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® Why a next G. ECRIS?

® Development of a 3@ G. ECRIS

® What should be done to make a
successful 4" G. ECRIS?




Why a Next G. ECRIS?

03
CW-intense highly charged heavy-ion-beams requested by accelerator complex

SSC (K=450) SFC (K=69)

W 100 AMeV (HLL), 110 MeV (p) 10 AMeV (ELL), 17-35 MeV (p)

IMP HIRFL U4'* 100 epA/ CW SPIRAL2 Ar'?*1 emA/ CW
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-- Existing Facility
- New Facility

J-Lab MEIC, U3#*
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Why a Next G. ECRIS?

Requirements of ion source for those high energy
(GeV/u) high current heavy ion accelerators

@ E~Q?2 for cyclotrons
E~Q for linac
lon Source/

~ Higher power

Simpler injection mode

Developing intense highly charged ion source is both

performance-effective and cost-effective.
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Why a Next G. ECRIS?
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Why a Next G. ECRIS?

Injection E (MeV/u)

Output E (MeV/u)
Design |, (emA)

SC cavity

SC cavities
Solenoids

CRM Reduced
Total length (m)

Budget reduced

238 34+
1.3
100
1.0

HWRO009+HWRO015+
Spoke021

44+100+248=392

78

288

238 J46+
1.3
100
1.0

HWRO009+HWRO015+
Spoke021

40+92+176=308
65
11

225

>70 MS
(MP not included)

238 J55+
1.3
100
1.0

HWRO009+HWRO015+
Spoke021

32+80+152=264
55
16

197

>100 MS
(MP not included)

SYN
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Why a Next G. ECRIS?

238Us4+ Zssu46+ 238Us5+
Injection E (MeV/u) 1.3 1.3 1.3
Output E (MeV/u) 100 100 100
Design |, (emA) 1.0 1.0 1.0

aiming at very high charge state!!

CRM Reduced 11 16

Total length (m) 288 225 197

Budget reduced >70 MS >100 MS
(MP not included) (MP not included)

“ﬁﬂﬁ@ L. Sun, HIAT’15, YOKOHAMA 8



Why a Next G. ECRIS?

* EBIS or Electron Beam lon Source
- Invented by Dr. Donets in 1965
- Control precisely and independently n_, T, and T,
- Very high charge state pusled ion beams, such as 3.4%10° ppp Au3?* with
RHIC-EBIS
* LIS or Laser lon Source
- Proposed by Dr. Bykovskii et al. and Peacock, Pease in 1969
. Least control of the three key factors
- Very intense short pulse medium charge state ion beams, typically
1~2 X 10%° ppp Pb27* with CERN/ITEP LIS

* ECRIS or Electron Cyclotron Resonance lon Source

* proposed by Prof. Geller in late 1960s
* Reasonable control of the n, T, and T, factors but not independently, and
they are coupled

* Most powerful machine for CW HCI beams and capable of delivering 101°
_bpp or more intense pulsed beam with AG mode
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%; Why a Next G. ECRIS?

Multicharged Ion production in a minimum-|B|

s

Vacuum

ECR Resonance
—(Zce - qB/me :—(ZHF

Hexapole

Resonant Heating of RF
electron by RF power
(Stochasting process)

&as

/!

atoms...

Solenoids [~ Iso-/8]

o @
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Why a Next G. ECRIS?
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Why a Next G. ECRIS?

(Plasma

q . L

q 1. ion density for species i charge
_1nlqgevl, j y for sp ge g i .
=— n; 4i=N"¢ neutrality)

* I
2 e

1

Tl.q Confinement time for species i charge q i.q

2

. . . . ~ megoa)rf 2 q 2
* REF dispersion equation at resonance : (n,7)) = (———")m,c” [ |7 o W ECR
e

. y nkT
* Plasma Stability condition : f=—2<<1] As n / B/
BZ e
244,
fECR BECR Binj Br'cd
* By, ¥3-4 B, onaxis
" By "2.2 B, onaxis (T) 146Hz |05T 2T |1T
* B,,4~ 2B.,, on plasmachamber wall
* Last closed Bmod inside chamber is ~2 B, [
28GHz (1T (|4T 9
Semi-empirical rules S~
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Why a Next G. ECRIS?

