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D.1 Overview
In response to NASA AO NNH07ZDA003O for 
Small Explorer (SMEX) Missions and Missions of 
Opportunity, Stanford University, NASA/MSFC,  
and associated U.S., European and Indian institu-
tions  propose to perform in Earth-orbit the Satellite 
Test of the Equivalence Principle (STEP), between 
five and six orders of magnitude more sensitive than 
any prior experiment.  

The Equivalence Principle (EP) expresses one of 
the longest known yet still astonishing observations 
in all of physics.  When two bodies fall in a uniform 
gravitational field free of other forces, their mea-
sured accelerations are identical, regardless of their 
masses or compositions.  This Universality of Free 
Fall, glimpsed by Galileo in his famous Tower of 
Pisa experiment, first rightly understood by New-
ton, has had a continuously unfolding importance 
in physics, marking off gravity from all other forces 
in Nature.  

For other forces mass has only one function, as the 
measure of inertia.  For gravity it also fulfills a sec-
ond function, as a source of acceleration.  (To be 
concrete, if magnetism had been the driving force 
in Galileo’s experiment, a glass ball would certainly 
not have fallen with the same acceleration as an iron 
ball.)  The EP has been called “one of the most in-
credible invariants in nature” (K. Nordtvedt, 1999).  
It is the founding assumption of Einstein’s theory 
of gravitation, General Relativity.  There are, how-
ever, good reasons from current models for a uni-
fied quantum theory of matter and fields, for believ-
ing that at levels below the present limits of testing 
but accessible to STEP, this ‘invariant’ may break 
down.  General Relativity, though very nearly true, 
may have evolved from some more complex EP-
violating field structure in the early Universe.  

STEP has, therefore, a direct bearing on NASA’s 
Strategic Goal 3: the study of the origins, struc-
ture, evolution and destiny of the universe.  In 
particular, it addresses three of NASA’s five Tar-
geted Outcomes through 2016 (Science Plan for 
NASA’s Science Mission Directorate 2007-2016, 
January 2007, p. 142):  

To test the validity of Einstein’s General Theory 1. 
of Relativity

To investigate the nature of spacetime through 2. 
tests of fundamental symmetries

To improve our knowledge of dark energy.  3. 

Moreover, it does this in ways complementary to 
and synergistic with the two obvious larger-scale 
methods, astronomical observatories and high-ener-
gy particle accelerators.  In addressing issues as fun-
damental and cross-disciplinary as these, it is criti-
cal not to focus exclusively on the largest distances 
and highest energies.  As the NRC Committee on 
the Physics of the Universe (Chair, M. Turner) em-
phasized in its 2003 report Connecting Quarks with 
the Cosmos:  Eleven Science Questions for the New 
Century (p. 162):  “Our study of the physics of the 
universe repeatedly found instances where the key 
advances of the past or the most promising oppor-
tunities of the future come from work on a very dif-
ferent scale.”  Specifically singling out a space test 
of the EP, the authors state (p. 163) that “null ex-
perimental results provide important constraints 
on existing theories, and a positive signal would 
make for a scientific revolution”. 

D.2 Scientific Goals and Objectives
D.2.a Statement of Goals
The EP originated in Newton’s clear recognition 
(1687) of the highly non-obvious experimental fact 
that mass fulfills two functions in physics, as the 
source of gravitation and the receptacle of inertia.  
He distinguished two quantities, the ‘weight’ of a 
body and the ‘quantity of matter’ in it—or, as we 
say, its gravitational mass m

g
 and inertial mass m

i
—

and proved by two kinds of observation, with pen-
dula and celestial bodies, that the ratio m

g
/m

i
 was 

identical for all bodies, regardless of composition.  
This fact, confirmed now to ~3x10-13, became for 
Einstein the founding principle of General Relativ-
ity (GR), in which gravity acts through distortion of 
spacetime.  

It is sometimes thought that GR ‘explains’ equiva-
lence.  That was not Einstein’s view.  His last word 
on it (1950) was “Mass is defined by the resistance 
that a body opposes to its acceleration (inert mass).  
It is also measured by the weight of the body (heavy 
mass).  That these two radically different definitions 
lead to the same value for the mass of a body is, in 
itself, an astonishing fact.”1  To quote T. Damour: 
“In spite of its impressive name, and of its having 
been put on a pedestal by part of the ‘relativity lit-
erature’, the ‘equivalence principle’ is not at all a 
basic taboo principle of physics.  On the contrary, 
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nearly all the attempts to extend the present frame-
work of physics (Kaluza-Klein, strings, supersym-
metry, etc.) predict the existence of new interactions 
(mediated by scalar or vector fields) violating the 
universality of free fall.”2

STEP will advance EP testing from 3 x 10-13 to 10-18 
through multiple comparison of the motions of 4 
pairs of test masses of different compositions in an 
earth-orbiting drag-free satellite.  This is a probe of 
new physics at unification scales, since unified theo-
ries of gravity and the Standard Model of particle 
physics generically predict the existence of new 
fields that can violate the EP at these levels.3  It also 
opens a new experimental window on dark energy 
since most theories of dynamical dark energy are 
based on similar EP-violating fields 4.  Its comple-
mentarity to investigations with particle accelera-
tors and dark-energy telescopes has been noted but 
while both may produce evidence for the existence 
of new fields in nature, only an EP test will reveal 
how or whether such a field couples to the rest of the 
Standard Model.  

Whether it confirms Equivalence 5 to 6 orders of 
magnitude more exactly or discovers a violation, 
STEP will be a landmark experiment in fundamen-
tal physics probing a large and otherwise inacces-
sible domain in the parameter space of new inter-
actions, with consequences extending from particle 
physics and gravitational theory to cosmology and 

the evolution and destiny of the universe.  A null 
result would remain for decades a severe constraint 
on new theories.  A positive result would constitute 
the discovery of a new force of nature. 

Figure D.2-1 captures the long history from Newton 
to now.  It is important to grasp why after 300+ years, 
space opens a sudden further advance, and one that 
brings us into new theoretical territory.  There have 
been four distinct modes of EP test:  (1) Galileo’s 
tower, (2) Newton’s pendula, (3) Newton’s celestial 
method, (4) Eötvös’ torsion balance, with (3) and 
(4) being by far the most exact.  Eötvös’ insight, 
which reappears also in STEP, was to find a way 
of accurately comparing opposed centrifugal and 
gravitational forces on pairs of test masses.  Steady 
refinement over 120 years has advanced his method 
by ~4 orders of magnitude; some further gain may 
be possible, but with ever harder constraints from 
seismic noise.  

The celestial method, based on observations of the 
Earth-Moon system or the moons of Jupiter, was 
one of Newton’s most dazzling insights; its modern 
form, now active for 40 years, uses lunar laser rang-
ing (LLR) together with the solar system ephemeris 
to compare the accelerations of the Earth and Moon 
toward the Sun.  The recent APOLLO enhancement 
will help, but given the complexities of tidal effects 
and lunar modeling is likely to contribute more to 
geophysics than to physics.  In sum, both (3) and (4) 

Figure D.2-1. From Newton to STEP—330 years of EP testing
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now stand at around 3 x 10-13, and while allowing al-
ways the ingenuity of experimenters, neither seems 
likely to reach much beyond 10-13.  How STEP 
transcends that limit is best seen through a double 
comparison, first with Galileo’s and then  Eötvös’ 
methods. 

Compared with Galileo at Pisa, STEP employs a 
‘tower’ not 60m but 7000 km high (Figure D.2-2), 
and one constantly reversing its direction to give a 
continuous periodic signal rather than a quadratic 
3-sec-long drop.  It reaches 10-18 sensitivity in 20 or-
bits (1.33 days).  A vital further benefit is that grav-
ity gradient signals make it possible to center the 
masses on each other very exactly, and thus avoid 
the deep problem of any free fall method—unequal 
initial velocities and times of release of the test 
bodies.  

Compared with Eötvös there are two advantages, a 
larger driving acceleration and a quieter ‘seismic’ 
environment.  With a ground-based torsion balance 
the torque-creating accelerations are small, a 6x10-

4g attraction to the Sun or a 1.3x10-3g local hori-
zontal component of the Earth’s field.  STEP works 
from a similar balance of centrifugal and gravita-
tional forces but gains a factor of 1000 by using the 
Earth as the source.  Add the fact that a properly de-
signed drag-free satellite has vibration levels 3 to 4 
orders of magnitude lower in the relevant frequency 
regime than even the most isolated ground-based 
apparatus, and one has an altogether more favorable 
experimental situation. 

The foregoing comparisons do not in themselves 
guarantee a 10-18 EP experiment.  They do, however, 
mean that with other considerations and especially 
skillful use of cryogenic technology, such a 5 to 6 
orders of magnitude advance may be—indeed is— 
possible.

D.2.b The Need for Such an Investigation
The fact that a satellite test of the EP will so drasti-
cally improve our knowledge of this fundamental 
symmetry is itself strong justification, but STEP 
does much more. Its results can be seen as not only 
ground-breaking, but absolutely fundamental to 
the progress of science.  To quote from Connect-
ing Quarks with the Cosmos (p. 98): “Occasionally 
a science reaches a precipice—a juncture where all 
paths seem to lead to confusion.  These crises of-
ten precede major conceptual breakthroughs.  By 
any measure, cosmologists and physicists now find 
themselves in such a (wonderful) quandary”.  

This is no overstatement.  Physics is in theoretical 
crisis.  General Relativity, our governing theory of 
gravity, cannot be reconciled with the rest of phys-
ics in the form of the Standard Model of particle 
physics.  Theorists have spent the past 30-odd years 
looking for ways out, most notably by means of 
higher dimensions (string theory) and loop quan-
tum gravity.  Put simply, the former begins from 
the Standard Model but generalizes the concept of 
elementary particles to that of strings vibrating in 
unseen extra dimensions.  The latter, oppositely, be-
gins from GR and seeks to generalize the concept of 
spacetime in order to recover quantum field theory.  
But neither they nor any other theories have gained 
broad acceptance, and it remains an open question 
how or whether unification is to be attained.

STEP is in some degree different from other gravi-
tational physics experiments like the Pound-Rebka 
experiment, the Shapiro time delay, Gravity Probes 
A and B and the two complementary, gravitational 
wave observatories LIGO and LISA.  They, and as-
tronomical observatories to measure the expansion 
history of the universe or study the growth of cos-
mological structure, are designed to test or explore 
predictions of GR.  STEP, by contrast, will test its 
underlying physical principle.  A like division ex-
ists among high-energy experiments between, say, 
searches for the top quark and Higgs boson (“pre-
dictions”) and searches for proton decay or viola-
tions of fundamental symmetries such as charge and 
parity conservation (“principles”).  Both classes of 
experiment are essential but given the impasse we 
are in there is arguably a special need now for tests 
of the fundamental type.  Quoting again from Con-
necting Quarks with the Cosmos (p. 15):  “To probe 
situations further where established theories are not 
adequate requires producing and observing matter 
under extraordinary new conditions, or exploiting 

Figure D.2-2. Free-Fall Experiments
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novel techniques to see in new ways or new places.”  
STEP will do just that.

