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We describe a technique based on photoemission for controlling the charge of the Gravity Probe B 
electrostatically suspended gyroscopes, and three methods for measuring this charge. Charging is 
caused by cosmic radiation in orbit and by enhanced field emission in ground testing. Errors induced 
by disturbing torques require the potential of the gyroscope to be smaller than 15 mV (15 PC) during 
the space experiment. The disturbing drift rate produced by measuring and controlling the charge in 
orbit is smaller than lo-l3 deg/h, as compared with the lo-** deg/h systematic drift rate of the 
gyroscope. The charge control technique is based on ultraviolet photoemission of electrons from 
both the gyroscope and a charge control electrode on the gyroscope housing. We demonstrate the 
effectiveness of this method in ground testing and therefore its suitability for the space experiment. 
Calculations indicate that heating by absorbed photons is, in the worst case, smaller than 1 nW and 
thus not a problem for the experiment. The principal charge measurement method is based on the 
determination of the control effort needed to balance a force modulation applied to the suspension 
electrodes. This technique is insensitive to pickup from the suspension system and to gyroscope 
miscentering, and is independent of the gyroscope acceleration. We demonstrate that the force 
modulation method is suitable for charge monitoring in orbit with an accuracy equal to or better than 
4 mV. 0 I995 American Institute of Physics. 

I. INTRODUCTION 

This paper presents the techniques developed to measure 
and control the charging of the Gravity Probe B1 (GP-B) 
gyroscopes. Charging significantly degrades gyroscope per- 
formance and, if not controlled, can jeopardize the experi- 
ment. While specifically developed for GP-B, these tech- 
niques are generally applicable for noncontact bipolar charge 
measurement and control of levitated systems. 

GP-B, also known as the Stanford Relativity Mission, is 
designed to provide a fundamental test of the theory of Gen- 
eral Relativity by measuring the geodetic and frame- 
dragging effects of the Earth on the precession of very pre- 
cise gyroscopes in a 650 km altitude polar orbit. S&i@ has 
calculated the relativistic precession ti for a gyroscope in a 
circular Earth orbit to be 

3GM 
fi=2C2R-3 (Rxv)+ (1) 

where R and v are the location and the orbital velocity of the 
gyroscope, and I, M, and i;, are the moment of inertia, the 
mass, and the angular velocity of the Earth. 

The first term represents the geodetic effect. It causes a 
6.6 arcseclyr precession rate for the 650 km polar orbit of the 
GP-B gyroscopes, and it is due to the motion of the gyro- 
scope through the curved space time around the Earth. The 
geodetic effect will be measured to about two parts in 105, 
thus providing the most precise test to date of any of the 
positive predictions of general relativity. The second term 
represents the effect due to the dragging of the inertial frame 
by the rotation of the Earth. It results in a precession rate of 
0.033 arcseclyr, to be measured with a precision of about 
1%. This will represent the first measurement of the frame 

dragging effect. The two precessions are measured by refer- 
ring the local frame, determined by the gyroscopes, to the 
universal inertial frame, determined by a telescope pointed to 
a remote star, namely HR5110. Note that the proper motion 
of the star must be determined in a separate experiment. The 
experiment will be placed in a drag-free satellite.3 As shown 
schematically in Fig. 1, the polar orbit will result in orthogo- 
nal geodetic and frame-dragging precessions, thus signifi- 
cantly simplifying the data analysis. 

Figure 2 is a schematic exploded view of the gyroscope 
Andy its housing. The gyroscope consists of a 1.9 cm radius 
fused quartz sphere coated with a 1.3 ,um film of niobium, 
enclosed and suspended in a fused quartz housing.4 Three 
orthogonal pairs of sputtered thin film electrodes are coated 
on the housing cavity. The spacing from the electrodes to the 
centered gyroscope is 32 ,um and the suspension is based on 
applied electrostatic forces. The area between the electrodes 
of the gyroscope housing cavity is coated with a 2000 A film 
of titanium in order to avoid buildup of electric charges on 
the fused quartz. This film also serves as an additional dc 
support electrode in the ground testing of the gyroscope. It 
increases the total electrostatic support area, thus decreasing 
the required support field. The gyroscopes will have a drift 
rate of less than 0.3 marcsec/yr (lo-” de&h). Figure 3 rep- 
resents schematically the four gyroscopes, the drag-free sen- 
sor, and the telescope assembled in a quartz block which is 
used for alignment and mechanical stability. This instrument 
assembly is inserted in a vacuum probe which in turn is 
enclosed in a 1500 /’ superfluid liquid helium flight dewar. 

The readout system is based on the spinning supercon- 
ducting shell of the gyroscope producing a magnetic dipole 
moment, also known as the London moment,5 which is 
aligned with the instantaneous spin axis (and consequently, 
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FIG. 1. GP-B geodetic and frame-dragging precessions predicted by Gen- 
eral Relativity. 

for a very good sphere, with the angular momentum vector). 
Changes in the orientation of the angular momentum cause 
variations in the magnetic flux through a pickup loop, which 
are measured by a superconducting quantum interference de- 
vice (SQUID) coupled magnetometer. 

