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SUPE RCONDUCTI\ E ACCELERO’&ETER »
Theodor A. Buchhold, Schenectady, N.Y., assignor, by

mesne assig 'me:'{s, to the United Stafes of A*nerwa as

represes- ated by the Administralor of the Nafional Aero-

nautics and Space Adminisfration -
}:"kd Dec, 2, 1960, Ser. No. 73,367
Cl.mns. (CI 73-—517)

" The inventien Jescnbed herein may be manufactured
and ‘used by or for the Government of the United States

f America for governmental purposes without the pay-
meqt of any royalties thereon G" therefor.

‘This application relales to' a new. and’ unproved ac-
celerometer. ‘

hfore particularly the invention relates to a new and
improved superconducting accelerometer employing a
variable force principie to delermine the wucceleration to
saperconductmp body is subjected.

An accelerometer is an insirument for measuring the
acceleratinn and deceleration of oodies being subjected to
propelling or braking forces. With the advent-of guided
missiles and inertial guidance systems ihe peed for
measurm" with exireme accuracy the acceleration and

eceleration of bodies in space has become most urgent.
T‘]P present inveriion makes available a superconducting
accelerometer which is capable of obtaining the hmh ac-
curacies required of such devices,

It is therefore a primary object of the present inven-
tion to provide a new and improved superconduc.ing ac-
celerometer. The accelerometer employs a novel con-
stant curyent reference to which a variable carrent pro-
poriional to an accelerating force is added in one coil
znd subfracted in a second coil to develap a counter
jorce to counter the effect of the accelerating force. The
value of this variable current then pmwdes a measure of
the acceleration to which the body is subjected.

In practising the invention an acceleromeler is pro-
vided which compu 25 a body having at least cne super-
condactive surface suspended for movement with respect
to-a referénce position. Electrical means are provided
for producing 2 magnetic flux in a restraining coil that
acts against the superconductive surface cf the body for
restraining the body close to its reference position. A
source of constant electric current is-operatively coupled
to the eclectrical means. An electrical pick-up is physi-
cally disposed adjacent the body for detecting incipient
movement of the body and deriving an electric error sig-
nal which is amnlified and produces a current that is sup-
plied to the restraining coil of the accelerometer and is
a measure of acceleration. ] )

Giher Gw\cts. features and many of the attandant ad-
vaniages of this invention will be apprediated more readily
as the some becomss betier undersiood by reference to
the following defziled description, when considered in
connection with the accompanying drawings wherein like
parts in each of the several figures are identified by the
same refercnce character, and wherein:

IGURE 1 is a partially broken away side view of
a preferred form of ac celercmeter conshucied in accord-
ance with the invention;

FIGURE 2 is a cross-sectional view of the accelerom-
eter shown in FIGURE 1 taken through the plane 2—2;
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FIGURE 3 isa functional block diagram of a measure-
ment circuit used in conjunction with the superconductive
accelerometers shown in FIGURES 1-2;

FIGURE 4 is an alternative measurement circuit ar-
rangement for use with the accelerometer of FIGURE 1;

FIGURE 5 is still a second form of measuring arrange-
ment for use with the circuit of FIGURE 4;

"~ FIGURE 6 is a partially broken away side view of z-
second embodiment of a superconductive accelerometer
constructed in accord‘mv with the invention;

FIGURE 7 is a secticnal view of still a third form of
superconductive accelerometer construcied in accordance
with the m»enhon, and

FIGURE 8 is a sectional view of still another sepsr-
conductive accelerometer which employs a spherically-
shaped armature body. ‘

