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Abstract

A cocler synchrotron TARN II has been in the com-
missioning stage since the beginning of 1983. It aims
the beam acceleration up to 1.1 GeV for proton and to
378 MeV/u for hesavy ions of g/A=0.5, corresponding to
the maximum magnetic rigidity of 5.8 T.m. An electron
cooling device and a slow extraction channel are
prepared for various beam experiments. In the present
paper, the status of TARN 11 is described as well as
the results of preliminary beam experiments.

Introduction

TARN 11 is an experimental facility for ac-
celerator, atomic, and nuclear physics with an electron
cooler equipment as well as the functions of beam ac-
celeration and slow extraction.! This coocler
synchrotron has the maximum magnetic rigidity of 5.8
T.m, corresponding to a proton energy of 1.1 GeV. The
main parameters of the ring are shown in Table 1. The
ring is hexagonal in shape with an average diameter of
24.8 m. Its circumference is 77.76 m, Just l17-times
that of the extraction orbit of the injector SF
cyclotron. It has 6 long straight sections of 4.2 m
length each, which are used for the beam injection svs-
tem, an RF cavity, an electron cooling device, and a
slow beam extraction system. It takes 3.5 sec for the
power supply to excite the whole magnet svstem to the
full excitation. The flat top duration of magnetic
field is variable and sufficiently long for the beam
cooling and extraction. The peak electric power for the
magnet, excitation is 2000 kVA and related power con-
sumption is 1 MW. The RF cavity can be tuned from 0.5
to 8.5 MHz and the power amplifier can produce a gap
voltage of 2 kV. The electron cooling system can cool
the ion beam with energy of up to 200 MeV/u, cor-
responding to the maximum electron energy of 120 keV.
It consists of an electron gun, an interaction region
of 1.5 m in length, collector and electron guiding
coils.?

At present, all the ring system are completed, in-
cluding the extraction system. The first trial of beam
injection was performed in December 1988, and ¢ beams
of 28 MeV were circulated in TARN II. Subsequently the
experiments of beam accumulation and acceleration have
been performed for several days per month as well as
the studies on electron beam cooling. In September
1989, the first cocling experiments was performed
successfully with use of 20 MeV proton beam. Further
experiments of beam acceleration and cooling are being
performed presently, and these accelerator studies are
expected tc be finished by the end of 1990.

Magnet system

The focusing structure of the magnet system is
based on an FODO lattice, and the long straight sec-
tions are prepared by inserting drift space of 4.20 m
length between horizontally focusing quadrupole magnets
at every unit cell. (Fig. 1) The whole circumference is
composed of six unit cells. For the synchrotron ac-
celeration mode, these cells are excited identically
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Fig. 1 Layout of TARN I1

Table 1 Main parameters of TARN 11 ring

Maximun magnetic rigidity
Max. beam energy proton
ions with g/a=1/2
Circunference
Average radius
Radius of curvature
Focusing structure
Length of long straight section
Superperiodicity acceleration mode
cocling mode
Rising time of magnet excitation
Repetition rate (max.)
Max field of dipole magnets
Max gradient of quadrupole magnets
Revolution frequency
Acceleration frequency
Harmonic number
Max rf voltage
Useful aperture
Vacuum pressure

5.8 T.m
1.1 GeV
370 MeV/u
77.76 m
12.376 m
4.045 m
FBDBRFC
4.20 m

3

3

3.5 sec to full
0.1 Hz
15,0 kG
70 kG/m

0.31 - 2.75 MHz
0.62 - 7.50 MHz
2

2 kV

50 x 200 mm?
10-11 Torr
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and the dispersion function and the maximum J3 x-value
can be kept small which results in the large machine
acceptance, 400z mm.mrad. On the other hand, to realize
the zero dispersion at straight sections for the momen-
tum cooling, the superperiodicity is reduced from six
to three with the change of excitaticn current of quad-
rupole magnets. In this cooler ring mode, the maximum
5 s-value bhecomes large and the acceptance is reduced
to 140, mm.nrad. 3