The GP-B gyroscopes are required to operate in two dis- 
tinct regimes; in full Earth gravity (lg) for the purpose of 
development and testing, and in the ultralow acceleration 
environment (<10B7 g) achieved during the 18-months sci- 
ence mission flight. An additional requirement limits the 
fluctuations of the temperature difference between the gyro- 
scopes and the 2 K gyroscope housings to less than 2 K. This 
last requirement ensures the dimensional stability of the gy- 
roscope and limits the amount of helium desorption from its 
surface. 

Gyroscope levitation on the ground, in the 1 g environ- 
ment, requires voltages of about 1000 V peak value for the 
electrostatic suspension. This corresponds to electric fields of 
the order of 3X107 V/m between the gyroscope and the sus- 
pension electrodes, a value at which electron field emission 
becomes significant.6 The field emission current can be as 
large as 1 nA, resulting in a worst-case charging rate of 
1 V/s (1000 pF total gyroscope capacitance), and a maximum 
gyroscope potential of about 500 V. In good quality gyro- 
scopes these values are <l pA and <30 V, respectively. For 
the niobium-coated gyroscope and the titanium-coated elec- 
trodes the emission current is predominantly in the gyro- 
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FIG. 2. Exploded view of the GP-B quartz gyroscope assembly. 
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FIG. 3. Schematic view of the GP-B instrument with vacuum probe and 
dewar. 

scope direction, resulting in a negative charge accumulation. 
Charge control in this regime would therefore typically re- 
quire removal of the negative charge from the gyroscope. 

The increased electric field stress due to the addition of 
the gyroscope potential to the suspension voltage can result 
in electric breakdown and possible de-levitation. In addition, 
we observe a strong correlation of the gyroscope charging 
with an anomalous, spin-speed independent, spin-down rate. 
We attribute this spin down to a hysteretic loss mechanism 
dependent upon gyroscope charging. The goal for ground 
testing charge control is zero gyroscope charge for the case 
with no supplementary dc support, or zero gyroscope voltage 
for the case with dc support. 

The peak acceleration level on the gyroscope in the 
space mission drag-free satellite is of the order of 10m7 g 
(due to the gradient in the Earth’s gravitational field), result- 
ing in suspension voltages of about 0.3 V peak value, and 
electric fields of lo4 V/m. No field emission takes place in 
these conditions. The electrostatic suspension system allows 
for five overlapping suspension levels between 1 and 10v7 g. 
Gyroscope charging in space is caused by three mechanisms: 
cosmic radiation, gyroscope levitation, and gyroscope spin 
up. Cosmic radiation charging is caused mainly by high en- 
ergy protons stopping in the gyroscope. The primary electron 
flux is eliminated by the approximately 20 g/cm2 aluminum 
equivalent shielding, while the production rate of secondary 
electrons is significantly smaller than unity. Cosmic radiation 
causes the gyroscope to charge positively with a rate of about 
6x10’ protons/yr (-1 V/yr). This value is above the 0.3 V 
suspension voltage, and well above the 15 mV maximum 
gyroscope potential allowed for in the experimental error 
budget for the Newtonian torques. 

The amplitude and sign of the charging due to gyroscope 
levitation and spin up are difficult to estimate. However, this 
charging occurs only at the beginning of the experiment, 
when the helium gas pressure is above lop6 mbar and there- 
fore the gas conductivity is significant. Under these condi- 
tions charge control UV power of up to 1 VW are allowable, 
as compared to 1 nW during the high vacuum (lo-‘* mbar) 
main experimental period. Charge control in space requires 
therefore neutralization of the positive charging during the 
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main sequence of lhe mission, and neutralization of a charge 
of unknown sign and with amplitude of up to 6X lOlo protons 
(-10 V) at the beginning of the mission (following the ini- 
tialization operations of levitation and spin up). 

The charge control technique we developed for GP-B is 
based on ultraviolet photoemission of electrons from both 
the gyroscope and a charge control electrode on the wall of 
the gyroscope housing. It has the capability of both adding 
and removing electrons to and from the gyroscope, thus con- 
trolling both positive and negative gyroscope charging. In 
this paper we demonstrate the effectiveness of this technique. 
Calculations indicate that gyrosco>e heating by absorbed 
photons should be, at worst, comparable to the heating 
caused by cosmic radiation whi.ch constitutes the main 
steady-state charging mechanism. Thus the temperature of 
the gyroscope will remain in the allowable range of 2-4 K. 

We use three methods for the measurement of the gyro- 
scope charge. 

The principal charge measurement method is based on 
measuring the gyroscope motion induced by a force modu- 
lation applied to the electrodes. The modulation frequency is 
about 1% of the suspension system bandwidth, with equal 
amplitudes and 180” phase difference for opposite elec- 
trodes. This method is insensitive to pickup from the suspen- 
sion system and independent of the gyroscope acceleration. 
Measurements indicate that the force modulation method is 
suitable for charge monitoring in orbit, achieving a gyro- 
scope potential measurement accuracy of 4 mV (4pC). This 
method is being implemented in the baseline suspension sys- 
tem design for GP-B, and will be used for charge measure- 
ment both in space and on thesground. 

