190 mm for horizontal direction, to keep the enough space for beam
accumulation by the multiturn injection plus RF stacking. The RF stacked
momentum spread was designed to be 2.46 %. Magnetic focusing system was
composed of eight bending magnets and sixteen quadrupole magnets with a
lattice structure of FODO type. Additionally twelve sextupole magnets of two
sets, were installed for chromaticity corrections71. Eight straight sections,
each of which was 1.80 m long, were served for various instruments of
beam injection, stacking, cooling and beam diagnostics. The vacuum
pressure was attained up to almost 10'12 Torr with use of titanium getter
pumps, sputter ion pumps and turbo-molecular pumps. In Table 1, the main
parameters of TARN is tabulated.

Table 1 Main Parameters of TARN

Max beam energy ( q/A= 0.3) 8 MeV/u
Max magnetic field 9.0 kG
Radius of curvature 1.333 m



Average radius 5.06 m
Useful aperture 45 x 190 mm2

Revolution frequency 1.3 MHz
Betatron Q values (Qx,Qy) 2 ~ 2.5
Transition 7 1.894
Injection method Multitum
Momentum spread of the stacked beam 2.46 %
Repetition rate of RF stacking 30 Hz
Vacuum pressure l x 10"" Torr

The TARN ring was disassembled in 1984 to be converted into larger
ring TARN II, which is an experimental facility for accelerator studies and
atomic-and nuclear-physics81 . In addition to the functions of beam
acceleration and slow extraction, it is equipped with the electron cooling.
This cooler synchrotron has a maximum magnetic rigidity of 5.8 T-m,
corresponding to a proton energy of 1.1 GeV. The main parameter of the
ring are shown in Table 2. The ring is hexagonal, with an average
diameter of 24.8 m. Its circumference is 77.76 m, or 17 times the extraction
orbit of the injector cyclotron. It has 6 long, straight sections, each 4.2 m.
They arc used for the beam injection system, an electron cooling device,
and a slow beam-extraction system. It takes 3.5 s for the power supply to
fully excite the whole magnet system. The flat-top duration of magnetic
field is variable and is long enough for beam cooling and extraction. The
RF cavity can be tuned from 0.5 to 8.5 MHz and (he power amplifier
provides 5 kW, producing a gap voltage of 2 kV. The electron cooling
system can cool an ion beam that has an energy of up to 200 MeV/u,
corresponding to a maximum electron energy of 120 keV. It consists of an
electron gun, an interaction region 1.5 m in length, and collector and
electron guiding coils. High vacuum conditions better than 10 1(1 Torr, arc
inevitable because the partially stripped heavy ions arc stored for the
atomic physics experiments. In the poor vacuum state, beams will be lost
due to the charge stripping with the residual gas scattering. Vacuum
chambers of SUS 316L and inorganic materials arc employed for the high
temperature baking, and the pumping system of sputter ion pumps, Ti
getter pumps, Non Evaporation Getter pumps and turbo-molecular pumps
enabled us to obtain the average pressure of 10 l 0 Torr.9'



Table 2 Main Parameters of TARN II Ring

Maximum magnetic rigidity 5.8 T.m
Max. beam energy proton 1.1 GeV

ions with q/A = 1/2 370 MeV/u
Circumference 77.76 m
Average radius 12.376 m
Radius of curvature 4.045 m
Focusing structure FBDBFO
Length of long straight section 4.20 m
Superperiodicity acceleration mode 6

cooling mode 3
Rising lime of magnet excitation 3.5 s to full
Repetition rate (max) O.I Hz
Max. field of dipole magnets 15.0 kG
Max. gradient of quadrupole magnets 70 kG/m
Revolution frequency 0.31-3.75 MHz
Acceleration frequency 0.62-7.50 MHz
Harmonic number 2
Max. rf voltage 2 kV
Useful aperture 50 x 200 mm2

Vacuum pressure 1 0 " Torr

In Fig. 3 the layout of TARN II is illustrated where the beam
transport line from the cyclotron is the same for TARN, except the final
optical matching section near the injection point.