All permanent magnet ECRIS Classical RM ECRIS  Hybrid SC-ECRIS Fully SC-ECRIS
Nanogan series ion sources  GTS source RAMSE, SHIVA SERSE 18 GHz
BIE series ion sources AECR-U A-PHOENIX VENUS 28GHz
LAPECR1, LAPECR2 LECR2, LECR3 PKDELIS SECRAL 18~28 GHz
Kei1, Kei2 RIKEN 18 GHz Dubna 18 GHz SUSI 18~24 GHz
SOPHIE ECR4, Caprice RIKEN SCECRIS 28 GHiz
Operated 2.45 ~ 14 GHz Operated 10 ~ 18 GHz Operated 14 ~ 28 GHz Operated 18 ~ 28 GHz
1980 1985 19|95 2002
SUPERMAFIOS CAPRICE (e VENUS® ten)
MINIMAFIOS ECRA canid ﬁfﬂg/‘iﬁ;
ECREVIS* A-ECR @eL) SUSI* (MsU)
LBL ECR RIKEN 18 GHz RIKEN SCECRIS*
MSU ECR PHOENIX (Lpsc)
ORNL ECR SERSE’ (LnsiceA)
OCTOPUS GTS (cea)
ISIS
Cost: 1-4 M€ G3

*Superconducting ECRIS

@ From T. Thuillier’s slides at CERN Accelerator School 2012

L. Sun, HIAT’15, YOKOHAMA 13



%; Why a Next G. ECRIS?

ECRIS Beam intensity evolution

10000 ¢

—
o
o
o

100 E-Aqd2F----mee e A -

-
o

1985 1990 1995 2000 2005 2010 2015 2020 2025
10~14 GHz Year 40~60 GHz
18~28 GHz

lon Beam Intesnity (euA)

1

w..'
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% Development of a 39 G. ECRIS
(

SERSE@INFN
Available in 1997

Frequency 18 + 14.5 GHz

Type of launching WR62, off-axis
Mirror length 490 mm
By, 27T
Bin 0.3-06T
Byt 16T
Lecr <100 mm
Lhexapole 700 mm
B..g 1.55 T max.
@ plasma electrode 8 mm

@ puller 12 mm
Extraction voltage 30 kV Max.

A g @ L. Sun, HIAT’15, YOKOHAMA 16



C%% Development of a 34 G. ECRIS

100
27+

I Xe
What we learn from SERSE: ! v [CEam
60 + o —&— 14 GHz

« 28 GHz operations seem to give

Intensity (ep A)

more current
« TE,, mode works with ECRIS

« Higher extraction voltage is essential

* Lots of technical problems...
* LHe boil-off

« X-ray radiation problems

Xenon 27+

« Poor extraction and transport

« Time consuming and expensive

S. Gammino@FRIB Ion Source Review 2009

L@

NSFC

Results in 1999

L. Sun, HIAT’15, YOKOHAMA 17



%; Development of a 3" G. ECRIS

Coil #1 Coil #3 Coil #2

[

Aluminum Sextupole Coil

Sextupole-in-Solenoid

e cost effective
e reliable
Achieved magnetic fields e scaleable to 56 GHz

Binj<4 T,Bext<3 T,Brad<2.2 T ECREVIS, SERSE,
SUSI, MS-ECRIS,

RIKEN SC-ECR

C. Lyneis@Lecture of Brightness Award 2009

NSFC L. Sun, HIAT’15, YOKOHAMA 18



% Development of a 34 G. ECRIS

« 1996-1997-Prototype sextupole/solenoid
built and tested with directors fund

« 1997-Decision to build production
magnet

« 1999-ISOL Task Forces selects 400 kW
Uranium Driver for US radioactive beam
project

* 1999-Production magnet trains to full
field

« 2001-Installed and successfully tested in
cryostat _ P - i

+ 2002-First Plasma--18 GHz Operation ~ YENUS Team:D: ';j,'g::;(ﬁot“s{,'g;wg Lynets, M. Leinter

« 2003-Sep--160 epA Bi2**

« 2004-May--First 28 GHz Operation

C. Lyneis@Lecture of Brightness Award 2009

%A® L. Sun, HIAT’15, YOKOHAMA 19
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Development of a 3@ G. ECRIS

g 1500
Metal Bladders NbTi4.2K
., Aluminum Banding (10 Layers) \ NbTI 18K
Sextupale coils . a-.
ENUS < i /
///%m/,/,f,’;% < 1000
////4‘ \\7///;,”//;//// Alummum Bobbin é
Sextupole poles —§ .. 0”' N . S
(&)
- 500 -
- Aluminum Outer Support Tube
O
S5 Inner Support Tube .
O I I |
Aluminum Banding (1 layer) 0 5 10 15

Magnetic Field [T]
* Strong clamping with metal bladders

* Shell construction to exert sufficient pre-stress

* Difference to other designs: 3:1 Copper content in the sextupole wire, which
provides thermal stabilization and might damp micro movements of the coil.

