5.2.6 Charging
Surface charge may build up on the test masses through a variety of mechanisms, including contact with dust (particularly during pump down) and/or the earthquake limit stops, removal of First Contact used to keep the optic clean during transport and handling, as well as cosmic ray showers. There is evidence from initial LIGO that charging of the optics has occurred and noise has visibly increased from hitting earthquake stops. There are several mechanisms by which the interaction between changes on the optic and charges on nearby surfaces can generate force noise on the optic. One noise mechanism is that a static charge distribution on either the optic or the earthquake stop will couple motion of the earthquake stop into forces on the optic [T080214]. Another mechanism is the noise caused by time-varying charge distributions on the optic (or the earthquake stop) resulting in time-varying forces on the optic. Gaussian noise from this mechanism can be described by a Markov process [T960137]. The result depends on the magnitude of the deposited charge and the correlation time of the deposited charge, with a smaller actuating noise for correlation times far from the reciprocal of the frequency at which the noise is being measured. These correlation times are being measured using scanning Kelvin probes operated in vacuum which measure the magnitude and distribution of surface charges and their rate of motion across a sample. Current results indicate that the correlation times depend on the type of silica, but can be very long for very clean samples, leading to current estimates that this need not be a significant noise source for Advanced LIGO. Continuing work will focus on examining a variety of silica types, different cleaning and handling methods (including ways of applying and removing First Contact), and optics with coatings. Various coatings will be characterized as they are developed in the coating research program. Understanding what sensitivity limits might come from charging and how this may depend on cleaning and handling is crucial for Advanced LIGO. Depending on results, it may prove an important area of research for upgrades. Charge may also interact with the electro-static drive to be used in Advanced LIGO causing noise or reduced effectiveness of the drive. Modeling has been started to study this, and experimental work at LASTI at MIT has begun to better understand the role of charge with the electro-static drive. There have also been two experimental verifications of a charging contribution from dielectric polarization of the fused silica [G1200853, P1000077]. Further experimental and theoretical work is planned on polarization noise. Calculations have also been carried out to estimate the force noise that might be expected from Coulomb interactions between charge accumulations on the test mass and various components in the suspension system. The earthquake stops being the closest to the test mass surfaces are of greatest concern for most issues with charge on the optic [T080214]. 
The leading solution to mitigating charge in the advanced detectors involves blowing nitrogen gas across needles at 4kV AC, which ionizes the gas externally to the vacuum chamber [G1000383, T1000135, T1100332]. The nitrogen ions, which comprise both polarities, travel through an aperture and into the vacuum tank. As this is essentially a thermally driven process, with charge on the optic attracting the appropriate polarity of ion to provide neutralization, it is unlikely that any damage to the HR coatings will occur, although tests are currently underway to assess this issue. A prototype system has been demonstrated at MIT and work is ongoing to test this technique on the monolithic noise prototype at LASTI. The discharge procedure would require approximately 1 day of downtime for the detector. In addition to the above technique, alternative discharge strategies are also being developed. 
Shining UV light on in situ optics has been investigated as a way to mitigate charge buildup. This involves testing UV LEDs, developing AC driver electronics, and performing experiments to determine if the UV can cause harm to the optics or their coatings. Coated optics are tested by subjecting them to UV light for days to weeks at a time, then are re-measured for optical absorption and mechanical loss. Results on tantala/silica optics indicate that UV can cause increased optical absorption and thus this method is not deemed suitable for aLIGO. An interesting variation of this technique utilizes the fact that charging events arising from contact with earthquake stops will deposit charge in this local region. Work at Stanford is currently underway to develop a composite earthquake stop/UV-LED package. The benefit of this approach is that the discharge can be performed without the danger of illuminating the optic surface with UV radiation.  Furthermore, there are a number of interesting coating materials for future upgrades to aLIGO and 3rd generation detectors, including AlGaP, AlGaAs, hafnia, zirconia, and others, that might allow for UV charge control, and this line of research is currently being considered. This work is being pursued by a number of groups including American University, Caltech, Glasgow, Hobbart-William-Smith, Stanford and University of West of Scotland.
Experimental work on low energy ions as a way to mitigate charge without the need for UV exposure has also been extensively studied. These ions can be brought into contact with the charged optic through either a partially directional gun or from a low pressure vent of the entire vacuum chamber. UV light is also being explored as a way to generate low energy ions, somewhat combining these two approaches. Work on utilizing a DC glow discharge to generate both polarities of charge carriers in Argon has also been shown to mitigate charge on the surface of fused silica [P1100033]. The technique uses a Faraday cup to maintain a neutral flow of ions which can be used to flow over the surface of the optic. Although tests do not show any absorption change at the level 50 ppm, the possibility of performing further tests in the Stanford photothermal common path interferometer are being considered to verify this approach. Any DC glow discharge technique is likely to be considered a backup to the above ionisation technique.
There are other ideas being developed to measure charge and eliminate it as a problem for LIGO optics. Developing and testing finite conductivity coatings for the substrate of the surface of the test masses in order to: a) distribute the charge uniformly with a time constant of less than a few hours and b) allow discharging by "UV electron photoemission wireless" conduction. Work is progressing on conductive layers composed of either zinc oxide, tin oxide [P1100018] or slightly reduced (i.e. oxygen deficient) tantalum pentoxide, and measuring the relationship between electrical conductivity, optical absorption, and mechanical loss. A "UV electron photoemission wireless conduction" system has been developed, and tests verify that it can ground the test mass to less than a 10 V potential. The UV source will consist of UV GaAs LED's and photoelectrons will be generated from the earthquake stops and from the facing surfaces on the side of the test masses. To reduce potential disturbances, no bias and or active controls will be used. Similarly, we have developed an electric field measurement system that meets following requirements: a) compatible with integration into the earthquake stops b) capable of measuring the potential of the test mass opposite the earthquake stops to an accuracy of equal to or better than 10 V. Further tests on the prototype aLIGO suspension will be pursued. 
It would also be useful to directly measure noise from charging, to confirm both the Weiss Markov-process noise model and the parameters found from the Kelvin probe work. Torsion balances, which have been used for laboratory gravity experiments and to test noise models of LISA, offer another possibility to verify Markov noise from charges. Torsion balances are well suited to this since they reach their highest sensitivity at frequencies where Markov charge noise is expected to be large. For charge studies, the torsion pendulum will need to be made entirely of an insulator, likely fused silica, which is a departure from previous experience. The LSC group at the University of Washington, which has experience with torsion pendulums through LISA and other research programs, has performed studies of charging noise [G1000367]. Additional torsion balance experiments are also being developed at University of Glasgow [G1100714] and Moscow State University. In Glasgow, a torsion bob comprising fused silica discs is being utilized to study charge motion on the surface of fused silica and the level of charge deposition when fused silica surfaces come into contact. A Kelvin probe located within the vacuum tank also allows the correlation time to be measured. Initial results suggest that the Weiss theory does give an accurate estimation to the level of charge noise [G1300213, P1300078]. Further tests are planned with zinc oxide coatings which have the possibility of providing well defined characteristic correlation times, thus allowing the level of charge noise to be varied in a reproducible way. Research at Moscow State University is focusing on the exploration of noise associated with dielectric polarization induced when an electrostatic drive (ESD) is operated near a fused silica test mass [G1200166]. The experimental setup includes a monolithic torsion oscillator with frequency of 63.1 Hz fabricated entirely from fused silica.  
There is a wide range of charging research currently underway in the LSC groups. A viable solution to the charging problem for Advanced LIGO exists and additional backup scenarios are under further development. This work is performed in conjunction with the Suspensions Working Group.