The fundamental nature of the EP makes STEP a 
“win-win” mission, regardless of whether violations 
are actually detected.  All attempts at unifying grav-
ity with the other forces of nature introduce new 
fields.  If these couple to normal matter, producing 
detectable EP violations, we have discovered a new 
force and our first signpost toward the unification.  If 
they do not, then the existence of a new field which 
doesn’t couple to any of the fields in the Standard 
Model, is itself a fact demanding explanation.  Such 
an explanation could take the form of some new 
protective symmetry in nature—itself a remarkable 
discovery.  Either way, an EP experiment provides a 
unique window into unification.  A historical paral-
lel to a null result might be the Michelson-Morley 
experiment, which reshaped physics just because it 
found nothing.  The “nothing” finally forced physi-
cists to accept the fundamentally different nature of 
light, at the cost of a radical revision of the concepts 
of space and time.  A non-detection of EP violations 
at the 10-18 level would strongly suggest that grav-
ity is so fundamentally different from the other in-
teractions that a similarly radical rethinking will be 
necessary to accommodate it within the same theo-
retical framework as the Standard Model based on 
quantum field theory.  

To summarize the need for a space-based test of the 
EP, we quote from the Science Plan for NASA’s Sci-
ence Mission Directorate 2007-2016, January 2007 
(pp. 130, 132 and 148): “Understanding gravity is 
fundamental to understanding how our universe 
evolved. Since Einstein’s general theory of relativ-
ity is currently our best theory of gravity, it must be 
strenuously tested to learn if anything is ‘missing’ 
from it … We know that at some level Einstein’s 
theory must fail, since this is required to achieve a 
synthesis of gravity (general relativity) and quan-
tum theory. But where does it fail, and how does 
that failure affect what we see? … Dedicated phys-
ics platforms could provide both precision tests of 
general relativity and physics beyond the standard 
model of particles and fields”. 

D.2.c History and Basis for the Proposal
The first proposal for an orbital EP experiment, 
operating at room temperature and aiming at 10-14 
accuracy, was by P.K. Chapman and A.J. Hanson 
in 19705.  STEP originated in 1972 and a ground-
based version (Figure D.2-3) was built and operated 
at Stanford University with NASA and NSF sup-

port.  In 1989, with NASA Code U backing, STEP 
was proposed to the ESA M2 AO as a joint US-
European mission.  It was one of four from across 
the whole range of ESA science awarded a Phase 
A Study, and ranked second in the final 1993 M2 
selection.  Further studies followed, but with pain-
ful delays which led French and Italian STEP team 
members to advance competing European-led mis-
sions, most notably MICROSCOPE, a low-cost 
lower-accuracy room-temperature version of STEP 
proposed to CNES by our ONERA colleagues in 
1997.  MICROSCOPE is currently scheduled for 
2011 launch.  It has two, rather than four, pairs of 
test masses, capacitative in place of superconduct-
ing readout, and aims at an EP sensitivity of 10-15.  
The lower accuracy and restriction to two pairs of 
masses are significant losses; however, before that, 
MICROSCOPE can, if launched in time, provide 
valuable ‘lessons learned’ for STEP.  The issue of 
test mass choice in both, as well as in an intriguing 
new ground-based experiment due to our Stanford 
University colleague, Professor Mark Kasevich, 
will be reviewed in D.2.e.

From 1992 on NASA Code U provided enhanced 
instrument development funding for STEP.  In 
1998, it successfully passed the dual Science Con-
cept Review (SCR), Requirements Definition Re-
view (RDR) selection process used to determine 
whether a Code U program should enter the queue 
for flight.  The RDR committee (Chair: J. Salzman) 
concluded: “Our overall findings, based on all the 
information in hand, is that the STEP Project Team 
has: 1) an excellent understanding of the PI’s sci-
ence requirements, 2) a viable experiment concept 
to satisfy those requirements, 3) an in-depth knowl-
edge of the critical techniques and technologies 

Figure D.2-3. The STEP accelerometers will be 
made from precisely machined, low-expansion 
silica, patterned with superconducting circuits 
made of niobium.  Left: Pre-prototype acceler-
ometer, tested in 1986-87.
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necessary to implement that concept in a successful 
space flight experiment, 4) a reasonable approach to 
bring those techniques and technologies to the level 
of maturity required to eventually secure ATP for 
the Project’s implementation phase, and 5) a collec-
tion of the core skilled personnel, equipment, and 
facilities (if retained) needed to successfully effect 
that approach.”

In 1999, STEP was one of the six from 43 proposals 
selected for Phase A Study under SMEX 8/9  The 
study, joint with JPL, was highly beneficial and 
many of its findings are reflected in this Proposal.  
It was not selected for flight.  In the July 2002 HQ 
de-briefing, the principal reason given was that the 
technology, though well-advanced, was not yet at 
TRL levels compatible with the short time-period of 
a SMEX.  We concur in that judgment.  Two things 
have transformed the situation since then:  (1)  the 
successful launch and operation of GP-B (with 
STEP team members closely involved) brought on-
orbit demonstration of many key technologies (e.g. 
SQUID performance, electrical centering, extreme 
superconducting shielding); (2)   with NASA MSFC 
we defined in 2004 a STEP Technology Develop-
ment Program for the non-GP-B technologies.  That 
program is now in our view at the point where con-
struction of a flight instrument within the time frame 
of a 2013 STEP launch is feasible.

D.2.d Theoretical Motivation 1:  
Conceptual
Violations of Equivalence were found by the Com-
mittee on the Physics of the Universe to be relevant 
to at least three of the eleven questions that are 
the focus of their landmark 2003 study Connecting 
Quarks with the Cosmos: Eleven Science Questions 
for the New Century: 

Did Einstein Have the last Word on Gravity? 1. 
(pp. 2, 56, 135) 

Are There Additional Space-Time Dimensions? 2. 
(pp. 3, 59, 138) 

What is the Nature of Dark Energy?  3. 
(pp. 2, 102, 133) 

A fourth question, “Is a New Theory of Matter and 
Light Needed at the Highest Energies?” (pp. 4, 139), 
is closely related to the first, and possibly the second 
as well. The Committee described these (p. 1) as 
“particularly direct questions that encapsulate most 
of the physics and astrophysics discussed here. They 
do not cover all of these fields but focus instead on 
the interface between them. They are also questions 

that we have a good chance of answering in the next 
decade, or should be thinking about answering in 
following decades. Among them are the most pro-
found questions that humans have ever posed about 
the cosmos”. The Committee wrapped up its list on 
an optimistic note, urging (p. 5) that with a serious, 
sustained cross-disciplinary attack on them, “a great 
leap can be made in understanding the universe and 
the laws that govern it”.

At ~10-18 the STEP sensitivity is, as already empha-
sized, 5 to 6 orders beyond current EP limits. As 
with most large extrapolations, there is no certainty, 
but the range 10-18 < ∆a/a < 10-13 is particularly rich 
and interesting from the theoretical view.  This can 
be seen in at least three ways. The simplest is a di-
mensional one6. New effects in any workable theory 
of quantum gravity must be describable at low ener-
gies by an effective field theory with new terms like 
β(m/m

QG
) + O(m/m

QG
)2 where β is a dimensionless 

coupling parameter not too far from unity and m
QG

 
is the quantum-gravity energy scale, which could be 
anywhere between the grand unified theory (GUT) 
scale m

GUT 
~ 1016 GeV and the Planck scale M

 Pl
 ~ 

1019 GeV.  In a theory combining gravity with the 
Standard Model, m could plausibly lie anywhere 
between the mass of an ordinary nucleon (m

nuc
 ~ 1 

GeV) and that of the Higgs boson (m
H
 ~ 100 GeV). 

Plugging in numbers, one finds that EP-violating ef-
fects in a generic theory of quantum gravity show 
up anywhere between (m

nuc
/m

Pl
) ~ 10-19 and (m

H
/

m
GUT

) ~ 10-14— almost exactly the range we are dis-
cussing.  This, as R. Adler has emphasized6, makes 
STEP a potential probe of quantum gravity.

The dimensional argument is not in itself decisive 
—nature may be unkind; the leading effects may be 
of, say, second rather than first order in (m/m

Pl
) and 

thus inaccessible to any experiment.  The opposite 
approach is to look at the broader range of specific 
theories that are sufficiently mature to make quan-
titative predictions.  There are two main categories.  
On the high-energy physics side, EP violations oc-
cur in many of the leading unified theories of fun-
damental interactions.  Best known are variations 
of string theory based on extra spatial dimensions.  
In the low-energy limit, these give back classical 
GR with an important difference:  they generically 
predict the existence of a 4-dimensional scalar dila-
ton partner to Einstein’s tensor graviton and several 
other gravitational-strength scalar fields known as 
moduli.  In the early universe, these fields are natu-
rally of the same order as gravity and some method 
has to be found to get rid of them in the universe we 
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observe.  If they survive, they will couple to Stan-
dard Model fields with the same strength as gravity, 
producing drastic violations of the EP.  One obvious 
conjecture is that they acquire large masses and thus 
correspond to very short-range interactions, but this, 
though widely accepted, entails grave difficulties (the 
“Polonyi” or “moduli problem”) because the scalars 
are so copiously produced in the early universe that 
their masses should long ago have “overclosed” the 
universe, causing it to collapse.  Another possibil-
ity investigated by T. Damour and A.M. Polyakov7 
involves a mechanism whereby a massless runaway 
dilaton (or moduli) field is cosmologically attracted 
toward values where it nearly, but not quite, decou-
ples from matter.  The Damour-Polyakov mecha-
nism results in EP violations in the same range as 
that identified above on dimensional grounds, and 
can be as large as ~ 10-14.  Similar comments ap-
ply to another influential model, the TeV little string 
theory of I. Antoniadis and S. Dimopoulos8.  Exact 
numerical predictions are difficult, given the current 
state of high-energy physics.  Nevertheless, the 5 to 
6 orders-of-magnitude advance of STEP brings us 
into a new realm.  As Nobel Laureate David Gross 
put it some time ago in a discussion he has allowed 
us to quote:  “String theory is a structure too flexible 
at present for us to make confident quantitative pre-
dictions about violations of the Equivalence Prin-
ciple … However, the existence of weak (massless 
or near-massless) long-range dilaton or moduli 
fields is an essential part of the theory and a test 
of the Equivalence Principle five orders of mag-
nitude beyond the existing limit would be fantas-
tically important”.

The second important category of specific EP-vio-
lating theories occurs at opposite extremes of mass 
and length in the field of cosmology.  Yet, the under-
lying reason for violations and their relevance for 
STEP is the same:  a new field is introduced whose 
properties are such that it should naturally couple 
with gravitational strength to normal-matter fields, 
thus influencing their motion in violation of the EP.  
The culprit here is dark energy, a catch-all name for 
the astonishing but seemingly unavoidable fact that 
the expansion of the universe appears to be under-
going late-time acceleration.  The authors of Con-
necting Quarks with the Cosmos termed dark energy 
“the most vexing” of the 11 problems they posed 
(p. 144):  “It has been called the deepest mystery 
in physics, and its resolution is likely to greatly ad-
vance our understanding of matter, space and time”.  
This is relevant to the EP because many solutions of 

the dark-energy problem involve new particles (as-
sociated with the energy of the vacuum) with ener-
gies only of order ~1meV.  As noted in the 2006 
Final Report of the Dark Energy Task Force (Chair, 
E. Kolb), p. 5: “Such a small mass could imply the 
existence of a new observable [EP-violating] long 
range force in nature in addition to gravity and elec-
tromagnetism.”

