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Abstract

The RIKEN radioisotope beam factory (RIBF) has been .;‘,,,,
successfully operated for more than five years as the first el
next-generation exotic beam facility after the extractibn
the first beam at the end of 2006. Continual development
efforts in these five years have led to improved perfor-,
mance of the accelerators, thereby leading to increase in
the intensity of the various heavy-ion beams that have been
produced. Furthermore, the operation of a new 28-GHz Figure 1: Bird’s eye view of Rl Beam Factory.
superconducting electron cyclotron resonance (ECR) ion
source and a new injector linac was started from October
2011 to overcome the ficulty in increasing the uranium can produce the most intense RI beams in the world at en-
beam intensity that is currently far below our goal ofii®p ergies of several hundred mega-electronvolts per nucleon
(6 x 10'2 particlegs). However, the most serious problemover the entire range of atomic masses. The RIBF facil-
which is the design and implementation of a charge strigty includes an accelerator complex that can accelerage ion
per for high-power uranium beams, has thus far remaineyer the entire range of masses and deliver 80-kW uranium
unsolved, despite extensive R&D studies on strippers ubeams at an energy of 345 MgV Figure 1 shows a bird’s
ing large foils mounted on a rotating cylinder and the studgye view of the RIBF. The section on the left indicates
of a N, gas stripper. A gas stripper is free from problemshe old facility that was completed in 1990. Many experi-
related to lifetime issues and uniformity in stripper thick ments have been carried out with light-ion Rl beams using
ness, although the equilibrium charge state in such a strifite four-sector K540-MeV RIKEN ring cyclotron (RRC)
per is considerably lower than that in a carbon foil strippewith two injectors, the RIKEN linear accelerator (RILAC),
owing to the absence of the densitffezt. These merits and the AVF cyclotron. The feasibility of conducting such
of gas strippers have motivated us to develop a low-Z gdight-ion experiments is enabled by the fact that the RRC
stripper to achieve a higher equilibrium charge state even ¢an accelerate relatively light ions up to 100 MaMwhich
gases, by virtue of suppression of the electron capture pris- the value of the lower limit for RI beam production.
cess in low-Z gas. Inthis light, we carried out the followingln order to expand the mass range for Rl beam produc-
R&D programs. The first one included the measuremetion up to that of uranium, three ring cyclotrons, the fixed-
of the electron-loss and electron-capture cross sectibnsfeequency ring cyclotron (fRC), the intermediate-stagegri
uranium ions in He gas to extract the equilibrium chargeyclotron (IRC), and the superconducting ring cyclotron
state. The second study obtained measurements of cha(G&C) were designed and constructed as energy boosters
distributions and energy spreads using thick layers of wirfor the RRC.
dowless He gas targets. The results of these studies weréThe design and construction of the RIBF accelerators
satisfactory, and it was decided to practically constret t was begun in 1997, and the accelerator building was com-
proposed machine for He gas stripping. We constructgsleted at the end of March 2003. In November 2005, an im-
and installed the new He gas stripper for the operation giortant milestone was reached; the superconducting sector
an uranium beam in January 2012. Tests using uraniumagnets for the SRC were successfully excited at the maxi-
beams are in progress before the the uranium beam serigsym field level. The first beam was obtained on December

which is scheduled for the coming autumn 2012. 28, 2006 [2]. Many improvements have since been carried
out to increase the beam intensity and to commission new
INTRODUCTION beam species to meet the requirements fiedént exper-
iments. Furthermore, the operation of the new injection
RI Beam Factory system that consists of a 28-GHz superconducting ECR

The RIKEN Nishina Center for Accelerator-Based Sci-ion sour.ce (SC-ECRIS) [3] and a linac (RILACZ). [4.] was
arted in October 2011 to overcome théidulty in in-

ence constructed the Radiolsotope Beam Factory (RIBlgi ing th ium b intensity. wh t val
[1] with the aim of realizing a next-generation facility tha cteasing the uraniuim beam Intensity, 2W ose current value
is far below our goal of 1 pA (6 x 10'? particlegs) [5].

