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Effects of electrical charging on the mechanical Q of a fused silica disk

Michael J. Mortonson, Christophoros C. Vassiliou, David J. Ottaway,

David H. Shoemaker, and Gregory M. Harry®

LIGO Laboratory, Massachusetts Institute of Technology, Room NW17-161, 175 Albany Street, Cambridge,
Massachusetts 02139

(Received 16 July 2003; accepted 14 August 2003

We report on the effects of an electrical charge on mechanical loss of a fused silica disk. A

degradation of) was seen that correlated with charge on the surface of the sample. We examine a
number of models for charge damping, including eddy current damping, and loss due to

polarization. We conclude that rubbing friction between the sample and a piece of dust attracted by
the charged sample is the most likely explanation for the observed l0s2008 American Institute

of Physics. [DOI: 10.1063/1.1619544

I. INTRODUCTION when the optic is charged in particular circumstances. We
Spresent possible explanations for this change and discuss its

Experimental efforts to measure gravitational wave ) . o
relevance for interferometric gravitational wave detectors.

have been ongoing for over 40 yehend recently several
interferometers * have begun taking science data; no gravi-
tational wave signals have been observed to date. Estimatds THEORY
of the strength and rate of gravitational wave events are such . .

) . . There are a number of mechanisms by which charge on
that improvements in the sensitivity of detectors would be

. : . . n opti I X I nd ther higher thermal
richly rewarded in terms of event rates and information exo optic could cause excess loss and thereby higher therma

. o ) noise. We examine some of these mechanisms to see which
tracted from the signafsThe sensitivity of these interferom- . . .
could cause excess mechanical loss in a laboratory setting.

eters will be limited by fundamental noise sources, with ther— "= = . " i
. . . . This list is not meant to be exhaustive.

mal noise from the internal degrees of freedom in the mirrors

setting the limit at the frequency of highest sensitivity. Any A. Eddy-current damping

increase beyond what is currently anticipated for thermal

. dditional noi b d what i Scted One possible source of excess loss from charging is
hoise, or additional noise sources beyond what 1S expecte eddy-current damping between the charged sample and a
will reduce the sensitivity of advanced interferometers.

oo A . nearby ground plane. This is the mechanism which was sug-
Thermal noise is generally studied in the laboratory in- e P J

directlv. th h lcati f the fluctuation-dissipati gested as an explanation for the excess loss seen in the
rectly, through appiication ot the fluctuation-dissipation charged pendulurh. We modeled the charged sample as a

]'Eheorehm,lwhlc?h iays that thSerrBa! n0|r::‘e canhbe.pr:a:jmte oint mass placed near a ground plane infinite in extent. This
rom ¢ 1€ 10SS In t € sys_tem. tudying the mechanical 0SS 04 ng plane could represent the metallic walls of a vacuum
optics is much S|mpler in the laboratory than f:ilrect measurezpamber, or a metal capacitor plate placed nearby the sample
Tefnt (t)f thermfal noise. Lciss an bgtzhr?rzar]cterlzed ﬁy th? Y35y exciting the normal modes. The charge was assumed to
ity factor, Q, of a resonant mode, with nig _QS resulingIin— hocillate back and forth relative to the ground plane at 3 kHz,
lower thermal noise. A variety of mechanisms are thought tQ, i +is 4 typical normal mode frequency for laboratory ex-

play_tat_rolelln mtroddutcmtg me(t".hf"‘n'fal IQSIS ina fsu;ﬁ)end_e eriments on small silica samples. This oscillating charge
gravitational-wave detector optic. Intrinsic 10SSes In the Mireq 5105 g oscillating field which induces currents in the

ror mat_erlal,_ in the ?‘“afhmems to the Suspension, n th‘éround plane. These currents will suffer Ohmic losses in the
dielectric optical coating;? and through interactions with the metallic plane. This energy loss can be characterized by a
environment through electromagnetic couplings. limiting Q: '

The buildup of electric charge on interferometer optics
has been observed in LIGO. Fused silica optics are known to ~ Qjimit=27E/AE e, (1)
becomelocharged and to increase their charge OVEr MalhereAE .. is the energy loss per cycle of oscillation, and
months.” Degradation in the) of a fused silica suspension g js the total elastic energy stored in the oscillation of the

due to charging has also been observed in a penc_]ﬁlasn sample. The energy losSE,,. can be calculated using the
well as a torsionaf mode. The effect of charging on internal equations of electrodynamics.