In most of these cosmological theories, as in high-en-
ergy unified field theories, EP violations are predict-
ed to appear in the STEP range, 10-18 < ∆a/a < 10-13.  
To understand why, it is helpful to look at the third 
argument alluded to above for regarding this range 
as particularly rich and interesting.  It shares some 
of the robustness of the dimensional argument (in 
making the fewest assumptions beyond the Stan-
dard Model) but entails also a convincing body of 
detailed calculations.  Among the best known is 
that of S. Carroll in 1998 9.  Consider the simplest 
of possible new fields:  a scalar φ, as motivated by 
observations of dark energy, or alternatively by the 
dilatons or supersymmetric moduli fields of high-
energy unified-field theory.  Absent some protective 
symmetry (which would itself require explanation), 
this new field couples to ordinary matter via dimen-
sionless constants β

k
 (one for each field) with values 

not too far from unity.  Detailed calculations within 
the Standard Model (modified only to incorporate φ) 
show that these couplings are tightly constrained by 
existing  EP limits.  The current bound  (∆a/a < 10-12 
) on differential acceleration translate directly into a 
requirement that the dominant coupling factor (as-
sociated with the gauge field of Quantum Chromo-
dynamics or QCD) cannot be larger than β

QCD
 < 10-6.  

That is very small for a dimensionless coupling con-
stant (though such can be plausibly “manufactured”, 
e.g., α2/16π) and many theorists would judge that 
anything smaller is almost certainly zero.  Now 
STEP will be sensitive to EP violations as small as 
10-18.  If none are detected at this level, then the cor-
responding upper bounds on β

QCD
 go down like the 

square root of ∆a/a; i.e., to β
QCD

 < 10-9, which is no 
longer a natural coupling constant by any current 
stretch of the imagination.  For perspective, recall 
the analogous “strong CP problem” in QCD, where 
a dimensionless quantity of order 10-8 in the Lagran-
gian of the theory is deemed so unnatural that a new 
particle, the axion, must be invoked to drive it to-
ward zero.  

It is important to be clear about what this argu-
ment does and does not say.  It does not say that 
EP violations between 10-18 and 10-13 are inevitable; 
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it says that violations at levels below 10-18 would 
be unacceptably fine-tuned, or “unnatural”, as the 
term is understood in high-energy physics today.  To 
quote E. Witten10:  “It would be surprising if φ ex-
ists and would not be detected in an experiment that 
improves bounds on EP violations by 6 orders of 
magnitude”.  In other words, if EP violations are not 
found by 10-18, they are probably exactly zero, and 
with that theorists must adjust to the overwhelming 
likelihood that Equivalence reflects a truly universal 
symmetry of nature, regardless of the new fields that 
may be required for unification.  Only a satellite 
test of the EP has the power to force us to this 
conclusion. 

D.2.e  Theoretical Motivation 2:  Choice 
of Test Masses
The generic arguments just given, including the 
“win-win” argument that a 10-18 EP test has deep 
theoretical meaning whether or not it gives a non-
zero result, appear to us compelling.  Once accept-
ed, they lead immediately to the intensely practical 
question of the choice and configuration of the test 
masses.  The following discussion is based in part 
on very valuable papers written in 1994-1996 by T. 
Damour2 and J.P. Blaser11 for the STEP collabora-
tion.  The first point, obviously, is that while there 
are strong theoretical arguments, there is no actual 
agreed theory giving exact quantitative predictions.  
The second is best made through reference to the 
differential accelerometer design illustrated in Fig-
ure D.2-3.  We have inner and outer test masses of 
different size.  How can we guarantee that some 
claimed EP violation is real, rather than a spurious 
acceleration originating in, say, different ‘patch ef-
fect’ forces on the differently sized masses?  We will 
take each question in turn.

At one level, the choice is obvious—pick a range of 
workable materials from Be to Pt (or even deplet-
ed uranium) spread across the periodic table.  The 
Damour argument goes deeper.  Even with an exact 
theory, one can identify different classes of EP vio-
lation for different theories, and hence, if there is a 
positive result, reach some conclusion as to its theo-
retical meaning.  (A less complete discussion along 
similar lines was given in 1976 by M. Haugan and 
C. Will12.)  Nuclear  physics  considerations sug-
gest three potential determinative factors, B=N+Z 
the baryon number, D=N-Z the neutron excess, 
and E=Z(Z-1)/(N+Z)1/3, a quantity proportional to 
nuclear electrostatic energy; these can be connected 
to a general class of string-inspired models, where 

it is sometimes convenient to replace Z, the atomic 
number, by L, lepton number.  In any of the long-
range gauge-neutral scalar fields (moduli) of string 
theory, one can expect a specific  charge with a uni-
versal term β

0
 and three specific elementary charges 

x1, x2, x3 where:

x1 = (N + Z) / m

x2 = (N - Z) / m

x3 = E / m @ Z (Z - 1) / ((N + Z)1/3 m)

Damour then shows in two ways how measured re-
sults connect to fundamental coupling parameters 
in vector and string-scalar models.  Table D.2-1, 
adapted from an earlier paper with Blaser, gives the 
x for a range of possible test mass materials.  

The more sophisticated treatment involves an inge-
nious geometrical analysis identifying the positions 
of elements in a three-dimensional  space of the spe-
cific elementary charges, plotted orthogonally with 
the x, y, z axes proportional to x1-1, x2, and x3.  This, 
in fact, is the approach we are likely to use in STEP.  
A simpler one, easier to follow and sufficient for the 
present discussion, reveals that the search among 
the continuum of theoretical models can be reduced 
initially to a search among just three possibilities: a 
coupling to L, a coupling to B, and a coupling to E.

Table D.2-1. A selection of possible proof mass 
materials and their corresponding specific ele-
mentary charges. Neutron numbers and mass-
es are averages weighted with natural isotope 
abundances.

E 

! 

Z 

! 

N  

! 

N + Z

µ
"1

# 

$ 
% 

& 

' 
( 10

3 

! 

N " Z

µ
 

! 

Z Z "1( )

N + Z( )
1/3

µ
 

Be  4   5.000 !1.352 0.111 0.640 

C  6   6.011 !0.003 0.001 1.091 

Mg 12  12.320  0.623 0.013 1.875 

Al 13  14.000  0.6842 0.037 1.927 

Si 14  14.109  0.826 0.004 2.131 

Ti 22  25.930  1.077 0.082 2.656 

V 23  27.998  1.100 0.098 2.679 

Cu 29  34.617  1.117 0.088 3.201 

Ge 32  40.710  1.070 0.120 3.272 

Zr 40  51.318  1.039 0.124 3.798 

Nb 41  51.906  1.008 0.118 3.864 

Ag 47  60.963  0.881 0.129 4.209 

Sn 50  68.808  0.822 0.158 4.198 

Ba 56  81.422  0.690 0.185 4.346 

Ta 73 108.000  0.287 0.193 5.135 

W 74 109.898  0.266 0.195 5.167 

Pt 78 117.116  0.183 0.201 5.308 

Au 79 118.000  0.170 0.198 5.377 

Bi 83 126.000  0.094 0.206 5.488 

U 92 146.000 !0.213 0.227 5.675 
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Figure D.2-4 illustrates how this works over a selec-
tion of elements across the periodic table.  In light 
of Figure D.2-4, one might choose with four pairs 
of test masses, eight distinct materials.  But with 
that comes the other concern, how best to fit the re-
sults together and be certain that an EP violation, if 
observed, is real.  The most conservative approach, 
adopted for MICROSCOPE with its two test mass 
pairs, is to have one pair with different outer and 
inner masses, Ti and Pt-Ir and the other of identi-
cal composition, both Ti.  With that, one may gain 
reasonable assurance—if an EP violation is found—
that it is real, but has sacrificed a prospect of con-
necting it to a specific theory.  

STEP has, of course, far more options.  In the SMEX 
Phase A Proposal, our view was still conservative.  
Influenced by recommendation of two colleagues, 
Damour on the theoretical side, E. Adelberger on the 
experimental, we selected a “cyclic condition” with 
three pairs of masses thus:  Be/Pt-Ir, Be/Nb, Ni/Pt-
Ir, along with a further pair, again Be/Pt-Ir.  This has 
some of the self-checking quality of a comparison 
between identical mass pairs but would provide an 
unambiguous distinction between the EP-violating 
cases of Figure D.2-4.  In the present proposal, we 
retain the cyclic condition as baseline, but take the 
view that much has been learned since 1999, and 
that the choice should be reexamined and quite pos-
sibly widened during the Phase A Study.  A differ-
ent choice of materials would have no impact on the 
flight schedule.

It is appropriate to add a few words on Kasevich’s 
very beautiful experiment, now under development 
at Stanford.  It utilizes atomic beam interferometry, 

and when ready, will take the form of an essentially 
simultaneous free fall comparison of two rubidium 
isotopes in a ‘tower’ (more exactly a pit) 10 m high.  
Previous EP experiments with atoms or elementary 
particles have had very limited accuracy (e.g. 2.5 x 
10-4 for neutrons) but atomic beam interferometry 
can take it to an entirely new range.  Based on the 
observed performance of his working ground-based 
atomic beam accelerometers, which reach 10-12 g 
in 0.1 MHz bandwidth, Kasevich and his students 
hope soon, to reach 10-15 EP accuracy with a few 
days averaging, and believe it may ultimately be 
possible to go further.  Our own judgment (which 
we will be delighted to have disproved) is that even 
the 10-15 level may encounter difficulties.  Whether 
or not that is the case, the method, being limited at 
present to comparison between pairs of particles 
closely matched in mass, faces limitations similar 
to MICROSCOPE.  The restriction is no way in-
tended to limit our, or anyone else’s, admiration 
for an extraordinary idea but merely to emphasize 
that a space experiment like STEP, with cryogenic 
technology, still maintains for the foreseeable future 
enormous scientific advantages.

D.2.f Relationship to Past, Current and 
Future Investigations
STEP may be regarded as a keystone in NASA’s 
ongoing integrated effort to understand the origin, 
structure, evolution and destiny of the universe.  
Gravity Probe B has tested an essential prediction 
of Einstein’s General Relativity, frame-dragging.  
STEP will test the founding assumption of GR, 
the Equivalence of inertial and gravitational mass.  
Both are necessary for a complete understanding 
and successful detection of gravitational waves, the 
focus of the future Laser Interferometer Space An-
tenna (LISA).  The deep experience with drag-free 
and other technologies gained from the two mis-
sions will prove vital to the even more demanding 
requirements of LISA.  

The extensive STEP technology development with 
Code U and SMD support, along with the powerful 
joint NASA-ESA critical definition studies of the 
spacecraft, payload, and interfaces, have been sum-
marized in D2(c) above. An integrated US-European 
Science Team is established.  A prototype flight ac-
celerometer, the central element of the experiment, 
is under construction. A flight qualified dewar ves-
sel providing the necessary cryogenic environment 
for STEP is available from Lockheed Martin with 
only minor rework.  A detailed industrial study of 

Figure D.2-4. Observable (normalized) EP-
violations as function of Z for couplings to B 
(upper curve), E (intermediate curve), and B-L 
(lower curve).  The latter two represent large 
continua of (respectively) vector and scalar 
string models.
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the Service Module (SM) which provides all essen-
tial spacecraft functions for STEP, was completed 
in 2000 by Astrium UK, now in close collabora-
tion with Surrey Satellites to build the SM with UK 
funding.  We enter the SMEX selection process un-
usually well-prepared. 

STEP takes major advantage of technologies 
demonstrated on-orbit in GP-B (flight-qualified 
SQUIDs, test-mass caging mechanisms, drag-free 
control algorithms, proportional helium thrusters, 
charge measurement and UV discharge mechanism, 
etc.) as well as closely related cryogenic and other 
technologies (e.g. aerogel for helium tide control) 
developed elsewhere.  The GP-B experience has 
been particularly valuable for understanding space-
craft operations and environment, fault recovery, 
and data analysis techniques, all of which now lead 
us to expect STEP will be relatively straightforward 
and robust.

