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The Advanced Superconducting Test Accelerator is housed in the New Muon Lab (NML) building at Fermilab.  It will be capable of testing 3 or more ILC-type SRF cryomodules under full ILC beam intensity and bunch structure.  In addition, test beamlines and downstream beamlines will provide a venue for advanced accelerator R&D (AARD).  The original NML building had been previously used for a high energy physics experiment, but has recently been repurposed to house ASTA [1].  The original footprint has been extended to accommodate high energy beamlines, a high energy beam dump, and an experimental area for AARD.  Figure 5.1 shows the plan view of the upstream half of the facility, and Figure 5.2 shows the plan view of the downstream half.
The electron beam is produced by a 1.3 GHz RF photoinjector and then accelerated to 50 MeV by two 1.3 GHz SRF cryomodules, each containing a single 9-cell cavity, before being injected into the 1st 8-cavity cryomodule.  Initial beam commissioning of the cryomodule string will take place with a single Tesla type III+ cryomodule [2] driven by a 5 MW klystron.  The next stage of commissioning will take place with two Tesla type III+ cryomodules and one ILC type IV cryomodule.  The entire string is driven by a 10 MW multi-beam klystron, with its associated HV power supply, modulator, and waveguide distribution system. The high energy beamlines downstream of the cryomodules will provide transport to an AARD experimental area and to the high energy beam dump.
[image: ]
Figure 5.1: Upstream floor plan of the ASTA photoinjector and 3 SRF cryomodules in the original building footprint.  The beamline is 1.2 m above the floor, the floor is 6.1 m below grade, and the building length is 74 m.
The cryogenic plant currently consists of 2 Tevatron-style satellite refrigerators capable of delivering a total of 110 W of 2 °K helium and does not have the capacity to cool all 3 cryomodules at full beam intensity and at full pulse repetition rate.  The Cryomodule Test Facility (CMTF) [1] is currently being built  adjacent to NML and will provide the additional capacity to deliver 600 W of 2 °K helium to NML and cryomodule test stands in CMTF.
[image: ]
Figure 5.2:  Downstream plan view of the ASTA high energy beamlines and experimental areas in the new underground tunnel.  The tunnel extension is 70 m long.  A service building is located above the experimental area.
The beam parameters for ASTA will have a wide range, depending on the particular application.  Table 5.1 lists selected beam parameters for ILC-like conditions and the possible range for each parameter.  As with all photoinjectors, many beam parameters are coupled, especially to the bunch intensity, because of space charge effects in the electron gun and low energy bunch compressor.
Table 5.1:  Beam parameters for ASTA.  The ILC-like parameter values are listed and also the range of each parameter. 
	parameter
	ILC RF unit test
	range
	comments

	bunch charge
	3.2 nC
	10’s of pC to >20 nC
	minimum determined by diagnostic thresholds; maximum determined by cathode QE and laser power

	bunch spacing
	333 nsec
	<10 nsec to 10 sec
	lower laser power at minimum bunch spacing

	bunch train length
	1 msec
	1 bunch to 1 msec
	maximum limited by modulator and klystron power

	bunch train repetition rate
	5 Hz
	0.1 Hz to 5 Hz
	minimum may be determined by egun temperature regulation and other stability considerations

	norm. transverse emittance
	~25 mm-mrad
	<1 mm-mrad to >100 mm-mrad
	maximum limited by aperture and beam losses; without bunch compression emittance is ~5 mm-mrad at 3.2 nC

	RMS bunch length
	1 ps
	~10’s of fs to ~10’s of ps
	minimum obtained with Ti:Sa laser; maximum obtained with laser pulse stacking

	peak bunch current
	4 kA
	> 10 kA (?)
	4 kA based on Impact-Z simulations with low energy bunch compressor

	injection energy
	50 MeV
	5 MeV to 50 MeV
	may be difficult to transport 5 MeV beam to the dump; maximum determined by booster cavity gradients