The second method, referred to as the 012~ technique, is 
based on measuring the components of the gyroscope motion 
at the suspension system frequency and at twice this fre- 
quency (along each of the three suspension axes). For a cen- 
tere,d gyroscope the charge is then proportional to the ratio of 
these two measurements, and is determined redundantly by a 
three-axis measurement. This method does not require any 
additions to the suspension electronics. Its main disadvan- 
tages are (a) linear dependence on the gravitational accelera- 
tion, which makes it unusable in orbit, and (b) sensitivity to 
pickup from the suspension system signal. The accuracy of 
this method is about 30 V (30 nC) in Earth gravity condi- 
tions, making it well suited for ground testing. 

The third charge measurement method makes use of the 
supplementary dc suspension electrode used in specialized 
ground tests. We determine the gyroscope charge by measur- 
ing the dc support voltage needed to reduce the ac support 
effort to zero. This technique has an accuracy of about 5 V 
(5 nC), and is used for ground testing with supplementary dc 
support. It is not usable in space. 

II. GYROSCOPE CHARGING MECHANISMS 

The principal gyroscope charging mechanism during 
ground testing is the enhanced field emission caused by the 
large electric fields (3 X 1,07 V/m) required for levitation. The 
asymmetry in the enhanced field emission between the nio- 
bium coating of the gyroscope and the titanium coating of 
the electrodes results in a predominantly negative charging 

10-16 - 

g 1047 - 

2 
L I@3 - 

lO-‘9 - 

lo-20 1 I I I I I I 
2.2 2.4 2.6 2.8 3.0 3.2 3.4 

IN (1N x 104) 

FIG. 4. Fowler-fiordheim (Ref. 6) plot for a suspension electrode Mayer 
coating: Ti(100 nm)-Cu(2500 nm)-Ti(250 nm). The field enhancement factor 
p equals 18. 

of the gyroscope. Testing has confirmed that the current flow 
in the gyroscope follows the. field dependence given by the 
Fowler-Nordheim formula6 for the field emission current IF 
(A> 

ZF=C1A,(EP)2e-C2’(EP), (2) 

C2=(6.53X10g)@5 3 @b) 
where A, (m2) is the emitting area, E (V/m) is the applied 
electric field, p is the enhancement factor due to surface 
irregularities, and (p (eV) is the work function for the metal 
(typically 4-4 eV). 

Figure 4 shows the Fowler-Nordheim plot measured 
with a gap of 25 ,um for the standard electrode trilayer film 
of Ti(100 nm)-Cu(2500 mn)-Ti(250 nm). The field enhance- 
ment factor p for the electrodes is typically around 20, while 
the niobium gyroscope coating has a p factor lo%-20% 
lower. Figure 5 shows the applied electric field (at 25 pm) 
which produces a 2 pA field emission current for various 
films tested for the gyroscope and the suspension electrodes. 
Notice the difference between the gyroscope coating and the 
best electrode coating Ti-Cu-Ti. The exact field emission cur- 
rent depends also on the preparation of the surfaces and on 
their conditioning under high electric fields. Coatings con- 
sisting of seven-layer sandwiches of titanium and copper fur- 
ther reduce the enhanced field emission.7 The GP-B flight 
gyroscopes do not exhibit measurable charging (less than 
10 V potential) during ground testing for both room tempera- 
ture a&l liquid helium temperature operation. 

Cosmic radiation is expected to disturb a number of ex- 
perimental subsystems: the electronics, the readout system, 
and the gyroscopes themselves. The electronic system will 
be made immune to single event upsets and latch ups. Pos- 
sible cosmic radiation induced readout effects include 
trapped flux movement and generation in the SQUIDS and 
the superconducting pickup loops. GP-B studies show that 
these effects are too small to influence the accuracy of the 
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FIG. 5. The electric field required for an electron field emission current of 
2pA for different electrode and gyroscope coatings. The measurements in- 
dicate the repeatability of the experiment. 

experiment. The radiation effects on the gyroscope are: heat- 
ing, charging, torquing by momentum transfer, and induced 
flux motion in the gyroscope coating. The torques produced 
by cosmic radiation are negligible, while gyroscope heating 
and trapped flux motion are manageable and are the subjects 
of ongoing investigations. This paper concentrates on the 
solution of the problem of gyroscope charging by cosmic 
radiation only. 

Cosmic radiation is the principal continuous source of 
gyroscope charging during the GP-B science mission. Figure 
6 shows the daily flux rates of protons and electrons for the 
GP-B orbit at 650 km altitude and 90” inclination. The 
trapped particle flux is given by the NASA/NSSDC models’ 
AP-8 for protons and m-8 for electrons, while the solar 
proton flux9 is the mean expected level for the year 2000, the 
projected GP-B flight date. 

The gyroscope shielding is about 20 g/cm2 aluminum 
equivalent, allowing only electrons with energies in excess 
of about 55 MeV to reach the gyroscopes. There are no 
trapped electrons at these energies, and consequently the 
problem of charging by trapped electrons is eliminated. In- 
terplanetary electrons will contribute to the negative charg- 
ing of the gyroscopes. However, their flux at around 55 MeV 
is more than two orders of magnitude smaller than the proton 
flux at energies which penetrate the shielding, making this 
contribution to charging negligible. We conclude therefore 
that the primary contributors to gyroscope charging are the 
trapped and solar flare protons, and we proceed to calculate 
the charging rate. 