3. Accumulation of Ion Beams

3.1 Combination of Multi-turn Injection and RF Stacking

There are two types of beam injection and accumulation methods in
the storage ring , one the Liouvillian method such as the multi-turn



injection and RF stacking where the emittance of the injected beam is

conserved, and the other the non-Liouvillian method. In the latter case,

the injected beam emittance is not conserved due to the irreversible

process during the injection period, for example the charge exchange

injection. The peak current of heavy ion beams is normally quite small,

comparing with that of proton or electron beam, whatever the injector of

heavy ion is a linac or a cyclotron. Hence the idea of beam accumulation

with combination of multi-turn injection and RF stacking was proposed to

get a high current heavy ion beams. The essential points of this idea is as

follows;

Suppose that the useful aperture of the vacuum chamber is 2AQ. the

betatron amplitude of the multi-turn injected beam xpt the momentum

difference between the multi-turn injected beam and the stack stop is Slop,

the momentum difference between the multi-turn injected beam and the

stack bottom is Sboitam . ( Fig. 4 )

Then
2Ao = 4xp + Xd + Dmax • S 0-1)

where S = Stop - Sbotiom, Dmax is the maximum dispersion function and Xd is

the dead space for the septum of inflector. The (urn number m, which can

be injected in the betatron phase space by the mullitutrn injection, is

expressed by

m = XflDT- £0 • fimax, <3-2)

and the maximum stacking number, n, by the RF stacking method in the

synchrotron phase space, is

n = 8/DLiS0 (3.3)

where D y, D ^ arc the dilution factors for transverse and longitudinal

directions during the injection process, Eo is the emittancc of injected

beam, So is the momentum spread of the injected beam and fimax is the

maximum beta function in the ring. The gain of total accumulated number

in the two phase spaces, is expressed iV,0, = m x n and il has the maximum

number



- pmax • Dmax (3.4)

al the optimized value xp = (2Ao-x,t)l6.

The longitudinal phase space area Ai is defined by AL = Aip • Aplp
where A<j> is the phase spread and Aplp is the fractional momentum spread,
respectively. Normally the phase spread is — 5 degrees in the SF cyclotron
and the momentum spread Aplp is + 5 x 10"^. In the case that we can match
the RF separatrix to the shape of the longitudinal phase space of the
injected beam, the expected So is AJ2K. On the other hand, if the injected
beam is debunched and is captured by the separatrix adiabatically, SQ i s
given by Aplp, the momentum spread of the injected beam. In Table 3, the
typical parameters of TARN and TARN II concerning the injection method,
are tabulated. The dispersion at TARN II is 3 times larger than that at TARN,
and hence the expected turn number N max ' s roughly one order smaller
than the value at TARN.

The longitudinal phase space matching, requires an elaborated RF
system synchronized with the beam bunch from the cyclotron. At the first
step, the method of adiabatic capture of coasting beam, was applied to TARN
ring.

Table 3 Machine Parameters and Expected Turn Numbers

TARN TARN II

Pmax

Dmax

2Ao

m

n

n *

Nmax
/yjmax*

5 m

1.5 m
19 cm

18

714

20

12800

360

10 m

4.5 m
15 cm

6

180

5

1080

30

* Ai is not matched and So = Aplp = 1 x 1 0 3

* * DL, DT is assumed to be 2.0



3.2 Beam Accumulation Experiments

The beam accumulation was performed by the following procedure10'