	high energy
	820 MeV
	50 MeV to 1500 MeV
	radiation shielding issues limit the maximum; 1500 MeV with 6 cryomodules
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The RF photocathode electron gun is identical to the guns recently developed at DESY Zeuthen (PITZ) for the FLASH facility [3].  It is a normal-conducting 1½ cell 1.3 GHz gun operated in TM010, mode, with a QL of ~23,000, and driven by a 5 MW klystron.  The power is coupled into the gun via a coaxial RF coupler at the downstream end of the gun. The gun is capable of average DC power dissipation of ~20 KW, and a temperature feedback system will regulate cooling water temperature to better than  ±0.05 °C for good phase stability.  The gun will be routinely operated at peak gradients of 40-45 MV/m, and output beam kinetic energy of ~5 MeV.  (For comparison, PITZ has successfully operated an identical gun at 60 MV/m for 700 sec pulse lengths.)   The photocathode is a 10 mm diameter molybdenum disk coated with Cs2Te with 5 mm diameter photosensitive area.  It is illuminated by 263 mm wavelength laser light which is directed onto the photocathode by a 45° off-axis mirror downstream of the RF coupler.  
The photocathodes are coated at a separate facility on the Fermilab site, transported under vacuum to the photocathode transfer chamber mounted on the upstream end of the gun, and inserted into the upstream end of the gun via external manipulators, all under vacuum.  Several photocathodes have already been prepared and their quantum efficiency measured to be ~10%.  The photocathode preparation, transport, and transfer chambers were developed and built by D. Sertore at INFN Milano [4] and commissioned at Fermilab.  
For emittance compensation the gun is surrounded by 2 solenoid magnets built by DanFysik.  Each magnet has a peak field of 0.28 T at 500 A.  Normally the magnet currents are set so the field at the photocathode is 0 in order to minimize the beam emittance, however, the field can be set to > 1kG at the photocathode for the production of angular-momentum dominated beams and flat beam production.  ASTRA [5] simulations indicate that  transverse normalized emittances of 5 m can be attained at a bunch charge of 3.2 nC, laser pulse length of 3 ps RMS, and peak gun electric field gradient of 40 MV/m.  Stretching the laser pulse length will produce smaller transverse beam emittance out of the gun, as will higher gun gradients.
[bookmark: _Toc333844906]Photocathode laser
The photocathode laser system is housed in an enclosed structure adjacent to the beam enclosure.  A diagram of the laser system driving the photocathode is show in Figure 5.3.  The seed laser is a YB-fiber laser acquired from Calmar, Inc.  The 1.3 GHz output is reduced to 3 MHz by two pulse pickers, amplified by a multipass and a 2-pass amplifier and frequency quadrupled by two BBO crystals. The UV pulse is transported to the gun through a vacuum pipe and directed to the photocathode via a 45° off-axis mirror downstream of the gun RF coupler.  The UV amplitude is sufficient to produce 10’s of nC of bunch charge from the cathode, and the rms (gaussian) pulse length is 3 ps.  In addition there will be a Ti:Sa laser for short pulse experiments (~150 fs) and laser lab space for other laser R&D efforts.