" okuno@riken.jp The SC-ECRIS was designed to have a large plasma vol-
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ume of 1100 crhand to provide a flat magnetic field distri- Here,v, M, E andB denote the ion velocity, ion mass, elec-
bution in the central region by exciting the correspondingyic field and magnetic field, respectively. Theref@es
solenoid independently [6]. The RILAC2 is designed tdhe sensitivity toE andB, which contribute to beam accel-
efficiently accelerate ions with a mass-to-charge ratio of &ration, bending, or focusing. The charge state of the ion is
thus aiming at the production of heavy ions such#s'®,  a function of projectile energy (Fig. 2) after being passed
136x 20+ and?38U3>*, up to an energy of 670 kelucleon. through a sfliciently thick stripper to reach a state of equi-
It mainly consists of an RFQ linac based on the four-rotibrium in where electron loss and capture are balanced.
structure and three drift-tube linacs (DTLs) based on a The general requirements of charge strippers are as fol-
quarter-wavelength resonator (QWR). lows. Firstly, a high charge state is preferred in order to
Table 1 lists the beams accelerated at maximum inteneduce the total accelerating voltage and cost. In thisssens
sity thus far. These beams have been used in many nucleafid or liquid strippers are desirable because the density
experiments including that of the discovery of 45 new isoeffect in these states can provide approximately 20% higher
topes [7], the study of the halo structure and large defocharge states compared to that for gas. Secondly, the strip-
mation of extremely neutron-rich Ne isotopes [8, 9] anging dficiency should be as high as possible although the
measurements of the-decay half-lives of very neutron- typical diiciency is around 20%. It is to be noted at this
rich Kr to Tc isotopes on the boundary of the r-processtage that using a large number strippers can decrease the
path, thereby indicating fast r-matter flow [10]. Our goal idseam intensity to zero. Thirdly, a stripper should possess
to achieve a beam intensity of Jup for the entire atomic longevity and operational durability. In particular lifete-
range. This target intensity has been achieved for He amélated problems are critical to high-power beam opera-
O. The beam intensity of Cais 415 pnA which is the currenion because the lifetime of the stripper is anti-proparib
world record. The beam intensities of very heavy ions sudo the irradiated beam intensity. Finally the thickness of
as Xe and U ion are still relatively small; however, thes¢he stripper should be uniform. Non-uniformity in stripper
intensities are increasing due to the operation of the new ithickness generates additional energy spread or emittance
jector system from October 2011. Further developments growth in the longitudinal direction, and this can cause un-
SC-ECRIS are expected to increase the U and Xe beam iesirable beam loss in the succeeding accelerators stages.
tensities up to 100 pnA in the next few years, which clearly Taple 2 lists the shows specifications of the charge strip-
indicates that the problems with respect to the charge-strigers required for the three primary uranium acceleraters in
pers for uranium acceleration will be more severe. stalled in FAIR, FRIB, and RIBF along with their technical
implementation challenges. The accelerator in FAIR accel-

erates uranium ions up to 1500 MgMising synchrotrons.

Table 1: List of _beams accele_rated at_ RIBF accel_erat%ne stripper is installed at the 1.4 MaMon energy stage
C,Omple)_( along with corresponding maximum beam INteNy increase ion charge from+4o 28+ as shown in Fig. 2.
sity achieved. The peak power of the pulsed beam is about 1.5 MW at

