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« The Radio Frequency Quadrupole

* The injector (source + low energy beam transfer line)
 The MEBT (medium energy beam transfer line)

* Proton beam commissioning results

* Deuteron beam commissioning results

« Conclusions

Full IFMIF/EVEDA prototype: 125 mA CW D* @ 9 MeV Beam dynamics commissioning phase (0.1% D.C.,
limited by LPBD)
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* 4-vane 9.8 m CW RFQ for 125 mA deuteron beam, from 0.1 to 5 MeV, Kilpatrick 1.76

* 1.85 reached during whole assembly pulsed conditioning. 6% D.C. at nominal

voltage, 20% D.C. at half voltage.

* 1.94 CW for 5 hours of last supermodule at LNL.,

+  Generalized perveance 1073 to 107>

* Low B modification, after Critical Design Review, for decreasing input beam requirements

from LEBT:

* rms beam convergence requirement drops from 43 mrad to 24. mrad
* Transmission for a 4D Gaussian matched (4 sigmas) beam drops from: 95% to

93.7% (accelerated only considered)

* Longitudinal rms emittance: 0.2 MeV deg
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Input/output rms normalized transverse emittance: 0.25/0.26 mm mm mrad.

Input/output Energy 0.1-5 MeV
Duty cycle cw
Deuteron beam current 125 mA
Operating Frequency 175 MHz
Length (5.7 1) 9.78 m
Vg (min — max) 79-132 kV
RO (min - max) p/R0=.75 0.4135-0.7102 cm
Total Stored Energy 6.63 J
Cavity RF power dissipation 550 kW
Maximum dissipated power 86 kW/m
Power density (average-max) 3.5-60 kW/cm?
Q,/Q_=0.82 13200
Shuntimpedance (<V2>)LIP, 201 kQ-—m
Frequency tuning Water temp.
N cells (BA2) 489




) Model background

The RFQ was integrated in the simulation via the software TOUTATIS
« The model integrated was the “as-built” model.

“As built” model includes:

particular | T e N | Relative diff. between
2o N DN AAA AN AN A AR AR AR af— s Parameter nominal and as built
W \U//\ MV o & > ALY b o j> simulations
VUV (& e B sn/Ermesn 3%
o) - A‘E‘r'ms,l/ grms,l +8%
0.95 1 1.05 Z(m)Ll 1.15 12 os- . 2 . . 15003 Atransmission - 2% (i.e. 91 .8%)
Mechanical errors bead-pull v[épe voltage profile e e
Input matched beam requirements (at RFQ injection point) for 90%> *  Not equilibrium distribution from the source (hollow,
transmission: tales etc.. )
* Design is done following the evolution of the
I < rms quantities evolution (Sacharer equivalent
beam Gauss,rms,t,n ngmS,t,Tl < EGaussrms,tn principle) in order to decrease the

dependence with respect the input distribution
Defined as the maximum rms emittance at I,,q,, that can transmit > 90% of the

and to built a more general guideline for the
beam, in case of 4D Gaussian distribution, 4 sigmas cut. input RFQ evaluation
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) The injector

Plasma Accelerator
electrode column
N _— DopplerI Faraday cup

Repeller
\ /_ electrode D |
/—
@/F‘% —————— SO‘LI =7 'BSISOLZ

Ground Camera I— Injection

, -
Intermediate electrode Cone
electrode Chopper

« ECRion source type with two coils

« Magnetic LEBT transfer line composed by two solenoids (space charge comp. applies)

» 5 electrode extraction (100 kV- variable — ground — repeller - ground)

«  Multispecies beam transport with generalized un-neutralized perveance between 5 x 10™*to 5 x 1073

+ Possibility to extract proton at 50 keV (scaled beam dynamics) to be used as a probe beam and for test at low power.
Chopper implementation for the same reason

« Gas injection (Kr) in the middle of the LEBT for boosting space charge compensation.