mode thermal noise has not been well studied. The surface charge on the ground plane is found to be
We have investigated the effect of charging on the me-
chanicalQ of a normal mode of a fused silica disk. We B gld+Acoq27ft)]
observed noticeable change in the ringdown of the mode o(r,t)=- 2m(r?+d?)%2 @
whereq is the charge of the oscillating point maskis the
dElectronic mail: gharry@ligo.mit.edu average distance between the point mass and the ground
0034-6748/2003/74(11)/4840/6/$20.00 4840 © 2003 American Institute of Physics
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Charged B. Polarization losses

f: . . . .
ace Another possible source of damping associated with sur-

face charge is polarization loss. As the charge on a sample
moves relative to a ground plane, the electric field inside the
: sample will change. This changing electric field inside the
d dielectric sample causes a changing polarization. This chang-

Ground£ ing polarization can be thought of as a current of bound

charges which undergoes loss as it flows. The time-

Side View  Front View dependent electric field from a point charge of the models in

) ) ) . Sec. Il Awas examined for its effect on a fused silica sample.

FIG. 1. Model used for calculation of loss due to charging. Dimension

labels are shown for the sample radiydistance from the sample to the S,mC(_a the sample ok dlel_eCtrlc medium, the changlng_ elec-
ground plana, and the amplitude of vibratioA. The sample face which is  tric field causes the polarization of the sample to oscillate,

charged and the ground plane are also indicated. creating “bound currents,”
JE
plane,A is the amplitude of the oscillation, arfds the os- J=€oxe ©®)

cillation frequency. Figure 1 shows the relative position of

the sample and ground plane with the dimensions labeledVN€re E is the electric field.e, is the premittivity of free
Sincedoldt=—V-J. the surface current can be written: space, and, is the electric susceptibility of the sample ma-
terial. The energy loss as a function of time is found by

1 (rd integratingd? over the volume of the sample and multiplying
J(rt)y=— Ff S Lrie(r,ndre. (3) by the resistivityp.
0 The electric field used was the same as in Sec. Il A,
Taking the power loss per area to beP/gS  Which assumed a point charge next to an infinite ground
=pl28|3(r,t)?, we get plane. Using those parameters for the point charge, a fre-
quency of 3 kHz, a silica sample 380 ?m in radius,
mp (VT 2.5x 10 *m thick, and 2.& 10" ?kg in mass, a silica resis-
AE=— o Jor [J(r',t)]°drdt, (4)  tvity of 2 X 1020 m and electric susceptibility of 2.8, and a
distance between the sample and the ground plane of 5
where p is the resistivity ands is the skin depth of the 10 °m, aQ of 10*is obtained. Thi® is a strong function
ground plane. of the distance between the charge and the ground plane,
For laboratory experiments, we used the following ap-becoming 210" at 3 cm. With such a strong dependence,
propriate parameters; an aluminum ground plane with the approximations of the charge as a point and the ground
=2.7x1080Qm and 6=1.5x10 % m, a chargeq=1.6 Pplane as infinite break down for a realistic laboratory setting.
X 10" °C, distanced=2x10 3m, f=3000Hz, and sample The resistivity of bulk silica is also not that well character-
radiusr =3.8x 102 m. With these numbers, E(l) gives a  ized. This result does indicate that polarization loss in the

limit to the Q of body of a silica sample could be an important loss mecha-
nism when a ground plane is close to a charged optic.
Qiimit~ 10%°. ) A closely related loss mechanism is the polarization loss

) ) . ) ] in a surface layer of a silica sample. This is the mechanism
ThisQ Lz,_rlr;uch higher than any mod@l seen in a material 5t was suggested for the result in Ref. 12. Using the same
sample: "For normal mode ringdowns and interferometer yode| as above, but only integrating over a surface region
thermal noise this mechanism was ruled out as a relevantiih g resistivity of 2< 1010 m, the same susceptibility of
loss mechanism. _ _ ~ 2.8, and a surface layers thickness of 1, results in &Q

A second model is similar to the first but with a resistive ot 5101 This mechanism shares the strong dependence
wire between the plate and ground. This could occur wheny, gistance with the volume polarization loss, but also suf-

the wires of the exciter are disconnected from the high voltyers from uncertainties in the properties of the surface layer.
age used during excitation and grounded with a grounding

cap. The formula for surface charge on the on the plate is the ) ) i
same as Eq(2). By integrating this surface charge over the - Electrostatic coupling to a lossy mechanical
area of the plate to get a total time-dependent charge, thesr}/Stem

