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Abstract

The first of three categories of the upgrade of RIKEN
AVF cyclotron is to expand a variety of metal ion beams
using Hyper ECR ion source. The non-axial rod method,
multi-hole micro-oven method and plasma spectroscopy
was developed. The second is to increase acceleration
energy. By the beam simulation, the center region was
renovated and “He?* 12.5 MeV/u ion beam can be
available. The third is to increase beam intensity. For
injection, a pepper-pot emittance monitor is developed for
the purpose of measuring a four-dimensional phase space
distribution. For extraction, flat top system was developed.
Using a faraday cup installed at the exit of deflector, the
extraction efficiency is improved. For the transmission
efficiency from AVF cyclotron to CNS RI Beam separator,
the redesign of beam transport system is planned.

INTRODUCTION

RIKEN AVF cyclotron was built in 1989. This original
design is the following. RF frequency range is 12-24 MHz.
The acceleration harmonics is 2. Maximal RF voltage is 50
kV. Average magnetic field range at the extraction is 0.5-
1.76 T. K-value is 70.

The upgrade of AVF cyclotron has been conducted since
2000 by a collaboration of the Center for Nuclear Study
(CNS) of the University of Tokyo and RIKEN Nishina
Center to meet the request of CNS RI Beam separator
(CRIB) which can produce the low energy RI beam to
study nuclear astrophysics [1].
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Figure 1: The schematic view of Hyper ECRIS, AVF
cyclotron and CRIB with beam transport line.
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We have three categories of the upgrades. One is to
expand a variety of ion species. Two is to expand the
region of available acceleration energy. Three is to
increase beam intensity. Each will be in the following.

Besides, nondestructive beam monitors, Scanner [2] and
Core Monitor [3], were developed to see stability.

Figure 1 shows the location of AVF cyclotron, Hyper ECR
ion source (ECRIS), CRIB and the several diagnostics.

EXPAND ION SPECIES

We have developed two methods for feeding vapor of
solid materials into the plasma by ECRIS in order to
expand the ion species as well as increasing the beam
intensity stably [4]. One is the non-axial rod method
applied for CaO, SiO, and FeO, operating up to 2600
degrees. Since the tip of the material rod is placed near the
wall of plasma chamber, the constant vapor rate of material
is obtained. Two is the multi-hole micro-oven method
applied for P,Os, Li, and S, operating up to 800 degrees.
We can control the vapor rate with the number of holes of
crucible. The beam intensities extracted from the ECRIS
are listed in Table 1 together with melting point.

Table 1: Solid Ion Species lonized by Hyper ECRIS

lon | Beam Intensities Charged Material m.p.
Species (euA) (°C)
7L 200280 |Li pure metal (Oven) 180
o7 3475 Li pure metal (Oven) 180
g+ 50 BioHze (°B-99.9MIVOC) | 99

g# 50 BjoH:4 (MIVOC) 99

Mg 3045 Mg pure metal (Oven) 650
Bgi 32-35  |Si0, (Rod) 1500
S1pd 29 P,0; (Oven) 563
2% 47 S grain (Oven) 119
“ca'? 25 CaO (Rod) 2572
%Fe’™ 7-15 FeO (Rod) 1420
SN+ 13 CioHioNi (MIVOC) 173

590015« 7-20
87Rb20« 12

Co pure metal (Rod) 1493
RbCI (Oven) 682

Plasma spectroscopy has been developed in order to
separate the desired ion species from the same m/q ion
species in the plasma. The method is to observe the light
intensity of the desired ion species by a grating
monochromator. We confirmed the relation between the
light intensity of an optical line spectrum of °Li*" and its
beam intensity measured by the faraday cup (FC) located
at the exit of AVF cyclotron. Therefore, we can apply the
light intensity to the beam intensity [5]. By this method,
the tuning efficiency of ECRIS has been improved.
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EXPAND ENERGY REGION

For the request of ’N>" 9 MeV/u ion beam, K-value and
RF voltage needs 81 and 56 kV, respectively. At first, we
improved the maximum output current of main and some
trim coils power supply so that K-value was increased to
78 and N3 8.67 MeV/u ion beam was available [6].
However, this has not been realized yet because the cooling
capacity of main coil is not enough and the wideband
amplifier of RF is unimproved.

