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% O u t I i n e Injector

- IFMIF project

- Injector design (ion source and LEBT)

- Transfer to Japan, Installation and Conditioning
- D* beam characterization

- Security and Neutron production
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IFMIF PROJECT

DE LA RECHERCHE A LINDUSTRIE

| IFMII) <If§1>
! Injector

— (International Fusion Materials Irradiation Facility)

The aim is the production

of a high neutrons flux (108 n m-2 s-)

with 14 MeV peak energy

2 D* beams (125 mA - 40 MeV)
will collide on a liquid Li target
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IFMIF PROJECT — VALIDATION PHASE ""M'7 <Qf”l>

LIPAC
Linear IFMIF Prototype Accelerator

International project
Injector (CEA France)

LIPAc = prototype for IFMIF

which includes all critical RFQ (INFN Italy)
accelerator components Cryomodule (CEA France)
to be tested Diagnostics (CEA France, Ciemat Spain)
at nominal beam current MEBT + HEBT + Beam dump (Ciemat Spain)

RF power, (Ciemat Spain, CEA France, SCK Belgium)
Cryoplant (CEA France)

Installation and test in progress
on the Rokkasho site in Japan
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DE LA RECHERCHE A LINDUSTRIE

Request for IFMIF Injector

IFMIF is the machine
of all the challenges...
and the challenge starts
at the Injector level.

Requirements

Acceptance criteria

Comment

IFMIF) ﬁmii
Injector

Particle type D* H* for injector conditioning
Output energy 100 keV Fixed by the RFQ acceptance
Energy stability + 100 eV

Output D* current 140 mA RFQ transmission > 90%
Species fraction D* >95 % At the output of the LEBT
Beam current noise <2 % rms At frequencies below ~1 MHz

rms norm. emittance

<0.30 £ mm mrad

At the output of the LEBT

IFMIF Injector has been
designed, built and tested
at CEA/Saclay
before shipment
to Rokkasho site in Japan

Duty factor CW Possibility of pulsed operation.
. . 1 ms-CW ;
Modulation capabilit Typicall
Y y @ 1-20 Hz ypically
Beam turn off time <20 ps From 100% to 10% beam intensity

SFP Division Accélérateurs
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lI FMIF
Injector

, : : (FMIF
ffffffffffffffffffffffff IFMIF Injector Design LPA= )
Source

The source, operating at 2.45GHz is based on the SILHI concept
(2 coils, ridged waveguide transition, 5 electrode extraction system)

Quartz Ridged Plasma R
window transition chamber
 § > Ll
\ BN Discs / e .|
: 1
M ]
Beam extraction simulations
% done with Axcel® code
:::iié:: %
\"/ ¢
Coils 0
Magnetic and electrostatic |
simulations done with Opera o
from Vector Field® g |

8
m
&
=

0 2! 2 6 B 100 12 14, 16. 18!
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IFMIF Injector Design ™) Ly

LEBT

Beam transport simulations
done with SolMaxP and
TraceWin codes

¥ ()
|

Lesuap apnaed pazpuesoy

|

- 2 solenoids LEBT with
Integrated H/V steerers

- RFQ entrance cone ® =12 mm
- Short LEBT to minimize
emittance growth (2.05 m)

Beam characterization = measurements of:
- Extracted current (PS drain current)

- Beam stopper current - 2 Turbopumps
- ACCT - Possible heavy gas injection
- Profilewith CID cameras - Diagnostics despite limited

- Emittance (2 or 3 locations)
- Species fractions (Doppler shift and Electric)
- Neutron and gamma production

space
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C2a Beam Characterization at Saclay i

In November 2012, Beam characterization mostly done in pulsed mode (10 Hz), after the cone,
with DC =10, 30 and 50% ; then continuous mode