* Might help also in preventing quenches initiated by x-ray heating

e Conservative approach for maximum field values and current densities to keep
enough safety margin

D. Leitner@FRIB Ion Source Review 2009
730 48 ,
A CC L. Sun, HIAT'15, YOKOHAMA 20



% Development of a 34 G. ECRIS

High pressure liquid ) 600
Aluminum z
= 500
"qé; / " /f
= 400
3
o 300
°
S 200
x
, 3 100
Stainless _ .
Invention of Clyde Taylor End Section NA b A8 a
Quench Number
4
[ —Solenoid Field on axis ]
*Only magnet that can be 3l T Sextupoleonly
independently energized '1_;, i ]
2t _
. . . L
*No retraining required after 3 | ]
I
warm up g1 ! ]
= l' -
)
0..--1-".—'{....I....l—-|-—._..
C. Lyneis@Lecture of Brightness Award 2009 -100 -50 0 50 100

lon Source Axis [cm]
248 &)

NSFC L. Sun, HIAT’15, YOKOHAMA 21



*A LHe recirculation system reserves
the conditions for the continuous
operation of the magnet

eBremsstrahlung radiation causes
strong 4.2 K heat sink

eHigh voltage insulation deteriorates
in the high x-ray flux

eX-ray flux is strongly dependent on

the heating frequency
- 1.5W~1.0 kW@28 GHz

D. Leitner@FRIB Ion Source Review 2009

Counts

10 1 1 1 1 1 1 1
-200 O 200 400 600 800 100012001400

(Four 1.5W Cryocoolers)
Instrumentation

Tig

: =:-‘-’ of : >, (Thermal Links) and
Liquid Nitrogen i / Heat Exchanger
Reservoir {70 K) ' |
] (HTS Leads)
Cryogenic 536 - !
Feedthroughs ey -
‘ Liquid Helium
Reservoir (4.2 K)
50 K Shield
«— Links
Vacuum Vessel
Cold Mass
with Coils Enclosed
Iron Yoke
— 10° . .
~4.5mm Taxray Shielding plan
—— xray
110
Integral 3.5 10° / HV 2mm Tan_talum
sulator X-ray Shield
11000
{100
Integral 3.5 10°
{10
Water Cooling Grooves
; \at the plasma Flutes j

Energy [keV]

248 D)

L. Sun, HIAT’15, YOKOHAMA 22



Major Events of the VENUS Project Power Feedthrough (Normal Conducting)

Solder Joint (normal conducting)
Burned Lead /damaged lead length

09/97 | Prototype Magnet Completed / / )
09/01 | Final Magnet Test VACUUM VESSEL h / - /
/ g 275K \ 4<>]]§ ) \\ '/# 7 :-|TcC!I . Upper Cryostat
. S LHe eads (Service Tower)
06/02 | First Plasma@18 GHz — | 2
05/04 | First 28 GHz Plasma -
33+ 34+ 4 2k liquid He vessel _
08/ 06 220 euA U>>* \\Cso"i'l‘:‘?; :z‘(‘;“i;s“"“"e“ coil #2 lead
01/08 | Quench/Lead burnout \_ 553 [S0i7] o
07/10 | First plasma after repair hl(‘ — g :;f:em;;o"
[ Soi1 |  fold [Sol2]
/

Trouble shooting diagram

D. Leitner@ ECRIS2010, Grenoble

L. Sun, HIAT’15, YOKOHAMA 23



% Development of a 34 G. ECRIS

* Operates 650° C-2300° C to vaporize metals
* Improved cooling
* Expands VENUS’ metal production capability

Uranium Development: High Intensity

o Uranium beams will be one of the most important and ol 1l
challenging beams for projects like FRIB, RIBF, HIAF... P I | I ”Mﬂ 1

o U sublimes @ 2000° C, 1000W!
o FRIB needs 440epA of 238U33*34* combined

238 )33+ 4506|J.A
238 34+ 400euA
238 50+ 13E|J.A

10 years from 1t plasma

(A_7 : J. Benitez@ICIS2011, Giardini Naxos
A973, A@

NSFC L. Sun, HIAT’15, YOKOHAMA 24



Development of a 39 G. ECRIS

Iron York and Shielding Sextupole Coil SECRAL:
Reversed Structure!

Iron pole

V- VECTOR FIELDS

Iron Segments for Sextupole
Field Booster and coil Clamping

Aluminum Clamping Ring Extract. Solenoid Inject. Solenoid

Middle Solenoid

L. Sun, HIAT’15, YOKOHAMA 25



%; Development of a 34 G. ECRIS

Pros
® [ower/simpler interaction forces;
® Smaller magnet size and cryostat;

® Simpler fabrication and somewhat
a bit lower cost.

Con

® I[nefficient utilization of the radial
field.

Comments:

* Will this new structure work in terms of HCI production?
* Is this still a conventional ECR ion source?

 Engineering feasibility?