The accelerometer shown in FIGURE 1 of the draw—
ings comprises a housing 11 fabricated from brass or
other suitable material which is adapted to be exposed
within a cryogenic fluid container surrounded by an in-
sulating cabinet (not shown). There are a number of
cryogenic containers and insaldting cabinets avafiable in
the art which are suitable for use with the superconduc-
tive accelerometer in order to reduce its temperature to

cryogenic regions. Hemv, a further deccnpuon of these
portions of the device is not believed necessary. ‘The
housing 11 is cylindrically shaped, and has a cylindricaliv
shaped armature or body 12 supporied therein which is
fabricated from supefeonducting materials. There are
some 21 known different metallic elements which exhibit
superconducting chatacteristics when their temperature
is reducad to the neighborhood of 0° Kelvin (i.e., super-
conducting temperatures), and a large number of allovs
are known which also become superconducting at various
temperatures within the zero degree Kelvin temperature
region. For example; potassium becomes superconduct-
ing at temperatdressef .35 ° Kelvin while niobium becomes
supercenducting 56:8% Kelvin.  Some alloys are known
to possess even higher superconducting ‘emperatures.
For example, niobium nitride becomes superconducting
at approximately 15.5° Kelvin., Some of the known
superconducting materials are aluminem, zine, gallium,
cadminm, mdmm, tin, mercury, thallinm, terbm’n,
ruthenium, rhenium, osmitm, uranium, thorium, haf-
nium, tap:a‘ﬂm, zxrco'u'u”q niobium, boron, titanium, and
lanthznum.  All of the zbove listed elements are known
to exhibir supercondnciing characteristics; however, scm:‘:
are preferred in cerfain applications over others. For
instant application, 1 um is preferably vsed because :'1
can stand high magnetic fields without losing supercon-

armature of body 12 is maze
i kin the housing 11 by a pluraiity
23 which are internally arranzed
each end of housing 11 in uamu

fronting re elation with uspect to the rotor or body 2.
Each of the magnetic bearing coils 13 is comprised by

a number of turns of refatively Jarge cross-section super-
conducting wire mounted saddle fashion over an iron

core membtér 14, As shown in FIGURE 2, there ic
magnetic bearing cob in each quadrant of ihe cvlindricai
housing 11, and since there are two sets of such coils
arranged on opposile ends of the cyvlindrical superconduc-
tive body 12, the sets of coils will sérve to magnetically
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3 .
support the superconductive body 12 within the housing
11 in 2 radial direction free of any mrechanical engage-
ment. For a mwore comgplete description af the mianner

in which the magnetic field produced by the bearing coils |

. 13 coact o support the superconductive body 12 reference

is made to o cnp-endmg application Serial No, 709,118,
Bearing Col.ﬂm:iion, T. A. Buchhold, inventor, ﬁ!cd
néw Patent No. 3076 151, issucd
March 20, 1962 and assigned to the General Electric Co.
For the present purposes Bowever it is belicved adequate
1o point out that when cm:rg\zed with a dirculating electric
current, the bearing coils 13 do magnetically support the
supergonductwe armature of body 12 within- the housing
11 in a radial direction but produce ne foree-on the body
in a longitudinal direction.

In order to clecirically energize iht‘ bearing coils 13,
they are electrically connected to an associated second-
ary winding 16 of a respective supply transformer. The
primary windings 15 of the supply transformer comprise

"z larze pumber of turns of relatively thin cross-section

superconductor wire wound in a coil around the ipner
periphery of housing i1 and supported within the legs
of the iron core members 14. The primary windings 15

1

are inductively coupled to 4 secondary windings 16 efacb .

formed of one or more turns of reilatively Jarge cross-
section superconductors wound in a coil around the pri-
15, There are essentially 4 secondary
windings and each one is electrically connected with its
associated befmnn coil. The primary windings 15 are
connected 16 a wndble energization circuit for supplying

electric current throvgh the superconductive transformer
to the bearing coils 13. It is of course possible to freeze
a bearing coil current into the bearing coils 13 in the
manner described in the above identified copending bear-
ing application; however, such technique has been ade-
quately described in the literature, and will not be

escrived in detail. ’