Inverting the Bethe-Bloch formula” for energy loss 
dTldx per distance traveled in a material, we obtain the pen- 
etration range R 
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FIG. 6. Cosmic radiation background for the GP-B satellite (Refs. 8 and 9). 
The solar proton flux is the yearly averaged median for the year 2000. 

1 
dT, (3) 

where T, m, v, e, and y are the kinetic energy, mass, ve- 
locity, charge, and relativistic y factor of the proton, and 
n=NAZIA and I are the electron density and the average 
ionization potential of the material. 

We are interested in the energy range of protons that 
come to a stop inside the gyroscope after passing through the 
materials of the science mission probe assembly. This range 
is 140-205 MeV. Using the proton fluxes of Fig. 6, we 
obtain a total flux of stopped protons of about 6X10’ 
protonslyr, where about half of the flux is contributed by the 
solar protons. This translates into a positive potential in- 
crease rate of 1 V/yr, which would exceed in one week the 
limit of 15 mV for the operation of the GP-B gyroscopes. 

We consider next the mechanism of negative charging of 
the gyroscope by secondary electron emission. Protons will 
ionize atoms in their path and generate electrons with an 
energy smaller than 1 keV, corresponding to a maximum 
range in quartz of about 10 ,um. The flux of secondary elec- 
trons @‘e is given by 

@,= d@,,(T) 7 Y( T)d-T, 

where Q,(T) and Y(T) are the energy-dependent proton flux 
at the gyroscope surface and the energy-dependent produc- 
tion rate of secondary electrons.” The integration results in a 
yield of 0.025 electrons per proton for the energy distribution 

Rev. Sci. Instrum., Vol. 66, No. 1, January 1995 Charge control 123 

Downloaded 22 Mar 2008 to 171.66.179.251. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp



of the trapped protons, and a yield of 0.050 electrons per 
proton for the solar flare protons. Charging by secondary 
electrons can be thus neglected, leaving the gyroscope charg- 
ing at plus 1 VJyr. This result has been checked by interpo- 
lating the charging data for the drag-free sensor of the 
CASTOR/CACTUS experiment” (230 km perigee, 1250 km 
apogee, 30” inclination) to the GP-B orbit. For both missions 
the main trapped proton flux is due to the South Atlantic 
Anomaly,13 the region of minimum magnetic field and con- 
sequently of maximum trapped proton density. 

‘Itvo additional charging mechanisms are caused by gy- 
roscope levitation (separation of dissimilar metals) and by 
the spin up of the gyroscope with helium (partially ionized 
gas). The magnitude and the sign of the charging due to these 
mechanisms is difficult to predict; however, experiments 
place an upper bound of 230 V on the gyroscope charging 
they produce. Both of these effects take place in the initial- 
ization stage of the experiment, during which the thermal 
constraints on the gyroscopes are much less severe than dur- 
ing the actual experiment. 

III. ULTRAVIOLET PHOTOEMISSION CHARGE 
CONTROL TECHNIQUE 

We have considered several nonintrusive charge sources 
for GP-B charge control, including radioactive sources, ion 
sources, and Spindt-type field emission cathodes,14 but have 
selected UV photoemission as our charge source for the fol- 
lowing reasons: 

(a) Both positive and negative charge flow is easily ob- 
tainable through appropriate biasing of a charge con- 
trol electrode. 

(b) The UV source is easily controlled. 
(c) The UV flux can be “piped in” via fiber optics from 

a remote UV source to the restricted access region 
near the gyroscope. 

Figure 7 shows a schematic of the basic W photoemis- 
sion charge control concept. Both the surface of the gyro- 
scope and the surface of a charge control electrode are illu- 
minated with W light, inducing photoemission from both 
surfaces. The direction of the resulting charge flow is con- 
trolled by appropriate biasing of the charge control electrode 
with respect to the gyroscope surface. Experimental consid- 
erations dictate that the gyroscope surface be a sputtered thin 
film of niobium, but we are free to choose the material of the 
charge control electrode subject to the standard constraints 
on hardware near the gyroscope: nonmagnetic, very clean, 
and nonsuperconducting at the experiment temperature of 
2 K. 

Due to UV power limitations imposed by fiber optic cou- 
pling, the primary consideration for selecting a charge con- 
trol electrode material is clearly its quantum efficiency (the 
average number of photoelectrons emitted by a surface per 
incident photon). Figure 8 shows the quantum efficiency as a 
function of photon wavelength for various pure metal sur- 
faces prepared in vacuum.15 It indicates large differences in 
quantum efficiency between various metals, with Be and Mg 
apparently being the most promising candidates as charge 
control electrode materials. At the 253.7 nm line of Hg arc 
lamps, for example, Be and Mg have quantum efficiencies in 
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FIG. 7. Schematic representation of the UV charge control arrangement for 
the GP-B gyroscopes. 

the 10-r-10-’ range while niobium (which is taken to be the 
same as V, Ti, and Cr) should be in the 10-5-10-6 range. 