The excitation of current for the magnets are per
formed with four power supplies, one for the dipole
magnets ard three for the gquadrupole magnets. The ramp
shape of the dipole field B is a trapezoid wave form
with a repetition rate of 0.1 Hz and the rising period
is 3.5 sec. The currents of thres power supplies of Q
magnets are tracked with the bending magnet current
within the tracking error less than 1x10-4 with use of
the self learning procedure in the control computer
svstem. *

Vacuun system

[t is required for the vacuum condition of bhetter
than 10-1° for the heavy ion accumulation and accelera-
tion and then the vacuum chamber and other elements are
made of organic free materials. The ramping rate of
magnetic field is so low as 0.4 T/sec and then the
vacuum chambers at dipole and quadrupole magrets are
made of SUS 316L with thickness of 4 mm. They are bak-
able up to 330 °C by heating with current flowing
directly through them. Between each pair of dipole
magnets, either a sputter ion pump (800 or 400 1/s) or
a titanium sublimation pump (100 1/s) is installed.
The inflector chamber and the chamber at the crossing
point of the main ring with the beam injection line are
especially evacuated by sputter ion purps of 800 l/s in
order to pump the ring differentially. Totally, 7
titanium sublimation pumps (1500 1/s), 5 sputter ion
pumps {800 1/s), 3 sputter iorn pumps (400 1l/s), and 3
turbo-molecular pumps (500 1/s) are used for the
evacuation. Presently, the average vacuum pressure in
the ring is several times 10-1'° Torr and the goal of
10-1t Torr will Tbe obtained after the baking of cham-
bers, $

RF System

The lowest injection energy was chosen to be 2.58
MeV/u for 29Nedt--among the various ions from the SF
cyclotren, corresponding to the revolution frequency of
0.307 MHz. At the top energy of 1100 MeV for protons,
the revolution frequency is 3.5 MHz, thus the ratio of
the lowest to highest frequencies is thirteen. The
harmonic number was chosen to be 2 and the designed ac-
celeration frequency is 0.6 MHz to 7.0 MHz. An ac-
celeration voltage of 2 kV is enough for the beam with
0.5 % momentum spread within the acceleration period of
3.5 sec.

An i cavity, a single-gap, ferrite-loaded, two
quarter-wave coaxial resonators, has been constructed.
It covers the frequency range from 0.6 to 8.0 MHz by
changing the ferrite bias current from 0 to 770 A. A
power amplifier with the maximum output power of &5 kW
can produce 2 kV of acceleratirg voltage over the gap
throughout the whole frequency range.®

The low level RF electronics system is composed of
a voltage controlled oscillator(VCO) and several feed-
back loops. Three memory modules store the functional
forms of frequency, voltage and bias current to be
produced as a function of magnetic field strength. At
every increment 1 Gauss of the magnetic field, measured
at the 25th dipole magnet for field monitoring, the
data are read from memories and converted into analog
voltages through DAC’s. They are fed into a voltage
controlled oscillator, amplitude modulator and bias
current power supply, respectively. The error of bias

current or equivallently the degree of detuning of
cavity is detected as the phase difference between the
RF signals at the grid and the plate of final power
tube. It is used for the correction of resonance
frequency cf cavity via a hardware feedback loops(AFC).
In addition, the signals of beam position (A RJand of
the phase error (A ¢ ) between beam bunch and accelera-
tion RF field, are fed back to the voltage controlled
oseoillator.  The output rf signal of this cscillator is
fed to driver and power amplifiers.?

On the other hand , at the injection period the
VCO is phase locked with the RF signal trom a frequency
synthesizer. The frequency and voltage at this injec-
tion period are finely adjusted to get the maximum cap-
ture efficiency.