A g @ L. Sun, HIAT’15, YOKOHAMA 26



S A Cold Mass in ACCEL.:
(2002-2005)

A t,__,_‘.
g ‘:‘:.m\\m\‘%

 No problems with
winding and installation

Three Solenoids

« Difficulty in effective
clamping solution

V- VECTOR FIELDS

SECRAL Magnet

Sextupole + Three Solenoids

73 )
A s L. Sun, HIAT’15, YOKOHAMA 27



Development of a 3@ G. ECRIS

105

S
£ 100 /Q . ./l
e _® [ o
5 e ) o \ /
§ 90 -/-/ | B |
ks -
8 85
a
E & /.
.g , - —m— % ( ACCEL )
S 5 /. —@— % (IMP-Lanzhou)
S 70 /
[0
g
£ 65 [ )
Q
5 60
(] 1 T T T T T T T T T T 1
o 0 2 4 6 8 10 12 14
Quench Number
Test process of SECRAL magnet in IMP
60 - ——S1(K)
LHe refiling - - = Sz{K}
Islaﬂ energling SCealls S5{K}

« Retraining process is needed after
every warm-up

Temperature (K)

 Both warm-up and cool-down
procedures are very time consuming
N and has many technical details

1
80 100 120 140 160 180 200 220 240 260 280 300
Time (h)
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Development of a 3@ G. ECRIS

VENUS Bremstrahlung Measurement

2 kW‘; -28 GH H

(SOOsoercondsz C Lyne|5, ECRIS’O4
5

10 I‘\lo attenuati‘on ‘ ‘
Integrated energy 7.5e+08 kev-counts

—10W

10*

9.6 mm Al + 4.8 niRg Ss 40e+08 kev-coun

1037-/

Integrated ener
3,7x10"w

S

1
[ . M Al Chamber *
( AT p*. - | =

PEEK HV Insulation column

! Integrated energy 3.11 e+07 |
%, 83x10"7wW

Counts for 600 seconds

10% | -

9.6 mm Aluminum

4.8 mm Stainless steel

1.0 mm Tungsten
10" |

- Ratio of spectrum with aluminum and staintless shielding
to spectrum with alumimum stainless and tungsten is 4.5.

10° | | | | |

0 100 200 300 400 500 600

Energy in keV

« Main insulator failure at high
X-ray flux radiation

Five 4.2KGM
LEYBOLD “._Cryocoolers

Cryocooler

Siphon Pipe
i -
Injectiontank .
with wave guide,
biased disk and

oven

 Insufficient yW power density
-> Dual 18 GHz feeding

« High dynamic 4.2 K heat load
at gyrotron frequency
(~1WI/KW)

Solenoid lens

Injection side o2 Extraction side

= Turbo pump
“._700Lfs 1600L/s

A g @ L. Sun, HIAT’15, YOKOHAMA 29



% Development of a 3'4 G. ECRIS
(

Analyzing magnet:
Bending angle: 110 degree
Bending radius: 600 mm
Pole gap: 120 mm

* High mass resolution analyzing system is important for
high charge state heavy ion beam production

« Large gap dipole magnet is essential to have high
transmission efficiency and high order aberration control

« Space charge Effect dominates intense beam extraction
that needs optimum design

A g @ L. Sun, HIAT’15, YOKOHAMA 30



C%;Z; Development of a 3" G. ECRIS
00

Milestone of the SECRAL Project

® 09. 2000 -—Project approved.

® 04. 2002 -— Magnet fabrication contract with ACCEL

® (8. 2005 -—First Analyzed Beam at 18 GHz

® 2005~2006 — Commissioning at 18 GHz, many record beam
intensities were produced

® (5. 2007 — First operation beam to HIRFL accelerator

® 08. 2009 — First beam test at 24GHz

® 09. 2011 — first uranium beam delivered for HIRFL

® 11. 2011 — External LHe recycling system put into operation
with SECRAL

® 06. 2014 — 680 epA Bi3'* produced

® (5. 2015— 1420 epA Ar'?* produced

® Up to Now > more than 20,700 hours for routine operation.

A?Zm‘?‘ NSFC R > L. Sun, HIAT’15, YOKOHAMA 31



% Development of a 34 G. ECRIS

SECRAL beam current increasing with the technologies

1000 F- === === mmmmmmm e B80- == — === === == -
680 New oven& new components
< 306 @24 GHz + 18 GHz
3
() 242 —- Dual RF feeding
> iC_//.fv-:/ @24 GHz+ 18 GHz
D e Low RF power
c
o _ 24 GH
£ 100 f--------- 65 ---=><---- DualR-Ffeedhg-@- ----- 2
Z el @18 GHz +18 GHz
3 Low RF power
m @18 GHz
10 . . . . . .
2004 2006 2008 2010 Year 2012 2014 2016
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Development of a 39 G. ECRIS