The multi-turn injected beam was completely debunched at 250 us
after the injection due to its intrinsic momentum spread. The RF voltage
was then increased adiabaticaliy from zero to 77 V for proton beam, in
order to capture the coasting beam into the separatrix, of which the area
was equal to the beam longitudinal phase space area, 100 keV. rad. In this
capture process, the RF frequency was kept constant at 8.012 MHz, seven
times the revolution frequency of particles on the injection orbit and
hence the synchronous phase angle <|>s was 0°. Period of phase oscillation
was 0.45 ms at the end point of capture process and the period for
increasing the voltage from zero to 77 V was chosen as 0.5 ms. Computer
simulation shows that (he rising period of nearly phase oscillation period,
can achieve the highest capture efficiency - 80%, whereas too shorter or
longer period fails to trap the beam in the scparatrix. In Fig. 5 the
functions of RF voltage and frequency are illustrated and parameters of RF
stacking dynamics arc given in Table 4. After the capture process (region
I), synchronous phase was increased from 0° to 15° (region II), kept
constant as 15° (region III) and finally changed back to 0° (region IV).
Through the whole process, the separatrix area was kept constant at 100
keV. rad in order to prevent the dilution in the longitudinal phase space.

Table 4 RF Voltage and Frequency Parameters for Proton

Region III IV

Voltage (Volt)
Frequency shift Af (KHz)
Synchronous phase § (Degree)
Time derivative of RF frequency

shiflAf/At (MHz/sec)
Period (ms)

O->77
0

0

0
0.5

77->224
13.7

0->15

0->27.06
1,0

224
166

15

27.06
6.0

224->77
120

15->0

27.06->0
8.0

Fractional momentum change Ap/p (%) 0.24 3.21 5.35



0
0

0.
0.

37

17
4.86
2.25

8
3

.10

.75

Change of closed orbit AR (cm)
Fractional frequency change Af/f (%)

The RF stacking was repeated at 30 Hz and the beam intensity
increases linearly up to the stack number of 20 (Fig. 6), where the beam
current was measured by use of the current transformer of permalloy with
the sensitivity of 2.5 u.A/mV and the time constant of 4 sec. On the other
hand, spatial profiles of stacked beam was measured by the movable
scintillation monitor as in Fig. 7. From the data of beam profiles, an
amplitude of betatron oscillation xp was measured at 17 mm and the

emittancc of the muititurn injected beam was deduced at 87 i tmm.mrad,
when the emittance of injected beam is 3.8 jcmm.mrad.

The momentum spread of the RF stacked beam was measured with the
Schottky signals pickup. In Fig. 8, the evolution of Schottky signals is
illustrated where the horizontal scale denotes the beam revolution
frequency, or equivalently the momentum spread of the RF slacked beam,
and the vertical the square root of beam density. After repeating the
stacking 80 times, the area of momentum spread was extended to Ap/p = 2.4
% whereas the multi-turn injected beam momentum was 1 x 1 0 3 . The total
stacking number was achieved 300, twenty batches in momentum space and
15 turns in horizontal phase space.

The operation points of betatron tune values at the normal operation
were selected so that it did not cross the resonance lines up to 5th orders.
However if we chose the working lines artificially to cross the 5th order
resonance lines (Fig. 9), the Schottky signals of stacked beam shows the two
dips, 100 seconds after the beam accumuJation, which arc just
corresponding to these resonance points (Fig. 10). In this context, the
working lines should exactly avoid the resonance lines at least up to 5lh
orders in order to storage the beam for long period.

4. Stochastic Momentum Cooling

The RF stacked beam has a wide momentum spread, 1 - 2 % due to the
nature of RF stacking mechanism. Then we applied the stochastic
momentum cooling to the RF stacked beam at TARN, to get a monochromatic
beam11- 12>.



The cooling process is expressed by the following simple formula;

T ~ ~o~dt N S S ( 4 - 1 }

where t is the c-folding cooling time, a the rms momentum spread, W t he

system band width, N the number of particles in the ring, g the system

gain, M the mixing factor, U the ratio of noise to Schottky signals. Mixing

factor M is represented by M= 2fol W-rj Ap/p, where f0 is the beam

revolution frequency, 77 Ihe dispersion of ring defined by r) = y- - y,'2. V is

given by V = PaIPb- where Pa is the amplifier noise in the total band width,

P t, the Schottky power in the band width. It is apparent that M <* I la and U

~ I/a2 ( a = Ap/p) when one fix the other parameters. Then we can

analytically obtain the solution of equation (4.1) as

0(00) = _ aa \ gMo + V g2M0 + KgUo ] ( 4 2 )

where o(°°) is the equilibrium momentum spread and CQ,MO,U0 a r c l n c

initial values. The evolution of momentum spread aft) can be numerically

obtained from the solution of equation (4.1) .

