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Abstract mass range for Rl beam production up to uranium, the three
: ring cyclotrons, fRC (a fixed-frequency Ring Cyclotron)
Tthe RIKEtN accelgragtor cofmpll_::‘x ;}gﬁede%?d;ngt th I, IRC (Intermediate Ring Cyclotron) [6] and SRC (Su-
gex -gel.\:ne:a ‘on e’i(r?k:C eam ‘EC' 'y ¢ (20307'0 ?to 051 erconducting Ring Cyclotron) [7] were designed and con-
eam Factory) with heavy ion beams from arter N&ructed as energy boosters for the RRC. The SRC is the

sugce;sful commissioning at the enq of 20.06‘ Many elfibﬁ?\iorld’s first ring cyclotron using superconducting sector
rating improvements increased the intensity of the Var'ou[ﬁagnets with the largest bending power
i )

heavy ion beams from 2007 to 2010. However, the ava The design and construction of the RIBF accelerators

able beam intensity especially of “"?‘”‘“m beam is far bes'tarted from 1997 and the accelerator building was com-
Iow_our goal of 1 piA (6 x 10'* parUch/s). In orde_r © bleted at the end of March 2003. In November 2005, we
gchleve I, upgrade programs are well in progress, inclu eached a big milestone that the superconducting sector
ng constructions of anew 28. GHz superconducting EC Mhagnets for SRC were successfully excited at the maxi-
ion source and a new injector linac. However, the most Sergwum field level. The first beam was obtained at December

ous problem of the charge stripper for uranium beam is sti 8 2006 [8.91. M laborating i i :
open although many elaborating R&D works for the prob-: [8, 9]. Many elaborating improvements were car

o . ; ied out to increase the beam intensity and to commission
lems. Equilibrium charge state in gas generally is much1

I than that i bon foil due to its densitv-effect. B e new beam species to meet with requirements from the
ower than that In carbon foll due to 1ts density-€efiect. F”experiments. Table 1 is a list of the beam accelerated so far.
gas stripper is free from the problems originated from it

lifeti d uniformity in thick Such i h hey realized many nuclear experiments, such as the dis-
felime and unrformity in thickness. such ments pushe overy of 45 new isotopes [10] and the study of halo struc-
us think about low-Z gas stripper to get higher equilibriu

X Mure and large deformation of extremely neutron-rich Ne
charge state even in gas. Electron loss and capture Cr%g’topes [11, 12]. Our goal is 14 for the whole atomic
section of U ion beams in He gas were measured as a fur} '

. . inge. We reached the goal intensity for He and O and
tion of their c_h.arge state at 11, 14 and 15 MeV/u. .Th out one fourth of the goal for Ca. However, the beam in-
extracted equilibrium charge states from the cross point ¢ nsity of U beam is still very low, suggesting that we need
the two lines of the cross sections were promisingly high rastic measures '

than those in B gas by more than 10. The plasma window '

is expected to be a key technology to solve the difficulty
in accumulation of such thick as about 1 mgfcailow-Z ~ Table 1: Alist of the beam accelerated so far with its inten-

gas. sity and date.
lon Energy Intensity Date
INTRODUCTION OF Rl BEAM FACTORY (MeViu) _(pnA)
- pol-d 250 120 May 2009

RIKEN Nishina center has constructed an RI Beam Fac- iHe 320 1000 Oct. 2009
tory (RIBF) [1] aiming to realize a next generation facility uN 250 80 May 2009
that is capable of providing the world’s most intense RI 180 345 1000 June 2010
beams at energies of several hundred MeV/nucleon over 48ca 345 230 May 2010
the whole range of atomic masses. The RIBF requires an 86Kr 345 30 Nov. 2007
accelerator complex which would accelerate the full mass 238 345 0.8 Dec. 2009

range of ions and deliver 80 kW of uranium beam at an en-
ergy of 345 MeV/nucleon. Figure 1 shows a bird’s eye view
of RIBF. The left part is the old facility completed in 1990.
Using the four-sector K540-MeV ring cyclotron (RRC) [2] INTENSITY UPGRADE FOR URANIUM

with the two injectors, RILAC (Rlken Linear ACcelerator) BEAM

[3] and AVF cyclotron [4], many experiments were carried ) ) ) _

with RI beams of light ions because RRC can accelerate From the operational experience mentioned in the pre-
relatively light ions up to 100 MeV/u, which is the lower Vious section, key issues to increase the intensity of ura-

limit for the RI-beam production. In order to expand theViumion beams can be clearly pointed out as follows. First,
more beams are necessary from the ion source. Now Naka-