lon Energy Intensity Date this stripper. The charges are stripped by d4s intro-
(MeV/u) (pnA) duced by a supersonic gas jet. The acceleration of inter-
— mediate charge state ions such &§*Uons is very essen-
Eﬁ?”ze H 2352% 11%%0 '\gg 22883 tial to reduce the fect of space charge forces. This re-
14N 550 80 May 2009 duction allows for highgr beam intensities. Furthe_rmore
180 345 1000 Jur)1/2010 the accelerator at FAIR is freg from any prob_lems with re-
48C4 345 415 May 2012 spect to charge stripping of ions vx{lth energies of around
7071 345 100 Jul 2012 10 MgV/.u; m_general, char-ge stripping is potentially prob-
86K 345 30 Nov 2007 lematic in this energy region. However, the FAIR accel-
124y 345 57 Jun 2012 erator fa(_:es the technical chaIIenge of dynar_’mc vacuum.
238 345 35 Dec 2012 Intermediate charge state heavy ions sucfUons are

exposed to a high probability of charge exchange due to
collisions with residual gas molecules during their accel-
eration. Since the charge exchange process changes the
Charge Strippers for Uranium Acceleration in  ions’ magnetic rigidity, the involved ions are lost behind
FAIR, RIBF, and RIBF dispersive elements, and an energy-dependent gas desorp-
tion takes place. The desorbed gas is another source of the
Charge strippers in an accelerator complex play an egharge exchange. The FRIB accelerates uranium ions up
sential role in breeding the required state of a given iong energies of 200 MeM using SRF linacs. One stripper
The charge statQ is related to the in the equation of mo-js installed at the 16.3 MeM ion energy stage to increase

tion of the ion as below: charge from 33.5 to 78+ on average as shown in Fig. 2.
d Nearly 80% of the input ions can be gathered at the output
d_\t/ = %(E +VvxB) (1) using the multi-charge acceleration technique [11]. The av

erage beam power at the stripper is about 40 kW. A liquid

200 Ion Sources, Traps, and Charge Breeding



Proceedings of HIAT 2012, Chicago, IL USA

THBO01

Table 2: Charge stripper specifications for uranium acaétar at FAIR, FRIB, and RIBF. The term PW in the table

denotes 'plasma window’.

Item FAIR FRIB RIBF

Final energy 1.5 GeMucleon 200 MeWu 345 MeVu

Type of accelerator Synchrotron SRF linac Cyclotron

Number of charge strippers 1 1 2

Stripping energy 1.4 MeN 16.3 MeVu 11 and 51 MeYu

Charge state 428 33, 34-76-80 35-(71/65)—86

Stripping dficiency ~14% ~80% ~5%

Beam power at stripper 1.5 MW (pulsed) 40 kW 7.5 kW

Type of stripper N gas Lig. Li film (baseline) C-foil> He gas
(supersonic gas jet) He gas with PW (1st stripper)

(alternative) C-foil (2nd stripper)
Technical challenge Dynamic vacuum Lig. Li film and PW He gasfmement
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CHARGE STRIPPER PROBLEM FOR
URANIUM ACCELERATION AT RIBF

Figure 3 shows the RIBF acceleration scheme for ura-
nium beams with the use of two strippers. Uranium beams
from the new injector system are accelerated using four cy-
clotrons, namely, RRC, fRC, IRC, and SRC, up to ener-
gies of 345 MeVYu. The first stripper is located behind the
RRC, at the ion energy stage of 11 Mglyand the second
one is located behind the fRC, at the ion energy stage of
51 MeV/u. Carbon foils are used as strippers in both cases.
The typical thicknesses of the foils for the first and second
strippers are 30Qg/cn? and 17 mgen?, respectively. The
problem associated with the first stripper is extremely grav
from the viewpoint of our operational experiences. Carbon
foils commercially available are currently being used for

Figure 2: Charge evolutions in uranium acceleration fofhe first stripper. The carbon foils clearly show radiation
FAIR, FRIB and RIBF as a function of projectile energygamage, and the momentum spread of the beam after it

with equilibrium charge state.