4. 1 Cooling System

4.1.1 Cooling Hardware

The travelling wave structure with inner conductor of helix was
chosen as pickup and kicker electrodes1:", because it is simple in structure,
and has enough high coupling impedance and shunt impedance in (he
concerned frequency range. The structure is 75.5 cm long and was
optimized to obtain a high coupling impedance at the frequency range of
10 ~ 100 MHz with conditions that the signal velocity should be equal to the
beam velocity (v/c = 0.12). The characteristic values of the electrode were
calculated with sheath helix model assuming a coaxial structure and the
results are given in Fig. 11, where the pickup coupling impedance Zc and
kicker shunt impedance Zs are given as the function of frequency.



The electronic system from the pickup through the kicker is shown
in Fig. 12. The preamplifier was low-noise (NF = 1.3) and high-gain (64 dB)
in a wide frequency range of 5-500 MHz. The amplifier was mounted in a
shielding box with a power divider and an attenuator. One of the output
signal of the divider was fed to the following notch filler, and the other was
sent to a spectrum analyzer in the control room. The notch finer is a
shorted 120 m long HF-39D co-axial cable. The resonant frequency of th^
120 m cable is 1.1458 MHz. The fine tuning of the frequency was done by
adding short cable or using length-variable co-axial line of a trombone
type. The cable was sand witched by two 100 H resistors.

The output signal was fed to an intermediate amplifier (gain = 42 dB
and NF = ].4 at 5 - 500 MHz). The total gain of the whole amplifier system
was adjusted by a variable attenuator. The time delay from the pickup to
the kicker must be 335 ns. A 70 m delay line was inserted to gel a delay of
253 ns. The 50 £2 power amplifier gained 50 dB in a frequency range of 1.5
- 400 MHz.

4.1.2 Momentum Cooling Experiment

Stochastic acceleration with the notch filter removed, can give us
the information on the time delay between the TOF of beam from the pickup
lo the kicker and the propagation lime of the Schottky signals through the
electronic system. When delay time is well adjusted, the particle can be
accelerated or decelerated, being dependent upon the gain polarity of the
electronic system, with the signal which is produced by the particle itself
at the pickup position. Typical example of the deceleration rate is given in
Fig. 13 against the delay time. As is clear in the figure, the fine adjustment
within the accuracy of + 1 ns necessary for the optimum acceleration rate.
The observed maximum deceleration rate, - 0.8 KeV/scc or - 0.7 meV/turn,
was used for the estimation of the product of the coupling impedance of
pickup and the shunt impedance of kicker.

Momentum cooling with the active gain of 99 dB for the beam
current of 1.2xlO7 a particles, is illustrated in Fig. 14 where the Schottky
signals of 80th harmonics before the cooling and after 420 seconds cooling
arc illustrated. The vertical scale is proportional to the particle density

! I



'df. The bandwidth is set at 20 ~ 100 MHz. The inilia! momentum spread
1.0 % (FWHM), and the final one is 0.064 %.

The e-folding cooling time is plotted in Fig. 15 as a function of system
n. In the figure the black dots show the experimental results while the
;e solid lines represent the calculated values assuming the Rp = 500, 700

900 Q. respectively. Rp is a coupling impedance of the pickup and R^ is
shunt impedance of the kicker. The cooling time is inversely
portional to the system gain. In Figure 16 the final momentum spread is
:n as a function of system gain. The black dots show the experimental
ills while the other three lines are calculated ones with use of the
ker-Planck equation approach14'. From these two experimental values,

can estimate the values of R^ at 500 ~ 900 ii while the Rp is

irimentally measured at 900 Q from the Schottky power measurement.