* okuno@riken.jp gawa et al. are developing a new 28 GHz superconduct-




fRC

Figure 1: A bird’s eye view of Rl Beam Factory.

ing ECR ion source which is designed to have as largdsely. The problem about the first stripper will be more
plasma volume as 1100 énfil3, 14]. An important point serious. Carbon foils commercially available from ACF-
of the source is that the coil system is designed to makmetal [16] are used for the first stripper. Their typicaldife
the magnetic field distribution flat in this central regiontime is about 12 hours with 1. We are also developing
by exciting the solenoids independently. This ion sourcearbon foils of the same thickness in RIKEN, and the qual-
is expected to produce3¥t ions at an intensity of more ity is getting closer to those of the commercially available
than 15 pA, which is necessary to obtain JuA beams ones [17]. There is no problem for the intensities available
from the SRC. The coil was successfully excited to theight now. But it will be surely serious problem because
designed level in October 2008. Test of the ECR sourdatensity of uranium beam is ready to be increased by more
started from April 2009 with 18 GHz mode because wehan 100 with the upgrade programs mentioned before, re-
didn’t have 28 GHz source at that time. The intensity ofjuiring much stronger strippers. Therefore we started in-
uranium reached 10\ which is about five times of those tense R&D programs about the first stripper from 2008.
from the ion source used formerly. The ion source will be Firstly we started irradiation tests using a large foil on
moved to the upstream of a new injector mentioned latgptating cylinder developed by Ryuto et al. [18] to expand
and will be test with 28 GHz mode in this year. irradiation area, expecting long lifetimes. A foil of 100 mm
Next, a new injector is necessary in order to avoid thgy diameter was put on the cylinder which can rotate in
emittance growths due to their space charge forces in aseam vacuum. The first sample tested two years ago died
celeration of ion beams from the new powerful ion sourceyuite as shortly as in about 15min. Some tests were carried
The new injector is designed to efficiently accelerate iongut to know why the rotating foils shortly broke. And we
with a mass-to-charge ratio of 7, aiming at heavy ionfound that a very slowly (0.05 rpm) rotating foil can sur-
such agh*Kr'3+, 136Xe?0* and**%U%*, up to energy of vive for more than 38 hours with 1.7:8. However, we
680 keV/nucleon [15]. It mainly consists of an RFQ linacalso found that beam intensity behind the stripper changes
based on the four rod structure and three drift-tube ||nqger|0d|ca||y so much that we could not tune the Succeeding
(DTL) based on the quarter-wavelength resonator (QWRaccelerator, suggesting that uniformity of the foil is nafts
Installation of all the main componentts has already be€ftiently good. We might need a feedback system to com-

finished and excitation test of all the tanks were finishegensate the fluctuation of its thickness if we use it in real
to start beam commissioning from the middle of the nexgperations.

December. . ) . . Secondary, we started to develop gas strippers. Gas strip-
_ The last key issue is to make charge stripper with 1onge s free from lifetime although lower equilibrium charge
life time, which is a still open problem. state than that in carbon foil because of density effect. At
that time we did not have data about equilibrium charge
CHARGE STRIPPER PROBLEM FOR state in N gas and there is no available empirical formu-

URANIUM ACCLERATION las enough to predict it correctly. Therefore we measured
that at 11 MeV/u using a gas target system with differential

Figure 2 shows the acceleration scheme for uranium apumping system which was formerly used for nuclear ex-
celeration with the two strippers. The first stripper is loperiments [19]. The measured equilibrium charge state in
cated after RRC at 11 MeV/u and the second one is IdN; was 56 which is far below that in carbon foil, 71, sug-
cated after FRC at 51 MeV/u. Now carbon foils are usedesting that the gas stripper cannot used for the uranium
for both ones and the typical thicknesses for the first anldecause the acceptable charge state for the fRC is larger
second strippers are 3Q@y/cn? and 14 mg/cr, respec- than 69.