1607 and °Li** 12 MeV/u ion beams were also requested
with the high intensity beam. Due to the original design of
AVF cyclotron, the maximal energy of °Li** and 'O ion
beams had been respectively up to 9.7 MeV/u and 9.0
MeV/u at that time.

To meet the request, we focused on the beam dynamics
simulation using the computed 3D electromagnetic fields
[7] [8] [9]. The result indicated that it was possible to
expand the region of available acceleration energy as well
as improving injection efficiency by modifying the
central region geometry [10] [11].

The renovation of the center region was carried out in
august 2009. The energy of 0" and °Li*" has been up to
11.2 MeV/u by now. Moreover, we succeeded *He?" 12.5
MeV/u ion beam, whose intensity is 10.7 epA, is available.
This injection efficiency is successfully 0.26, which is
close to the average injection efficiency 0.31.

INCREASE BEAM INTENSITY
Improve Injection Efficiency

Injection efficiency goes down as the ECRIS beam
intensity increases and scatters widely (Fig.2). In order to
improve this, we began to study the beam emittance.
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Figure 2: The relationship between injection efficiency and
ECRIS beam intensity.

Since some solenoid coils exist in injection beam line,
horizontal (x) and vertical (y) beam elements can be
coupled. Considering it was important, we focused a four-
dimensional phase space (x, x’, y, y*). At first, we studied
the beam simulation of ECRIS. Then, we started a pepper-
pot emittance measurement [12].

The measurement principle is indicated in the left of
Fig.3. A pepper-pot which is a plate with holes arranged in
a square lattice shape is set perpendicular to beam axis. The
beam passing through the holes reaches Detector set at the
back. Each beam-spot measured by Detector can have a
certain corresponding hole of pepper-pot like (x1, y1) and
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(x2, y2). Using the distance (L) between pepper-pot and
Detector, the angle can be calculated.

We have developed a pepper-pot emittance monitor (the
right of Fig.3). The diameter of hole is 0.3 mm. Each
distance of adjacent hole is 3 mm.

Since we selected the viewer plate coated by KBr
phosphor as Detector, the beam image can be recorded by
digital camera. We assume the beam intensity would be
proportional to pixel size of digital image. Viewer plate is
inclined at 45 degrees against beam axis because the beam
image is seen through the view port. L is 55 mm.

Pepper-pot
plate with holes arranged in a
square lattice

Detector

Pepper-pot
Viewer plate
Figure 3: The schematic view of pepper-pot emittance
measurement (left) and developed monitor (right).

To see the performance, we irradiated this monitor,
installed at Pepperpot IH10 (Fig.1), with “He?* 20 keV ion
beam of 51 epA from ECRIS. The red frame of Fig.4
indicates the recorded image. Using this image and the
positions of pepper-pot holes, we calculated the four-
dimensional phase space distribution.
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Figure 4: The beam image of pepperpot IH10 (red frame).
The image transported to the point of 123viewer from
pepperpot TH10 (the left of blue frame) and the beam
image of 123viewer (the right of blue frame).

In order to see the performance, we transported this
distribution to the two points of the beam line where
123viwer and EM 136 are indicated in the Fig.1.

At first, we show the (X, y) distribution transported to
123viewer in the left of blue frame of Fig.4 and the beam
image of 123viewer in the right. The transported (x, y)
distribution is close to the 123viewer beam image.
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Second, Fig.5 indicates the following. The left column
shows the calculated emittances of the distribution
transported to the point of EM I36. The right column
shows the measured emittances by the slit type emittance
monitor installed at EM_136. The (u, w) coordinate system
is rotated 45 degrees with respect to (x, y).
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Figure 5: Left and right column show respectively the
calculated emittances and measured emittances of
EM_I36. Upper row is (u, u’) and lower row is (w, w’).