To get a high resolution beam by the stochastic cooling, the
owing three issues are key factors. Firstly the wide band feedback
em could give a small equilibrium momentum spread. The limitation of
iwidth W, is determined by the fact that the Schottky band width at n-
larmonics n Afo should be smaller than the band separation frj. From

argument, the maximum harmonic number nm a x or roughly the band
:h is determined. The present statc-of-art on the wide band microwave
] states, is surely the another limit.

Secondly, the low noise amplifier system, especially at the prc-
lificr, is required. Typical example is a Ga-As amplifier, at present
monly used at the high speed 1C of computer. The low temperature, T =
- 80° K, will be inevitable to reduce the thermal noise.

Thirdly, the pickup and the kicker with high coupling and shunt
:dance is necessary. When the velocity of ion beam is small, the special

wave structure, such as helical, meander151 or intcrdigital structure"1',
be attractive for the pickup and kicker while the simple plate

:lurc is adequate for high energy beams.

' Comparison of Stochastic and Electron Cooling

In Table 5, the characteristic features of two methods of beam
ing arc compared. Concerning the cooling time, the electron cooling



has the much advantage over the stochastic cooling for low energy, high
charge state heavy ion beams. On the other hand, the stochastic method is
effective for the cooling of relatively hot beam, such as large momentum
and/or large emmitance beam. Along with this context, both methods arc
complimentary and they are simultaneously used for the intermediate
energy cooler rings.

Table 5 Comparison of Stochastic and Electron Cooling

e-cool stochastic

intensity dependence weak strong( t « N)
energy dependence strong( T.« P4Y5) weak
beam size, Ap/p good for cooled beam good for hot beam
hardware high power e beam fast wide electronics

1 system for cooling 3 systems
in 3 planes

space one large space many short places
change of energy tuning of gun voltage tuning of all lines

and filters

5. Electron Cooling

Along with the construction of TARN II ring, the electron cooler
device was built and completed in 1988I7). The first cooling experiment was
performed in 1989. So far, the light ions such as, p, d, a particles have been
cooled at energies of several tens MeV. Furthermore, several atomic
physics experiments have been carried out. Details of the cooler can be
found elsewhere l8), and here the subjects concerning accelerator studies
are shortly summarized. The main design parameters of the electron
cooling system is given in Table 6. The maximum electron energy is 110
keV corresponding to the ion energy of 200 MeV/u. The length of cooling
section is 1.5 m, the fraction of cooling section relative to the ring
circumference being 1.9 %. The diameter of the electron beam is 5 cm to
cool down the large emittance beam after the multi-turn injection. The
layout of the cooling device is shown in Fig. 17. The electrons arc extracted

- i :s -



from a cathode by an anode potential and accelerated to the final energy in
an acceleration column. In the first toroidal magnet, the electrons are
bent by 45° and enter the cooling section. Again they are bent by 45°
upwards in the second toroidal magnet and are decelerated to an energy of
a few keV to be collected in the cooled collector cup. All the electron
system is immersed in a uniform solenoidal field to be guided from the gun
to collector.

Table 6 Electron cooling design parameters

Electron energy 120 keV
Equivalent nucleon energy 200 MeV/nucleon
Length of cooling section 1.5 m
Electron current 4 A
Cathode diameter 50 mm
Solenoid field 1.2 kG
Electron gun perveancc 1.1 fiA/V3'2

At the electron cooling experiments , the betatron tune values Qx, Qy
should be carefully selected to avoid the coupling resonances due to the
solenoidal field in the cooler section and to the tune depression by the
space change force of electron beam. Normally the operation points are
Qx=1.78 and Qy=2.17, respectively. The evolution of momentum spread by
the cooling could be measured by the observation of Schottky signals on
the spectrum analyzer. In a few seconds, the momentum resolution was
improved from the oder of 10 3 to the oder of 10'5. The closer observation
of Schottky signals at the number of protons 108, shows the splitting of
frequency spectrum which is originated from two plasma waves
propagating parallel and anti-parallel to the beam directions. The spread
of 20 MeV proton beams are given in Fig. 18 as well as the results at other
cooler ring ICE, LEAR and NAP-M.