passes through the stripper becomes wider after beam ir-
radiation. Their typical lifetime is about 12 h at intensd#i
of 1-2 alA. Carbon foils of identical thicknesses are being

lithium film [12] has been adopted as baseline choice afeveloped at RIKEN, and the quality of these foils which is

stripper. In order to make liquid lithium film, a roundedapproaching that of the commercially available ones [15].
lithium jet from a nozzle is impacted on the edge of thdable 3 lists the requirements of the first stripper with the
deflector. The stability of the film has been successfullperformances of the carbon foils. As per beam acceleration
demonstrated under actual operating conditions. The aequirements, firstly, the charge state at this strippeyesta
ternative stripper available for use is the He gas strippshould be more than 89 which is the lowest acceptable
[13] sandwiched between two plasma windows [14]. Theharge state with respect to the succeeding cyclotron fRC.
plasma window can reduce conduction by a factor of abo&@econdly, from our operational experiences, we hope that a
20, thereby leading to improved He gas confinement. THeiripper’s lifetime should be more than one week at a beam
operation of the system has been successfully demonstrateinsity of 100 gA. Thirdly, the level of non-uniformity
with a window aperture of 2 mm. Scientists at the FRIB fain the stripper thickness should be less than 10%. The per-
cility are attempting to increase beam aperture from 2 mii@rmance of the carbon foils (listed in Table 3), clearly
to more than 6 mm. The RIBF accelerates uranium ions ughows that a stripper with a considerably longer lifetime
to 345 MeVu via the use of cyclotrons. Two charge strip-is required for consistent accelerator operation. Theegfo
pers are installed to increase charge from- 36 86+ as R&D programs focusing on the up-gradation of the first
shown in Fig. 2. The strippingfigciency is extremely low stripper were initiated from 2008.

because of the adoption of the two-step stripping approach.First, we began conducting irradiation tests on a stripper
In the rest of the paper, we examine the charge strippers foonsisting of a large foil put on a rotating cylinder, which
use in the RIBF. was developed by Ryuto et al. [16], in order to expand the
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Table 3: Summary of R&D studies on first charge stripper fanium acceleration in RIBF

[tem Value C-foil Rotating C-fail N, gas Hegas
Charge >69 71 71 56 65
Lifetime >1week (at 100@A) 12h (at1-2@A) 3-4days(at10@A) long long
Non-uniformity in thickness < 10% ~30% >30% 0 0
28-GHz IstCS.  2ndCS. _ vated us to develop a low-Z gas stripper that may provide
SC ECRIS - \ . - (/)»Bi8RIPS  higher charge states even in gas.

R&D STUDIESON LOW-Z GAS STRIPPER

RFQ RILAC2Z  RRC  fRC  IRC SRC
) (1) (14) (345 The equilibrium charge state is determined by the com-

) _ ) ) _ petition between the e-loss and e-capture processes of the
Figure 3: Acceleration scheme for uranium beams usings The capture cross sections depend strongly on the ion

two strippers. velocity V, compared with that of the target electrons. The

e-capture phenomenon is particularly highly suppressed
) o ) o o _ because of poor kinematical matching when the ion veloc-
|rrad|at|0n area, with 'Fhe_objec'qve of realizing long life ity significantly exceeds that of the 1s electrons,, Where
times. We placed a foil with a diameter of 100 mm on the g g|ecirons are the fastest-moving target electrons. Such
cylinder, which could be rotated in beam vacuum. The first, yyression of e-capture is expected in the case of low-Z
sample tested in 2008 malfunctioned within a short '”ter"%rgets or high ion velocity, becauseis approximately
about 15 mln._We performed some tests to determine W%um to 7137, thereby resulting in a higher equilibrium
the rotating foil was prematurely damaged. We found thaf5rqe state for low-Z values or large ion velocities. In
very slowly (0.05 rpm) rotating carbon nanotube (CNT)1,¢¢ "3 substantial increase in the equilibrium chargesstat
based foils can survive for three or four days at intensitig§ ohserved in certain experimental data on the equilibrium

of 10 iA. Some foil sections were missing after three Ogparge state orfeective charge at intermediate energies in
four days and the foil required replacement. However, dgg,,,_7 regions [18, 19, 20].