In practice, though, it is impossible to prepare and main- 
tain the metal surfaces near our gyroscope in vacuum, so we 
might expect large deviations from this data due to oxide 
layers and other contaminants on the surfaces. We have mea- 
sured the quantum efficiencies of various samples prepared 
in conditions which reflect the preparation and cleaning pro- 
cedures for the gyroscopes. The apparatus was at room tem- 
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FIG. 8. Photoelectric quantum efficiency for some metals as a function of 
wavelength (Ref. 15). 
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FIG. 9. Schematic of experimental setup for the I-IV photoemission effi- 
ciency measurement. 

FIG. 10. Schematic of experimental setup for the measurement of UV gen- 
erated currents in the gyroscope. 

perature and the pressure in the region of the sample was on 
the order of 10m7 Torr. Figure 9 is a schematic representation 
of this apparatus. 

As expected, the collection of photoemitted electrons 
saturated at a sample bias of 3-4 V, so all of the photoemis- 
sion measurements were taken with a 4 V bias between the 
sample and the mesh with the sample being most negative. 
Also, the mesh and the sample were floated 4 V negative 
with respect to the surrounding vacuum can. The photoemis- 
sion current was taken to be the current measured between 
the sample and the mesh. Measurement of the output of the 
ac Hg discharge lampI with an W photometer at 1.3 cm 
distance gave a value of 0.55 mW/cm’ in the 400 nm region 
for which the photometer was calibrated. From the lamp 
spectrum included in the manufacturer’s literature, we expect 
this output to be 12% of the total output in the 253.7 mn line 
of interest. Correcting for this factor as well as the sample’s 
distance and area, we calculated the total W power deliv- 
ered to the sample in the 253.7 nm line of 3.1 X10e3 W. 
Since we do not know how many reflections were taking 
place for an average photon in this system, we associate this 
total power with a minimum photon flux and hence calculate 
an upper bound for the quantum efficiency of each of the 
materials. Table I gives a summary of these measurements. 

Two aspects are interesting about these data. First, the 
quantum efficiency of all of the “apparatus-grade” materials 
is clearly much lower than the quantum efficiency of com- 
parable pure materials prepared in vacuum as described by 
Fig. 8. Second, there does not seem to be a significant dif- 
ference (more than an order of magnitude) between the quan- 

TABLE I. Upper bound on quantum efficiency for various materials pre- 
pared in gyroscope handling conditions. 

Sample material 
Measured current Upper bound of 

b-4 quantum efficiency 

Nb thin film 
NJ disk 
NbN thin film 
‘II disk 
AI disk 
Mg disk 

6.03 9.5x10-6 
6.23 9.8x1O-6 

11.99 1.9x10-s 
9.74 1.5x1o-5 
2.02 3.2X1O-6 
9.48 1.5x1o-5 

turn efficiencies of the various materials under ‘these condi- 
tions of cleanliness and environment. In light of these data, 
we tentatively selected Ti as our charge control electrode 
material since its properties are compatible with the require- 
ments of the gyroscope environment. 

Figure 10 shows the setup we used to test a prototype of 
the photoemission charge control equipment. The apparatus 
was at room temperature and the pressure in the region of the 
gyroscope and the charge control electrode was of the order 
of 10B7 Torr. Direct electrical connection was made to the 
surface of an unlevitated gyroscope with a 0.13 mm copper 
wire pressed against its surface through one of the housing 
access holes. The gyroscope’s surface was connected to 
ground through a current meter and the photoemission cur- 
rent was taken to be the current between ground and the 
gyroscope’s surface. We illuminated both the gyroscope sur- 
face and, by reflection, the surface of the charge control elec- 
trode with light from a 300 pm core W-transparent optical 
fiber. As before, photoemission in each direction tended to 
saturate at just a few volts of bias, so a bias of 3 V was used 
between the gyroscope surface and the charge control elec- 
trode with each alternating as the most negative surface in 
order to induce photoemission to or from the gyroscope sur- 
face. Three different W sources were used at the other end 
of the optical fiber: a deuterium arc lamp continuum sourcer7 
and two different Hg discharge line sources (253.7 nm) with 
different power consumption and drive circuits.18”g The re- 
sults are given in Table II. 