hellum

Beam List for HIRFL He

o Q06
- Beams Delivered for HIRFL é

10811
aluminium phospharus
. 13 15
Beams Available Al P
— am e s . = — Ll 30, i . l
seandinm titanism wvanadium chromium | manganese coball copper Znc gallurn QErmanim arsenic sekenium bromine
I 21 22 24 25 27 29 30 3 32 33 34 35
I Sc|Ti| V|Cr|Mn Co CulZn|Ga|Ge|As | Se| Br [
| i | obhin (| ek neeniam T Thciiu—| PRIRERE T — sivar | cadrhrm | — s — (et e[t |
I 39 40 41 42 43 44 45 46 47 48 49 51 52 53
Y |Zr [Nb|Mo|Tc|Ru|Rh|Pd|Ag|Cd]| In Sb| Te| | [
I L5468 47.62 50,906 91224 92.906 95.94 [98] 101.07 102.91 106.42 107.87 11241 114.82 121.76 127 .60 126,50
cassiim Banum [T TamniLm [EENE Tngslen i G et Al [FEI] [EET thatliom PRI astaline adon I
I 55 56 57-70 7 72 73 T4 75 76 77 78 79 80 81 84 85 86
Cs|Ba| * |[LUu|Hf [ Ta| W |Re|Os| Ir | Pt [Au|Hg| TI Po | At [ Rn
I 132.01 137.33 174.97 178.49 | 80,95 183 84 18621 190,23 102,22 195,08 196,497 ng 204,38 1209 214 [222] I
1I’<’I%C.;II11 m;;m 89-102 Islwgvsglm r||lh:1ﬁllum tlt?algm seq,lmorahm b?lh(;i;m m;;}lgm rnqr;;gl!um “m;-w':lm |ul|:|n:r‘1‘h|m III'I:III:ZI;HI'I unu-:!q:IJ;dlum I
Il Fr |Ra|* *| Lr | Rf | Db Sg | Bh| Hs | Mt UunIUuu Uub Uuqg i
I [223) [22%] [262] [261] [262) [266] [264] [269] [268] 1271) [272] 2771 [2&9
]
[
I I:rnré::!mm cesriém praseodyrmiv sungzrl urm -'-lrglg Im uaioﬁl:'um lr)rggm d?spé?rum hutg?mm r_-rglll;m thgl;rn yl‘lc}lalum I
*Lanthanide series
La | Ce Sm|Eu|(Gd|Tb|Dy|Ho| Er |Tm| Yb ]
I 128 01 14012 150,36 151 0¢ 157.25 168.93 162.50 164,03 167 26 168,03 173.04
aclinium horum phtcalum | amencium curium berkelium | califomiom | insteiniom | fermium [ mendedeviom|  nob=tium I
I ** Aotinide series 89 90 94 95 96 o7 98 99 100 101 102
Ac| Th Pu({Am|Cm| Bk | Cf | Es |Fm|Md| No |
L o - L g o bt el — b e il el el — sl e e e

A< 40: LECR1, 2 & 3, A2 40: SECRAL

L. Sun, HIAT’15, YOKOHAMA 33
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C% Development of a 34 G. ECRIS

SECRAL@2015

Production of 1.40 emA Ar'?" with SECRAL 24 GHz lon Intensity (euA)
1800 == === == == = mmmmmm
11+
o b wo Ar 1620
_ 12
% 1400 F-------------- ["l10/O% Tttt Arl2t 1420
> 1200 po--mmmmmmoooes i | it bttt Arl3+ 930
@ 1000 |----------- 43l -l
g Aris 846
= 800 f------------ | | B Bttt
& 16+
R SN O S Ar 350
E A00N J-: ” A A 17+ 50
S 400 bo---ooo- e s r
O TR Lo
----------- AUV TV TN A T TN 26+
R 1101 1 O SN N 1100
-190 185 180 175 170 165 Xe27+ 920

Arbitrary Unit

Xe30+ 322
Xe34+ 90
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%; Challenges to Develop a 4th G. ECRIS

L. Sun, HIAT’15, YOKOHAMA 35



C%% Challenges to Develop a 4th G. ECRIS

* Reliable SC-magnet running at optimum fields for 4th G.

» Effective coupling to the plasma of 10-20 kW/40-60GHz
microwave power
e Strong ECR plasma bremsstrahlung radiation problems

. Heat sink in cryostat
. HYV insulator degradation

* Intense high charge state ion beam (20-40emA)
extraction and transmission and beam quality control

* lon beam quality and stability from the ion source
working at 10-20 kW/50-60 GHz is unknown

* Intense metallic beam production, especially ion beams
of refractory materials

<‘973.: ﬁ@ L. Sun, HIAT’15, YOKOHAMA 36




Challenges: SC-Magnet

4th G. ECRIS Goal

* >1.0 emA very heavy ion beam, Bi3*, U3+, ..

I O T T

18 GHz Contributions from:
SECRAL, VENUS and
24/28 GHz 1460 920 680 400 Susl
Gain factor 2 2.4 2.5 2.2

~(28/18)2=2.4
» 45 GHz~ Gq=2.6: 1.0 emA U34+(2.0 emA with Afterglow)

Pros: potential Beam intensity gain by a factor of 1.5
Cons:

WLV TNl b2l | ©  Highest Field ~15 T (limit of Nb;Sn Tech.)

* Lorentz Force by a factor of 1.5 (longer sextupole)

* Engineering cost and risk > a factor of 1.5?

w..'