spite the above-mentioned issues, this stripping Systesn wa 14pje 4 summarizes the reaction conditions under which

successfully used in the uranium beam series the last Y&4{arge enhancement of the equilibrium charge state in the
when the RILAC2 became operational as an injector. low-Z region is observed, along with the parameters of
Next, we initiated the development of gas strippers. A/ /v (the relative projectile velocities with respect to the
gas stripper is free from lifetime-related problems altjiou K-shell electrons) obtained from references [18, 19, 20].
it provides a lower equilibrium charge state than a carbonhis table also lists the parameters for the reactions for
foil due to absence of the densitffect. We did not have which cross-section measurements were performed in He
data on the equilibrium charge state in §&s, and no em- o obtain the equilibrium charge states. These parameter
pirical formulae are currently available to predict the iequ values show that charge enhancement can be expected in
librium charge state correctly. Therefore, we measured thfr target reaction [Ur He (gas) at 11 MeXu]. Table 4
charge state at 11 M\ using a gas target system with afurther lists the parameters for reactions for which equili
differential pumping system that was formerly used for nitium charge states were measured ingds; lower charge
clear experiments [17]. The measured equilibrium charggates than those obtained with carbon foils were obtained
state in N was 56, which is far below that in a carbon in our previous study, owing to the absence of the density
foil (71+), thereby suggesting that the gas stripper canneftect [17, 21].
be used for uranium because the acceptable charge state forigure 4 shows the e-loss and e-capture cross sections
the fRC is larger than 69 calculated using the binary encounter model [22] and
Details of the two R&D studies on the charge strippeBchlachter’s formula [23] as a function of the charge state
are summarized in Table 3. The lifetime of the rotatindor H,, He, and N. The two lines for each case intersect
foil is not suficiently long because we expect an increasat the equilibrium charge state. The figure clearly shows
in the beam intensity in future beam accelerations. Thiat higher charge states are obtained in gases with Z val-
beam quality after the beam passes through the stripperuss lower than that of Ngas. There are no data on the
quite poor, thereby suggesting that the non-uniformity iequilibrium charge state of uranium in a low-Z gas in this
the stripper thickness is larger than 30%. In contrast, ttenergy region mainly because of thefdulty in confin-
lifetime of the gas stripper is fliciently large, and its uni- ing low-Z gas without using a window. For example, our
formity in therms of thickness is good, although the equigas stripper system, mentioned in the previous section, can
librium charge state is so low that fRC cannot accept theonfine only 0.015 mgn? of He, which is not sflicient
U ions. Therefore, the merits of using a gas stripper motfor U ions to reach their equilibrium at 11 Mé¥, while
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, Beamfrom RILAC

Table 4: Reactions for which enhancement of equilibrium
charge is observed in low-Z target region. The definition B A
of Vp/Vys is given in the text. The lower part of the table Ubeam
lists the reactions for which equilibrium charge state mea-
surements were carried out in this study and those obtained He gas (0.014 mg/em?)
from references of [17, 21]. \

Reaction Energy Vp/Vis Ref.

Q) 11 MeV/u35+
14 MeV/u 41+
15 MeV/u 41+

Q+ selection
(60+ < Q# <75)

