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Abstract

The accelerating gradient in a RF cavity is limited by many factors such as the surface material properties, RF frequency, the external magnetic field and the gas pressure inside the cavity.  In the MuCool Program, RF cavities are studied with the aim of understanding these basic mechanisms and improving their maximum stable accelerating gradient.  These cavities are being developed for muon ionization cooling channel for a Neutrino Factory or Muon Collider.  We report studies using the 805 MHz and 201 MHz RF cavities in the MuCool Test Area (MTA) at Fermilab. Some new results include data from several buttons of different materials mounted in the 805 MHz cavity, study of the accelerating gradient in the 201 MHz cavity and X-ray background radiation from the cavities due to Bremsstrahlung. The 201 MHz cavity has been shown to be stable at 19 MV/m, well in excess of its design gradient. We will also discuss results from the 201 MHz cavity studies in high magnetic field and introduce the study of E ( B effects with the 805 MHz cavity and the testing of the new proton beamline for the MTA.

Introduction

The experimental work in the MuCool Test Area (MTA) at Fermilab has been underway since 2001. The effort includes the button material test on the 805 MHz cavity with the magnetic field provided by the 5 Tesla Lab-G solenoid magnet; and the 201 MHz cavity test with 2 curved Be windows. A number of buttons made of various materials have been tested, and new results including the maximal achievable surface field and the X-ray background radiation as a function of magnetic field are obtained. The recent 201 MHz cavity test in the magnetic field of a ~0.1 T provided by the LBNL superconducting solenoid magnet also produces encouraging results. 

The orientations of the E and B field, which are intimately related to the field emission, play an important role on the breakdown study, in order to reveal the relationship between the field emission and the orientations of the E and B field, the E ( B study based on the 805 MHz cavity is planned.

805 MHz Cavity material test

The cavity material test program has begun since May, 2007. The goal of this test is to find materials and coating that can withstand high peak surface field in a strong magnetic field. For easy replacement of the test material from the cavity, the test materials are made into small buttons. 

The 805 MHz button cavity 

The 805 MHz button cavity is located inside the superconducting Lab-G solenoid magnetic. The Lab-G magnetic is designed to provide the field up to 5 Tesla. In practice, it is able to produce the magnetic field up to 3.5 Tesla without quench. The prototype of the 805 MHz button cavity is laid out in Figure 1, where the test button is attached on a copper flange coated with TiN.
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	Figure 1: Layout of the prototype of the 805 MHz button cavity. Note: there is a 1.7( field enhancement factor on the button surface 


In the experiment, we observed that with thin flat Be windows the cavity resonant frequency at high cavity fields was pulse-to-pulse unstable by +/-30 kHz.  This instability was due to the EM impulse and instantaneous RF heating and subsequent movement and oscillation of the window. Therefore later on we replaced the flat Be window with the thinner (0.38mm) curved Be window designed by W. Lau and S. Yang of Oxford University to make the detuning of the resonant frequency predictable and pulse independent. Finally, the resonant frequency of the 805 MHz button system is fixed around 810 MHz, which is very close to the simulation result (~ 811 MHz). 

Test results: maximal achievable accelerating field and the X-ray background

Since May, 2007, the button materials that have been tested so far is: the Cu button with TiN coated by Fermilab; the bare Mo button; the bare W button; the Cu button with TiN coated by LBNL marked as #1 and the Cu button with TiN coated by LBNL marked as #2.
During the test last year, for a period of about 2 months, with magnetic field up to 4 Tesla and electric field on the order of 30 MV/m, we found the Fermilab coated Cu button with TiN coating was seriously damaged [1].  Therefore we believed the test results were not accurate. We then obtained two new Cu buttons with TiN coated by LBNL, which applied two different techniques to make the coating harder.

Figure 2 illustrates the maximal achievable surface field for various materials as a function of magnetic field. This is the main goal of the whole experiment. For each test, careful conditioning was done and all the data points are stable for a long period and repeatable. On the plot we can see there is a large fluctuation for the Cu button with TiN coated by Fermilab, which is assumed to be due to the sever loss of the TiN coating.  On the plot, we can also see the Mo curve is generally above the W curve, which implies Mo is able to withstand higher electric field than W, and it is consistent with the theoretical expectation.
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	Figure 2: maximal achievable surface electric field on buttons of various materials as a function of magnetic field.


Another encouraging result which can be seen in Figure 2 is that the LBNL coated Cu button marked as #2 behaves better than all the rest of the curves, particularly at high magnetic field, which is more or less demonstrated that the TiN coating can help materials to withstand higher surface electric field.