differentiating with respect to time, a current that would flow  There could be an electrostatic coupling between surface
through the wire], is obtained. The valuAE is found  charge on a sample and a nearby charged insulator. This
by usingP=12R for power loss and integrating over one  could occur if the insulation on wires in the exciter becomes
cycle. For similar laboratory values as above, with a wirecharged as well as the silica sample. If motion of the surface
resistanceR=1Q, a Q;; of ~10% is obtained. This is charges can cause motion in the insulator, loss can occur
similarly higher than any reasonable mate@gland thus we either from rubbing friction between parts of a mechanical
can conclude that loss due to induced currents flowing in &tructure or simply internal friction of the insulator material.
wire between a plate and ground also has a negligible effect This can be modeled as a coupled oscillator in which the
on thermal noise. oscillation of the sample induces vibration of the insulator.
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The equations of motion can be solved to determine the en- a) Side View b) Front View
ergy lost to the insulator. Using a charge on both the sample )

and the insulator of 1610 °, a sample mass of 0.26 kg, an !—‘ m
insulator mass of 2810 2kg, a separation of 10 °m, & —Collee——

a frequency of 3000 Hz, a spring constant between the insu- i J'

lator and mechanical ground of %40’ N/m, and a loss YR U
angle for the insulator of 1072 results in aQ of 2 ;——Fibcr;{

x 10°. Certain parameters for this model, notably the stiff- {\ I

ness and loss angle of the insulator, are not well known for a ‘\ ) Bob L

Y
\

Sample /L\

£ \ /

™ Motor -

laboratory setting. Despite this, the high predict@dom- l
pared to sample internal friction suggest this should not be
an important loss mechanism. ‘

D. Rubbing with dust particles

Another possible source of loss is rubbing between q . .
. . . FIG. 2. Setup used for these experiments. The sample is suspended below a
dust particle and the sample. This can be correlated Withyi, fiber of silica welded to a massive bob which itself is supended below

surface charge because a charged sample could attractaailica fiber welded to a silica mass held in a collet. Next to the sample is
charged dust particle, making the chance contact betweeih exciter made from two wires wrapped around a ground plane. The exciter
dust and sample far more likely when they are charged Théan be moved relative to the sample by the piezoelectric stepping motor. The

e o ) oscillations in the sample are read out using stress polarimetry with a polar-
friction force between the sample and a material in contacged HeNe laser as the probe.

with it can be written

Fi=—uNv/|v|, () age of 500 V was placed on one of the two wires while the
whereF; is the frictional force,u is the coefficient of fric- other was held at ground. This creates a diverging electric
tion, N is the normal force between the two materials, &nd field near the exciter and inside the glass dielectric. An ac
is the velocity. This velocity dependence results in a force ofield with peak amplitude 500 V at the normal mode fre-
constant magnitude in the opposite direction of the relativeguency is then applied to the high voltage wire. This ac field
velocity. Solving the equation of motion for a system with couples to the polarization in the glass to give a force on the
this force results in a sinusoidal oscillation with a linearly sample at the normal mode frequency. The electric field and
decaying amplitudé® the exciter can interact with any charge on the sample.

. The test sample was suspended by a monolithic, fused

X(t)=[ Ao~ pNU(m*fom) Jsin( 2ot + 6), ®)  silica suspension of thin fibers and a single isolation Hob.
wheref is the frequency of the oscillatior\, is the initial  The suspension is held on top by a collet attached to an
amplitude of oscillationm is the sample mass, artlis an  aluminum stand. The monolithic fiber-bob suspension keeps
arbitrary phase. Linear amplitude decay of this type is knowrexcess loss from recoil damping or rubbing at interfaces
as Coulomb dampinf This distinctive form of decay al- from affecting theQ measurement. The entire setup is con-
lows Coulomb damping to be distinguished easily from othettained within a vacuum bell jar which is pumped down to at
sources of loss. According to E(B), the amplitude of vibra- least 10 Pa and typically about 810" “Pa to avoid loss
tions in a Coulomb damped system will decrease byfrom gas damping. The experimental setup is shown in Fig.
,uN/wszm per cycle. Thus the rate of decay should decreas@. This experimental setup is similar to ones used in previous

linearly as the normal force is reduced. experiments and is more fully described th&té2?