Cfoil

(M eV/U) g Faraday cup F41
Ar + Hy 1.25 7.1 [18] R
U+ He 22 14.9 [19]
U+ N2 56 6.8 [20]
U+ He 11 10.5
U+ He 14 11.9 Figure 5: Schematic of experimental setup used for mea-
U+ He 15 12.3 surement of cross sections of e-loss and e-capture in RIBF
U+ N 1 3.0 beamlines.
U+ N2 14 34
U+ N> 15 35
& 1lloss@11 MeV/u
I '\\ &1cap@11 MeV/u
1E-14 —_ --1loss@14 MeV/u
- . & 4
= o o= N - e Ly | e
€ 1817 N xz He = 5E- o 14 MeV/u -41loss@15 MeV/u
L 1e18 P —— 2 -+ 1cap@15 MeV/u
e 1E19 7 N E ././' Ni
O 1E20 ,
B oen A4 T N a 66+ @11 MeV/u ﬁ)
@ 152 I/// — H 1 S N N5 @ 15 Mev/u
“ o1e23 f
A 124 r
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O 1E26 (f—— _
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Charge
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Figure 6: Measured cross sections of e-loss and e-capture
Figure 4: Simple estimation of cross sections for e-loss arft a function of the charge state of uraniumions at 11, 14,
e-capture in M, He, and H. and 15 MeVu in He gas. The cross sections were extracted

assuming the thickness of the gas cell to be 13gen?.

it can confine 1.3 mgn? of N,. Hence, we measured the ) )
cross sections of the loss and capture of a 1s electron as & FC measured the intensity of the beam current of the
function of the charge state of uranium ions to extract theharge state for e-loss (@ 1), e-capture (Q- 1), and no

equilibrium charge from the intersection point of the los§€action (Q. The pressure of the target He gas was moni-
and capture curves. tored by using a Baratron pressure transducer, and the gas
flow was regulated by means of an automated control valve
and a flow controller. Further details of the experimental
Measurements of e-Lossand e-Capture Cross Sec- setup can be found given in reference [17]. The cross sec-

tions tion of e-loss,aoss, and that of e-capturercapture, Were
The experiment to measure the e-loss and e-capture cr@&¥@ined using the following equations:

sections was conducted at the RIBF using the RILAC and 11(Q +1)

RRC. A schematic of the experimental setup is shown in Oloss = T3 1(Qm) )
Fig. 5. Beams of 11 Mef 238U35", 14 MeVju 238U+,

and 15 MeVu 238U* were extracted from the RRC. The Connture = 11@Q-1) 3)
incoming ions passed through a carbon foil located in front P t 3 1(Qm)

of a bending magnet, which was used to select the individvheret denotes the gas layer thickness df@) denotes

ual projectile charge state,QThe thickness of the car- the beam intensity of ion charggat F41.

bon foil was optimized to obtain the maximum intensity The intensity at F41 was normalized by the intensity
of the charge state. Each beam was directed through a wimeasured by an FC located upstream of the gas cell in or-
dowless, difterentially pumped He gas cell. After emergingder to cancel the fluctuation in the beam intensity from the
from the gas cell, the beams passed through a second beRIRC. During the measurement, the cell pressure was main-
ing magnet into a Faraday cup (FC) at point F41 in Fig. Rained at a value of 0.56 kPa. At this pressure, the thickness
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of the gas layer of the stripper was measured to be 1:8.27gas confinement at a volume of about 1/omy to measure
1.81ug/cn? usinga-rays from?#*Am. the charge distribution and energy spread [25, 26].
Figure 6 shows the measured cross section as a func-Two gas strippers were prepared in order to measure the
tion of the charge number of uranium ions at 11, 14, anstripping performance of He and,Hvith cell lengths of
15 MeV/u. The absolute values of the cross sections shovéim and 0.5 m as shown in Fig. 7. The cell length was de-
in Fig. 6 have a deviation of 13.6%, although the relativéermined by the power of the fierential pumping system
values are accurate because the cross sections were that was available at that time. Figure 8 summarizes the
tracted assuming the thickness of the gas layer to be theeasured charge evolutions in He gas as functions of the
mean of the measurement values obtained as above. Tges layer thickness. The charge is saturated arourd 65
data show that the cross section of the e-capture largely dand the confinement value of 0.71 fogP was selected as
pends on the beam energy, while the e-loss cross sectithre optimal operational point. The fraction of 6% about
does not depend as much on the beam energy. Beca24éb at the operational point. The energy spread after the
the contribution of multiple electron transfer in He is verybeam was passed through a layer of 0.7amg of He gas
small [24], the intersection of the two lines gives a goodvas measured to be preliminary around 0.4%. Although
approximation of the equilibrium charge state. The interthe thickness of the He gas layer is completely uniform,
section points show charge state values of 66, 73, and #te energy spread is not zero due to charge exchange strag-
at 11, 14, and 15 MeM, respectively. Table 5 lists the gling. The energy straggling originates from the charge
equilibrium charge states in He,,Nand C. The equilib- dependence of the energy loss and the finite width of the
rium charge state in He is obviously larger than that jn Ncharge state distribution in the charge stripper. Furtleer d
by more than ten and is close to thatin C. tails are available in [27]. For the purpose of comparison,
the energy spread after the beam was passed through con-
ventionally used C foils with a thickness of 3@g/cn? was