A g @ L. Sun, HIAT’15, YOKOHAMA 37



Challenges: SC-Magnet

)

General Parameters of A 45 GHz ECRIS

Specs Unit State of the Art ECRIS 45 GHz ECRIS
frequency | GHz 24~28 45
Becr : 1 1.6
Bag : 2 >3.2
Binj : T 3.6~4 >6.4
Bext : T 2~2.5 >3.4
Chamber ID E mm 100~150 150
Warmbore ID i mm 140~180 170
Mirror Length| mm 400~500 500

A3 xarc oo L. Sun, HIAT’15, YOKOHAMA 38



Challenges: SC-Magnet

A Few Example Beams from SECRAL and VENUS

SECRAL SECRAL VENUS

18 GHz 24GHz 28 GHz
Q <3.2 kW 3-4 kW 5-9 kW
pA pA pA
160 6+ 2300 2860
T+ 810 850
40Ar 12+ 510 650 860
16+ 73 149 270
17+ 8.5 14 36
129Xe 27+ 306 455 270
35+ 16 64 28
42+ 1.5 3 0.5
209Bi 31+ 150 242 310
41+ 22 50 15
50+ 1.5 4.3 5.3
238U 31+ 460
35+ 311
As of 2012

L. Sun, HIAT’15, YOKOHAMA 39



A Few Example Beams from SECRAL and VENUS

C%;Z; Challenges: SC-Magnet
%S

SECRAL SECRAL VENUS
18 GHz 24GHz 28 GH?
<3.2 kW 3-4 kW 5-9kw

uA uA uA
g 2860
== * ECR ion source is not picky on the "
B magnet structure 270
i} » As long as an optimum nested min-B 23760
| (/ field configuration is created ”
\,‘!%‘\\\‘ 1’ ‘ v 42+ 0.5
- 209Bi 31+ 150 242 310
521 P 41+ 22 50 15
50+ 1.5 4.3 53
VA ¥ ¢ 238U 31+ 460
SECRAL 35+ an

As of 2012

L. Sun, HIAT’15, YOKOHAMA 40



Conventional Structure: VENUS, SuSl, Sextupole cofl loffe-bar Structure
RIKEN-SCECRIS... ixx '

pcxion coil Middie coil Elll'lf.‘liﬂl'l coil
SECRAL Structure Hybrid Structure

SEXT1: NbTi
SNs: Nb,Sn

SEXT2: Nb,Sn

A g @ L. Sun, HIAT’15, YOKOHAMA M



Challenges: SC-Wire

Current Density Across Entire Cross-Section

10, ODD
Mb-Ti | YBCD Bl Tape Plane
f.-‘h:u'u:-u‘.l' at 1.8 K far enthre LWC WA T strand L - T Fankle
pradaction (CERN-T. Bowbonl '0F). Reduciog T =
tha tem prrﬂ:htm;rm £ 2K prowees ™3 T —r . MERAFL 3 .IH th
l.Ill '|'|
\f,_
T T
e i
1,000 .

= s s
= L T t |
. [ ERAN |

L : > SESEEEa
- —— SIStz 2 VRO Fep®T Tape plane
] e e
£ 2223: B 1 TapARkine = e
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C%% Challenges: SC-Wire

Selection of SC-conductors

000 - mm o e e QST -R-grade-RRP- -
s, ST E-grade RRP

: B el = RNt Et s e ol B e ] e e b st OST-W-grade RRP-
) == =Bronze wire
E 2000 oo B e el
E
"E- 1500
5 F """""""""""""""""""""
o
u? 1':]':]':] _"T"E'"“"-"E";":':_"—""____' e e "::;
o - a-—eem -
1 ) ) ) O o e BT S iy

500 - 14—l LT .

G I T I I I I I
12 12.5 13 13.5 14 14.5 15 15.5 16
B(T)

® A 45 GHz ECRIS magnet designed at 12 T@1400
A/mm? to have <85% loading factor

® M-Grade RRP wire from OST gives more safety

f margin
D@

NSFC
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Wire
Pros:

No extra cabling process

Lower power supply currents (<1000 A)
Simpler HTS current lead solution

HV platform feasible

Cost efficient

Cons:

Sophisticated quench protection issues
- ~1.7 MJ stored energy
— Insulation limit 1000 V, T enen rise ?

Superconducting joints

Higher failure risk

OST RRP wire

C%p Challenges: SC-Wire
(

Cable

Pros:

» Successful examples of
Accelerator magnets

« Good reliability

« Easier quench protection sys.