[image: ]
Figure 5.3:  Schematic diagram of the photocathode laser system
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The injector beamline is shown in Figure 5.4.  After a short instrumentation section, the electron gun is followed by two SRF cryomodules to accelerate beam to 50 MeV.  Each of these cryomodules contains a 9-cell L-band cavity operating at 1.3 GHz, driven by a 300 KW klystron, and capable of peak accelerating gradients of >22 MV/m [6].  These cavities will also be used to “chirp” the beam, ie., generate a time-momentum correlation, in preparation for bunch compression in the chicane.  Downstream of these cavities is space allotted for a future SRF 3.9 GHz cavity intended to be used for bunch linearization.  
The SRF cavities are followed by a quadrupole doublet to control the beam size for the emittance measurement, 3 skew quads to generate flat beam, a matching section into the chicane, a 4-dipole chicane for bunch compression (R56 = 0.19 m), a matching section into the vertically downward-bending dipole to the low energy beam dump, and finally a matching section into the first 8-cavity cryomodule.   The 22.5° dipole upstream of the dump will serve as the low energy spectrometer.  The 50 MeV beam dump will be capable of absorbing up to 400 W of beam power, which is 15% of the full ILC intensity [7].  In addition, there is a dogleg to deliver 50 MeV beam to a test beam area parallel to the 1st cryomodule.  This test area is intended for AARD experiments.
[image: ]
Figure 5.4:  Injector layout.  
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There are 4 primary types of diagnostics in both the injector and the high energy beamlines:  BPM’s to measure beam position, profile monitors to measure beam size, resistive wall monitors to measure beam current (4 in the primary injector beamline), and loss monitors (~40 total) to measure beam losses and serve as the primary protection element in the machine protection system.
Each BPM is a 4-button pickup measuring both X and Y position.  The system will be capable of bunch-by-bunch measurements, and the anticipated accuracy is <25 m.   There will be 23 BPM’s in the primary injector beamline.
The profile monitors are located in 6-way vacuum crosses and were fabricated by Radiabeam Technologies. A prototype was tested at the Femilab A0 photoinjector [8] and a resolution of < 20 m has been obtained.  They each contain a Ce-doped 100 m crystalline yttrium aluminum garnet (YAG) screen or a 100 m crystalline lutetium-yttrium oxyorthosilicate (LYSO) screen, a 1 m Al screen for OTR production, and a target screen for calibration.   The screens are at right angles to the beam and are followed by a 45° mirror to deflect optical light to an optical channel and a 5 megapixel camera.  There will be 12 profile monitors in the primary injector beamline.
In the injector beamline, transverse emittance will be measured by the “slits method” both upstream and downstream of the chicane.  Beam energy will be measured by the 22.5° spectrometer magnet.  Bunch length will be measured by streak camera and interferometer both upstream and downstream of the chicane.
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Figure 5.5 is a photograph of a single TTF type III+ cryomodule installed at ASTA.  It is driven by a single 1.3 GHz 5 MW klystron, and RF power is suitably distributed to the eight separate cavities by variable tap-offs (VTO) in the waveguide structure alongside the cryomodule.  Each cryomodule consists of a string of eight 9-cell superconducting cavities.   In addition, some cryomodules will contain a superconducting quadrupole doublet package, corrector package and BPM.  The goal for these cavities is to reach an operational gradient of 31.5 MV/m at 2°K under full ILC beam conditions.  This will yield a total acceleration of 250 MeV per cryomodule.  The length of a single cryomodule is 11.9 m, but the cold interfaces, HOM couplers, and warm gate valves add an additional 1.7 m in length to each end.   

[image: Z:\NML_1\photos\CM1_and_waveguides - Copy.JPG]
Figure 5.5:  Photograph of cryomodule I installed in the ASTA beamline enclosure.  View is looking downstream.  Waveguide distribution structure is on the right of the cryomodule.
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The first TESLA Type III 8-cavity cryomodule, CM-1, was installed and operated in NML for approximately 15 months ending in March 2012. CM-1 came to Fermilab as a ‘kit’ and was assembled at Fermilab by the technical staff here with assistance from colleagues from DESY and LASA/INFN, Milano.  Commissioning and testing followed the standard protocol developed worldwide for bringing cryomodules into full operation.  The steps include:
· RF Cable Calibration
· Technical Sensor/Interlock Check
· RF/Waveguide Check
· Warm Coupler Conditioning (off resonance)
· Cooldown to 2 °K
· Frequency spectra measurements
· Cavity Tuning to 1.300 GHz via motorized slow tuner
· QL adjustment to 3.0E6
· LLRF calibrations
· Cold Coupler Conditioning (on resonance)
· Performance Evaluation including
· Maximum gradient
· Dynamic Heat Load (Q0 vs. EACC)
· Dark Current and Field Emission (X-rays vs. EACC)
CM-1 was installed into its final position and aligned in January 2010 and final RF, cryogenics and vacuum connections were made thereafter.   Warm off-resonance conditioning was performed with a single cavity at a time connected to the output of the 5 MW klystron and took anywhere from 2 weeks for the first cavity to 4 days to complete.  Once all eight couplers were conditioned final vacuum work was completed leading to initiation of cooldown to 2 °K.  CM-1 first reached operating temperature on 22 November 2010.
Continuing with the sequence of commissioning steps, each cavity was then powered on resonance to complete coupler  conditioning and determine cavity performance limitations. Again each cavity was powered singly. All cavities were characterized by June 11, as shown in Table 5.2:
Table 5.2: CM-1 individual cavity performance characteristics.
	Cavity
	Peak Eacc (MV/m)
	Estimated maximum Q0 (E09)
	Limitation/Comments

