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i IFMIF Concept and LIPAC oo @QST

International Advisory Panels pointed out Fusion Neutron Source as essential need toward Fusion Power Plant

- best fulfilled with a D-Li stripping source

- IFMIF concept, requiring a challenging accelerator

~

fusion
’ . +
O World’s highest D* beam current and beam perveance, material
O World’s longest RFQ, irradiation
O World’s record of hadron current through SC cavities,
0 Beam availability in CW > 87 %. »O
- Liner IFMIF Prototype Accelerator (LIPAc) for the engineering validation ~14 MeV

neutroy
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=) LIPAc — EU/JA Scientific Collaboration
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7") Stepwise Installation and Beam Commissioning e @ QST

140

Phase B completed in Aug. 2019. e :
.E. + Deuteron LIPAC
§ 0 LANL.LEDA
3 80
Injector 5 Mev - 125 mA _:“3 60 ® J-PARC
o 625 kW, pulsed (up to 0.1 % duty) § . PRONITY  cems
zl sns” @ CERN LINAC4
E 0 SPIRAL-2 Rﬁst 7 LANL
€ °
0

Low Power 0 2 4 6 8

: . beam energy [MeV]
eam Dump » 125 mA D* (macro-pulse peak) through RFQ

. v reached on 9t Aug 2019 [1,2].
Injector .

Phase A (Apr.2015 - Aug.2017) o

Injector RFQ + MEBT D-Plate R
Phase B (Jun.2018 — Aug.2019) § o
7544 --4-- Measurement
—— Simulation

Vrro/VRFo.n
[1] H. Dzitko et al., Fusion Eng. Des. 168 (2021) 112621. » Confirmation of designed beam dynamics in terms
[2] K. Kondo et al., Fusion Eng. Des. 153 (2020) 111503.

[3] L. Bellan et al., Proc. ICFA HB 2021 (2021). of beam transmission through RFQ [3].

[4] K. Kondo etal., Nucl. Fusion 61 (2021) 116002. » No significant trace of unexpected beam loss [4].
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") Stepwise Installation and Beam Commissioning & @QsT

started last July and ongoing.

MEBT Extension Line temporarily placed in the position of SRF linac.
Injector (MEL)

5 MeV - 125 mA
HEBT/ 625 kW—up to CW

D-Plate

L, RFQ MEBT

: D*l - Beam Dump

Major Goals of Phase B+

® To validate Injector, RFQ and MEBT (incl. bunchers) up to CW with the nominal 125 mA D* beam.
® To validate BD up to 0.625 MW CW (5 MeV instead of 9 MeV D* beam).

® To validate beam diagnostics for both low and high duty operations.

® To characterize the beam properties to be injected into SRF linac in the following Phase C.

CwW

Phase B+ (Jul.2021 - ) ,‘

[
RFQ + MEBT SRF HEBT/D-Plate + BD CW The final configuration.

Phase C will start after completion of
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il Strategy and Timeline of Phase B+ B QQST

the present (Aug 2022)

lon source extraction aperture:

6 mm¢ PE Now in a 2-month break
Phase B+ Stage 1 O_f Phase B+ Injector CW Campaign for scheduled maintenance
AN LY completedin Dec 2021 Optimization for 125 mA D* CW
completed MEL 7 weeks, 10 mA H* and
Aug 201 .
ug 2019 /1" HepT then20mAD+, RFQ & RFPS CW Campaign
BD <107 duty RF conditioning towards CW
» RFQ validation »BD to » Tests and alignment checks of newly » Commissioning of the subsystems in preparation to
with pulsed accept CW installed components with the “pilot” beams the nominal 125 mA D+ beam operations in CW
beams by use of > Characterization of the Pilot beams
LPBD > Verification of beam transport simulation

11-12 mm¢ PE 11-12 mm¢ PE 6 mm¢ PE, then 11-12 mm¢ PE
Stage 2 of Phase B+ Stage 3 of Phase B+ Phase C
lanned to start in Spring 2023 '
planned to start in Spring will follow stage 2 SRF Installation.
12 weeks 12 weeks 5 < sioning will
\ \ . eam commissioning wi
TBD mAD* > 125 mAD 125 mAD start with the pilot beams
o <5% duty 5% > CW (10 mA H* and then 20 mA D*).
in Injector CW
Campaign > Beam characterization » Beam commissioning
with applicability of towards CW with non-
interceptive diagnostics interceptive diagnostics
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Non-interceptive diags. for use in the later Stages 2&3 are not shown for simplicity.
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) Results from Beam Commissioning Stage 1

e @QST

— Injector —

® The Pilot beams =~10 mA H* & ~20 mA D* @ MEBT ACCT (RFQ exit)

v" Use of 6 mma PE for the Pilot beams (cf. 11-12 mmd for 125 mA)

v' Determination of ECR power, IE bias, SOLenoids, STeerings, Kr gas flow-etc.

v' Beam characterization by use of EMU (Allison scanner).