However, STEP should not be viewed simply as 
one of a family of gravitational tests.  Its reach ex-
tends far beyond Einstein’s theory and overlaps 
with at least two other classes of experiments:  par-
ticle accelerators and space observatories designed 
to search for dark energy.  With the former, STEP 
shares a mission to investigate two of the “Eleven 
Science Questions for a New Century” identified in 
Connecting Quarks with the Cosmos (2003): “Did 
Einstein Have the Last Word on Gravity?” and “Are 
There Additional Space-Time Dimensions?”  With 

the latter, it helps address a third: “What is the Na-
ture of Dark Energy?”   Dark energy in particular is 
identified in the Science Plan for NASA’s Science 
Mission Directorate 2007-2016, January 2007 (p. 
130) as “the most important current question in 
physics and cosmology”.  But where a telescope 
like the proposed SuperNova Acceleration Probe 
(SNAP) may find evidence for the existence of a 
new field in nature through its bulk equation of state, 
STEP can go further and reveal how or whether that 
field couples to the rest of the Standard Model.  It is 
at once complementary to the observatories and a 
uniquely powerful probe of fundamental physics.

To quote from the Final Report of the Dark Energy 
Task Force (2006, p. 3): “We strongly recommend 
that there be an aggressive program to explore dark 
energy as fully as possible, since it challenges our 
understanding of fundamental physical laws and 
the nature of the cosmos … We recommend that 
the dark energy program have multiple tech-
niques at every stage”.  Equivalence Principle tests 
belong on that list of multiple techniques. More 
broadly, gravitational experiments like STEP should 
be seen as an essential element in a concerted strat-
egy to “understand the origin and destiny of the 
universe ... and the nature of gravity” (Science Plan 
for NASA’s Science Mission Directorate 2007-2016, 
p. 15). Such a strategy should have at least three 
corners: high-energy (smallest scales), astronomi-
cal (largest scales)—and gravitational (intermedi-
ate scales), as illustrated in Figure D.2-5.  As the 

Figure D.2-5. Investigating nature on all three scales—small, large and intermediate
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authors of Connecting Quarks with the Cosmos say 
(p. 37):  “Traditionally, there has been a division of 
labor between the study of matter, on the one hand, 
and the study of gravitation and cosmology, on the 
other. A major theme of this report, however, is that 
this division is becoming increasingly artificial … 
New approaches to tackle these problems are, as 
yet, speculative and immature. However, the con-
sequences for the view of the universe and for its 
history at the earliest times are profound”. 

D.3 Science Requirements
D.3.a Overview: Scientific goals and 
objectives versus requirements
The objective of STEP is to reduce the uncertain-
ty in difference of rate of fall of several materials 
to the level of one part in 1018  of the total rate of 
fall, or better. Science requirements flow from is-
sues involving the measurements and data needed 
to demonstrate certainty in the results, sensitivity 
required, materials to compare,  disturbances to the 
masses, and operations needed to achieve the goals, 
plus tradeoffs between these issues. STEP will com-
pare a minimum of four pairs of masses, of different 
materials, in specially designed differential acceler-
ometers.

Prior studies of STEP13,14,15,16 have concluded that 
the STEP instrument, spacecraft and mission should 
be designed as a unit, to ensure subsystems do not 
interfere with the measurement through unexpected 
interactions. This philosophy drives all tradeoffs and 
requirements, but surprisingly it simplifies many re-
quirements on the spacecraft and mission by trans-
ferring them to experiment control and eliminating 
inappropriate interfaces.  The spacecraft then be-
comes little more than a thermally and mechanical-
ly stable structure with power and communications 
capability. Certain traditional spacecraft functions, 
e.g. attitude control during the experiment phase, 
must be payload functions, and most of the mission 
operations is simplified with variations of the basic 
measurement.

Our GP-B experience suggests that in the areas of 
translation and attitude control, spacecraft instru-
mentation, and thermal control this approach is not 
only wise and feasible, but significantly reduces 
risk.

D.3.b Observations and data required
The data for STEP is the comparison of accelera-
tions between four pairs of  test masses of different 

materials. An Equivalence Principle (EP) measure-
ment is just a time sequence of differential accelera-
tion measurements made under specified conditions, 
which can be analyzed to distinguish possible viola-
tions of the Equivalence Principle from various dis-
turbances. The measurements must be of adequate 
sensitivity to achieve the science goal of one part 
in 1018 .  It is at least equally important to show that 
what is measured is not just noise or a disturbance. 

Quality of data is more important than quantity. 
Quantity of data allows averaging over stochastic 
and some regular disturbances, but does not increase 
scientific certainty in the presence of systematic er-
rors. To show that any small difference in accelera-
tion is not caused by an unknown disturbance, all 
relevant experimental conditions (e.g. spacecraft 
configuration and status, external magnetic field, 
particle radiation)  need to be measured. To further 
reduce uncertainty, much of STEP’s observation 
time is committed to repeating measurements with 
deliberate changes in experimental conditions to 
identify systematic errors in the signal. These quali-
tative, interactive changes distinguish experimental 
science from observational.  Experimental param-
eters, such as temperature, test mass charge, or sat-
ellite roll, will be varied between measurements to 
assess the influence of disturbances and systematic 
effects.

A very large enhancement of the science data qual-
ity comes from simultaneous operation of several 
accelerometers. This gives independent, simultane-
ous measurements under almost identical conditions 
and immediately identifies systematic errors when 
accelerometers are disturbed differently, regardless 
of the cause of the disturbance. Using simultaneous 
measurements, by arranging three or more materials 
in a “cyclic condition” (section D.6)  we can detect  
systematic disturbances of any sort. Simultaneous 
operation requires proper orientation of the experi-
ment relative to the earth’s gravity gradient. Finally, 
by rotating the satellite about the pitch axis, we can 
separate the EP signal from periodic disturbances 
known or suspected to exist in orbit.

Because of the STEP’s emphasis on quality rather 
than quantity the total data quantity (science + en-
gineering measurements) is estimated to be about 
100 MB per day (Section D.4). We expect approxi-
mately 20 GB of primary data to be produced in to-
tal. Additional details are presented in the following 
sections.
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D.3.c Scientific requirements for 
instrument, spacecraft, and mission 
STEP’s primary science requrements are listed in 
a Science Requirements Document. Key require-
ments are  summarized in Table D.3-1 below.  Mis-
sion requirements can be traced directly to the sci-
ence goals via our disturbance analysis (Sect. D.6).  
These primary science requirements give rise to 
secondary requirements on the instrument, space-
craft, mission, and operations.  Lower level require-
ments breakdown for science, the instrument, mis-
sion, service module, and telecommunications are 
traced in Tables EF-1 through EF-5, together with  
their rationale and estimated performance and mar-
gin.  Details of the science instrument and mission 
are presented in section D.6.

D.3.d Data analysis approach
We plan to use the very valuable and extensive ex-
perience accumulated in data analysis for the Grav-
ity Probe B Mission.  Data reduction will exploit 
the effect of spacecraft roll which separates the EP 
signal frequency ( ω

EP
 = ω

orbit
 - ω

roll
 ) from many dis-

turbances, e.g. those known to occur at multiples of 
orbit frequency.  An ordinary Fourier transform of 
the data will show the presence of any acceleration 
at this frequency (as well as neighboring frequen-
cies). Any such signal is a candidate for a violation 
of EP; finding its significance is the purpose of the 
experiment and further data analysis.

Our baseline method includes the development of a 
set of recursive linear filters based on the well un-

Table D.3-1 Science to Mission Design Requirements Traceability Matrix

Science Driver Minimize Differential
Acceleration 
Disturbances

Readout 
Sensitivity

Minimize Gravity 
Gradient Coupling

Instrument
Requirement

Precision Engineering
Superconducting Shield
Common Mode Rejection
Ratio ≥ 104

SQUIDs
4x10-18 m/sec2

in 105 seconds

Precision Belted
Test Masses
Magnetic Bearing
Quad Design

Mission Requirement Orbit Altitude >400 km for Ac-
ceptable Drag

105 sec science data for 
each roll rate

Eccentricity < 2%

Spacecraft Requirement Attitude and Drag Free Control 
7x10-12 m/sec2 / √Hz

Roll Rate Control < 1% No Moving Parts during Sci-
ence Measurement;  Structural 
stability

Communications & Ground 
Data System

10 Hz data rate for drag free , 
each Instrument

0.5 Hz data rate for Sci-
ence

Mission Operations
Requirement

Coarse and Fine
Attitude and Translational
Control

Orbital SQUID 
Circuit Balancing
(Algorithms)

Orbital Test Mass
Centering (Algorithms)

Science Driver Minimize Test Mass
Charging Disturbances

Minimize Thermal
Disturbances

Identify  Systematic 
Errors and Maximize 
Information Return

Instrument
Requirement

Charge Measurement and
Charge Control
8x10-13 C

Cryogenic
Environment
Gradient < 5mK/m

Multiple Accelerometers
Multiple Roll Rates
Orbital Calibrations

Mission
Requirement

Orbit Altitude < 650 km Sun-synchronous
Morning or Evening
30 min daily window

Orbital Calibration
Capable

Spacecraft 
Requirement

Proton Detector for
Feed Forward Control

Sunshield for 15°
Sun Offset

ATC using Gravity Gradient 
Information

Communications &
Ground Data System

10 Hz data rate

Mission Operations 
Requirement

Monitor Particle Radiation Repeat Equivalence Measure-
ments with variations
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derstood Kalman filtering approach and a physical 
model of the system. This technique optimizes the 
sensitivity in a least-squares sense and returns an 
estimate of the uncertainty and any disturbances in-
cluded in the model. 

To determine the best possible limits on the differ-
ence in acceleration between the materials in the 
STEP accelerometers it will be necessary to charac-
terize the instrument and environment very carefully, 
identify any systematic disturbances, and calibrate 
and remove them from the data where possible. An 
example of  the latter is gravity gradient accelera-
tions, which enter the measurement in several ways 
and yet can be accurately calibrated. 

This characterization is key to mission success and 
must be performed interactively. Suspected distur-
bances must be enhanced in measurements dedicat-
ed to calibrating their effects. Preliminary estimates 
of any EP violation and selected disturbances will 
be made during the flight phase, as soon as the data 
is available, using recursive optimal filters. Based 
on these estimates, an operations team will select 
tests to be performed in orbit to determine any sys-
tematic errors, and where possible, calibrate or con-
trol them. In post-flight data analysis the magnitude 
and nature of any detected violation, and systematic 
and statistical errors, will be determined from the 
complete data set.

We have carefully estimated the effect of all known 
systematic effects in our disturbance analysis pro-
gram (Section D.6.a) to find the expected perfo-
mance. This estimate gives a combined uncertainty 
of a few parts in 1018 for STEP’s sensitivity. 

Final data analysis will be done independently by 
two teams following the GP-B model. These teams 
will be comprised of STEP team members and guest 
investigators. Approximately one year will be need-
ed for the analysis of approximately 20 GB of data, 
and results will be published jointly. 