I To supply the required current beam at the RFQ entrance, below &5, < 0.3 mm mrad (ggqys5s rms ¢ n (125 mA)),

L with ideally 0% mismatch. :

E> Very difficult to measure the phase spaces at RFQ injection point (power density, technological difficulties).

E> Measure of the phase spaces in two different points (middle of the solenoids and after RFQ injection cone
during injector commissioning). |:> Should be interpolated by some support model
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Criterion for beam injection into the RFQ

Plasma
electrode

Accelerator
column

Simulated

Measured XX’ phase spaces

| between solenoids

N

ECR

The emittance measurements
are routinely taken between the
solenoids. Developed a criteria
for evaluation of the beam
quality before injection into
the RFQ

=

Cross talk between
simulations and

measurements
N Sp. Energy [keV] Lzt [m-A] fe.mp/ €sim Ofe.xp/ Qgim .Be.rp/ Bsim
1 H* 50 70 0.25/0.25 14.8/10.7 14.7/13.6
2 H*t 50 87 0.38/0.34 7.3/5.8  18.3/17.4
| 3 Dt 100 163 0.19/0.19 2.2/1.4  20.7/18.0 |

Intern';edi ate

electrode

Faraday cup
Repeller DopplerI
Welectrode D \
/;- SOL1 BS1{|SOL 2
|\ D
Ground Cameraé] Injection
Cone

electrode
Chopper

t

€ norm. rms (1t mm mrad)

EMU measurements
0.7 -
lext=45mA
lext=60mA
0.6 . i lext=75mA —e—
lext=80mA
0.5 .
0.4 lext=80 mA
0.3 ? lext=75 MA "~
0.2 W= == —Ie—thgomA—. —‘— — —. —.—4
0.1 :
lext=45 mA
014 16 1k8 20 2‘2 é4 26 28 30 32 34
Extraction gap voltage between PE-puller (kV)

Nominal point selected for injection
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The MEBT Emittance

meter and
profilers

magnet

MEBT

ACC DPlate ACCT
MEBT\ o8
i
) /

A

| | D-Plate
00 " os 10 ..'n-:j TR 20 BPMs:
«  Compact MEBT line of about 2.346 m . ~ 0, LE%
« 5 quadrupoles and 2 bunchers 08 EAXL A
+ Generalized perveance 107>  with I ;-20{\/"
nominal beam 0.6/ :281 /

+  Separates the not accelerated particles,

1
. _ ) 0.4 [ AGCTtrans. with H 0 5 - 10 L 15
the residual contaminants and, in [ ACCT trans. no H; Position ('m ) |
. . - LPBD trans. with Hz . TraceWin - CEA/DRF/Irfu;
general, the particles with large Ap/p 02f ~+ LPBD trans. no H; 60 ! p
difference. However, since the LEBT SZ I AT _ 30 10% Transmissio 0 0.1
ACCT is sensible to contaminants, the 902703 04 05 06 0.7 0.8 09 1 e E "y " — | [ 0.01
overall  calibration curve remains ' <-20 _ i 0.00
affected by them Simulation -40 ot Almost all Hf is lost I -001
. _60(') : 5 10 1 0.0001

Position ( m )
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Proton beam commissioning results ... ...n10ma @sokev

24-30 mA beam (half perveance) @ 50 keV m
100 ' o RO % ol Ippep
90 % o @000 © e 119 98
80 - Half perveance beam study, outcomes: T 82% 08%
S 70 - wffo i exp
2 60 ] « Emittance after the RFQ check
£ so | LeaTea17 ma » Longest pulse accelerated (4.5 ms) /
g o - LugeTe27 ma « RFQ can withstand a mismatch of 220%
20 A, - Effect of contaminants onto the LEBT ACCT current read-out: down
" estimation of transmission.
0.6 0.7 0.8 0.9 1 1.1
Vrra/Vreq,n Transverse emittance after the RFQ [1]