Beam experiments

Typical results of experiments on beam injection,
accunulation and acceleration are as follows. At the
exit of SF Cyclotron, the g beam energy was 40 MeV and
the emmitance was measured at 15 s mm.mrad (horizontal)
and 20 z mm.mrad (vertical), respectively and the
momentum spread was 0.2%. The one third of the beam was
transported from the exit of cyclotron to the injection
point of the TARNII. The beam was multi-turn injected
into the ring with the excitation of two bump magrets
with the repetition rate of 30 Hz. The decay time of
bump fields were set to approximately 404 sec which
corresponds to about 20 times of the revolution period
of the beam in the ring. The frequency of BRF field was
set to be the value correspending to the harmonic num-
ber 2 of the beam circulation. (1.113 MHz for alpha
beams 40 MeV). In Fig. 2, the signals of pulsed arc in
the cyclotron, discharged currents of kicker magnet for
bean chopper, and those of two bump magnets are shown,
From the beam signal of the electrostatic monltor, the
gain of intensity of the circulating beam was increased
by about 14 turns, vhich realizes well the expected
value of the simulation.

Fig. 2 Pulse shapes of cyclotron arc, magnetic
fields of kicker magnet and two bump
magnets. ( From top to bottom)

The lifetime of the beam was measured by the decay
ronstant of the signal from one of the electrostatic
monitors (Fig. 4). The e-folding lifetime was found to
be 75 sec. It was determined by the scattering with
the residual gas. This lifetime is roughly in agree-
ment. with the caleculated result on the condition that
the average vacuum pressure in the ring was about 8
x10-19 Torr. The tune values were measured with RF
knockout method at 1.737(horizontal) and
1.825{vertical), respectively.

The acceleration tests was performed to the top
energy of 240 MeV, which is presently limitted due to
the capacity of electric power station in the in-
stitute. The improvement of the capacity is under con-
struction and the acceleration to the designed top
energy, 370 MeV/u, is expected in this October.



In Fig. 3, the excitation pattern of bending magnet
and the accelerated bean current are shown. During the
acceleration period, beam loss was almost negligible
which was attained with the fine adjustment of 40 and
R feedback loop gain control in the low level RF sys-
tem. The number of accelerated particles was around 108
and the muck attention was paid to the improvement of
the sensitivity of beam monitoring device and the noise
reduction of electronic system. In Fig. 3 the detected
signal of am orbit AR, is shown where we can see the
deviation of closed orbit during the acceleration was
controlled within several mm.

The excitation pattern of bending magnet! Isec
/divy and the intensity of accelerated bean
current( 1p A/div).-- Upper picture

The deviation of r:lo&m orbit{ A R) during the
acceleration ( Smm/div).

The electron cooling experiment was performed for
20 MeV proton beam which was injected into the ring by
multiturn injection method. Number of injected par-
ticles was about 107. After the adjustment of correc-
tion magnets which compensate the effects due to the
solenoid and toroidal magnetic fields of electron
equipments, we observed the cooling effect and the
momentum spread of stored proton beams was improved
from the initial value of 2x10-2? to the final value of
1%x10-4 with the e-folding cooling time of several
seconds. Typical time evolution of momentum spread,
equivallently the spread of revolution frequency, was
given in Fig. 5. Machine parameters relavant to the
electron cooling is given in Table 3 and the details of
cooling experiments are presented in the other paper in
this symposium. 3

Table 3
Machine parameters relavant to the electron cooling
Proton beam energy 20.26 MeV

Electron beam energy 11.20 KeV
Electron current 0.4 A

Initial momentum spread, A p/p 2x10-2
Final momentum spread 1x10-5
RF frequency 1.578 MHz
Harmonic number 2
Horizontal B at cooler section 0.2 m
Vertical B at. cooler section 3.7m
Momentum dispersion at cooler section 4.7 m
Horizontal betatron tune 1.71
Vertical betatron tune 1.80
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5 Time evolution of frequency spectrum of a
bunched proton beam after injection with
cooling. Horizontal scale; 15 kHz/div,
vertical : 5dB/div, and central frequency

29,985 MHz.
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