Table 2: Reactions where enhancement of equilibrium
charge are observed in low-Z target region. The definition
of V,/V 1, is shown in the text. The lower part of the table

lists the reactions where measurements about equilibrium
charge states were carried out in this work and the work in

!Stripper the references of [19, 20].
Reaction Energy V,/Vis Réef.
Figure 2: Acceleration scheme for uranium acceleration (MeV/u)
with two strippers. Ar + H, 4.25 8 [21]
U+ He 22 15 [22]
) U+ Ny 50 76 [23]
LOW-Z GAS STRIPPER U hs 11 105
The merit of gas stripper is that it is free from life- U+ He 14 11.9
time and its thickness is completely uniform. Such mer- U+ He 15 12.3
its pushed us to think about what we can do to get higher U+ Ng 11 3.0
charge state in gas. The first solution is increase of strip- U+ Ny 14 3.4
ping energy because generally equilibrium charge state in- U+ Ny 15 3.5

creases as a function of projectile energy. The equilibrium
charge states were additionally measured at 14 MeV/u al 1614

15 MeV/u using N gas stripper which was described in < 11 :\\ N
the previous section. They are 61 and 62 at 14 MeV/uar § it} >z—\"<: He
15 MeV/u, respectively [20]. Extrapolation of the results ¢ 11 ] N
suggests that the stripping energy should be increased -g 1621 | H N
22 MeV/u to get 69+ as a equilibrium charge state whichi 2 j;2 17
H (7] ~ r
the lowest ac_c_eptable chargg state for FRC. To realizeth. @ X2 /77 o) —Hioy  —nican)
we need additional acceleration before the stripperand d G €2 [f— _ | o s —tewos
. . . . .. o . 1E-27 — e e e
celerator behind the stripper or making its injection radiu 1628 I I I I
larger by more than 50 cm. Such huge remodeling wil 0 20 40 60 8 100
cost more than $10 M. The second solution is expected q (projectile)
be change of the stripping material to low-Z gas (He and
Hs).

Figure 3: A simple estimation for cross sections of e-loss

and capture in B, He and H.
Background

Equilibrium charge state is determine_d by competition of Figure 3 shows e-loss and capture cross sections simply
e-loss and e-capture processes of the ion. the capture Cragg, jated by binary encounter model [24] and Schiachter’s
sections depend strongly on the ion velocity 8ompared  ¢5,1,i5 [25] as a function of it's charge state for HHe
with that of thg target electrons. In particular, the ca}qpturand N.. the two lines for each case cross at the equilib-
phenomenpn IS very suppressed_begau;g of bad kinemat, charge state. They clearly show higher charge stats
ical matching when the ion velocity significantly exceeds, | 7 gas than that in Ngas. There are no data about
that of 1s electrons M which are the fastest target elec-qqijiprium charge state of uranium in low-Z gas at this
trons. Such suppression of the capture is expected 10 Bferqy region mainly because of difficulty in accumulating

appeared in the case of Iovyer-Z of targets or higher ion vgs,, > gas without window. For example our gas stripper
locity because Y; is approximately expressed to be Z/1375ystem mentioned in the last section can accumulate only

resulting in higher equilibrium charge state. Actually Bsu 515 mg/crA of He where U ion does not reach at its equi-
stantial increase in equilibrium charge state is obsemed fipium at 11 MeV/u. while 1.1 mg/chof N, can be accu-
some experimental data about equilibrium charge state gy jated. So we measured cross sections of 1 electron loss
effective charge at intermediate energies in lower-Z ®9i0, canture as a function of charge state of uranium ion to

[21, 22, 23]. Table 2 summarizes the reaction conditiong oct equilibrium charge from their cross point.
which shows charge enhancement of equilibrium charge

state in low-Z region with the MV, parameter from the
references with those in the reactions where the cross sec-
tion measurements were carried out in He, showing that The experiment was conducted at RIBF using RILAC
charge enhancement in low-Z region can be expected. Thad RRC. A schematic of the experimental setup is pre-
table also lists the parameters in the reactions where eqaented in Fig. 4. Beams of 11 MeV##U35*, 14 MeV/u
librium charge states were measured iy Bhowing lower 238U4'* and 15 MeV/u?3¥U*'*+ were extracted from
charge states due to the density effect. RRC. The incoming ions passed through a carbon foil lo-