Cons:
* Not feasible for HV platform
- 100~300 kV
— 10 kA PSs on Platform
* Cryogenic solution ?
* Higher cost
« Performance degradation after
cabling

Rutherford Cable \
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C%% Challenges: SC-Wire

Characteristics of Nb,Sn Magnet

B Sophisticated and time consuming 700 —
heat treatment sequence oo | /ﬂ\
B Performance is greatly heat treatment 500 - \
related 5 w.
B Brittle §
B Performance is strain sensitive 1
100 —— time vs temp
* Mechanical stresses in windings
« Magnet design - o a0 = w0
» Reversible degradation >150 Mpa time (hrs.)
« Permanent degradation >200 MPa Example heat treatment sequence for
ITER wire

w..'
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Challenges: Microwave Coupling

10000 =
1 ‘@ N S
]q :_ 1000 & "l_f_iﬁ_é_;__f%%__‘_
2 @) TGRS SRy

;::;— i “\{;:Q - “,f/‘i-\;‘\j\:‘i (18524 GHz
nf~w? V,~volume effect | NS\ N
g NE Wt NN\ S

- F ) j ~ \\:‘p“;_\_//

« 10~18 GHz: ion source performance L Ar D S P ¢

- - - E £ wui Lu—Zzli4.0Qnz T ‘= \‘:‘

consistent with scaling laws: g 10 GHz Caprice e e
v w? scaling o1 . 5 - ] -

v' Extra gain from plasma volume

effect & high P at 18 GHz oo |

« 24/28 GHz generates better
performance than 18 GHz:
v Much Higher P 100 |
v" Frequency effect for higher Q ;

Beam Intesnity {euA)

« Gyrotron frequency is not working as
efficient as Klystron frequency:
O Empirical scaling laws applicable 7 .
still? - Xe > 14.5 GHz-GTS
O pW coupling issue? 1 -

10 -

\ \
18 20 22 24 26 28 30 32 34 36
Charge State
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5.0 kW@24 GHz TE,, to get the extrapolated results
from 18 GHz expected at 3.0 kW

A coupling efficiency of <60% compared to 18 GHz?
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Challenges: Microwave Coupling

« @20 mmTE,, show obvious
advantage in HCI production
at high power level

1000
« Power efficiency is further
improved with new 7 S0
Waveguide design £
£
« Better understanding £
: S 400
towards optimum pW £
coupling is essential soas £ 5y
to avoid:
— Weak higher frequency effect 0

— Higher power is needed which
means reinforced cooling and
more 4.2 K heat load mitigation

Xe?”*intensity vs. uW power
em=18GHz i e A
== [8->24

s===?4 GHz-HE11
w24 GHz-TEO]

20 mm HE,,

08

3.8 48 58 6.8 78

uW power (kW)

Recent progress on yW
coupling understanding
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Child-Langmuir Law:

.4 29 45015, 0
]—930(mi) Uu/d

«  When more ions produced,
higher extraction voltage is
desired, i.e. >30 kV

Eecr X Ti* Beyt 1/Qi/Ml.

1000 T

Intensity (euA)

* Applicable for medium charge ions

* Very highly charged ions intrinsically

features lower ¢

« SPC may have stronger impact

100 .+ . . SERSE Afterglow test |
15 20 25 30 35 40
Extraction voltage (kV)
VENUS Emittance Measuremen ts
SR T
0.5 A\ \ —18GH7 mag. emittance
\ ‘\ A 18 GHz allions
:é N \ \ . e 28 GHz all ions
% 0.3 \ - . — FRIB prop. accep e
= 02 RN '_j = T — .

L. Sun, HIAT’15, YOKOHAMA 49



Increased beam intensity:
« ~20 emA mixing beams and ~1.0
emA analyzed beam

 SPC results in higher beam
envelope - bigger gap dipole
 Unwanted beams

O Better pumping to improve
vacuum

O Watered cooling at beam loss
region

Beam quality control:
* Avoid higher order aberration

« Space charge compensation

« SPC effect results in mass
resolution degradation of the
M/Q analyzing system

 Transverse decoupling solution

0.25

o
o i o
- [4)] N

.
o
»

Normalized RMS Emittance (1.pm)

200 400 600 800 1000 1200 1400
Bi®™* intensity (euA)

[ v-py]

SPC caused
degradation of M/Q
resolution

o 500 1000

phase(deg]

X
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D. Leltner@FRIB Ion Source Review 2009

10' T T ! . 10'
o 28 GHz W:h?:t —1.5mm Ta xray
L snle — Xray
—4&— 18 GHz 10 | {10
; Integral 3.5 10°
P 10° Lwith { 1000
s ~ o~ £ [shied
S 10° =8 g
1 O 42| {100
. Integral 3.5 10°
102 ' |
10" ! - 10
10" éa) ; ; Ml m mw .H | o
10 e —————y|
200 E4 0 [kGV(]) 800 1000 200 0 200 400 600 800 100012001400
nergy [ke

Energy [keV]
Degraded insulator

Higher X-ray flux and higher X-ray energies:
* Higher 4.2 K cooling capacity or LHe refilling system

* Main insulator life span

Heavy metal shielding can work, thickness?

How fast insulator material degrades?

*  Will superconducting magnet epoxy and insulator

material be affected?

Y.