D.4 Science data and other products
D.4.a Science Data
The primary data product is the differential mode 
acceleration data from each of the four differential 
accelerometers under differing experimental con-
ditions. Required secondary and supporting data 
includes data from other accelerometer and satel-
lite subsystems (e.g. common mode acceleration, 
charge measurements, 3D position measurements, 
instrument temperatures, and drag-free control ef-

fort), environmental measurements (e.g. external 
magnetic field, radiation environment, spacecraft 
temperatures), and housekeeping data. Data will be 
stored on board and downloaded at least once per 
day. Science data points will be taken at 2 second 
intervals, and will include differential and common 
mode accelerations from the SQUIDs, electrostatic 
measurements in five degrees of freedom for each 
accelerometer, spacecraft drag-free performance 
and attitude, radiation environment and external 
magnetic fields, temperatures, etc. (comprising sev-
eral hundred measured items). To this engineering 
and housekeeping data must be added. Acceleration 
data will normally be taken at 10 Hz to satisfy drag-
free requirements although the returned science data 
rate during measurements is much smaller owing to 
the low signal frequency. Ancillary data will include 
occasional “snapshots” taken at much higher data 
rate (~2 kHz) as required for diagnosis of instru-
ment operation. The total science data production 
will be about 850 Mb (~100 MB) per day, includ-
ing housekeeping and environmental data. During a 
six- month mission, approximately 20 GB of prima-
ry data will be produced and archived.  Additional 
information and details are presented in Section E.

The science product, an estimate of the size of the 
difference in acceleration, will be derived from this 
data by analysis as described above.  

Responsibility for final data analysis will rest in two 
independent teams which will publish the results 
jointly after approximately one year of analysis. At 
a minimum the final analysis will include the size of 
any Equivalence Principle violation, its uncertainty, 
and estimates of any systematic effects. Publication 
will be the final output of the experiment, and the 
data will then be archived.  

D.4.b Spinoff Data
STEP will return a rich primary data set including 
extremely precise acceleration measurements for 
eight test masses which is potentially of use in other 
fields. The test masses in different accelerometers 
comprise a gravity gradiometer of extraordinary 
sensitivity, of the order of 10-14 sec-2. It was suggest-
ed during previous studies13 that this data would be 
very useful to geodesy to measure glacial rebound 
from global warming and other effects. Upon de-
livery this data will become available to the science 
community. 

The STEP data also includes complete information 
from the drag-free control system. The control effort 
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needed to overcome disturbances contains a precise 
measurement of  the air drag at the satellite alti-
tude of about 550 km, a region little studied by the  
aeronomy community. This data will also become 
available to the science community.

D.4.c Data Delivery
As soon as possible, and within six months after the 
end of the mission, the analysis teams will submit 
raw and calibrated data to the primary STEP Data 
Archive in the National Space Science Data Center 
at Goddard Space Flight Center. Responsibility for 
submitting the data will be the responsibility of Jen-
nifer Spencer on the the basis of her GP-B experi-
ence.

D.5 Minimum Science Mission
We have carefully examined the effect of failure 
and/or descope options on the STEP mission during 
previous studies13, 14, 15, 16. 

STEP is designed to test the equivalence of gravi-
tational and inertial mass with four pairs of opti-
mally-chosen test masses.  Mission success, as for 
any ultra-precise experiment in Fundamental Phys-
ics, depends on:  1) the magnitude of the advance 
over prior tests; 2) the levels where improved tests 
begin to enter new theoretical territory; 3) the ap-
propriateness in the choice of test-mass materials; 
4) the expected accuracy and robustness of STEP 
data.  Accuracy here means whether the measure-
ment reaches 10-18 or some other level.  Robustness 
means:  a) having multiple checks for, and ways of 
removing, potential systematic errors, and b) maxi-
mizing the amount of equivalence principle data 
that can be obtained even if some subsystem fails.   
Coupled to these issues is the fact that STEP “de-
grades gracefully” – i.e. STEP is so accurate and so 
robust that even with some loss of instrumentation, 
the mission will still be an outstanding success. 

A measurement two orders of magnitude worse than 
10-18, at the 10-16 level, would still be first-class sci-
ence, three to four orders of magnitude better than 
the best attainable in ground-based laboratories. For 
a SMEX the critical issues  are cost and  schedule 
risk – what compromises have to be made to meet 
the launch date, within the cost cap and schedule. 
For a minimum mission, this must be traded against 
STEP’s robustness. 

Robustness, as defined above, is crucial to mis-
sion success for STEP. It implies having closure 
and redundancy conditions for the four mass-pairs 

and performing an exhaustive investigation of all 
possible sources of systematic error, including un-
known ones.  As one of several  possible measures 
of robustness, four test masses in two accelerom-
eters can be intercompared in six different ways; 
the six masses in three accelerometers, in 15. Four 
accelerometers, with eight masses, intercompare in 
28 ways. In addition to robustness, multiple materi-
als also give additional information about the nature 
of any violation. The four accelerometers in STEP’s 
baseline represent an optimum cost/benefit/com-
plexity configuration.  

Loss of one accelerometer has  moderate impact 
on the robustness of the science and a small im-
pact on the accuracy. The cost saving by omitting 
one depends on the mission phase in which it is 
done. The basic cost of one accelerometer is about 
$500K—0.3% of the mission cost, but a delay late 
in the program could cost much more, since it would 
delay other parts of the program. Therefore the in-
strument should be completed and fully tested early.  
Dropping two accelerometers has significant impact 
on the robustness and moderate impact on the ac-
curacy, while the savings less than doubles at any 
stage. 

In the case a requirement cannot be met the option 
is to fly with reduced sensitivity or robustness rather 
than attempt to meet the requirement. We consider 
this very unlikely because of research in the 1980’s 
that demonstrated the sensitivity required for flight 
in a laboratory model.

Dewar performance determines the maximum mis-
sion duration. Improvement in helium lifetime gives 
more time for measurements and vice versa. The de-
war has been previously space-qualified and tested 
by Lockheed Martin, and is not seen as a risk. De-
scope options in this area involve partitioning the 
available dewar lifetime between spacecraft com-
missioning, experiment setup, and measurement 
modes. This has little impact on costs because man-
power must be maintained during the fixed-term 
flight phase. Longer commissioning and setup times 
(as might occur for a problem with the drag-free 
system) allow fewer measurements and less scien-
tific certainty. Incomplete commissioning increases 
risk and imperfect drag-free control directly affects 
the sensitivity. The exact trade cannot be specified 
without prior knowledge of the actual conditions in 
the spacecraft. 
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The minimum scientifically useful science mission 
returns data from two working accelerometers mea-
suring four test masses of  three or more different 
materials, in a drag-free satellite, for a six-month 
mission, including some measurements for system-
atic effects. This minimum mission could confirm 
the existence of an EP violation at the 10-16 level or 
below but could not give any information about its 
nature. A single accelerometer, or fewer than three 
materials, provides insufficient information about 
disturbances to perform a useful separation of an 
Equivalence Principle signal from systematic noise 
at  the 10-16 level. For more than two accelerometers 
the expected science return increases dramatically 
with little to no impact on mission cost or duration, 
because of the greatly increased number of possi-
ble comparisons between many test masses and the 
economy of manufacturing additional accelerom-
eters of identical design. 

In ascending order, we believe the following are 
the greatest instrument-related risks: (1) failure to 
meet manufacturing specifications for test masses, 
superconducting bearings, or other instrument com-
ponents,  (2) shortened dewar life (say, from 8 to 5 
months) due to compromises in probe design, (3) 
difficulties with installing the aerogel tide control 
system. Of  those, the effect of (1) is probably mi-
nor and can partly be overcome in software;  the 
effect of (2) would be to require some rescoping of 
in-flight verification tests. The greatest uncertainty 
is (3). To give perspective, the EP limit with no tide-
control method at all lies between 10-16 and 10-17.  
In fact, in the GP-B mission the most significant 
failure was of two thrusters, which required restudy 
of the drag-free control during the mission and ex-
tra commissioning time which subtracted from the 
measurement duration. In STEP the effect of this 
would be similar, and could require rescoping of 
the EP verification tests, or flying in a suboptimal 
drag-free mode. With the advantage and experience 
gained from GP-B this process would be much more 
efficient.

Operations risk and cost will be minimized by using 
the very successful GP-B model of an operations 
center at Stanford. The mission has a fixed length of 
about six months. The satellite setup and commis-
sioning period cannot be shortened without putting 
the entire mission at risk. The minimum volume of 
acceptable science data is about three months’ dura-
tion,  including the repeats and  variations of the ba-
sic measurement which are necessary for validation. 
Some small savings might come (at much added 

risk) from additional onboard data storage requiring 
fewer (but longer) ground station passages.

A descope option is available in the radiation sensor 
baselined for the full mission. GP-B has shown that 
radiation-induced charging is not as important as as-
sumed in earlier studies. A charge control system for 
the masses is still required.  The likely consequence 
of dropping the radiation sensor is slower control of  
charge buildup on the masses, and additional scien-
tific uncertainty since the radiation-induced charg-
ing has a strong orbital component. The savings 
would be approximately $1M.

The STEP spacecraft provides four basic functions 
in a minimal package: power, communications, a 
star tracker attitude measurement, and a thermally 
stable structure. Each of these is critical to the mis-
sion.

The launch vehicle must be sized to place the STEP 
satellite in a sun-synchronous polar orbit about 550 
km high with 2% eccentricity. No orbit trim should 
be necessary. 

D.6 Science Implementation
Consistent with the philosophy that STEP should be 
treated as a unitary system we have placed perfor-
mance characteristics of subsystems in Tables EF-6 
through EF-8 in the spacecraft section. A block dia-
gram of the overall spacecraft system is in Figure 
EF-1, and the concept of the spacecraft is in Figure 
EF-2. Science requirements were  summarized in 
Sections D.3 and Table EF-1. The Master Equip-
ment List contains brief descriptions of the proper-
ties and status of STEP hardware.

STEP16  is in effect a Galileo free-fall experiment 
from a tower several thousand km high, which can 
be repeated indefinitely. In the Newtonian view, each 
mass is subject simultaneously to the inward gravi-
tational pull of the earth and an outward centrifugal 
acceleration acting on its inertial mass. Any depar-
ture from Equivalence will cause a periodic differ-
ential acceleration between them  (Figure D.6-1). 
Part of STEP’s advantage lies in the large driving 
acceleration, about 840 cm/s2 (vs. 0.6 cm/sec2 in 
typical ground-based torsion balance experiments) 
giving a proportionately larger signal of a violation, 
and part lies in an environment made quieter than 
the ground by drag compensation.

The obvious question, after a century of prog-
ress defined by the success of the torsion balance 
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method, is why not simply fly a torsion balance in 
space? The answer lies in gravity gradients and ef-
fects of the torsion fiber. Ever since the work of Roll, 
Krotkov and Dicke it has been recognized that the 
dominant practical limitations on torsion-balance 
experiments are seismic noise acting through and on 
the fiber and uncertainty in gravity gradient torques 
on residual mass moments of the balance. In STEP, 
the corresponding “seismic” effects are greatly re-
duced by using a drag-free satellite and there is no 
mechanical coupling. With a torsion balance, both 
effects remain: both earth and satellite contribute a 
disturbance possibly millions of times larger than 
any signal. In ground-based tests experimenters 
have used great ingenuity to achieve a sensitivity of 
~3x10-13. 

Gravity gradient effects enter STEP in two ways: 
disturbances originating in the spacecraft and dis-
turbances originating in gradients from the earth’s 
gravity.  Unusually, in STEP it is possible to exploit 
the earth-gradient effects to our advantage. With 
two nearly concentric test masses in free fall, the 
earth-gradients provide a signal, at twice the Equiv-
alence signal frequency, from which the displace-
ment between their mass centers can be precisely 

determined. The distance between the mass centers 
is then adjusted until the earth-gradient signal van-
ishes. The sensitivity of the acceleration measure-
ment allows the masses to be centered better than 
the requirement. They are then insensitive to the 
earth’s gradient, but even more important, they are 
insensitive to first-order gradient disturbances from 
the spacecraft. One gravity gradient effect has been 
used to defeat the other.  Additional detail is given 
below.