Due to unknown geometric factors and transmission co- 

TABLE II. Photoemission currents and equivalent gyroscope discharge rates 
with test set-up. 

time Wee 

Emission Emission 
Power from Equivalent to Equivalent 
usage gyroscope discharge gyroscope discharge 
(WI (PA) rate (V/h) (PA) rate (V/h) 

D, arca 30.0 2.16 16.20 0.09 -0.68 
ac Hg dischargeb 4.4 0.17 1.28 0.02 -0.15 
dc Hg dischargeC 2.8 0.03 0.23 NA NA 

‘Reference 17. 
bReference 16 
Qeference 18. 
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efficients, it is difficult to calculate or to measure the total 
UV flux delivered to the gyroscope’s surface in these various 
configurations, and it is even more difficult to calculate the 
flux reflected onto the charge control electrode. However, 
calculations indicate that the quantum efficiency implied by 
the measurements of electron emission from the gyroscope is 
consistent with the -quantum efficiency measurements of 
Table I. For example, the 4.4 W Hg discharge lamp is the 
same lamp used in the quantum efficiency measurements, 
where it was calculated to have an output of 4.6 mW/cm2 at 
a distance of 1.3 cm. This corresponds to a radiance of 
7.7 mW/sr, and the lamp’s bore diameter is approximately 
6 mm. The optical fiber’s core has an acceptance solid angle 
of 0.13 sr and a diameter of 300 pm, and the manufacturer’s 
literature suggests a transmission coefficient of about 0.5 for 
the 3 m length of fiber used in the experiment. This results in 
an estimated power at the end of the fiber at 253.7 nm of 
1.3 ,uW, and an upper bound on the quantum efficiency of 
1.5x 10-6. 

On the other hand, it is not known why the electron 
emission to the gyroscope is so much lower than expected. 
For example, pure niobium should reflect about 47% of the 
253.7 nm photons at normal incidence and ray tracing indi- 
cates that only about 14% of this flux should be lost back 
into the fiber. One strong possibility is that contaminants and 
oxides on the surface of the niobium coating may be drasti- 
cally reducing its reflection coefficient. This phenomenon is 
currently under investigation. 

Finally, we proved the charge control concept by con- 
trolling the static charge on a levitated, spinning gyroscope 
with very low charging using the D, lamp and a flight pro- 
totype fiber-optic fixture. Spurious charging in this system 
was negligible. The experimental sequence for demonstrat- 
ing charge control contained the following steps: (a) activate 
the UV source, (b) set the bias on the charge control elec- 
trode to 18 V, (c) allow the system to come to equilibrium, 
(d) change the bias to -18 V, and (e) set the bias to 0 V. 
Results in the form of gyroscope potential, measured using 
the force modulation technique described later, versus time 
are shown in Fig. 11. Through all of these phases, the static 
charge on the gyroscope followed the bias on the charge 
control electrode. The slope of the discharge curve during the 
transition from +18 to - 18 V indicates a photocurrent of 
about 0.2 pA, which is consistent with our direct current 
measurements on an unlevitated gyroscope as described 
above. 

In conclusion, any of these lamps would provide ad- 
equate discharge capability for the science mission given the 
very small expected charging rates described in the previous 
section. A mercury discharge lamp with very high radiance is 
currently being designed by Resonance LTD” for use in 
ground testing and in the upcoming room temperature test 
flight aboard the Space Shuttle. 

The main potential drawback of the photoemission 
method of discharging the gyroscope is the possible heating 
of the gyroscope by the UV flux. Under the high vacuum 
conditions of the GP-B experiment, 10-l’ mbar, the only 
cooling mechanism for the gyroscope is provided by thermal 
radiation. The low thermal emissivity of the gyroscope coat- 
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FIG. 11. Charge control of an operational gyroscope with a 254 nm W  
fiber-optic system and biases of + 18, - 18, and 0 V. 

ing limits the maximum power input to about 3 nW, in order 
to maintain the gyroscope temperature below 4 K. Calcula- 
tions show that the heating from the UV flux is smaller than 
or equal to the heating due to the proton flux for which the 
system is designed to compensate. Appropriate filtering of all 
the visible and infrared optical energy from the W source is 
necessary. The average energy deposited in the gyroscope 
per proton is about 50 MeV. Using the data for the worst- 
case current direction (electron emission to the gyroscope) 
and the worst-case hypothesis that the gyroscope absorbs all 
of the UV photon energy, the gyroscope must absorb 
1.3X107 photons to neutralize each proton. Since each pho- 
ton has an energy of 4.9 eV, this implies that 64 MeV of UV 
energy will be deposited for each 50 MeV proton. This is- 
equivalent to about 1 nW for the worst case in which all 
photons deposit their energy in the gyroscope. In other 
words, the UV photoemission charge control system will, at 
worst, compound the gyroscope heating problem by a factor 
of 2, to about 2 nW; an acceptable level. An alternative ap- 
proach to charge control, using field emission cathodes, is 
presently under investigation.14 

IV. w/20 CHARGE MEASUREMENT METHOD 

We start the discussion of charge measurement methods 
with the o/2? technique, as this is the most convenient way 
to develop the needed formalism. This technique is unsuit- 
able for measurements in space, and only useful for ground 
testing. The GP-B gyroscope utilizes a three orthogonal axes, 
six electrodes, ac (0/27r=2 kl&) electrostatic suspension 
technique for the 1 g experiments. The constraint on the 
suspension system is that the total current into the gyroscope 
be zero, making it a virtual potential ground 

f: VsiCsi=O, (5) 
i=l 
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where VEi and C,i are the voltages and the capacitances of 
the six electrodes. The force F exerted by one electrode (a 
spherical cap capacitor) on the gyroscope is given by 

V2 
~TR~E" T (l-cos e) 

lfcos 8 2 

d0 
2 ++1+cos 8 

+cos2 e>s 1’ ) (6) 

where R = 1.9 cm is the radius of the gyroscope housing, 
0=28.7” and V are the half angle and the voltage of the 
electrode, do=32 pm is the gap between the centered gyro- 
scope surface and the electrode, and ~0 is the vacuum dielec- 
tric constant. The second part of Eq. (6) is the linearized 
form in the parameter S, the fractional displacement of the 
gyroscope from the center with respect to the gap do. This 
approximation, valid for Ml, will be used in the following 
derivation. 

