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Summary 

The construction of a Test Accumulation Ring for 
NLTMATRON Project, TARN, was finished and the first 
injection test was performed successfully in August, 
1979. For testing the beam accumulation technology 
by a combination of multiturn injection and RF stack- 
ing, He'+, H2+ and H+ beams of 7 MeV/u were used so 
far. Through this work, various important technical 
problems for the NDMATRON were solved. 

1. Introduction 

Several years ago, a high-energy heavy-ion accel- 
erator project was proposed in order to respond to 
many demands not only in the field of nuclear physics 
but also in many other fields of fundamentalresearlches 
and applications, which is named NUMATRON Project. 
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ihe energy- 
mass capability 
of the NDMATRON 10o 
is shown in Fig. 
1 together with 
those of the 
other machines 
in operation, 
under construe- lo 
tion and in 
planning stage 
in the world. 
All of the ac- 
celerator higher j c=& 
than 200 MeV per B 
nucleon consist 5 
of injector P 
linac and syn- f 
chrotron. At 1 100 
the design stage 
of this type of 
accelerator 
complex, a syn- 
chrotron with an l0 
accumulation 
ring is the most 
preferable for 
obtaining an 
expected high- .,.;, . intensity oeam, 
considering 
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present ion- 
source technologies 

Fig. 1 mass-energy capability of 

and low duty factor 
heavy-ion accelerators. 

of synchrotron. The main difficulties expected in the 

Fig. 2 l/l00 scaled model of NUMATRON 

construction of this type of heavy-ion machine are in 
the requirements for an ultrahigh vacuum in the syn- 
chrotron ring and devices for beam control by detecting 
a very low beam current without destruction. How to 
accumulate the heavy-ion beam efficiently, is also the 
problem to be studied carefully. 

In order 
to investigate 
these problems, 
several pre- 
paratory works 
have been car- 
ried out. One 
of the most 
important 
achievements is 
the construction 
of a test accu- 
mulation ring of 
1Dmin diameteg 
as shown in Figs. 
3and4. The 
injector cyclo- 
tron has been in 
operation since 
1974. Ions from 
proton to neon, 
e.q. 14N5+ of 
8.5 MeV/u, are 
injected and I. IO. 
stacked into the 
TARN. The beam 

Fig. 3 Layout of TARN and beam 

of 14N5+ 
transport system from 

was 
-;tmnn.~;ed in the SF Cyclotron 

design calcula- 
tions. Most of 
the test experi- 
ments were done 
by use of He'+. 
Detailed descrip- 
tions of the 
following sec- 
tions can be 
found in the 
other papers 
to this con- 
ference. 

Fig. 4 Total view of TARN 

2. Beam Transport and Injection System 

The beam transport system consists of the follow- 
ing four sections in series from the cyclotron: momen- 
tum analysing section which gives the required momentum 
resolution (Ap/p%lx 10m3) for the RF stacking, momen- 
tum matching section where doubly achromatic beam 
cqh= 0, n'h= 0) is produced, dispersion-free matching 
section of transverse phase space to adjust the phase 
space diagram to the one required for the multiturn 
injection, and momentum matching section where the-iis- 
persion parameters are matched to the requirec! values 
(nh=l.61 m, n'h = 0.36) at the injection point of 
the ring. Injection system consistso? C type magnet 
and a pair of electrostatic inflector. 

Obtained transmissions from the cyclotron to the 
ring are 17 % and 24 % for Ap/p of l/1500 and l/1000, 
respectively. Measured emittances in mmsmrad are 15 
for horizontal and 23 for vertical, and 12 and 16.5, 
after extraction from the cyclotron and in the third 

2086 0018-9499/81/06DD-2086S00.7501981 IEEE 

© 1981 IEEE. Personal use of this material is permitted. However, permission to reprint/republish this material

for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers

or lists, or to reuse any copyrighted component of this work in other works must be obtained from the IEEE.



section of the transport system, respectively. 

3. Multiturn Injection 

A combination of multiturn injection and RF 
stacking is applied to the TARN. Two pulse magnets 
are located upstream and downstream from the injection 
point along the circular orbit of the ring, which 
produce a distortion of closed orbit for a duration of 
their excitation. As the pulse fieldsare decreasing 
linearly, the beam fills up the transverse phase space 
of the injection orbit. In the case of using the full 
aperture of the ring only for multiturn injection, the 
maximum effective intensity corresponding to 34 turns 
was obtained. The injection of effective intensity of 

section of the 
transport system 
for pulse shapingof 
the beam to a dura- 
tion of 80 ps, the 
middle shows of the 
pulse magnets for 
distorting the orbit 
and the lower shows 

Fig. 5 Time structure of electro- 
static monitor signal for the 
beam of 20 turn injection, upper 
and middle patterns show the 
current shapes of kicker magnet 
for beam pulsing and of pulse 
bump magnets for orbit distor- 
tion: lOOus/div. 

decaying curve of 
the lower pattern 

Fig. 6 Phase oscillation of the 

does not indicate 
beam of 20 turn injection cap- 

intensity decrease, 
tured by RF field, lower shows 

but debunching 
the applied RF voltage. 

effect due to a momentum spread, because of a fresuen- 
cy dependence of an electrostatic beam monitor. This 
situation can be explained more clearly by Fig. 6. In 
this case, the injected beam is captured by RF field 
and then the l:p- ,c 
per pattern il- 
lustrates well 
that the 
injected beam 
intensity does z 
not decay but z5 
oscillates at 2 
frequencies 
corresponding 
the applied RF / 
voltage shown 
in the lower 0 
pattern. Ob- 
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served frequen- 
cy of the phase Fig. 7 Relation between RF field and 

oscillation is Phase oscillation. 

plotted as a function of the applied RF voltage as 
shown in'Fig.7. Fit with theoretical curve is fairly 
good. 