Table 5: Equilibrium charge states in Hez,Mind C at 11, aasured to be preliminary around 0.7%.

14, and 15 MeYu. The data for Nand C were taken from
references [17, 21].

Material Qe.@11 Q.@14 Q@15 COMMISSIONING STATUS OF MACHINE

(MeV/u) (MeV/u) (MeV/u) FOR HE GASSTRIPPING
He 66 /3 5 The measured data described in the previous section has
22 ?g % ?? enabled the conclusion that the He gas charge stripper can

be used for practical operation by increasing the maximum
bending power of the fRC to accepfU ions though is-
sues such as heat generation and removal and the use of a

Measurements of Charge Distributions and He gas recycling system require to be solved. Our choice

; : of the new He gas stripper [28] can confine 7 kPa of He
Energy Spread using Thick He Gas Targets gas over a cell length of 50 cm. The total thickness of

The measurement results for e-loss and e-capture crabge He gas layer is 0.7 nfgr?. About 300 ni/day of He
sections show that a low-Z gas stripper can be used to rgas can be circulated using 21 pumps. The stripper has a
alize a higher charge state of uranium. However, the difinique recycling system where the outlet of the mechanical
ficulty in the confinement of low-Z gases still remains duéooster pump is returned to the gas cell chamber directly.
to their tendency to quickly disperse. As mentioned in th&ight order pressure reduction from 7 kPa ta°1Pa can
previous subsection, the existing gas stripper can confifbe realized in order to connect the gas cell with the beam
only 0.015 mgen? (0.7 kPa) of He, while it can confine lines. Beam aperture is more than 10 mm. This system
1.3 mgcen? of No. A simple estimation shows that ap- has been installed on the beam line in January, and several
proximately 1 mgen? of He or H, is necessary to achieve offline tests have been completed. Tests with U beams are
a higher charge state, thereby suggesting the necessityimprogress for a uranium beam series scheduled in the au-
using a new device to solve this problem. At this stateumn of 2012. Unitil this time, the following issues need
there are two options in terms of constructing a new dde be continually checked, though no major problems have
vice. The first one is the use of plasma windows, whiclveen encountered thus far. Firstly, the level of impurities
has been described in the introduction section of this pauch as oil and water have appeared to be kept at minimum
per. We began the R&D studies on the use of plasm&ecause no change in the charge distribution has been ob-
window-contained strippers with A. Herschovitch becausserved. Secondly, in the design phase, we were concerned
implementation of plasma window strippers requires speavith high-power beams causing "holes” in the gas due to
cial techniques in terms of design and operation. Thieat generation. However, there has been no sign of this
plasma window was successfully ignited in October 201 froblem from the viewpoint of the charge distribution and
at the RIKEN site. The second option is to use large mesnergy spread observed thus far. Thirdly, the He gas recy-
chanical booster pumps (MBPs) to confine low-Z gas. Suatiing system has been working satisfactorily, and there has
MBPs are commercially available. Hence, we initiated Hb&een no He gas loss. In the recycling system, 98% of He
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Figure 7: Schematic of 0.5-m gas cell with largéeliential pumping system for low-Z gas accumulation.
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