Tek Al Trig’d M Pos: 15.60ms CH2

v e r— _ _ When increasing DC
M 172mA: | "m Emittance with 10 % DC to 30% and 50%,
Limite Bande 10 mS / 10 HZ
140 mA: ( ) 140 mA D+ beam
= € =1 (Il BS) emittance increased
Yolts/div 0,3 \ /
> 0,3 © mm mrad
T’j 025 » and spark rate increased
o i TN gl
g ésact 0,2
R MSH0me 7 157 In CW mode, when the beam
CH3 1.00v CH4 1.00% 22-Nov-12 17:35 10H -
, 0,15 is focused too much:
: Source trigger
Green: Source PS delivered current (25 mA/V) o1
Magenta: Beam Stopper current (20 mA/V) 80 100 120 140 160

An unprecedented D* beam of 140 mA at 100 kV has been extracted and transported
(with ltot = 175 mA and Vpuller = - 42 kV)
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Transfer to Japan |

The IFMIF LIPAc injector has been disassembled
and packed at Saclay,

. 41 delivered on
=k the Rokkasho

¢ site

Installation on site:

- Mechanical re-assembly
- Cabling and wiring

- Check-out

- Conditionning (Vacuum, Water cooling, HV)

s
N — e s it

-
A N L
LT e N e
»‘5‘; /

And start of commissioning
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(FMIF Lnre
Conditioning and Commissioning <I§l>

and 1st beam) has been performed with hydrogen beams

Mechanical re-installation, cabling, check-out took several months

Conditioning (pumping, High Voltage, diagnostic tests, 15t plasma

Commissioning is done with beam characterization in 2 or 3 phases

(1- between both solenoids, 2- after RFQ entrance cone, 3- source exit*)
with H+ 50 keV beam and D+ 100 keV beam

750 mm 920 mm 580 mm X
Doppler ACCT
\ l/,?,—_. : i Emu | EMU
@1 ————— — EML SOL1}-—= E 4BS1HSOL2|—-——- ! BS2
|!\;\\_—.:P050- —:PDS]: _....‘ll Pos 2
4GA Injection
Cone

* Decision concerning Phase 3, in the near future
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C2a Emittance at 100keV D+ (PE = @ 10mm) %

) ) ) 0.16 : I20150729
€ There is an optimum extraction currentand an g VB
. . . —a— VIE=25KkY
optimum intermediate electrode voltage to : O — ]
minimize the emittance. £ ona Ll
4 It was observed that the emittance increases with 5 ©5% Duty Cycle
the duty cycle. 5
@ |t was also observed that the emittance growth is ; °* i
improved by increasing the gas flow rate orby s o1} .
injecting Kr gas into LEBT vacuum. 2 ..
‘ 50 60 70 80 90 100 110
0.4 T 20150729-30 Extraction Current lext (mA)
B oas {2 e —y—————
£ 0.3 P tack - §Q1b5Julso #01
£ ' Deuterum £ 25 Duty 8 5 % (19ms/200ms)| —
£ 100keV 4 /l Kr ggs . R Lo o™
: 0-25 I yIE=35KV o - |
£ 02 5
5 5 oasft u
g 0.15 g ./\‘\‘\'/.
% 0.1 § 0.10 — —
E 0.05 E 0.05 7
2
0 0.00 1 1 |
0 20 40 60 80 100 10 20 30 40 50
Duty CyCIQ (%) Intermediate electrode voltage ¥, (kV)
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(FMIF IFMIF
C@_a Emittance at 100keV D+ (PE = ® 10mm)

3000

| ¢=0.148 tmm.mrad  ¢=0.124 mmm.mrad S £=0.108 tmm.mrad 5500
§ D+:D28&D3 = 90:10 B D+ : D2&D3 = 92:8 BN D+ D2&D3 = 92:8

lext=60mA ™ lext=70mA "™ lext=80mA

4000 -
4000

£=0.110 mmm.mrad N c—0.112 tmm.mrad
D+ : D2&D3 =92:8 1000 q D+ : D2&D3 = 93:7 _ Deuterlum