The sample’s normal mode amplitude is read out versus
lIl. EXPERIMENT time using a stress polarimeter. A polarized HeNe laser is
A. Method passed through the sample where stress induced birefrin-

gence changes the laser’s polarization. After passing through
To test these sources of loss, we measured the mechani-\/4 plate, the beam’s polarization oscillates at the mode
cal quality factor,Q, of a charged fused silica disk. The disk frequency with an amplitude proportional to the mode am-
was 76.2 mm in diameter by 2.5 mm thick, made from Corn-plitude. This signal is read out using a polarizing beamsplit-
ing 7980, Grade 0-A silica. We found the frequency of ater and two photodiodes. The signal is passed through a
normal mode of vibration, excited this mode, and measuredurrent-to-voltage amplifier and then heterodyned to about
the ringdown. From the decay time of this ringdown we were0.3 Hz by a lock-in amplifier. Finally, the data are passed to
able to determine the effect of the charge on loss. The normain analog-to-digital converter and recorded on a PC.
mode measured was time=1, {=0 mode, with a frequency The data stored on computer are typically of the form of
of 4100 Hz. a damped sinusoid. Most sources of loss cause an exponen-
The mode was excited using a comb capatitftex- tial decay to occur in the mode amplitude, so the data can be
citer. This consists of two wires wrapped side by side aroundit to
an aluminum ground plane. This exciter was placed close to o
the sample, typically about 1 cm, but we were able to change X(t)=e""7sin( 2t gemod + 6), ©)
this distance using a piezoelectric stepping motor. A dc voltwhere 7 is the decay timef 4moqiS the frequency after de-
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modulation, and is an unimportant phase. From this fit, the
decay timer can be determined. This characterizes the loss, 3
reported as the dimensionless value:

Q=mfyr, (10

where fg is the normal mode frequency. We also observed
linear decay in the mode amplitude, where the data can be fi
to

. Exponential Decay

itrary)

X(t) = (Mt+ Ag) SN 277f gomod + 6). (1)

This behavior is characteristic of Coulomb dampifig.

To control the charge on the surface of the sample we
used two techniques. First, an ionized-nitrogen spraygun,
which could be used on the sample to either increase or
decrease the charge. It is difficult to control exactly where on
the sample’s surface the charge ends up, so for studies in 3,500 1000 1500 2000 2500 3000 3500 4000
volving charge distribution we used a small piece of silk Time (s)
cloth. Gently ru.bblng. the sample with the. silk allows a FIG. 3. Typical modal ringdown when the sample is limited by the internal
charge to be built up in the rubbed area. This allowed us t(?riction of the silica. The envelope is exponential in shape.
create a high charge density region in the center, for ex-
ample, while leaving the edges of the sample with low
charge. We also used the silk cloth to get greater charg
densities across the entire face of the sample.

The distance between the exciter and the sample coul{(ﬁ

Amplitude (arb

ttainable was very low and thus, we rubbed the surface of
the sample using a piece of silk cloth. The electric field was
easured to be 1:710° V/m at a distance of-2.5 cm from

e sample surface, approximately 5 times higher than attain-

be controlled very precisely using a piezoelectric steppin . ) i P
motor. The motor was measured to move at<11D °m/s, gaple with the ion spray. Agsumlng an infinite charge plane
this converts to a minimum charge density of 1.5

about a millimeter per minute. Thus, by simply measuring iy . .
the time the motor was engaged, we could tell how far the>< 10"® C/nv. The ion spray was subsequently used to dis-

exciter had moved to within a few tens of microns. The zeroCharge the surface. Next we varied the distribution of the

8harge on'the surface. Thg genter of the sample g/vas charged
the sample. This could be determined by observing when th\é\”th. the .S"k CIOt.h’ .tq a minimum valye 0.f>910 Cint,
low frequency pendulum mode oscillations of the sampleagaln using the _|nf|n|te plane approximation. We _then gave
stopped due to contact with the exciter. the _sample a unlf_orm charge and mfaasurethahlle the

exciter was left with a dc voltage. This was to test the effect

of a static force acting between the sample and the exciter
structure.

To test the effect of charge on thermal noise, we per-  Finally, we gave the sample a uniform charge and varied
formed ringdown experiments. We changed various paramthe distance between the exciter and sample. No change in
eters, including surface charge density, surface charge distrihe ringdown was observed until the exciter came very close
bution, and distance between the exciter and the sample, to
determine which, if any, of the phenomenon described in \ Linear Decay
Sec. Il was affecting th€. 4210 —_——

To start, we collected) data without any charge on the
sample. A typical ringdown from these measurments is 3+

shown in Fig. 3. The result is an exponential ringdown with

B. Trials

a quality factor of ,§ 2r
Q=13.3x1(". (12 £ 1

This measured showed no dependence on the distance be- & ol
tween the exciter and the sample, including down to separa-
tions below 300um (see below = b

We measured th& under a variety of charging condi-
tions. The sample was charged using the ionized nitrogen ~ 2]
spraygun, to give a uniform charge on both sides of the
sample. To obtain an approximate value for the surface
charge density we used an lon Systems Model 775 Periodic
Verification System electrostatic field meter. This gave an 0
indication of the sign of the charge, as well as providing a
method of verifying whether the charge density before ang:g 4. Typical modal ringdown when the sample is limited by the charge-
after the experiment remained the same. The charge densityrrelated loss mechanism. The envelope is linear in shape.