Field emission is an important factor in MICE operation. Field emission is proportional to the X-ray radiation from the cavity. Figure 3 illustrates the X-ray radiation from the 805 MHz button cavity detected by the MTA X-ray detector RD46, as a function of accelerating field on axis at various magnetic field provide by the Lab-G magnet. The plot is in LOG-LOG scale and the curves display power-law growth, i.e., ~E13, which is consistent with the Flower-Nordheim field emission law, whereas the curve of 2.5 Tesla shows stronger X-ray radiation than the rest of the curves, and the reason behind it is to be investigated.
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	Figure 3: X-ray radiation background of the 805 MHz button cavity, detected by RD 46


Problems

Just recently, we did the test of the LBNL TiN-coated Cu button #1. However, the maximal achievable surface electric field is worse than any of the buttons tested before. We then opened up the cavity and found there are many spark pits and coating damages on the button holder, whereas there are only few of them on the button surface.

201 MHz Cavity study

The 201 MHz cavity, essentially a prototype for the MICE experiment, was made using fabrication techniques similar to those employed for superconducting cavities. It is required to accommodate the muon beam of the radius on the order of tens of centimetres and to stably run in a strong magnetic field. In the past operations, the cavity reached 19MV/m peak accelerating field on axis quickly with a few hundred Gauss magnetic field. The detailed achievements of this cavity last year can be found in [1]; and in this year, one test of great importance is being carried out and I will describe it below in detail. 

201 MHz cavity test in magnetic field

In MICE, all the accelerating cavities are placed inside magnetic field in order to obtain good focusing of muon beams. In the past tests of the 201 MHz cavity, the cavity was always located at the edge of the magnetic field, which is on the order of 0.1 Tesla. In order to test its behaviour in strong magnetic field before the Harbin coupling coil [2] is done; we moved it toward the Lab-G magnetic to do the test. Note that the Harbin coupling coil acts as the prototype of MICE coupling coils, and the 201 MHz cavity will be eventually moved inside the Harbin coil for testing.
The primary goal of this test is to confirm if the 201 MHz cavity is able to run at 16MV/m peak accelerating field in a few Tesla magnetic field environments. Other requirements to be tested/confirmed are [3]: peak input RF power ~ 4.6MW per cavity; average power dissipation per cavity ~ 8.4 kW; average power dissipation per Be window ~ 100 W.  In the test, after the cavity was moved next to the Lab-G magnet, the maximal magnetic field at the Be window nearest to the centre of the magnet is about 1.5 Tesla, as the peak magnetic field on axis inside the Lab-G magnet being 5 Tesla.

Achievements

We have achieved nearly 14 MV/m at 2.5 Tesla maximal magnetic field on axis, which provides about 0.75 Tesla magnetic field at the nearest curved Be window. The X-ray radiation level also shows lower than it used to be. However, multipactoring effect was observed at entire magnetic field range up to 3.75 Tesla (~1.1 Tesla at the nearest Be window).
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	Figure 4: X-ray radiation background of the 201 MHz cavity, detected by three different detectors in MTA. Each series of dots stands for a specific detector, respectively.


Figure 4 illustrates the X-ray background radiation at 0.5 Tesla magnetic field at the nearest Be window as a function of accelerating field. Dots in three different colours represent three different X-ray detectors, respectively. On this plot, we can see the slopes of all three data series are all less than the curve with E14 dependence, which are measured repeatedly in the past on the 201 MHz cavity. Encouragingly, we may assume the field emission turns out to be less than usual, as the cavity is running in a strong magnetic field. 

E ( B STUDY

In one model of RF breakdown, the surface electric field introduces the field emission current, and when there is an angle between the current and the magnetic field, there will be torque acting on the field emitter. In normal conditions, such a torque is strong enough to break the field emitter which is the source of the plasma that may trigger the breakdown. Therefore, the orientations of the electric and magnetic fields play a critical rule in the RF breakdown study. In order to illustrate the relationship between them, the E ( B study is planned.

The approach of this study is to vary the orientation of the MTA 805 MHz cavity inside the Lab-G magnetic instead of having it parallel to the magnetic field. Figure 5 is the schematic of this test. By adjusting the orientation arbitrarily, we may reveal the dependence of the breakdown and the relative angle of electric and magnetic field.
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	Figure 5: Schematic of E ( B study with 805 MHz cavity 
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