Superconducting accelerometers with the required 
sensitivity and stability were developed at Stanford 
in the 1970s and 80s17 (Figure D.6-2) under NASA 
Code U funding and have continued development 
toward flight-capable units. Four of these  flight 
units are the baseline choice for STEP. 

D.6.a Instrumentation
In this section, we will describe the STEP instru-
mentation starting from the core and moving out-
wards.

Test Mass Choice 
At least two materials are needed for a comparison, 
but comparing several materials simultaneously al-
lows meaningful conclusions to be drawn about the 
composition-dependence of any violations of the 
Equivalence Principle.

Though theoretical ideas are at present barely sug-
gestive, it is expected that those properties which 
might lead to an EP violation will vary more or less 
smoothly across the periodic table; for example 
mass deficit or neutron number. It is probably not 
too critical which materials are chosen, so long as 

Fig D.6-2. Differential Accelerometer functional 
elements

Figure D.6-1. Constraining the test masses 
converts the EP signal to a simple sinusoid.
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they have independent properties. 

Extensive discussions have led to a baseline design 
choice of three materials, Pt-Ir alloy, Nb, Be, in a 
“cyclic condition”: The total acceleration difference 
(A-B)+(B-C)+(C-A) for three mass pairs AB, BC, 
CA, must be  zero,  if there is no systematic distur-
bance in one or more pairs.  The Pt-Ir/Be pair is du-
plicated in a fourth accelerometer. This choice very 
conservatively presumes that sensitive comparisons 
of two materials will be possible only within one 
differential accelerometer, and that materials in dif-
ferent accelerometers cannot be directly compared. 
These materials were chosen to maximize informa-
tion return. There is a tradeoff between two com-
peting ideas, first to test as many different materials 
as possible, so as not to miss anything and learn as 
much as possible about any violation, and second to 
make certain that anything measured is a real effect. 
Testing whether a measured result is real involves 
both repetition of the experiment and variation of 
experimental conditions (to test that the result is not 
a systematic effect). Ideally one would like to test 
the same materials under many different conditions. 
Then, if the result is the same, it is clear that the 
differing conditions have nothing to do with the out-
come. This suggests testing a minimum number of 
materials very carefully. The choice is complicated 
by manufacturability (only certain materials can be 
made into a test mass) and mission cost. Our choice 
favors certainty in the result over a comprehensive 
search.

Test Mass Shapes and Manufacture
To ensure that the test masses experience equal ac-
celeration in non-uniform gravitational fields, their 
centers of mass must coincide, and their shapes and 
sizes must be chosen to minimize the coupling of 
higher gravitational moments which might occur 
from the spacecraft to the masses.  This greatly re-
duces spurious gravitational effects from motion and 
deformation of the spacecraft, etc.  An ideal shape 
for the masses might be spherical, but this gives no 
good way to measure the inner mass, and careful 
examination of errors in shape and density indicates 
it has no advantage over any other shape with nomi-
nally zero mass moments. The STEP test masses will 
be belted cylinders (Figure D.6-3) with dimensions 
chosen to make the masses “sphere-like” gravita-
tionally. Extensive studies have resulted in a design 
in which the cylinders are “spherical” to sixth order 
in mass moments. This reduces the spacecraft gravi-
tational coupling, particularly from helium motion, 
to the required level18. 

Each differential accelerometer contains two con-
centric cylindrical test masses, each coated with a 
thin film of superconductor, which are independent-
ly constrained by superconducting magnetic bear-
ings to move freely along the symmetry axis.

Superconducting Bearing
The test masses must not move other than in the sen-
sitive direction to avoid ambiguity in the accelera-
tion being measured.  Super-
conducting magnetic bearings 
perform this function.  A field-
compensated meander pattern 
niobium circuit (Figure D.6-4)  
on a quartz cylinder provides 
maximum radial constraint 
with minimum force along the 
sensitive axis and has no net 
magnetic moment to disturb 
the SQUID. These circuits are 
divided in quadrants to allow 
adjustment of the test masses’ 
centers of mass during setup.  
The center-of-mass offset is 
measured using the gravity gra-
dient signal from the earth as 
an error signal, and the bearing 
currents are actively adjusted 

Figure D.6-3. Prototype beryllium outer test 
mass and niobium inner test mass for the dif-
ferential accelerometer

Figure D.6-4. Thin film superconducting mag-
netic bearing pattern on a quartz cylinder.
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until it vanishes.  No on-orbit calibration is needed 
since both error signal and displacement go to zero 
together. The highly stable supercurrent is “frozen” 
at the end of this setup procedure; once the masses’ 
equilibrium positions are centered on each other, 
they will remain centered. An electrostatic position-
ing system damps the masses’ radial modes, which 
are excited only by residual spacecraft motion, so 
that the masses never move far from their equilib-
rium positions.  The controller for this adjustment 
will be integrated with the drag-free controller for 
the satellite. The residual motion from DFC limits 
the measurement accuracy for the centering to ~ 3 
×10-13 m, and causes the masses to vibrate with an 
amplitude about 1.3 ×10-10 m, averaged over one 
signal period. The latter is nearly eight times smaller 
than the requirement of 10-9 m, and furthermore is 
at the ~0.01 Hz resonant frequency of the bearing, 
well removed from the signal frequency.

SQUID Readout
The differential accelerometers each contain a pair 
of test masses constrained in the sensitive direction 
only by very soft magnetic “springs” which origi-
nate in reaction forces from the SQUID readout 
sensors. Any differential displacement along their 
common ‘sensitive’ axis is measured to very high 
precision (≈ 7×10-14 m in 105 sec integration time) 
using superconducting pick-up coils coupled to 
SQUIDs.  The differential displacement is a measure 
of the difference in acceleration experienced by the 
masses in each pair.  Each of the masses is guided 
along the sensitive axis by a superconducting mag-
netic bearing. The masses’ equilibrium positions 
may be trimmed (as required by the mass centering) 
by adjustment of supercurrents in the bearings and 
SQUID coils, or by a voltage applied to surrounding 
electrodes. 

SQUIDs (Superconducting Quantum Interference 

Devices) are used because of their extremely high 
sensitivity and low intrinsic noise ( ≈ 2.6×10-28 Joule 
/Hz at the highest signal frequency).  A simple ac-
celerometer is made by placing a test mass between 
two superconducting pickup coils wired in series 
(Figure D.6-5, left), with a persistent supercurrent 
flowing around the circuit.  Movement of the super-
conductor-coated test mass towards one pickup coil, 
and away from the other one, changes the inductance 
values. Because of flux conservation, this forces a 
current through a third coil in parallel with the first 
two. This signal current is roughly proportional to 
the displacement, and the third coil is the input coil 
of a SQUID.  The SQUID is used as an extremely 
sensitive magnetometer to detect the signal current. 
STEP’s differential accelerometers use two such 
circuits—one for each test mass—connected back-
to-back, so that they share the same SQUID input 
coil (Figure D.6-5, middle).  This SQUID senses a 
current proportional to the difference in displace-
ment of the masses (and so to their differential ac-
celeration).  A second, common-mode SQUID gives 
the error signal for the DFC. 

It is critical that the differential-mode signal not be 

Figure D.6-5. The SQUID sensor circuit is a superconducting version of a linear variable- dis-
placement transformer. Left: basic circuit  for one mass; Middle: Differential accelerometer circuit. 
Right:  Multiturn sensor coil.

Table D.6-1 Differential Accelerometer 
Performance
Mode Performance Criteria
Differential Mode 
sensitivity

~10–13m/sec2/√Hz

Common Mode 
sensitivity

~3x10-13m/sec2/√Hz

Common Mode 
Rejection Ratio

> 104

Axial Test Mass Period 300-1500 Sec

Radial Test Mass Period 100 Sec

CM Adjustment Range 10 microns
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contaminated with any of the common-mode signal. 
The accelerometers comprising each test-mass pair 
must be balanced to give a true differential signal. 
This is done by adjusting the magnitude of their re-
spective circulating supercurrents. They will remain 
balanced due to the stability of the supercurrents.  
Standard cryogenic techniques can be used to set 
these currrents with high precision during the setup 
phase. To assist the balancing, the satellite will be 
accelerated to provide a dither acceleration, and the 
supercurrents adjusted to minimize the resulting dif-
ferential mode response. 

Accelerometer characteristics are listed in Table 
D.6-1.  GP-B heritage SQUIDs have been selected 
as the primary measurement device because of their 
outstanding sensitivity, low noise, and stability19.

Electrostatic Positioning System (EPS)
In addition to the SQUID acceleration measurement 
the instrument performs measurement and control 
of the test mass positions in five or more degrees of 
freedom  using a capacitance pickoff.  The EPS pro-
vides measurement and control of the masses during 
setup phases which occur between measurement cy-
cles, and damping and supplementary measurement 
of the masses during actual Science measurements. 
It also measures the electric charge residing on the 
test mass, an important disturbance source. The 
charge measurement is conceptually made by apply-

ing a dither voltage to which the mass responds only 
if it is charged. The sensitivity is limited by the DFC 
residual. This measurement is then used to drive the 
charge toward zero in an active control loop. A feed 
forward estimate of the charge rate derived from 
radiation measurements will improve performance.  
An UV light source, derived from GP-B heritage, 
allows charge to be moved on or off the mass with-
out contacting it.

The EPS is also used to manipulate the test mass-
es for several tests for systematic errors, and can 
function as a backup to the SQUID measurement 
although at a lower sensitivity. In all of these cases 
the EPS output data is the same, three-axis position, 
charge, and two angular measurements on the test 
mass, plus control efforts. The data rate will match 
the SQUID rate.  

Quartz Block Assembly
STEP’s test masses are arranged in pairs in four dif-
ferential accelerometers  (Figure D.6-2), and aligned 
and supported by a quartz block (Figure D.6-6) for 
dimensional stability. The instrument must be con-
tained inside a superconducting shield to eliminate 
electromagnetic disturbances to the masses and 
SQUID, and in ultra-high vacuum to eliminate gas 
pressure effects. 

In flight, the spacecraft coordinates have the X and 
Y axes in the plane of the orbit and the Z axis rough-
ly in the direction of the Sun. The accelerometers 
have their sensitive axes alternately along the X and 
Y directions, and are stacked along the Z axis. They 
will be separated by about 15 cm in the Z direction. 
A quartz block supports and aligns the accelerom-
eters and related parts in this configuration. 

Drag-Free Control (DFC) System
A drag-reduction system is necessary to protect 
from atmospheric disturbances. The satellite shields 
the masses from most external influences. The DFC 
system keeps the satellite from moving with respect 
to the test masses.  If the satellite were allowed to 
move significantly, spatially varying forces from 
the satellite (e.g. gravity gradients) could degrade 
the measurement by acting differently on the two 
masses in each accelerometer.  The common-mode 
SQUID and EPS measurements give the drag-free 
error signal. DFC was first demonstrated with im-
pulsive thrusters in the TRIAD satellite in 197220. 
STEP will use proportional thrusters developed for 
GP-B. Attitude control is also a function of the DFC 
system22.

Figure D.6-6. Accelerometer configuration and 
orientation.  This configuration enhances both 
performance and reliability by providing a rich 
data set.  
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For best performance, the DFC requires a common- 
mode measurement in each direction. To make 
comparisons between accelerometers, they should 
be parallel. To satisfy these requirements,  STEP’s 
four accelerometers are in two pairs at right angles 
to each other. The resulting configuration provides 
measurements of angular acceleration, satellite at-
titude with respect to the earth’s gravity gradient, an 
estimate of variations in the satellite’s gravity gradi-
ent and a good deal of redundancy:  this is rich ad-
ditional information to distinguish between a viola-
tion and many disturbances.