® Pulsing by Chopper
v" No issue confirmed for ~20 mA D*. (To be tested up to 125 mA in Stage 2)

v’ Significant delay / transient at the rising edge for ~10 mA H*.
Probably Space Charge Compensation (SCC) build-up process
following the Chopper gate opening (details to be published later).

plasma
electr;)de (PE) repeller LEBT MEBT
aperture Electrode ’
N\ ACCT ACCT
\ (RE)
ECF "P}Y-/YLV SoL h |soL
¢ 1 chopper 2
ST1 t ST2
) ~7 grounded injection repeller
intermediate electrodes EMU cone Electrode (RE)
Electrode (IE)

~22 mA D* @LEBT

—_ €ny = 0.095
e} y
g [T mm mrad]
> B,=5.5
[mm / TTmrad]

20 -10 0 10 20 30 @ =109
y [mm] Y

Mo s W/OKrgas | |
<€ > 60 psec
€ ) 100 psec chopper gate

; |
f"’—\ﬁ*

™ i I 7

~10 mA H+ @MEBT

'\.“n F"'dqﬁ' "l‘n#w.‘r-“ J-, , Mg
WWW'
max. Kr gas

. <10% degradation
in the beam current
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) Results from Beam Commissioning Stage 1 e QST

— transverse profiles and comparisons with simulations (1/5) —

EMU measurement

Beam transport simulations
1. Start at EMU position with the measured y-y’ profile.

y’ [mrad]

-20 -10 O 10 20 30

2. Determine the SCC degree (SCCD) between EMU and RFQ entrance. vimml

Uniform SCCD was assumed (though strong s-dependence is known[2]), and ‘ : .Sir?gel;a;:rrtliicrrg:t.

was determined so as to reproduce experimental dependence of beam transmission to g o » Cylindrical

MEBT ACCT on SOL2 current > g =] :BS/;“u”r:]e;;y was

-2I0 -1I0 OI 1IO 210 3IO
y [mm]
Toutatis / TraceWin [1] TraceWin
> >
plasma € unknown SCCD >
eleCtrtOde (PE) repeller LEBT MEBT 3. Transport down to BD.
apersre Electrode ACCT ACCT * 2 bunchers in MEBT (one not in use this time).
* 17 quads, 1 bending, (13 steering magnets).

0

ol

--------- SOL 1|- { chopper |-|SOL2

/FW ST1 t ST2
7 grounded

intermediate electrodes E
Electrode (IE) U

— >
4. Comparison with measurements.

injection repeller 3 transverse profile monitors along the beam line to be

cone Electrode (RE) compared with simulations. [1] https://dacm-logiciels.fr/
[2] L. Bellan etal., ICIS2021.
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Results from Beam Commissioning Stage 1 e QST

=" ACCT
Q + ST + BPWV

-8 Q
T

— transverse profiles and comparisons with simulations (5/5) —

Case 3 — w/o Buncher (both Bunchers 1 & 2 at 0 kV)
— Quads all at the nominals.

-— N

| S | . f—
= O==0 Q
o CLCL_: O
o<=on g
+ O 4 O o
F S~ S =
0w Snn 3 o
+ ++ i
0%@0% C =
<. g [ )

ceiy "‘;-’ih =—

T
{56

€
E
o)
N
(72]
S
@
o)
Qo
(72]
£

vertical
55 - 65 % SCCD

horizontal \’/\
55 - 65 % SCCD !

measurement

_out of Rol

simulation (60% SCCD) measurement simulation
with 1o error 55-65 % SCCD

%y 925 U2 LB within 1 o R slit measurements agree well with simulation.
By | 045 ES BRI YA g g — Agreement looks good enough.
- Qy 1.30 £ 0.43 1.82-1.59 beyond 3 o

0.17 £ 0.06 0.12-0.12

presented at LINAC 2022, Liverpool, UK, 28t Aug — 2" Sep 2022.




) Results from Beam Commissioning Stage 1 e QST

— beam transport and alignment checks [1]—

N Beam-based alignment of beam to selected Quads (tuning of STeerings). N 20 mA D* beam was transported down to the

N Beam-based determination of beam positions with respect to Quads. BD without significant beam loss.