Measurement YY’ Measurement XX’
Measurement Value
Vrfq [kV] 70 £ 15 gl 7 -
ILpeD 22.8 o «M 1 =
ol o)~ —
Eexp/ Esim 0.23/0.23 i o
ﬁesz /ﬁSlm 6-9/6-1 "": [ ] NGOOD : 99298 2 v ssh:»so [2.75591 m] NGOOD : 99298 / 9(93 R l
20 20 [na
a/asim '4-6/4-6 04 10 | o i
SEM grids 01 7 / ol A /
~ 788 mm (wire plane) -104 104, 1
=20 -20

slit

Simulation YY’

=17.644 mrad

Slmulatlon XX

[1] J. Marroncle et al., “Transverse emittance in 2.5 MeV proton beam on LIPAc, IFMIF’s Prototype”, in Proc. IBIC'19, Malmé, Sweden, September 2019, pp. 288-293.
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) Deuteron beam commissioning results

T T N T o ¥ v e ST e 125 mA 1Hz 1 ms beam Transmission | pgp/l, g7 at | Values and :mcertalntles
— reached on July 2019. ViVn=1 [%]

LEBT ACCT

o “ T e « Until 9" Aug., stable Experlmental 89.7+1.2

. i operation for several hours at s|m. D* and D,* 915+1.0
WA 125 mA was succeeded. _
: Sim. D* 92.5+1.0

0 02 04 06 08 1 12 14 16 18 2

First beam pulse wo——
E 8
7514 o ——§—:- Measurément -
+ Simulation ” 0.8 0.85 0.9 0.95 1 1.05 11
.90 V(l :OSNRFO ) 1.00 V/Vn
4D Gaussian (deS|gn 4 91.8 (as—buut)
sigma) A0 Yizs 2.2 93.7 (design)
Realistic estimated 2019 0.2 3.7208 92.5 £ 1.0 (estimated)
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') Deuteron beam commissioning: TOF measurments

7 » The ToF energy from different pair
of BPM of the D-Plate and MEBT as

N function of the RFQ voltage: 5 MeV
25— Poge =gi== Gy e o oM o h MRS B el e T X S oo ———— + 1% [2]
54- * Neutron production on LPBD and
- MEBT scrapers due to 2’Al(d,n)

1 oreoros reaction as expected. [3]

MBPO1_02
410 115 120 125 130 135 140
VrFo
That shape of the ToF-energy curve is linked to the

beam energy at the RFQ input. The input beam was

501 T R o= A around 1 keV higher than nominal input energy (100
gl L TR E R TN i g | keV),
s T w kT e e 4 | The input energy offset causes synchrotron oscillations
LSS T AR\ " of the bunch inside the separatrix and around the

“or | % == | nominal energy point.

i = I = i is Possibility to fine tune the extraction

voltage , planned for the next campaign

[2] |. Podadera et al., “Beam commissioning of beam position and phase monitors for LIPAc”, in Proc. IBIC'19, Malmd, Sweden, September 2019, pp. 534-538.

[3] K. Kondo et al., “Neutron production measurement in the 125-mA 5-MeV deuteron beam commissioning of Linear IFMIF Prototype Accelerator (LIPAc) RFQ”, Nucl. Fusion. September 2021,
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) Conclusions

+ Test low and half perveance:
« Transverse emittances within the expectations as design
* Low perveance (10 mA) beam transmission close to 100% as expected
« Test at nominal perveance:
« Transmission compatible with what was expected by the design
« Energy and oscillations within the longitudinal separatrix, compatible with the expectations.

What remains to do, from beam dynamics point of view:
* Measurement of the transverse emittance at nominal perveance
« Estimation of the longitudinal emittance at nominal perveance

What remains to do, from RFQ point of view:

« CW RF RFQ

« CW beam, possibly to maintain it for several weeks (under discussion)

+ Beam restarted in July 2021, after maintenance shut down, new line for CW test installed specifically and under

commissioning

Injector

D-Plate

( (Diagnostic Plate) Beam Dump

HEBT 0.625 MW, CW
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