3500

2500 2500

2000 E IL: 2000 1 O O keV

-

o = V,e=35KV

1000 20 1000

2.1 SCCM
10% duty

60 -40 -20 0 20 40 60
(i

lext=90mA | lext=93mA cycle

SFP Division Accélérateurs Octobre 2015, Roscoff | PAGE 13



Cce2 Deuteron Intensity vs RF power ) Qp

With @10 mm plasma With ®10 and 12 mm plasma electrode
electrode and for 2 duty duty cycle =9,5%
cycles (40 and 91 %)
500 | | 20150813
120 20150710, 20150722, 20150723 —e— 20150710(10mmf)
- ' —=— 20150805(12mmf)
2 100keV = —HH— 20150812(12mmf) P
£ 100 [—2:6-SCCM-(40% duty) £ 150 - —3—20150813(12mmf)
5 2.8 SCCM (91% duty) -
- 5
5 80 H ootk =
E B 150723(91%) % S
3} / = 100
=
§ 60 » O
m cC
v S
3 / 5
20 -
0 200 400 600 800 1000 1200 Deuterium 100keV
RF Power (W) 0 |
0 200 400 600 800 1000 1200

RF Power (W)
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IBS (mA)

20150917

-30 -20 -10

180 - - —
—e— SOL1:SOL2=1:0.9 ?gcl)llt(e:l/uT/IE- g
160 || —=— soL1:50L2=1:1 ev, vVicz
—a@— SOL1:S0L2=1:1.1 200W _~
—r— SOL1:S0L2=1:1.2 3.5s¢€fm
140 ms/200ms———
o
120 \
100 \ \
80 ___ﬁi_"__
60 =" 5
40 v |
240 250 260 270 280 290
Solenoid Coil 1 Current (A)
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90mA (300W)

. . IFMIF IFMIF
Ce2 Emittance comparison (PE=® 12mm) ) Qb

VIE=40kV Q= 2.9 sccm, 9.5% duty cycle
111mA (500W)

Deuterium 100keV
lext= 153mA (760W) 131m.A>(”64}QW)

>

No
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D6 LK RECHERCHE A LINDUSTRIE l FM l F IFMIF
Cea Fast Beam Shutdown %

For safety reasons (very high power beam at high energy),
the beam has to be switched off within few us (target < 20 ps)

Magnetron EMSS
Power Supply
terlock Tests have been done
w € HV in continuous mode
) . switch | | -1 Microwave
—= . {] H
ACPower —Il— st | — — head
Control
hoard
A
CIassicaIT | AC Power
Interlock Fast
Interlock

Sairem© (magnetron provider) developed and
provided a fast magnetron shutdown system

based on HV switch and control board Blue: Fast Interlock at ground level
Green: Beam Stopper current

All the RF chain is on HV platform Beam turns off in 10 ps
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e AN | lFMlF IFMIF
CZAa Neutron Production <I§l>

1) Neutron production is a linear function of the duty
Neutron Yield vs. Duty Cycle
CyCle . 1.2 109 , | 20140708

. . . Deuteriuri'\ Targét: E;§e3m Stop
2) NeUtrO_n pl’OdUC'-[IOI'.] Is also a strong function of the 110° | e Target = Cu-—-80%duy___
deuterium density implanted near the surface 1BS=55mA O 5
310° | ' | . | 20150723 £ 810° | -REM Counter - ;62.5% duty :
Déiitaritim Target: Emittance Scanner oa% E . 40% duty ;
2510° —:gg';g‘z’m - Target =W u d >§- 610° |- h ..... L
g - _ISOL1=220P§ -_60%- | | T A—— b i M
o 20% duty . 20% duty % duty’ % du
g 1510° |- . ﬁ . I 210° ﬂ"-y' ' l-"‘"ty' zoﬁ"ty -
§ 40% - / ' . )
- QEE T W S N . S 0 : ' '
z 20% 09:43:20  11:06:40 12:73-'0:0?hh-13:§3:)20 15:16:40  16:40:00
T _3 ) Neut_ron pro_ductlon
ol T 1T | | | | IS saturating at higher
13:03:20 13:36:40  14:10:00  14:43:20  15:16:40 : Neutron Yield vs Duty Cycle
Time (hh:mm:ss) dUty CyCle and hlgher b ,I I Target: B,ea:’::m
Neutron Yield vs. Duty Cycle beam Current' ThIS IS 110° L ?gg::\;l?m - p
150723 lext=65mA
T —— because the deuteron 1BS=55mA 4
100keV a!'ge . Emittance Meter Uni 8 108 L. i
2.510° |- lext=92m ' REM Colunter