	1/Z89
	20.2
	11
	‘soft’ quench/heat load

	2/AC75
	22.5
	12
	Quench

	3/AC73
	23.2
	0.43
	‘soft’ quench/heat load

	4/Z106
	24*
	2.3
	*RF-limited

	5/Z107
	28.2
	39
	Quench

	6/Z98
	24.5
	5.1
	Quench

	7/Z91
	22.3
	4.7
	‘soft’ quench/heat load

	8/S33
	25
	18
	Resonant frequency at 1300.240 MHz; tuner motor malfunction
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Full module testing was initiated on 6 July 2011. The waveguide distribution circuit was provided by SLAC and allows independent amplitude and phase control of adjacent pairs of cavities.  VTO’s were set based upon the gradient limits identified during cavity characterization. The bulk of the time spent powering the entire module was devoted to Low Level RF (LLRF) optimization and refining the Lorentz Force Detuning Compensation system.  By the end of the run it was possible to control the RF amplitude and phase over 50 pulses to an RMS magnitude error of 6.0x10-3 % and RMS phase error of 0.005°.   Much progress was made in developing a scheme to counteract the effects of Lorentz Force Detuning. An adaptive algorithm was deployed and improved which permits pulse to pulse correction. 
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The beam will be initially transported from the cryomodule string to the first high energy spectrometer magnet by a 4-quad matching section, a 4-quad FODO lattice, and an additional 4 quad matching section.  This region of beamline is 45 m in length and is intended to house future AARD experiments, so it will be reconfigured from time to time to accommodate new experiments.  The high energy beamlines downstream of this section are shown in Figure 5.6.   There are 2 dispersion-cancelling doglegs which allow for two 10 m sections reserved for AARD experiments.  The final 2 quads in the beamline are to be used to blow up the beam size to avoid damage to the beam dump core.    

Figure 5.6:  High energy beamline experimental area and beam dumps.
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Diagnostics in the high energy beamlines are identical to diagnostics in the injector beamline.  There will be 27 BPM’s, 9 profile monitors, 2 resistive wall monitors, and ~20 loss monitors in the initial configuration.  The “quad scan” method will be used for transverse emittance measurements, and energy measurements can be made at two of the 15° dipole magnets.
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The high energy beam dump [9] consists of stacked graphite cores, surrounded by water cooled Al in thermal contact with the graphite, surrounded by steel, backed by a copper plug, all embedded in a 6.1 m x 6.2 m x 7.5 m concrete stack.  Each graphite core is surrounded by an inert gas (argon) to prevent oxidation at elevated temperatures.   There are two graphite cores within the beam dump, and a third core has been left out to allow FEL light to pass through the dump in the straight-through beamline.  Each beam dump core is designed to handle 80 KW of beam power at beam energies up to 1500 MeV.
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Extensive lattice calculations and beam simulations have been performed to validate the ASTA beamline design under a wide range of beam parameters and configurations [10][11].  ASTRA [5] is used to simulate beam to the downstream end of the 2nd acceleration cavity (8.2 m from the photocathode); Elegant [12] is used to calculate single particle (low intensity) beam dynamics from 8.2 m to the high energy dump; Impact-Z [13] is used to calculate multiparticle (high intensity) beam dynamics from 8.2 m to the high energy beam dump and includes the effects of space charge and coherent synchrotron radiation.  As an example, Figure 5.7 shows results from typical lattice and beam size calculations from Elegant and Impact-Z.  As another example, Figure 5.8 shows an Impact-Z simulation of the effects of low energy bunch compression on longitudinal phase space for varying bunch intensities.
[image: ]
Figure 5.7:  Top plot shows lattice functions from 8.2 m to the high energy dump in the 3-cryomodule configuration followed by a 2nd high energy bunch compressor and 4th cryomodule.  Bottom plots show beam size, beam energy, and energy spread.
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Figure 5.8:  Longitudinal phase space plots, before (top row) and after (bottom row) low energy bunch compression.  Columns are (from left to right) 3.2 nC, 1 nC, 0.25 nC, and 0.02 nC.  Black trace is longitudinal phase space, and red trace is projection on z axis.  For 3.2 nC, the peak beam current is 3.5 kA.  These results are without a 3.9 GHz linearizing cavity.
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