The dewar is part of a “drag-free” satellite, i.e. a 
satellite compensated for drag by proportional 
thrusters, using the test masses as reference. This 
technique, demonstrated by GP-B and elsewhere, 
reduces low-frequency acceleration disturbances 
from air drag, magnetic field, and solar pressure to 
an acceptable level.  Figure D.6-1 illustrated how 
two free bodies in orbit with different gravitational-
to-inertial mass ratios would behave in a Galileo-
type free-fall experiment. In practice the masses are  
slightly constrained  by measurement forces. This 
simplifies the signal as shown in the figure.

The dewar
Cryogenic operation of the instrument is essential 
for several reasons; these include superconducting 
shielding reducing external magnetic field varia-
tions to 10-11 of their external value, reduced thermal 
noise, greatly improved thermal and mechanical sta-
bility, greatly reduced thermal expansion, ultra-low 
gas pressure, stability of supercurrents, reduction of 
many disturbances, and the ability to use extremely 
sensitive SQUID position readouts.  The accelerom-
eters will therefore be housed in a vacuum probe  
inside a cryogenic dewar.  The requirements are eas-
ily met with standard technology.  The dewar is a 
major part of the satellite structure. Dewar tempera-
ture is controlled by using the solar panel as a sun-

shade and selecting a “sun-
synchronous” orbit which 
is always in sunlight and 
avoids thermal transients 
from eclipses. Cryogenic 
temperature is maintained 
in the instrument by con-
tinuously boiling helium 
liquid as a coolant. The sur-
plus gas, which would oth-
erwise cause a disturbance, 

is used by the drag-free system as propellant.

The baseline dewar (Figure D.6-7) is an existing 
flight qualified vessel 1.3m long and 1.2m in di-
ameter built by Lockheed Martin.  The main tank 
contains 180l of superfluid helium at an operating 
temperature of 1.8K, weighing 26kg with a vapor 
ullage of 5%.  It is supported from the vacuum shell 
by six passive orbital disconnect struts (PODS-V). 
There is also a normal helium guard tank.  The on-
orbit lifetime is 8 months.  The dewar probe (the 
insert containing the instrument) maintains exceed-
ingly high vacuum and is surrounded by cryoperm 
and superconducting magnetic shields.  The dewar 
must be considered as part of the payload both from 
its proximity and its potential influence on the in-
strument.   Helium tide control is provided by filling 
the entire tank with aerogel. That this meets require-
ments (even under 1 g) was demonstrated for a pre-
vious study16.

Other Instruments
Outside of the payload (defined as including the in-
strument, dewar, DFC and thrusters) the spacecraft 
systems are conventional and based on existing 
flight hardware.  The Service Module studied in Eu-
rope by Astrium provides standard power commu-
nications and safety functions.  The experiment is 
controlled through a dedicated computer which also 
performs the drag-free/attitude control functions and 
logs data; much of the payload electronics including 
the SQUID controllers is identical to existing GP-B 
flight hardware.  

The satellite (Figure EF-2) will include a radiation 
sensor in the payload electronics to improve the 
estimate of the masses’ charging rate, an external 
magnetic field sensor, a star tracker to measure the 
attitude, electronics to control the payload, commu-
nications equipment, power supply, computer, and 
other support equipment.  The most basic require-
ments on the satellite and attached Service Module 
are listed in Table D.6-3. 

The essential requirement of the design is to elimi-
nate all disturbances that could imitate the signal of 
a difference in rate of fall. The inherent stability and 
low losses in superconductors reduce the intrinsic 
sensor noise. Superconducting shielding eliminates 
external magnetic and electrical disturbances. Like-
wise the very low temperature (~ 2 K), temperature 
stability and uniformity (< 0.5 mK per orbit, within 
the dewar), and pressure (< ~ 10-11 Pa) reduce most 
thermal disturbances to insignificant levels. The Figure D.6-7. STEP Dewar
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shapes of the test masses are designed to minimize 
disturbing gravity forces from the satellite. A charge 
control system reduces disturbances from particle 
radiation and the resultant electrical charging.

All these technologies have been successfully dem-
onstrated to meet our requirements by GP-B or in the 
laboratory. In particular, SQUID electronics,  charge 
control and drag-free control using helium boiloff 
are direct GP-B heritage.  We have demonstrated ac-
celerometer sensitivity and operational characteris-
tics in the laboratory, and assembled prototype flight 
inner accelerometers for testing.  Instrument flight 
readiness levels are listed in the Master Equipment 
List. The STEP mission has immense heritage from 
Gravity Probe B in the areas of concepts, technolo-
gy,  hardware, operations, manpower, management, 
and analysis. 

Expected Performance
In an experiment of this sensitivity a comprehensive 
disturbance analysis21 is essential for understanding 
and setting requirements.  Over decades we have 
developed a spreadsheet analysis which is used as 
a design tool to calculate the major design tradeoffs 
as well as the total expected error from a consistent 
set of requirements and assumptions. Subsystems 
and disturbances are modeled as transfer functions 

rather than simulations, giving massive increases 
in speed, flexibility,  transparency, and extensibil-
ity.  The transfer functions are derived from models 
of the subsystems (example: accelerometers as har-
monic oscillators) or from the performance of actual 
systems (e.g. measured GP-B SQUID noise) where 
available. Anticipated interactions between subsys-
tems are similarly modelled. 

This analysis includes details of the accelerometers 
and  environmental disturbances such as gas pres-
sure, gravitational coupling, charging and response 
of the DFC to air drag. The drag-free control algo-
rithms, proportional thrusters, and DFC subsystems 
determine the level of residual acceleration distur-
bance from these effects, and are therefore part of 
the payload. Residual spacecraft acceleration will 
disturb the test masses by coupling from a variety 
of disturbing effects. The challenge in controlling 
these effects begins with a thorough listing followed 
by careful study.  We have  used the STEP distur-
bance  analysis program since 1998 in support of 
trade studies.  This activity will be continued and 
phased into data analysis.

The performance estimated by this program can be 
directly compared with the goals of the mission, and 
up to 400 parameters can be changed to determine 

Table D.6-2 This representative disturbance analysis gives a worst-case Equivalence measure-
ment of 9x10–19 in 20 orbits integration time.
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Actual force from internal field  
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Common mode period [s] 1466    Sensor Current [A] 8.6E–3 

Differential mode period [s] 1131    S/C rotation per orbit 2.70 

Total Error [m/s/s] 7.38E–18    RMS Error [m/s/s] 2.19E–18 
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their effect on the outcome. Table D.6-2 estimates 
experiment performance limits from the largest er-
ror sources and some of the most common concerns.  
The dominant error source in this example is SQUID 
noise, converted to an equivalent acceleration. This 
is followed by “dynamic CM offset”, the conversion 
of test mass vibration about the common equilibri-
um position into the signal frequency, by the earth’s 
gravity gradient acting across the center of mass sep-
aration.  Drifts in the stabilized temperature of the 
SQUID are next, followed by gas pressure-related 
disturbing forces, such as the radiometer effect, and 
thermal expansion differences, which enter the ex-
periment in a variety of ways. Translated into an EP 
limit the rms error after 20 orbits is 3 x10-19 and the 
worst case sum 9 x10-19. Actuality lies somewhere 
between the two. 

All parameters in this example are conservative. 
Thus, SQUID noise was based on the GP-B ‘re-
quirement,’ whereas in the actual GP-B flight gyros 
all four readouts exceeded the requirement, two by 
a factor of 4. Improving SQUID noise, the limiting 
factor in several subsystems, reduces many other 
disturbances in a synergistic manner.

Data generated by the  instrument and relation 
to science goals
Measurements will be typically made with the sat-
ellite slowly rotating about the normal to the orbit 
plane to modulate the EP signal. Some details of the 
data required, its rate and use in the science analysis, 
were given in section D.4.  The instrument produces 
additional data supporting the primary data.  The 
subsystems which generate this data are described 
below. 

Data from the four differential accelerometers is 
used to control spacecraft attitude as described  
above.  Data from this control process, with star 
tracker data, is included in the data from the drag 
free control system, and is required in support of the 
accelerometer data. 

Because the signal is modulated by satellite rota-
tion a measurement of the spacecraft attitude will 
be made by star trackers. Requirements on perfor-
mance are in Table EF-7. Essentially the pitch phase 
must be well known. Note the star tracker data is a 
very small (but necessary) input to the attitude con-
trol, which is overwhelmingly relative to the gravity 
gradient of the earth rather than the fixed stars. In 
consequence during the experiment phase there is 
no attitude control requirement as such. Rather, the 

requirement is to minimize the disturbance from the 
earth’s gradient. The “required” attitude to accom-
plish this is determined dynamically, as part of the 
drag-free control.

Instrument subsystems and their status are identi-
fied in the foldout tables and the Master Equipment 
List. A simplified diagram of the STEP instrument 
and spacecraft, detailing the relationships above, is 
in Figure EF-1. Additional detail, including mass, 
power, etc. is presented in the other tables.  

D.6.b Mission Concept
An EP measurement is a time sequence of differ-
ential acceleration measurements made under speci-
fied  or measured conditions. Experimental param-
eters, such as temperature or satellite roll, will be 
varied between measurements to assess the influ-
ence of disturbances and systematic effects. Envi-
ronmental conditions (e.g. external magnetic field, 
particle radiation) will be monitored during all mea-
surements. 

The science data rate during measurements will be 
about one point (comprising several hundred mea-
sured items) every two seconds, to which engineer-
ing and housekeeping data must be added.  We have 
prepared a thorough description of the setup, cali-
bration and operations procedures. This is briefly 
summarized in the preliminary operations sequence 
in Figure D.6-9 below. The measurement phase of 
the mission will begin with preliminary Equiva-
lence Principle measurements. These will be fol-
lowed by additional tests with varied experimental 
conditions to determine the validity of the measure-
ments.  There is not time enough in the mission to 
perform all possible tests, so a selection is necessary 
based on the conditions actually discovered in orbit. 
Once preliminary data on the actual conditions are 
found, “canned” procedures will be used as needed 
to identify and calibrate systematic effects and opti-
mize the measurement. 

Simultaneous measurements are critically important 
to STEP’s scientific credibility.  More than two con-
centric masses in a single differential accelerometer 
is technically infeasible. Masses in two separate ac-
celerometers can be compared, but in general there 
is a large interfering signal from gravity gradients. 
This interference vanishes if the accelerometers are 
at exactly the same height above the Earth’s sur-
face. The Earth’s gravity gradient signal is at twice 
the frequency of the science signal. It can be easily 
measured between two accelerometers and used as 
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an error signal to reorient the satellite so that it van-
ishes, somewhat in the manner of the mass center-
ing. Prior studies for STEP22 have shown that this 
orientation relative to the gravity gradient can be 
done to very high accuracy, solving the problem of 
comparing two accelerometers accurately and re-
ducing the need for star tracker input to little more 
than a rate determination. Multiple accelerometers 
can easily be accomodated by arranging them on a 
line, and the satellite can be rolled about this line 
without introducing additional disturbances.

To distinguish an EP violation from most remaining 
disturbances, the satellite will rotate slowly about 
the spacecraft Z-axis (pitch axis) normal to the plane 
of the orbit (Figure D.6-8) to modulate the EP signal 
away from natural disturbances. The accelerometers 
are arranged along this axis, and during rotation the 
accelerometers all remain at the same height in the 
earth’s gravity field, to minimize changes in force 
between accelerometers from earth’s gravity gradi-
ent. A co-linearity adjustment (using the same grav-
ity gradient error signal as the mass centering and 
attitude) ensures the remaining force is not too large. 
This allows comparisons to be made between accel-
erometers at about the same sensitivity as within a 
single accelerometer. Note that minimizing the error 
signal is what is important, not the absolute orienta-
tion, since the error signal is proportional to the dis-
turbance in this case. The sensor noise limit to the 
orientation accuracy is about a milliarcsecond, but 
rapidly changing higher-order earth gradients will 
prevent orientation to better than a few tenths of an 
arc second.