A typical example of the application of strong phase space
compression by electron cooling to the accelerator technology, is the so
called " cooling stacking ". The multi-turn injected beam, occupy the large

- I I -



phase volume of the horizontal betatron phase spaces. It could be smaller
by the e-cooling and it becomes possible to inject again the beam into the
cleared phase area as in Fig. 19. In the same Figure, the increase of beam
current during the cooling stacking is given as a function of the number
of multi-turn batches. Almost twenty times the one multi-tum injection
was obtained. This method will be effective to get a high current beam
when the beam life time is long enough comparing with the cooling time.

6. Beam Acceleration

The RF system of TARN II has the following specifications .

Table 7 RF Accelerating Parameters

Injection energy > 2.58 MeV/u

Acceleration energy < 1.1 GeV
Momentum spread at injection < + 0.5%
Revolution frequency 0.31 ~ 3.75 MHz
Harmonic number 2
Acceleration frequency 0.62 ~ 7.50 MHz
Maximum RF accelerating voltage 2 kV

The lowest injection energy is 2.58 MeV/u of 2 0 N e 4 + ions among
various ions from the SF cyclotron, corresponding to the revolution
frequency of 0.307 MHz. At the top energy of 1100 MeV for protons, the
revolution frequency is 3.75 MHz, thus the ratio of the lowest to the highest
frequencies is thirteen. The harmonic number is 2 and the RF frequency
should cover the range from 0.62 MHz to 7.50 MHz. An acceleration voltage
of 2 kV is enough for the beam with 0.5 % momentum spread within the
acceleration period of 3.5 sec.

6.1 Acceleration Hardware

6.1.1 Accelerating Cavity

An RF cavity is a single-gap structure which consists of two fcrritc-
loaded quarter-wave coaxial resonators'91 In order to produce an
accelerating voltage at the gap, a push-pull mode excitation of two



resonators is achieved by the help of a "figure of eight" configuration of
ferrile-bias windings. Choice of a ferrite material with high incremental
permeability is important to realize a cavity with a wide frequency range.
We selected a ferrite material, TDK SY-6. The initial permeabilities of 48
Ferrite rings distribute from 969 to 1214 and the average is 1093. These 48
rings were alternately stacked in the two resonators according to the order
of the permeability to balance two resonators electrically. Measurements
of the cavity show that a resonance frequency changes by a factor of 15.5
from 0.59 MHz to 9.18 MHz when a bias field changes from 0 AT/m to 2.59
kAT/m. The lowest value of the shunt impedance is obtained at 250 £1 at
around 5 MHz. The final power amplifier consists of a tetrode, RS 2012 CJ of
Siemens, which is capable of an anode dissipation of 18 kW.

6.1.2 Low Level RF Electronics System

The low-level rf electronics system is composed of a voltage-
controlled oscillator (VCO) and several feedback loops201 (Fig. 20). Three
memory modules store the ramp data: frequency, acceleration voltage, and
bias current as functions of bending-magnet field strength. At every 1-
gauss increment, measured at the 25th dipolc magnet, the data arc read
from memories and converted into analog voltages through digital-lo-
analog converters (DACs). The data arc fed into a VCO, amplitude modulator,
and bias current power supply, respectively. The error of bias current or
cquivalently the degree of cavity detuning, is delected as the phase
difference between the rf signals at the grid and plate of the final power
tube. It is used for the correction of resonance frequency of cavity via a
hardware feedback loops(AFC). In addition, the signals of horizontal beam
posi t ion(AR) and of the phase crror(A f) between beam bunch and
acceleration RF field, are fed back to the VCO for the correction of RF
frequency. The radial feedback loop has a frequency response as

g^s)= K,——'— the proportional-and-integration type, where s = j<o and Tr is

chosen as the inverse of synchrotron angular frequency ( ~ 1 kHz) at the
injection energy. On the other hand, the phase loop is a proportional type.
Gains of two closed loops can be varied finely and additionally the offset
value can be applied to AR controller to adjust the beam orbit during the
acceleration. The output RF signal of this oscillator is fed to the drivcr-and
power- amplifiers.