periment



cated in front of a bending magnet, which was used to s

lect individual projectile charge state,;.(rhickness of the

carbon foils was optimized so as to get the max intensit

of the charge state. Each beam was directed through a w

dowless, differentially pumped He gas cell. After emergini

from the gas cell, the beams passed through a second be

ing magnet into a Faraday Cup (FC) at a point of F41. Ft e Gas (0.01me/em2)
at F4A1measured intensity of the beam current of the char
state for e-loss (1), e-capture (1) and no reaction
(Q:). The pressure of the He target gas was monitored t
a Baratron pressure transducer and the gas flow was re
ulated by means of an automated control valve and flo
controller. Additional details of the experimental setup a
described in the reference of [19]. The cross section of (
loss 07055 and e-capture qpiure Was extracted from the
following equation.

Beam from RILAC

Ubeam

11 MeV/u 35+
14 MeV/u 41+
15 MeV/u 41+

Qi+ selection
(60+ < Qi+ <75)

Cfoil

2~ Faraday cup F41

_i« :

Figure 4: A schematic sketch how to measure the cross
1I1(Q; +1) (1) sections of e-loss and e-capture in the RIBF beam lines.

7l = S Qo)

11(Q; — 1) #1loss@11MeV/u

Ocapture = 7=~7, \ (2) #-1cap.@11MeV/u
t Z I(Qm) -#-1loss@14MeV/u
1lcap.@14MeV/u

SE-20 L 73+

The intensity at F41 was normalized by the intensity at N o 1anevyu | ALloss@15MeV/u

Cross Section (cm2)

FC located at the upstream of the gas cell to cancel the flu j ‘ 4 lcap.@15MeV/u
tuation of beam intensity from the RRC. In the measure 661 @11 eV
ment Cell pressure is 0.51 kPa. At this pressure thickne N5+ @ 15 MeV/u

of the gas stripper was measured to be 13281 ug/cnm?
usinga-ray from Am. 1/
Figure 5 shows measured cross sections as functions 521
charge number of the uraniumion at 11, 14 and 15 MeV/t
The absolute values of the cross sections in Fig. 5 have al..
biguity by 13.6% though their relative values of the cross
sections keep accurate because the cross section were fdgire 5: Measured cross sections of e-loss and e-capture
tracted assuming that thickness is the center value of tRé @ function of the charge state of uraniumion at 11, 14
measurement described above. The data shows that cr88§ 15 MeV/uin He gas. The cross sections were extracted
section of the electron capture largely depends on the eassuming that thickness of the gas cell is 13.87n.
ergy while the e-loss cross section does not depend so much
on the energy. Because contribution of multiple electro&as stripper with bl windows
transfer in He is very small [26], it is good approximation PP plasma
that the cross point of two line gives the equilibrium charge The measurement results are very promising to real-
state. The cross points are extracted to be 66, 73 and 75a4 low-Z gas stripper for higher charge state of uranium.
11, 14 and 15 MeV/u. Table 3 shows equilibrium chargeiowever, one problem of difficulty in accumulation of low-
state in He, N and C. Those in He are obviously largerz gas is still remained. As mentioned in the previous
than those in N by more than ten and are close to those igubsection, the existing gas stripper can accumulated only
Carbon. 0.015 mg/cm (0.5 kPa) of He while it can 1.1 mg/chof
N,. From simple estimation, about 1 mg/¢mwf He or H,
is necessary to be accumulated to get higher charge state,
suggesting a necessity of a new device to solve this prob-
lem. The new device is expected to be Plasma Window
the reference of [19, 20]. . o
Material  Q.@11 0.@14 0.@15 |n\_/ented_ by Ady Hers_hcowtch in 1995 [27]. The Elasma
Window is a wall-stabilized plasma arc used as an interface
(MeV/u) (MeV/u) (MeV/u) .
between accelerator vacuum and pressurized targets. There

59 64 69 74
Charge

Table 3: Equilibrium Charge state in HegMnd C at 11,
14 and 15 MeV/u. The data forNand C were taken from

Ee gg gf gg is no solid material introduced into the beam and thus it is
C2 72 76 77 also capable of transmitting a charged particle beam with

low loss. It mainly consists of 3 cathodes, anode and some
cooling plates to cool-down the plasma arc as shown in



accumulation of low-Z gas can be overcome by the plasma
Anode window.

Cooling plate

/
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