The superconducting measurement circuit and su-
perconducting bearing suspension allow adjustment 
of the common-mode rejection to be done electroni-

cally, quickly and automatically, and the adjustment 
will remain extremely stable until changed. For each 
measurement, the accelerometers will be adjusted 
and balanced to maximize rejection of common-
mode accelerations in the differential mode (which 
contains the EP information).  Common-mode re-
jection of 10-6 has been demonstrated but STEP only 
requires 10-4.

Acceleration or vibration directly disturbs the mea-
surement.  In STEP the main technique for reducing 
acceleration is drag-free operation. Ideally the satel-
lite follows the free-floating masses without touch-
ing or disturbing them. The technique of using he-
lium boiloff gas vented through proportional thrust-
ers, fully demonstrated by GP-B, reduces accelera-
tion disturbances from air drag, magnetic field, and 
solar pressure to an acceptable level.  Air drag is the 
largest disturbance expected in orbit, followed by 
solar pressure. The drag sets the minimum altitude 
for the mission. Active drag-free control is required 
to reduce the external drag by seven orders of mag-
nitude within the measurement bandwidth. The con-
trol law is conventional with a 2 Hz bandwidth and 
a notch filter at the signal frequency.  Resonances of 
the satellite and fixed solar panel are above 27 Hz, 
well above the requirement of Table D.6-3, which is 
adequate margin for this bandwidth. 

Spacecraft disturbances are minimized having no 
moving parts or disabling them during measure-
ments. Orbital debris and micrometeoroids are rel-
atively rare and cause only transient disturbances, 
or in the case of a serious collision, truncation of a 
measurement by causing the accelerometer housing 
to contact the masses.

Experimental parameters will be varied between 
measurements to separate and identify remaining 
disturbances.  With this information, calibration of 
known disturbances can occur in data analysis and 
their effects removed from the signal.  The param-
eters to be measured, and quantity and quality of 
data, are determined by the anticipated needs for 
this analysis.

The mission will be flown in a near-circular, 550 km 
high sun-synchronous orbit with approximately 97o 
inclination, which minimizes temperature variations 
and trades air drag against particle radiation, for a 
period of six months. Sensitivity of the experiment 
to variations in gravity gradient requires the orbit 
eccentricity be less than 2%.  Preliminary analysis 
will be performed during the mission to direct the 

Figure D.6-8. STEP Orientation and Coordi-
nate Systems.  The satellite rolls about the orbit 
normal to modulate the EP signal.
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form and schedule of measurement variations to be 
carried out. Variation of experimental conditions 
between measurements is required for certainty in 
the science product. Possible measurement varia-
tions  include rotating the satellite at different rates 
and angles; placing electrical charge on the test 
masses; changing the positions of the test masses in 
the instrument; and changing temperature gradients, 
among others. 

Operations
The outline of the mission is therefore as follows. 
After an initial period of satellite commissioning, 
the DFC system is initialized in a “coarse drag-free” 
mode using capacitance sensor measurements for 
the reference. The differential accelerometers are 
initialized and calibrated. Extremely precise cali-
bration is not generally required for STEP because 
the measurement of interest is relative; the prima-
ry calibration reference is the capacitance sensor, 
which depends on the dimensional stability of the 
electrodes for its accuracy. This and the SQUID 
sensor will be precalibrated to < 1% on the ground. 
The accelerometers will be launched in a shutdown 
condition; the masses will be caged during launch 
by a bellows-type hydraulic actuator (similar to that 
in GP-B) using pressurized helium as the working 
fluid. The SQUIDs will be set up and recalibrated 
in orbit by reference to the capacitance sensor.  The 
setups which need to be precise are the common- 
mode rejection adjustment and the center-of-mass 
adjustment. These adjust internal ratios rather than 
absolute values and are self-referenced.

For setup, the positions of the masses are controlled 
by an electrostatic positioning system which also 
measures the charge on the masses. Gravity gradient 
disturbances are eliminated by precise placement of 
the mass centers on each other.  The electric charge 
of the masses (potentially a major disturbance) is 
controlled by ultraviolet discharge following GP-
B’s lead.  To assist this process and analysis the 
particle radiation environment, which causes charge 
variations, should be measured.

Acting on an out-of-roundness of approximately one 
micron of the masses, the EPS can stop any initial 
mass rotation from uncaging in a few days. 

Once supercurrents are trapped in the accelerom-
eters the DFC will be switched to a “fine drag-free” 
mode using outputs from the SQUIDs rather than 
capacitance measurements.

Prior to any measurement, the centers of oscillation 
will be precisely aligned as described above to re-
move the effects of gravity gradients. The satellite 
will be oriented relative to the earth’s gravity gra-
dient using measurements from the accelerometers 
themselves, to reduce gravity gradient disturbances 
between accelerometers. The supercurrents can be 
changed in a few seconds, but the time required for 
the adjustment will need to be at least several times 
the test mass period (~1000 seconds) to allow the 
system to settle. All differential accelerometers can 
be adjusted simultaneously, so this adjustment can 
be completed and checked in a few (2-5) days.   The 
supercurrents in the common mode balance adjust-
ment will be adjusted to produce a null response to a 
longitudinal acceleration in the differential mode. 

Next, the satellite will be accelerated at right angles 
to the sensitive direction, to calibrate any coupling 
from accelerometer misalignment. If this coupling is 
known to a few percent or better, it can be used in a 
software correction to improve the overall common 
mode rejection completing the instrument setup.

Typically, measurements will be made with the sat-
ellite slowly rotating about the normal to the orbit 
plane to modulate the EP signal away from natural 
disturbances at orbit and daily frequency and their 
harmonics. Measurements will be made on all test 
masses simultaneously under a variety of experi-
mental conditions designed to detect and mitigate 
systematic errors.

EP measurements will be made with all accelerom-
eters simultaneously. A measurement will last be-
tween about 100,000 and 500,000 seconds. Shorter 

Table  D.6-3 Experiment Requirements on the spacecraft.

System Requirement Science Rationale
Mechanical Stiffness First resonant mode > 10 Hz Drag-free Control Requirement

Vibration Residual acceleration < 10-12 ms-2  / √Hz Drag-free Control Requirement

Sunshade Shield Dewar from direct sun Thermal Distortion

Thermal
Temperature variation < 5K per orbit, Control 
materials

Gravitational Coupling to Thermal 
Distortions
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times result in less averaging of noise, and longer 
times reduce the number of measurements that can 
be made during a limited mission life. 

Changes in the setup, roll rate, and other conditions 
will be implemented between measurements and for 
the tests for systematic effects.  The duration of the 
mission (fixed by the lifetime of the helium cryo-
gen) limits the number of different tests that can be 
done, and consequently a shortened mission impacts 
the certainty of the final result.   The mission should 
last about six months (limited—and defined—by 
the supply of liquid helium).

STEP’s magnetic torquers and proportional helium 
thrusters will compensate all non-gravitational forc-
es.  The solar flux and the geomagnetic activity de-
fine the large long-term variations of the density in 
the upper atmosphere and consequently the drag on 
the satellite. Assessment of the feasible altitude de-
pends on a reliable prediction of flux and geomag-
netism. The solar flux has a well-known but not well 
predictable periodic variation over a cycle of about 
11.3 years duration. Prediction of geomagnetic ac-
tivity also has uncertainties. These factors determine 
the altitudes below which drag force will likely ex-
ceed the thruster authority. STEP can tolerate brief 
periods of thruster saturation which may result in a 
minor loss of data. The baseline 550 km orbit is a 

reasonable trade between launcher performance and 
a small likelihood of thruster saturation. 

Data will be provided to a STEP operations team, 
composed of US and ESA representatives, as soon 
as possible after it has been downloaded, and a quick 
look will be performed using analysis techniques 
described below. The operations team will choose 
from the set of preplanned measurement proce-
dures based on the results of this analysis. Data will 
then be simultaneously released to the data analysis 
teams (below) for final treatment and further recom-
mendations.

The mission timeline in Figure D.6-9 briefly indi-
cates the operations and tests to be  performed in or-
bit. The operations strategy and required spacecraft 
performance were described above.  Note that the 
sequence of events in the measurement phase must 
be determined by conditions found in orbit. 

D.6.c. Data Analysis and Archiving
There will be two levels of data analysis, Quick- 
Look and In-Depth. 

Quick-Look Data Analysis—The PI and key Co- 
Is will be at the SUMOC during the initialization 
calibration phase. The team will operate the payload 
according to the Flight Operations Plan, monitor the 

Figure D.6-9. STEP Mission Timeline
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experiment status and analyze the Quick-Look data. 
The MOC will store the processed mission telem-
etry level 0 (raw data) and Level 1 (de-commutated 
and calibrated) data.

In-Depth data analysis at the two STEP Science 
Centers—After the initialization calibration phase, 
the science data is transmitted from the SUMOC 
in near real time to the STEP science center for in-
depth data analysis. Data reduction will take place 
as described in Section D.4, and will take about one 
year.  

The Quick-Look data analysis occurs during the 
mission, and this effort is included in the mission 
budget. In-Depth data analysis resources have been 
estimated on the basis of CHeX and GP-B experi-
ence.

The raw and calibrated data will be submitted to the 
primary STEP Data Archive in the National Space 
Science Data Center (NSSDC) at GSFC one year 
after the end of the flight phase. The calibrated EP 
experiment data will be provided to the primary 
Data Archive by the teams in the two science cen-
ters. Jennifer Spencer has been identified as the re-
sponsible person. 

Table D.6-4 Science Team Co-Investigators
Name Role Responsibility Affiliation Funding
Everitt, C.W.F PI Program, GP-B PI Stanford NASA

Worden, Paul Co-I Science investigation & instrument; 36 years design 
& program experience on STEP, ,  GP-B data analy-
sis,  Co-PI STEP, MiniSTEP, QuickSTEP

Stanford NASA

Mester, John Co-I Deputy Program Manager;  10 years experience on 
STEP; magnetics manager for GP-B.

Stanford NASA

Lipa, John Co-I Instrument & cryo payload; PI for CHEX;
> 30 years cryogenic experience

Stanford NASA

Cowsik, Ram Co-I Data analysis;  director of the McDonnell Center for 
the Space Sciences

WUSTL NASA

Sumner, Timothy Co-I Charge control design; built charge control system 
for GP-B, UK Dark Matter Collaboration, Professor 
at Imperial College London.

ICSTM PPARC

Lockerbie, Nick Co-I Instrument and test mass design; 17 years experi-
ence with STEP as DA group member

Strathclyde PPARC

Dittus, Hansjoerg Co-I Caging;  Program Manager  for WEP project at Drop 
Tower Bremen. Deputy Institute Director, ZARM, 
University Bremen, Germany. 

ZARM DLR

Krishnan, N. Co-I Metrology; magnetic levitation experience; 15 years 
experience with ground-based EP measurements

TATA Institute ISRO

D.6.d Science Team
Table D.6-4 below lists the key members of the 
STEP Science Team and their roles, responsibilities, 
institutional affiliation and funding sources.

D.7 Plan for Science Enhancement 
Options
We have no plans for science enhancement at this 
time.
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