During the injection period the VCO is phase-locked with the rf signal
from a frequency synthesizer. The frequency and voltage in the injection
period are finely adjusted for maximum capture efficiency. A track-and-
hold circuit is inserted in this phase-locking loop to prevent the abrupt
variation of VCO frequency at the timing of change from synthesizer-
locking to beam-locking. In Figure 21, the timing chart of the RF system is
shown. Triggering off the master pulse, the excitation of bending-and
quadruple magnets, dB/dt-clock, feedback control gates, and other liming
signals, are generated with the proper delays.

6.1.3 Beam Monitoring System

Pick-up electrodes are consisted of copper plates of standard A-shape
which arc cut diagonally. Side plates are removed to diminish the noise due
to beam hitting on the electrodes. The length of pick-up is 194 mm and the
aperture is 148 mm wide and 46 mm high. The measured capacitance is
around 130 pF.

The detected beam bunch signals are amplified firstly by a wide band
amplifier of an FET impedance conversion type from an input impedance
100 kW to an output impedance 50 kW. The gain can be selected as -10 dB or
20 dB A second booster amplifier has a gain of 0 dB or 40 dB.

The beam signal is further amplified by a double heterodyne module
whose gain is selectable between 10 dB and 60 dB by 10 dB step. Jn this
module the input beam signal is mixed firstly with a signal of (50 + frf) MHz
in a DBM (Double Balanced Mixer). A fixed frequency (50 MHz) signals are
obtained from this module which contains the informations of amplitude
and phase of beam signals. In the final processor, a 455 kHz signals have
been made with the above described 50 MHz beam signals and a 49.545 MHz
signals from a synthesizer with again a DBM and a low pass filter of 5 kHz
bandwidth211.

The phase informations, cos <f> or sin <|>, and the position dependent
signals, right (R) or left (L) , are obtained in the final processor where
deviations of closed orbits are derived with the formula AX = cons l .* (R-
L)/(R + L).
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6.2. Experimental Results

Typical examples of a beam acceleration from 10 MeV/u to 220
MeV/u is illustrated in Fig. 22 where the B pattern (upper), 2.3 kG at the
bottom and 11.2 kG at the top. and the circulating current (middle), around
10 micro ampere and AR signals are given where we can find that the
deviation of closed orbit from the central orbit is controlled within several
mm. We adjusted the bandwidth of two loops and found that the stable
acceleration was performed for the AR bandwidth of 200 Hz, whereas the Af
bandwidth should be extended at least up to 5 kHz for the stable
acceleration221.

Another important issues arc the tracking of Q magnet currents with
bending magnet current. There arc three groups of Q magnets and each
current during the acceleration, arc controlled with self-learning
procedure to attain the tracking error within ± 0.2%.23* The operation
points (Qx, Qy) , is chosen as 1.705 and 1.732 which is enough far from the
3rd order resonances even when the Q magnets tracking error arc varied
1%.

Presently the maximum energy is limited due to the capacity of
central electric station at the Institute.

7. Summary

At cooler rings TARN and TARN II, we have performed accelerator
studies and obtained following typical experimental results,

1) The light ion beams accelerated in the SF cyclotron, could be
accumulated in the four dimensional phase spaces, to get several hundreds
turns within the storing time of around 1 sec. In this experiments, the RF
system v/as a non-phase-space-matching type. The more elaborate RF
slacking method where the shape of longitudinal phase space of the
cyclotron beam is matched with the separatrix in the ring, could give an
order of magnitude higher stored current beams. 2) The stochastic
momentum cooling was successfully applied for the 4D slacked ion beams of
intensities 107 108. The bandwidth of the system was - 100MHz and the
cooling time was several hundreds seconds to get a equilibrium momentum
spread of 10'4. 3) The electron cooling was successfully applied for the light
ion beams of tens MeV/u. The cooling time was a lew seconds, two orders



shorter than those of the stochastic cooling. The new accumulation method,
cooling stacking, gave the chance to get a high current stored beam. 4) To
get a medium energy ion beams, several hundreds MeV/u, the RF
acceleration system was developed with good S/N monitoring system, for
the low current ~ 106 ion beams.