tude

Ampl

|
W
g

10 20 306 40 50 60 70 80 90 100 110
Time (s)
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TABLE |. MeasuredQ's for varying surface charge densities on the silica 0 T LI
disk. The charge density was calculated from a measured electric field. 2 .
o
o 8
Charge densityuC/n?) MeasuredQ -1 ° g
30 12.9x 1¢° 0
920 12.9x 10° E -2t s
200 13.1x 10° 3
. > o
S Q
59
A R . . ©
to the sample, within about 30@m. Within this distance, g R
Q

two changes were observed; the ringdowns went from ang —4; o
exponential shape to linear, and the characteristic time for a®

ringdown dropped precipitously. A graph of a typical linear  -s}
ringdown from when the exciter was very close to the
sample is shown in Fig. 4. The change in ringdown versus _ , , , . . . . l
distance between the sample and the exciter inside this clost -3¢ 0 50 100 150 200 250 300 350 400

region was investigated. Distance (um)

FIG. 5. Slope of the linear envelope of the decay vs distance from the

sample. Zero distance is arbitrarily set as the closest point at which data
were taken. There is a correlation between slopes closer to 0 and greater
_distance between the sample and the exciter.

C. Results

In order to investigate eddy current damping, polariza
tion loss, and coupling to a lossy mechanical system, all
discussed in Sec. Il, we measur@dversus charge density. V. IMPLICATIONS
The results, shown in Table I, indicate that the mechanical . ) )
loss in silica is unaffected directly by charge on the surface The silica test masses currently installed in the LIGO
in our experimental setup. vacuum system are knowr) to become chargt'ed.' Measure-
To test the hypothesis that the charged sample Wagﬂgnt, control, and mechanical structures lie Wlth|n ;everal
coupled to the lossy exciter structure, we tried varying the ddnilimeters of the surface of the suspended optics. This com-
voltage on the exciter during the ringdown of a Chargedbmatlon of a charged sample and relatively close prOX|m|ty
sample. The results shown in Table Il indicate that thist© & Separate body could allow for Coulomb damping from
mechanism did not contribute to the loss in our setup. ~ dust spanning the gap. In our laboratory experiments we
The only trial that gave results different from the un- never observed any Coulomb damping when the distance

charged sample was with the exciter extremely close to th@&tWeen the exciter and the sample was this large, however.

charged sample. Based on the linear shape of these rinj—he LIGO vacuum chambers are always surrounded by class

downs, Coulomb damping from dust rubbing against th 00 porta?'e clean rooms whenever the Champers are
sample, discussed in Sec. 1 D, is the best fit of all the modelgPened. Itis much less likely that dust could contaminate the

discussed in Sec. Il. None of the other models predict thid!GO Optics than the sample we measured in an open labo-

linear decay shape. All of these other models are consisteigtCTY- It is unlikely that conditions similar to what we expe-

with no observable effect for some reasonable collection of'€"ced in the laboratory would allow for dust to cause Cou-
parameters. lomb damping on the LIGO test masses.

The Coulomb damping model predicts that the slope of The vacuum chamber walls and the metal support struc-

the linear decay envelope should follow E8). This equa- tulres afrounr? ms(tjalleq LIGO op?cr? could daCt as grou?d
tion says that the slope gets steeper as the normal force pelanes for charged optics. None of these conductors are close

tween the sample and the exciter increases. The normal for(,‘i‘é1ough to any optic for the polarization losses discussed in

between the dust and the sample is caused by either tHSC: IIB to be important. The chamber walls are meters

spring constant of the dust itself, or of the pendulum susper@Way While the support structure is tens of centimeters.
We did not investigate, either theoretically or experimen-

sion of the sample. As the exciter is moved closer to the X )

sample, the normal force will increase in either case. Thd@lly, any noise sources beyond excess thermal noise that

slope of the linear ringdowns versus distance between thE0Uld be caused by charged optics. Itis possible that patchy
charge densities could have thermally driven fluctuations. In-

exciter and the sample is plotted in Fig. 5. This figure sug- ) th b d ol back d eloctri
gests a correlation between low slope values and distance, ffiractions with nearby ground planes or background electric

agreement with Eq(8) fields could then cause noise in the interferometer. This pos-
o sibility may require further study if charging of optics con-

TABLE Il. MeasuredQ's for varying dc voltages on the exciter while the tinues to be a prOblem'

silica disk was charged to 30C/n?.

Exciter dc potential(V) MeasuredQ ACKNOWLEDGMENTS
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