The calculated emittances have some disappeared parts
compared with the measured emittance. We guess the
reason why the sensitivity is zero for low intensity beam.
Allowing for the guess, the calculated emittance is close to
the measured emittance.

Improve Extraction Efficiency

Extraction efficiency is defined as beam transmission
ratio through the deflector, magnetic-channel (MC) and
gradient-collector (GC). In order to improve extraction
efficiency, we developed flat top system (FT) [13].

FT was found to be effective. However, the discharge
frequently occurred in the RF amplifier due to FT. We
attempted to constrain the discharge so that the main and
FT voltage were stably able to generate at 45 kV and 5 kV
respectively when RF frequency was 16.3 MHz [14]. At
the moment, we refrained from using FT in order to
provide the stable beam to user.

In order to measure the beam intensity of the exit of
deflector, we installed FC there in January 2010. Using it,
we researched the beam loss and found that GC had to be
corrected. As a result, the extraction efficiency after 2010
is improved compared with the one of 2006-2007 (Fig.6).
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extraction efficiency

Figure 6: The distribution of extraction efficiency in 2010-
2015(red box) and 2006-2007(green box).
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Improve Transmission Efficiency to CRIB

The average transmission efficiency from AVF
cyclotron to CRIB is 70 %. The loss must be recovered.

SLi** 11.2MeV/u 1606+ 6.8MeV/u  'Li?* 5.6MeV/u Used for design
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Figure 7: Columns from Ist to 3rd are the measured
emittances. 4th column is the emittance used for design.
Upper and lower rows indicate respectively a horizontal
emittance and a vertical emittance.

We have measured the emittance by the slit type
emittance monitor installed at EM_CO1 (Fig.1) since 2012.
We found the measured emittances differ from the
emittance used for designing the beam transport system
from AVF cyclotron to CRIB (Fig.7). Considering the
difference is one reason for the low transmission
efficiency, we will redesign the beam transport system.

SUMMARY AND CONCLUSION

We have supplied CRIB since 2000 with ion beams
indicated in the Table 2, which also shows the beam time
and RI beam produced by CRIB. Total beam time is
10283.2 hours. The average transmission efficiency from
Hyper ECRIS to CRIB has been 0.065 since 2012. In order
to improve this, we currently concentrate on the
improvement of injection efficiency and transmission
efficiency from AVF cyclotron to CRIB.

Table 2: Ion Beams and Beam Times Supplied to CRIB

ion species |energy(Me V/u) beam time (hr)|RI beam produced by CRIB
°Li* 9.5,11.2 4822 '8

Lith 3.4,3.5,5.0,5.5,5.6. 8.6, 8.8 12304 |"Be,"Li

g+ 7.8, 8.5 497.1 °c,"'c,*N

g 4.6, 5.0 521.5  |"Be,''cC

Bt 6 1248 [N

HNOS 6.4,7.0,8.2, 8.4 11129 |"c, "o, ing, test
SN 5.0,5.5,7.0 552.3 0, "N

o™ 6.3,6.8,10,3, 11 810.2 'K, '"Ne, "*Ne

1B+ 3.9,4.0,4.5,5.9,6.1,7.0 1214.6  |"c,"'n,"0,"N, %0, "*F, "*Ne
2Ne* 75 16.0, 6.2, 6.3, 6.5, 8.2 1118.7  |*'Na, Mg

2N 6.1 364.7  |”Nai

e O 7.5 975.2 Mg, Al *’s

Bsi'* |4.8,6.9,7.4,7.5 519.1  [|*p,*'s

S 6 37.4 *p

NI 3.6 379.1 MTi)AGCr

AP 4.5 174.8  [PaAr,®v

OCa'?t 5.5,5.6 67.1 “Scr, Pcr

“2ca'” |59 1011 [*m
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