These achievements could be hereafter usefully applied for the
accumulation, cooling and acceleration of rare pieces of beam such as
radioactive nucleus.

In the present paper, the results of slow beam extraction was not
described. The recent experimental activities on this subject can be found
in the reference241.
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Figure captions

Fig. 1 History of ion cooler rings. Circles denote the proton and/or anti-
proton rings, triangles the light ion rings and squares the heavy
ion rings. Presently twelve rings are being operated, shadowed
marks in the Figure, and three are planned.

Fig. 2 Layout of TARN and the injector cyclotron with beam transport
line.

Fig. 3 Layout of TARN II. The beam transport line is the same for TARN
except the final section.

Fig. 4 Schematic illustration of the multi-turn and RF stacked beam. 2Ao

is the horizontal aperture. Other symbols arc explained in the

(cxt.

Fig. 5 RF voltage (top) and frequency (bottom) signals for the repetitive
RF stacking. The repetition rate of slacking is 30 Hz. The
horizontal scale is 2ms/div and the vertical scale is 95 Volt/div for
voltage and - 300 kHz/div for the frequency, respectively.

Fig. 6 The increase of stored current by the RF stacking, was detected
with a permalloy core monitor. The 20 pulses of RF stacking was
performed within 0.7 sec.

Fig. 7 Spatial beam profiles of multi-turn injected and RF stacked beam,
were measured with movable scintillation rod monitor. In the
Figure, the number means the RF stacking times.

Fig. 8 Evolution of Schottky signals of 7 MeV/u a beams. The numbers in
the Figures, mean the RF stacking times. After eighty times RF
stacking, the momentum spread was around 2.4 %, whereas that of
the multi-turn injected beam is 1 x 10'3-



Fig. 9 Betatron tune diagram at TARN. The line A corresponds to the
normal operation condition, and B to the resonance experiment
condition.

Fig. 10 The 5th order resonances on the stacked beam were found in the
Schottky signals. Two dips correspond to the 5th order resonance,
(a) is at the beam injection and (b) is 100 seconds after the
injection.

Fig. 11 Calculated shunt impedance of the kicker, Z5 and the pickup
coupling impedance Zc of the helical type.

Fig. 12 Block diagram of electronic system for momentum cooling.

Fig. 13 Stochastic acceleration rate dE/dt is plotted as the function of time
delay. Adjustment of time delay within ± 1 ns, is necessary for the
effective beam cooling.

Fig. 14 Schottky signals of 28 MeV a particles (N = 1.2 x 107) at the 80th
harmonic. Before cooling, the momentum spread (FWHM) is 1.00 x
lO^and it is reduced to 6.2 x 104 after 420 seconds cooling.

Fig. 15 Dependence of the initial cooling time on the system gain.
Measured values are denoted with dots, and the calculated results
are with solid lines with Zp = 500, 700 and 900 i i , respectively.

Fig. 16 Dependence of the final momentum spread on the system gain.
Experimental values are denoted with dots and the calculated
results are with solid lines with Zp = 500, 700 and 900 a,
respectively.

Fig. 17 Layout of the electron cooling device.

Fig. 18 Equilibrium momentum spread as a function of proton beam
intensity. Results at other laboratories are also shown for
comparison.



Fig. ]9 Intensity increase during cooling stacking as a function of the
number of multi-turn batches.

Fig. 20 Block diagram of RF acceleration system.

Fig. 21 Timing chart of low level RF system.

Fig. 22 Magnetic field pattern, circulating current and AR signals during
the acceleration of a beams from 40 MeV to 880 MeV.
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Block Diagram of TARNI RF System
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