4. RF Stacking 

A procedure of RF stacking is similar to the ;ne 
which is used for the proton storage at ISR, CEPN. 

The RF voltage at capture process of injected 
beam with multiturn is determined as enough that its 
separatrix covers the longitudinal phase space area 
(~1 rad.keV) of the beam. Then the RF voltage both 
in the capture and acceleration processes is chosen 
at about 1 kV, and consequently the period of phase 
oscillation is about 1 ms. For a synchronous phase 
of 30", the change rate of momentum, dp/Pdt, for 
synchronous particle is designed at 1.5 x 10m2 ms -1 

and fractional momentum variation from the injection 
orbit to the bottom of stacking region is about 4 %. 
Then it takes 2.5 ms to move to the bottom of the 
stacking region. Change of revolution frequency is 
30 kHz and acceleration frequency difference is 23OkHz. 
Momentum difference between the stacked beams a+the 
bottom and top of the stacked region is designed at 
2.5 % and then the RF frequency must be changed by 150 
kHz. In order to 
keep synchronous 
phase of 30", the 
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time derivative 
of the frequency -80 
is of 9 kHz/ms for 
the voltage reduced - 
adiabatically to 1OOV. E -60 
The time required for 5 
deposit is 17 ms. The G 
expected maximum -40 

stacking number into 
transverse and lon- 
gitudinal phase space -20 

is about 2000 turns. 
The relation 0 

between the RF fl.e- 0 -100 -200 -300 -400 
quency and the radial 
position of the equi- Af CkHz) 

librium orbit Fig. 8 Relation between frequen- 
was measured by using cy and radial variation of orbit. 
He2+ beam as shown in 
Fig. 8. The slope of 
the line, df/dx, is 
3.7 kHz/mm. This 
value is about 20 % 
smaller than the cal- 
culated one of 4.45 
kHz/mm. 

The efficiency 
for capture and trans- 
port processes to the 
stacking regionwas also 
measured. The injected 
ions are well captured Fig. 9 Radial profiles of the 

and transported at 
beam by scintillation,monitor 
upper: 20 turn injection, 

higher voltage than130V, lower 
and the efficiency is 

: combination of 20turn 

estimated at about 70 %. injection and 10 times stack- 

Fieure 9 shows the ing: 2 cm/div. 

typical result of the combination of multiturn and RF 
stacking. Upper pattern shows the radial beam profile 
of the 20 turn injection and lower pattern shows of 
10 times stacking after the 20 turn injection. Total 
effective intensity is then of 200 turns, whereas 
number of revolutions may be 600, because multiturn 
and stacking efficiencies are 0.5 and 0.7, respectively. 
Number of the stacked particles is about 1 x 10'. 

5. Working Line Measurement 

In order to tune focusing elements in the ring, 
the working line was measured by an RF-knockout method, 
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these measurements. Fig. 10 RF knockout measurement, 
In order to control the upper: electrostatic monitor 
chromaticity, two signal, lower: knockout signal 
systems of 8 and 4 applied, to radial direction. 
sextupole magnets were 
installed into the ring, although measurements by using 
these systems have not yet been done. 

Due to the low 
velocity of the injected 
ions, the transverse 
collective instability 
is expected to play a 
major role in limiting 
the number of particles 
that can be accumulated. 
Without correction of 
the present chromaticity, 
this value is about 
1 x 109. The number 
already obtained may 1 
reach to a critical 
region of stability. 
By using these sextupole 
system, the accumulated 
beam will be stable up 
to about 25 % (about 
5 x log) of the design 
value of this injection 
method (about 2 x lOlo). 
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The incoherent space Fig. 11 Measured andcalculated' 
charge limit is the working lines. 
order of 1012 and much 
higher than those values. 

of 7 MeV/u by use of 
radially movable plastic 

Fig. 12 Time structure of lost 

scintillator prcbe. 
beam at i/3 resonance, observ- 

Beam profiles of 10, 60, 
ed by scintillation monitor 

180 and 300 set after 
inside the chamber wall, 
lower: freauencv variation. 

stacking processes are 
shown. Mean life of 
250 set is deduced from 
these results for the 
vacuum pressure (1 X10-l' 
Torr) during these 
observations. The 
charge exchange cross 
section of 7 MeV/u He'+ 
is estimated at about 
3 x lo-l9 cm'. The 
cross section for H2+ 

7. Vacuum 

Vacuum pressure lower than 1 x lo-lo Torr is 
required to achieve 90 % of survival probability 
for various ions accumulated during a period of 1 sec. 
Obtained 
pressure is 
2 x 10-llTorr 
by cooperation -1 
of turbomolec- '* 
ular pumps. A 
small pressure 
increase is -2 
found as the & 
beam is being ? 
accumulated. 
This amount 
is less than 
2 x 10-llTorr 2 -' 
for the in- a10 
jection current 
of 2 X 1010 
particleslsec 
of He'+. The "' 
most essentiai 
procedure is 
thermal baking tb 
applied during 
pumping down 
process. 4 
Pumping down lo 

curve from 
. 

atmospheric -11 
pressure is 10 
shown in Fig.14. 
It takes about I 
60 hours to ,n 

PUMP-DCWN CURVE OF THE TARN 

I _ _ . .- .-. - -- 

. -- 
71 Sublluclon PWI (300-C) 71 Sublluclon PWI (300-C) 

pig, 
WHP-OCYYIQ TlME 1 HOUR) 

, 14 Pumping down curve 

reach to 1 X lo-'" Torr and 150 hours to 3 x 10-llTorr. 
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molecular ion is also 
estimated at about 

Fig. 13 Decay of the radial 

4 x 10-16cm2. 
beam profile. 
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