NSFC

*
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%; Challenges: Metallic Beam Production

|:|Gd5

20°C

He
[] Gas Me
@ Liquid  700°C Ar
[ Solid | Kr
Xe
Rn

For mA metallic beams, oven is the only solution
e <700°C--LTO

e <1500 °C--RHO

e <2200 °C--HTO
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C%% Challenges: Metallic Beam Production

For emA U3% beam production:
« Stronger Lawrence force because of higher
B field

— Forces increased 4th G./3rd G. = 45/28 ~1.6
 Higher temperature to get more vapor
Will LBNL-HTO survive?
« Alternative solution is desired

For low melting point metals:
 Large capacity oven

- 400 euA Bi*'*~11 mg/hr=>1 emA Bi31*~27.5
mg/hr->4.6 g/week

e Plasma chamber contamination after beam
time

Long term operation stability of the |
ovens Destroyed oven by Lawrence Forces

<‘973.: ﬁ@ L. Sun, HIAT’'15, YOKOHAMA 53




e
(

3rd G. ECRISs are still moving towards their peak
performance, and dispensable for the corresponding
facilities;

What a 4t G. ECRIS look like?

She is a “GIRL”
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HPPA Mini-workshop 2015

October 13-15, 2015, IMP, Lanzhou, China

Topics:

<Status reports and new developments of high power proton
and heavy ion linac accelerators.

<>Beam dynamics

<RFQ accelerator

<-SRF and superconducting linac, and related topics such as
cavity processing, rf coupler, frequency tuning and so on

<LLRF, control system and machine protection

<>Beam diagnostics

<>Proton and heavy ion sources

<>RF power source for proton and heavy ion linac
<-Some other topics related to proton and heavy ion linac




<<
  /ASCII85EncodePages true
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /ABSALOM
    /AgencyFB-Bold
    /AgencyFB-Reg
    /Algerian
    /ALIBI
    /AllegroBT-Regular
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /AvantGardeITCbyBT-Demi
    /AvantGardeITCbyBT-DemiOblique
    /BankGothicBT-Medium
    /BaskOldFace
    /Batang
    /BATAVIA
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BenguiatITCbyBT-Bold
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardFashionBT-Regular
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BlackadderITC-Regular
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BremenBT-Bold
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /CASMIRA
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CharlesworthBold
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothicBT-Bold
    /CopperplateGothic-Light
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CurlzMT
    /DauphinPlain
    /EdwardianScriptITC
    /ELEGANCE
    /Elephant-Italic
    /Elephant-Regular
    /ELLIS
    /English111VivaceBT-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /EXCESS
    /FelixTitlingMT
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /FuturaBlackBT-Regular
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-ExtraBlack
    /FuturaBT-Light
    /FuturaBT-LightItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /GENUINE
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /GoudyHandtooledBT-Regular
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HELTERSKELTER
    /HERMAN
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-Bold
    /Humanist521BT-BoldItalic
    /Humanist521BT-Italic
    /Humanist521BT-Roman
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /ISABELLE
    /JOAN
    /Jokerman-Regular
    /JuiceITC-Regular
    /JUSTICE
    /KabelITCbyBT-Book
    /KabelITCbyBT-Ultra
    /Kartika
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /Lithograph-Bold
    /LithographLight
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Magneto-Bold
    /MaiandraGD-Regular
    /MANDELA
    /Mangal-Regular
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MATTEROFFACT
    /MaturaMTScriptCapitals
    /MICRODOT
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Gothic
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MS-UIGothic
    /MT-Extra
    /MVBoli
    /NATURALBORN
    /NEOLITH
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /OCRAExtended
    /OldEnglishTextMT
    /Onyx
    /OPENCLASSIC
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /PosterBodoniBT-Roman
    /PRETEXT
    /Pristina-Regular
    /PUPPYLIKE
    /Raavi
    /RADAGUND
    /RageItalic
    /Ravie
    /REALVIRTUE
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /ScriptMTBold
    /SerifaBT-Bold
    /SerifaBT-Italic
    /SerifaBT-Roman
    /SerifaBT-Thin
    /SHELMAN
    /ShowcardGothic-Reg
    /Shruti
    /SimSun
    /SnapITC-Regular
    /SouvenirITCbyBT-DemiItalic
    /SouvenirITCbyBT-Light
    /SouvenirITCbyBT-LightItalic
    /Staccato222BT-Regular
    /Stencil
    /Swiss911BT-ExtraCompressed
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /TRENDY
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /TypoUprightBT-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /ZapfElliptical711BT-Bold
    /ZapfElliptical711BT-BoldItalic
    /ZapfElliptical711BT-Italic
    /ZapfElliptical711BT-Roman
    /ZurichBT-RomanExtended
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENG ()
    /ENU (Setup for JACoW - paper size, embed all fonts, compression, Acrobat 7 compatibility.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.000 791.000]
>> setpagedevice