As shown in Eq. (5), a centered gyroscope with no 
charge has zero potential. However we are interested in the 
case in which a net charge has been transferred to the gyro- 
scope. For this case the total force F, applied along each of 
the axes is 

F =B l+cos~e ' T 
i 2 +++COS e+c0s2 e)s 

X(V, sin w~--V~)~ 
..~ 

( 
~+COS 8 2 

-B 2 - 3(i+~~~ e+c0s2e)t3 

X(V, sin wt- V,)2 
with 

(7) 

B=TTR'E~ 
i-c0s 8 s 

4 ) ~ 
where V, sin ot and V2 sin wt are the voltages applied to the 
electrodes, and V, is the gyroscope potential. In the lg en- 
vironment VI and V2 are of the order of 1000 and 150 V, 
respectively. The dc, wl2~=2 kHz, and 2tiJ2rr=4 kHz, com- 
ponents of FT are 

( 

q-v; 
F,,=B (lfcos e) 4 -++(WCOS e 

+COS~ e) 
v;+ v;+4v; 

3 =mg', (8) 

F,=2BV, 
v,-v, 2 

(lfcos 0) 2- - 3 ~(~+cos 8 

+cos2 e)(v,+VJ =mo2VwCw, 
i 

(9) 

vg-v; 2 
(I+COS e) 2 ---3 ~(~+cos B+COS~ e)(vf+v;) 

F2,=B 2 =4m02V2wC20, (10) 

where m=0.063 kg is the mass of the gyroscope, g’ is the 
projection of the gravitational acceleration along the axis of 
the two electrodes (g/fi~g’Sg/v’?), V, and V,, are the 
position error voltages at o and 2w, and C, and C,, are the 
error signal calibration constants at 2 and 4 kHz. For this 
suspension system the calibration constants are equal, 
c,= c,,. Consequently, Eqs. (8)-(10) result in 

8 V1V2cT(l+cos c9+cos2 0) 
-- 3 (v,-V,)(I+COS e) 3 (11) 

3 
S= I+ cos e+c0s2 e 

(12) 

where terms of order # and higher have been ignored. 
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It is, therefore possible to compute both the gyroscope 
potential and the gyroscope position from easily available 
parameters, requiring no modifications to the suspension sys- 
tem or to the gyroscope itself. Additionally, the gyroscope 
position determination can be checked against the position 
obtained from the suspension capacitance bridge data. The 
accuracy of this method is only about 30 V, limited by 2 and 
4 kHz signal pickup and the nonlinearity in the suspension 
system. Due to its simplicity this is the method of choice for 
ground-based testing when a 30 V accuracy is suitable. 

This method’s applicability to space experiments is lim- 
ited by the fact that for a centered gyroscope both V, and 
V2, are proportional to VI - V2, or equivalently to the local 
acceleration. For GP-B the reduction in acceleration from the 
ground case by eight orders of magnitude results in VI = V2 , 
and consequently makes this method unusable in space. 

V. FORCE MODULATION CHARGE MEASUREMENT 
METHOD 

This is the principal GP-B charge measurement method 
and is implemented by applying 180” out-of-phase excitation 
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voltages V, sin (a@) -to two opposite electrodes. The fre- 
quency oc is below the bandwidth of the suspension servo 
system, while the excitation voltage V, is much smaller than 
the suspension voltages V, and V,. In practice we use 
wc=5 Hz and Vc=5 V. Taking into consideration this exci- 
tation, Eq. (7) is modified to 

e+c0s2e)s 

X(V1 sin ot-VR-Vcsin6@)2 

i 

I+COS 8 2 
-B 2 

--3(i+~~~ e+c0s2 e)s 
i 

X(V,sin ot-V,+V, sin oCt)2. (74 

Using the linear approximation in S, the components of F& at 
dc, wc, and 2wc are 

F,c=2BvRvc(i+COS e), (13) 

F 2wc=:~v$(1+~~~ e+c0s2 e)s, (14) 

F;,=F&+ $v$(i f COS efCOS2 e)a. (15) 

Equations (13) and (14) reflect the advantages of this 
method. 

(a) With the excitation voltage being applied below its 
bandwidth, the servo system compensates for the external 
force applied. Thus, there is no motion of the gyroscope and 
the total electrostatic force does not change. Notice also that 
the gyroscope potential and position are fully decoupled in 
Eqs. (13) and (14). 

(b) The gyroscope potential is directly proportional to 
the control effort signal at oc . The proportionality constant 
is easily determined from the suspension system parameters. 

(c) The sign of the control effort signal at wc determines 
the polarity of the gyroscope potential. 

(d) The gyroscope potential measurement is independent 
of the gyroscope position to first order. 