F
e108 |\ A

410° /i

density is decreasing
with increasing the
temperature at the

Equilibrium value

Neutron Yield (n/s)

Neutron Yield (n/s)
n
5‘\5
T

surface at higher power 2
| | 7 denSIty 0o 2Io 40 6Io a;o 100
° 0 20 4iu éo a‘o 100 Duty Cycle (%)
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(FMIF -l
Conclusion qéb

» Measurements performed with the IFMIF injector H* and D* beams
proved that the expected challenges start immediately at the source
exit and in the low energy beam line.

» Beam power density has to be carefully controlled when using
Interceptive diagnostics. Non interceptive diagnostics are key
elements for such high intensity beams.

» Neutron production depends on the target material and temperature

» Beam characterization (PE =12 mm) at 10% DC demonstrated the
capability to inject 100 keV - 130 mA D+ beam into the RFQ
with 0.27 pi.mm.mrad (rms, norm). emittance value.

» 150 mA - 100 keV D+ beam reached beam dump last week

» The goal of the beam commissioning is the characterization of
a cw 100 keV - 140 mA D+ beam at the RFQ entrance.
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C2a LEBT Diagnostics | ) <I§l>

- Thermocouples

- EMU - Allison scanner designed for 15 kW
continuous beam

- Residual Gas Analyzer
- 4 Grid Analyzer
- CID (hardened) cameras

- Spectrometer associated with optic fiber for
Doppler shift analysis

- Faraday cup + Beam Stopper

- A large ACCT installed at the RFQ entrance with |

specific magnetic shielding

ALl
ACCT Bergoz © Beam Dump

photo P.Str&)pa/CEA

Dedicated EMU

designed to bear
15 kW continuous
beam

L
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o eeneren A e IFMIF
CZa Focusing by Solenoid Coils

75keV/90mA

|sol1=200A Isol1=220A

Isol1=210A Isol1=230A
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Species fraction measurements ""”'7

Doppler shift analysis

Species fractions obtained with Doppler shift method
for pulsed beam at 50% duty cycle

1200

1000

2400 b

2200 E— ¢ (g) Do (res. gas)
= o (D2+)

2000— D"’(ofo) = 91.2
- D2+(%)= 6.7

1800~ D3+(%)= 2.1

1600 ;— D, (D3%)

1400 i u

Wave-length (nm)
BOU'I | IS T TR TR N TR TR SR T | 1

645 50 55660

D* + D, > D* + D,*
With primary reactions : D,* + D, - D + D* + D,*
D"+ D, > 2D + D* + D,*
Taking into account the cross-sections, species fractions are given by:

Spectrometer with optical fiber

_ -18 2
GD*(lOOkeV) =12x10"" cm n_. | (D+)
O o ovkev) = 14 %1078 cm? D* fraction = D n #-tnel= 7
2 D+
=18,8x107*% cm? e ¥ an + nDs+ O,
GD; (100kev) — — "

But other primary reactions exist:  D,*+ D, - D* + ...
So, 2" and 3 shifted peaks are the sum of several reactions
- Few % errors to be checked in more details
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CALIBRATION <Qf"‘l>

— OF ALL THE CURRENT DIAGNOSTICS

Self biasing of the Faraday Cup and the Beam Stop to
suppress the secondary electrons.