[] Beam-based calibration of BPM centers with respect to Quad centers N1 The use of a buncher made the beam visible
- Postponed. RF noise and other issues in BPMs are being coped [2]. in all the BPMs down to the BD as expected.

L Beam-based alignment checks of Quads (evaluated from the STeering angles).
- ~0.5 mm horizontal misalignment was confirmed.

0.50 -
= = Q [
0.25 Q1 Q3 ok 5. .33 = 3 BD
- Qs 5005 - @ 8 - » In T
— 1 3 by fLos sy 8 (T i ol el — T
c 0.00 Y. 4 * P b h 0 ® o B9 mn + ||J_3+Em§—[l
/ - RFQ B: 43993 A B P ° 0% fali
= -0.25 = = 5 o 8;%}0 O,@, o o i gaoag Q® )? 1 el oo @ E]icl:l
= -0.501 ;/ ~®- Beam-based (day 1) E}Z"{=‘ .;;!. g:ﬁl{“}g—, ! TE'=' wdg = _m : {2
= . @ Beam-based (day 2) i [=“=}i R IRTN . 2y =
-0.751 RFQ exit & Laser-tracker-based
00 02 04 06 08 g'g 08
s [m] =€ 06 '-:
Tek — 8 — , -.".. ‘
§~22 mA @LEBT] cw 04 b 4 ; # 04
f 2 o . $ L2
~20 mA @MEBT ge 02 /e o Vertical | | A g el T e 02
SAAat ‘ Qo 0.0 *\ . © T L 1 * - 0.0
agebtact~: o YWY o o -0.2 @ X -0.2
O > horizontal
0 T -04 -0.4
i '+ [11 J.Hyunetal., Proc. Annual Mtg. Particle Accel. Society Jpn., 2022.
60 psec D [2] K.Hirosawa et al., ibid. (in Japanese).
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) Injector CW Campaign fe @QST

stably operational €n vs. liotal Injector CW long run with 11 mm¢ PE at |, = 150 mA
W|th dlfferent PE diameters _ STV 1000y .
0.3} 11 mm¢ PE 1 1 |—> D* ~125 mA @ LEBT expected
85 ons  ©Xtraction : ,‘_ ' ‘ > B Total extracted current 150 mA (including molecular ions) -
= g aperture : > " | I |‘ T
= / S < >
- 9 mm¢ PE /| _ 11 hrs I
gﬁ 0.2} // 1 ] / | . \ L
= > / 1 Radiation monitor | .=
83 oss 74 : o~
T2 / 12 mm¢ ongoing.
— Lo v
5 ® 5 //10‘mm¢ og  (11.5and others ready) | -
I ’ Duty 100%
60 80 100 120 140 160 ]
total extracted current [mA] U
plasma .
electrode (PE) repeller | arc count
aperture flecicrode
RE | !
o I L R e e e S aEEEEEEE D L L B
\I’?’W S 10:00 12:00 14:00 16:00 18:00 20:00 22:00
(%]
--------- SOL1|-| EMU
§ The experimental survey will continue targeting at;
ST1 o /' \ 0O ’
) 7 grounded » liorar ~ 160 MA CW (to meet D* 125 mA @ MEBT)
intermediate electrodes ota
Flectrode (IE) > a better emittance
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) LIPAc RFQ & RF Power Supply B @QST

8-chain RFPS system [1,2] 1.5 m wall RFQ consisting of 18 modules [3-6]

175 MHz / >200 kW max. per chain

2 cryopumps

8 RF couplers
& windows

l‘nlur_@ ‘|:_.,- W

8 cryopumps

designed beam loss at
low energy section [5,6]

’ ) e
(TTITH || BTty ‘ | e 0ol
== == Baking (100 deg. C, 100 hrs)
. c [1] P. Mendez et al., Fusion Eng. Des. 165 (2021) 112226.
Final RF Circulator [2] M. Weber et al., IEEE Trans. Plasma. Sci. 49 (2021) 2987.
amplifiers  + dummy

[3] A. Piesent et al., EPAC08, THPPO78.
4] F. Grespan et al., LINAC08, MOP037.
(tetrodes) load Many components are not 4l .
shown in this drawing.