(e) The gyroscope displacement from the electric center 
is directly proportional to the control effort signal at 2wc. 
This signal will be used to control the centering of the gyro- 
scope. 

(f) The gyroscope position measurement is independent 
of the gyroscope potential to first order. 

(g) This method places no constraints on the bandwidth 
and the carrier frequency of the servo system. 

In practice the gyroscope potential is determined using 
Eqs. (8), (13), and (15), in the limit &Sl 

Foe Vf-V; 
VR=x SV, ’ (16) 

where the ratio F,JFd, is equal to the ratio of the feedback 
control effort signals at oc and dc. The sensitivity of this 
charge measurement method is limited by the noise in the 
control effort signal near the frequency at which the excita- 
tion voltage is applied to the electrodes. The measured con- 
trol effort noise is low5 g/a. In space, the control effort 
noise is expected to be smaller than lo-’ g/a. If the ex- 
citation voltage is also reduced to V,=25 mV, then the esti- 
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FIG. 12. dc supplementary electrode calculation. Plotted as a function of 
Vh-Q/(C,+ CCEI) are: (1) the maximum electric field with zero supple- 
mentary support V,,, (2) the minimized maximum electric field using 
supplementary support V,Pt,, (3) the supplementary support voltage required 
for the minimization VOS@, (4) the ac electrode voltage at the optimal con- 
ditions Ir;@. 

mated sensitivity of the charge measurement system is 
AV,=O.O4 V/&or hVR=4 mV in 100 s. Considering the 
requirement that VR -- ~15 mV, this represents a very good 
gyroscope charge measurement performance, making force 
modulation the method of choice for both space and ground- 
based experiments. The force modulation charge measure- 
ment produces a gyroscope disturbing torque which scales as 
v3 VT,: with respect to the dominant electrostatic support 
disturbing torque. As V,,2=0.3 V, the gyroscope drift due to 
V, will be less than 1% of the lo-‘l deg/h drift caused by 
the electrostatic support. 

VI. dc SUPPLEMENTARY SUPPORT CHARGE 
MEASUREMENTMETHOD 

The electric fields necessary for ground-based levitation 
of the GP-B gyroscope are near the level where electron field 
emission and consequently charging occur. The peak electric 
field can be significantly reduced by using the coating cov- 
ering the upper hemisphere of the gyroscope housing (not 
occupied by the ac suspension electrodes) for additional elec- 
trostatic support. For ground testing purposes we-operate this 
supplementary electrode in a dc mode. 

Figure 12 shows the results of a calculation of the elec- 
tric fields in the gyroscope as a function of the gyroscope 
potential. Plotted as a function of gyroscope charge are: (1) 
the maximum electric field with no supplementary support, 
(2) the optimally reduced maximum electric field using 
supplementary support, (3) the supplementary support volt- 
age required for this optimization, (4) the ac electrode volt- 
age at the optimal condition. A significant reduction of the 
maximum electric stress occurs for gyroscope charging lev- 
els around vR= 0.2( VI + V,). Zero control effort, VI = V2, 
is required for the optimal reduction in the field stress of a 
centered gyroscope. In these conditions the dc excitation 
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voltage V, applied to the supplementary electrode gives a 
direct measure of the gyroscope charge. The electric poten- 
tial V, for a centered gyroscope is given by 

V,= Q+V,C,+~ V C . 
i 

’ 
i=l 

EL Ez] / (c.S+i cEi] 

=(Q+VsC,) 

where Q is the charge of the gyroscope, C, is the capaci- 
tance of the gyroscope to the supplementary electrode, and 
the second equality uses Eq. (5). The force Fs applied by the 
dc supplementary electrode to the gyroscope is 

Fs=B’(Vs- V,)’ 

=B’( ;f:;;E;)2=nzg, (18) 

where B ’ is the geometric factor describing the supplemen- 
tary electrode and mg is the weight of the gyroscope. For a 
gyroscope with Q = 0, requiring a dc excitation voltage Vso, 
Eq. (18) becomes 

B’( ~~~i)2=mg. (184 

From Eqs. (18) and (18a) the gyroscope charge Q is given by 

Q=CV,-VSO)~ CEi* (1% 
i=l 

The dc excitation voltage V,, required for the levitation 
of an uncharged gyroscope with VI = V2 (zero control effort 
of the ac suspension) is easily measured and/or calculated. 
Therefore the dc excitation voltage V, required for the levi- 
tation of a charged gyroscope at zero control effort of the ac 
suspension is a direct measure of the gyroscope charge Q. 
This result can be generalized for the case of a nonzero ac 
control effort, and for the case of a noncentered gyroscope. 
The sensitivity of this method is about 5 V. Its main disad- 
vantage is that it requires supplementary electrodes. 

In conclusion, we have demonstrated that the UV charge 
control technique coupled with the force modulation charge 
measurement method will satisfactorily solve the charging 

problem for the cryogenic GP-B gyroscopes in both space 
mission and ground testing environments. These same tech- 
niques are also generally applicable to levitating systems re- 
quiring bipolar charge control performed with a minimum of 
disturbance. 
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