» The FC and BS are self-biased by inserting resisters between the beam stop
and the earth.

» The Faraday Cup current and the Beam Stop current decreases with the bias
voltage. It seems that 100V would be necessary to suppress the secondary

electrons.
Beam Stop
120 20150909 120 20150914 Faraday Cup
i Hydrégen
90keV, VIE=30kV
100 | 115 i A -
5.8sdcm

< 80 o Seeom ] 110 40ms/200ms Beam
£ 00 R
= 1000 Ohm !
£ \-..,___L 1500 Ohm =z \
o 60 — 5, 105 AN

Hydrogen L 400 O —

85keV, VIE=30KV 5000

40 Flexi=120 mA 100 10000
6.5 scem i T 14Q0 O
0Q | 40ms/100ms, 40% duty o5 ]
| SOL1=181A, SOL2=181A ) ‘ ’ r T 50 Q)
RF=500W
0 i 90
0 20 40 60 80 100 0 20 40 60 80 100 120 140 160 —
Vbias(V) Bias Voltage (V)



OE LA REEHERENE A LINDUSTRIE l FM l F IFMIF
C2a An Emittance Diagram %

Emit20150803-1153

2500

€=0.201 tmm.mrad
D+ : D2+&D3+ =90:10

—1 2000
—D3
+ —1 1500
ey -
E D2+ £
E s
" — 1000 =
—1 500

-40 -20 0 20 40 60
x (mm)

Deuterium, 100keV, lext=76mA, 10% duty cycle
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DE LA RECHERCHE A LINDUSTRIE

(D,d) reaction lead to neutron production
Saclay site radioprotection system:
1 neutron probe and 1 gamma probe
inside the vault
at respectively (2.2 m and 2.8 m from BS)
and 2 neutron probes outside the vault

[FMIF
Neutron and gamma production <I§l>

Several comments:

Neutron prod. largely higher than

Picks of Neutron and Gamma when EMU intercepts the beam

Gamma prod. (x 100)

Neutron prod. goes fast to zero after beam off

Gamma prod. takes few 10 min to

fgo to zero after beam off

10,0t —= / Injecteur IFMIF

3 g G ;llllll'l Femate
7.50H T SR
7,500 — -I_ it wsvih
500} - 1 My 3,47

: e - S
TN
(] L'u'lr: " | =y aTsVA
WU T 300 °Y70 N
lDCI.'l-“: Inecteur IFMIF

20% \ Meutron casemate

750 \ Lnit; wsvih
500 10% —~— My 258
250

b
O E

L L L I 1 1 L r 1 I 11 |

15:45 16:00 16:15 16:30 16:45 17:00 17:15 17:30

oOriginal values (Time base ***-values) from 22/11/12 15:45 to 22/11/12 17:30

Data record with Duty Cycle varying from 10 to 50%

20,0

15,0

Injecteur IFMIF
Gamma casemate
unit: sy

100 MV 4,38
5,00
0,00 M [ 1 TTn T
1500 Injecteur IFMIF
1250 MNeutron casemate
1000 it s /b
750 MY 238
500
250
0,00 P — i T i 1 T m
0,0200 Inmjecteur IFMIF
MNeutron ZMR 1
0,0150 Lit: LSvh
0,0100 My 0,01000
0,00500
0,00
o 5 Injecteur IFMIF
g Neutron ZNR 2
L0150 unit: psv/h
MY 0,0110
0,0100
0,00500
o.0av by L I py ‘ 1
10000 12:00 14:00 15:00 18:00
original values (Time base ***-values) from 20,11/12 09:00 to 20/11/12 18:00

Nov. 20t data record, mostly with 10% DC

Important to note:
Neutron and gamma productions
do not proportionally increase with
the DC (probably due to outgassing
vs target temperature increase)

A neutron probe located
at 50 cm from BS
indicated neutron prod. value X 20
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