[bookmark: _GoBack]RFQ - Radio-Frequency Quadrupole Accelerator
The 162.5 MHz CW RFQ will accelerate an H- ion beam with currents of up to 10 mA from 30 keV to 2.1 MeV (see Ref. [60] for specifications). Presently the PIP-II RFQ is assumed to be identical to the one used for PXIE, constructed by LBNL [61]. This is a 4.45-m long, four-vane copper structure composed of four longitudinal modules. The nominal vane-to-vane voltage is 60 kV. A series of 32 water-cooled pi-mode rods provides quadrupole mode stabilization, and a set of 80 evenly spaced fixed slug tuners is used for the final frequency adjustment and local field perturbation corrections. The PXIE RFQ is in the early stages of its commissioning, but it has already proven it can operate at full, CW power and can accelerate pulsed beam with greater than 95% efficiency. A view of the full four-module RFQ installed in the beamline is shown in Figure 1.

[bookmark: Fig1][bookmark: _Ref344896900][image: http://vms.fnal.gov/stillphotos/2016/0100/16-0107-01.jpg]
[bookmark: _Ref344896953][bookmark: _Toc426115978]Figure 1: RFQ installed in PXIE beamline.
RF matching into the RFQ cavity is done with 162.5 MHz input couplers designed and tested verified at FNAL [??].  A CAD illustration of the coupler is shown in Figure 2.  These couplers were designed to transport up to 75kW of RF power with full reflection, without breakdown.  It has two design features that are unique with respect to other RF cavity input couplers:  the antenna is forced-air cooled to guard against potential water leaks in the RFQ vacuum chamber, and the antenna is capacitively coupled to the end-wall, allowing DC biasing to reduce multipacting.  The couplers have been tested verified up to 120kW of CW drive into the RFQ, and a bias of 1kV on the antennas is enough to limit multipacting around the couplers for stable operation at full field.	Comment by Lionel R. Prost x5614 14086N: I thought these couplers were not tested… Do you mean a ‘similar design’ was tested for 325 MHz structures?	Comment by James M Steimel: We tested them while conditioning the RFQ.  Is “verified” ok?	Comment by Lionel R. Prost x5614 14086N: Can’t we say “eliminate”?	Comment by James M Steimel: No, we still have evidence of multipacting at the end of each pulse, but it’s very low energy.
	
[bookmark: Fig2][image: ]RF power is provided by two, 75kW[image: ], 162.5 MHz solid state power amplifiers from Sigma Phi Inc.  Each amplifier is protected from power reflected by the RFQ using 75kW circulators from Ferrite Inc.  The added expense of the RF circulators has been justified with the improved stability of RFQ operation.  They allow the RFQ to be operated over a larger range of resonant frequency offsets and make pulsed operation with variable duty factors viable.Figure 3:  Simple block diagram showing resonant control system with RFQ.  The system monitors water temperature and RFQ resonant frequency, and adjusts flow rate of cooling water into wall and vane cooling loops.
Figure 2:  Solid model of the RFQ input coupler design.

The resonant frequency of the RFQ is controlled thermally, by adjusting the cooling water temperature and RF duty cycle.  For CW operation, resonant frequency must be maintained with cooling water temperature regulation only.   An adaptive learning control system has been designed that will regulate the steady state temperature of the RFQ cooling system to better than 0.1°C.  A simple block diagram description of the system is shown in Figure 3.  It will also respond to the thermal impulses of RF power interruptions to significantly decrease beam down time due tobecause of  thermal impulse of the resonant frequency errorssudden changes in resonant frequency due to thermal contraction.	Comment by Lionel R. Prost x5614 14086N: I do not understand what this mean.
A series of RF and thermal finite-element models of the RFQ have been developed using ANSYS®. An example of the temperature contour plots for the cavity body and vane cutback region is shown in Figure 4. From the RF analysis, the average linear power density was determined to be 137 W/cm with a peak heat flux on the cavity wall of only 0.7 W/cm2. With 30C water in the vane and wall cooling passages, the resulting temperature profile in the cavity body ranges between 32 and 37C at full RF gradient.
Additional modeling has been carried out. It includes stress and displacement analyses, thermal analyses of the tuners, pi-mode rods and vane cutbacks, and prediction of the frequency shift of the RFQ cavity due to thermal loading and changes in the cooling water temperature. 
The RF design issues [63] include mode stabilization, field flatness, radial matching, and entrance and exit terminations. Table 3.1 summarizes the RF and thermal design results.
[bookmark: _Toc428530381][bookmark: Table3_1]Table 3.1: Main parameters of the PIP-II RFQ electromagnetic design
	Parameter
	Calculated
	Measured

	Center Frequency, MHz 
	162.493
	162.445

	Frequency of dipole mode, MHz 
	181.99
	180.52

	Q0 factor 
	14660
	13000

	Total power loss at 60kV, kW 
	74.6
	90

	Vane cooling resonant frequency parameter, kHz/°C
	-16.7
	-16.4

	Wall cooling resonant frequency parameter, kHz/°C
	13.5
	13.9

	Total RF power from source, kW
	150
	150
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[bookmark: _Ref344897291][bookmark: _Toc426115979]Figure 4: Temperature distribution in one RFQ quadrant body (left) and cut-back (right).  The color scheme (degrees C) is at the bottom of each plot.
The beam dynamics of the RFQ was simulated using the beam distribution measured at the output of the LEBT [??]. Figure 2.7 presents the dependence of computed RFQ transmission on the beam current. The design has over 98% transmission for the beam current from 1 to 15 mA. At the nominal current of 5 mA, 99.8% beam capture is achieved in this simulation. 	Comment by Lionel R. Prost x5614 14086N: Need to be worked on when simulations are finalized.
Results of simulations of the transverse and longitudinal emittances as functions of the beam current (assuming a 0.11 mm-mrad rms normalized emittance at the RFQ entrance) are presented in Figure ?.?.  At the nominal beam current, the output rms normalized transverse and longitudinal emittances are 0.?? mm-mrad and 0.?? keV-ns (0.??? mm-mrad), respectively. The beam dynamics simulation was conducted using ??? and ?? [??, ??]. Figure ?.? shows the simulated 3 beam envelopes at 5 mA, starting at the exit of the ion source. The particles’ longitudinal distribution over longitudinal action is shown in Figure ?.?. 
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