- [5] M. Communian et al., EPAC08, THPPO75.
from Injector [6] M. Communian et al., LINAC08, MOP036.
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) RF Conditioning of RFQ e 9QST

up to the nominal vane voltage in pulsed mode reached in 2019 [1,2]

°00 132 kV (560 kW) ]
i 200 + 0-35us
= 035-80us
§ 400 1180-160us
o A 160-300us
% 300 x 300us-600us
f 2600-1000us
200
S
(o]
o X
100
s 32
2 23

[11 K. Kondo et al., Fusion Eng. Des. 153 (2020) 111503.
[2] F. Grespan et al., IPAC2020.
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il RF Conditioning of RFQ towards CW o @QST

Changed strategy to reach CW first and

Suffered from interlock events at ~25 % duty. then increase voltage.
* Mostly voltage drop by LLRF control and rf reflection. :
« Vacuum was OK. Reached CW at 80 % voltage.
120
80
= 100
= S
@ 80 0 o
(44} o
= o)
S 60 : 40 >
Q . . . =
% 0 * ) ; H ©
40/ . . :
> ‘ : : : : 20
20 ! v ' i 2 .
ol : 0
0 100 200 300 400 500 600 700

accumulated rf-conditioning time [hours]

K. Masuda et al., “Commissioning of IFMIF Prototype Accelerator towards CW Operation”, presented at LINAC 2022, Liverpool, UK, 28t Aug — 24 Sep 2022.



) RFQ RF-Conditioning Comparisons He @QST

The progress speed seems comparable to LEDA with a similar Kilpatrick,

though we don’t know how intensive the RF conditioning in LEDA was.

In LIPAc, RF conditioning sometimes ran only during night shift in parallel to other day-time activities.

Conditionin
type / Kilpatrick g.
length achievement

<1 msec, <20 pps

4.5 months
LIPAC 49-\;3anme 175 18 (as of Jul. 2019)
' +1.5 months CW at 80% voltage
LEDA  4-vane #
< 1 day <1 % duty
SARAF 4-rod 176 15
[3] 3.8 m ' 5 days —
(36 net hrs.)
[1] L.M. Young et al., PAC1999. # excluding recovery work from coupler iris melting.
[2] H.V. Smith et al., EPAC2000. _ , ,
[3] A. Perry et al., LINAC2018. - Major troubles we met in the next slide.
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[FMIF . TG,
) Major troubles we met e QST

» Recovery works are ongoing.

circulator

(Incident) Arcing due to a loose contact
between coax. inner electrodes.

Py
"
s
s
““““
P
.t
Py
Py

» RF conditioning to resume

(Cause) Bolt loosening probably because of

early next year. .. heat cycles.
S : (Measures) Use of brass bolts, regular checks.
Reached CW at 80 % voltage. P Under repairment in a factory of the provider.

140
rf ler
120 couple
§ melted O-ring |
=< 100 bt —
i 0o 3°
@ g0 S o
1 < I
= 2 o
o) o . o
S 60 > | Cu-like deposition -
@ B - . . .
= ¢ . Y RERIE T (Incident) Viton O-rings were melted or
> 40 : \ [ SR 20 deformed in 5 out of 8 rf couplers.
20 ) ! .'li' I | E A (Cause) Under investigations.
’ - L/J ! | ; A E (Measures) Two ongoing in parallel;
0 o [ P 0 > design work to improve the cooling of
600 700 0 50 100 150 the inner conductor, and
accumulated rf-conditioning time [hours] > high power test of backup brazed and water-cooled couplers.
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\ ) Conclusions e @ QST

® Stage 1 beam commissioning — completed
» The Pilot H* & D* beams (10 mA H* and 20 mA D*) were tested and characterized.
» The simulations could reproduce the measured beam sizes, and phase space profiles with satisfaction.

» Newly installed components were mostly checked and validated.
0 Some needs of improvements were identified and are being coped with.
O Checks of non-interceptive diagnostics should wait for a higher current & higher duty operation in Stage 2.

® |njector CW campaign —ongoing
» Different dia. PEs were and are being studied in terms of stability, emittance, and extraction current.
» |l =150 mA, CW (>11 hrs), €
» |~ 160 mA is being targeted with a larger 12 mmao PE, or an intermediate one.

® RFQ RF-conditioning towards CW — ongoing

total = 0.27 mt mm mrad were achieved by use of 11 mm¢ PE.

total

» Achieved so far are;
v' CW at a reduced 80 % voltage, and
v’ 25 % duty at the nominal voltage.

» Recovery works from the coupler and circulator incidents are ongoing. RF conditioning is planned to
resume early next year.
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This work was undertaken under the Broader Approach Agreement
between the European Atomic Energy Community and the

Government of Japan.

The views and opinions expressed herein do not necessarily state or
reflect those of the Parties to this Agreement.
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