In order to restrain the superconducung body or arma-,
ture 12 along its longitudinz! axes, a pair of spaced-apart
flanges 17 and 18 of superconductive material are formed
around the midportion of the body and preferably com-
prise zn integral part of the body. These flanges confront
respective restraining coils 19 and 21, which are com-
prised of a large number of turns of relaiively thin cross-
section qupvrconducuve wire wound in a large coil ex-
tending around the inner peripbery of housing 11. The
restraining coiis 19 and 21 are located so that they act
on opposite surfaces of the two outsiznding flanges 17
and 18 thereby acting in opposition to each other so as
to restrazin the superconducting body 12 in a longitudinal
direction relatively close to a re;ereme position within
the housing 11. For convenience, the two surfacés of
the flanges 17 and 18 in confronting relation with respect
to the positioning coils 19 and 21 are defined as the
exterior surfaces of the fizanges 17 and 18. Positioned in
confronting relation to the remaining or ifiterior surfaces
of the ﬁangec 17 and 18 are two sets of capacitive pickups
23, 26, and 27, 28 which are supporied within an ig-
sulating block 29 secured midway between the mds of

11 and exterding around its

pcf' hery. The copacitive pick-ups 25-28 comprise ccn~

ductive rings likewise e‘:ic,idmg zround the inner periph-
ery of zw housing 11 in conironting rclation with re-
spect 1o the Quiszamﬁxg fanges 17 and 18. The separate
capacitive pick-ups 25, 26, 27, 2% in conjunction with
the opposing superconducting surfaces of the outstanding
flanges 17 and 18 comprise capacitive elements. These
capacitive elements are connected in an electrical meas~
uring circuit through respective electrical conductors con-
nected to cach of the pick-ups 25 through 28, and extend-
ing ihrough the insvlating block 29 1o the exterior of the
housing 1L By ikbis arrangement, restraining coils 19
and 2% vpon'being encrgized will position the armature
or body member 12 longitudinally in a reference position
with respect 10 1?16 hOdbiﬂ" 1. While being ma mtdmcd

the cviipdrical hougi{
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in the refercnce position, a cerfzin value capacilance will

exist between the pick-ups 2528 and their respective as-
sociated Gulsl«mdmbf&mges 17 and 18. 1f duc o some
exterior force on the housing 11, such as an acceleration
of the body {o which the housing is securcd; the freely

supported armature or body member 12 wiil fend 1o,

move in one direction or the other with respect to its
reference position depending upon the direction of accel-
eratjon. Upon this occurrence, the capacilive pick-ups
25-28 will expcrie'ne a change in capacitance duc¢ {0
the variation in the spacing between the flaniges and the
pick-ups, and this change in capacitance is scnsed by 2
sensing circuit arrzngement 1o be described more fully
hereinafter. :
A preférred form of sensing circuit for use with the
accelerometer shown in FIGURES 1 and 2 of the drawings
is sllustrated in FIGURE 3 of the drawings. Tbe capac-
itors marked 25 and 26 représent schematically the capac-
i‘i\e pick-up elements 25, 26 of the accelerometer shown
n FIGURE 1, and the capacitors marked 27, 28 represent
sg‘)em‘;t:cali lhe capacitive pick-ups formed by the pick-
up heads 27 and 28 of ihe accelerometer, The two

capacitors are connected in a Wheatstone bridge measur--

ing arranmgement with a pair of standard or reference
capacitors 31 and 32, and the bridge thus formed is ex-
cited by a source cf-a!lemating current connected across
opz sei of opposing terminals. The remaining pair of
opposite terminals are connected across a high gain recti-
fier-umplifier circuit 34 of conventional construction and
@ su.iable indicating meter 33 is connected to the output
of the rectifier-amplifier 34 to promdc an output indica-
tions of any unbalance occurring in the bridze. . The out-
put current frem circuit 34 is connected to a ¢ryogenic
transformer 35 which has jts primary winding split into
two winding halves 36« and 365, each of which are in-
duyctively coupled to respective superconductive winding
haives 374 and 370 of a secondary winding. The two
supercenductive  secondary windings 374 and 37H are
cennected in series circuit relationship with the restraining
coils 21 and 19, and the ciréuit thns comprised is excited
by 2 current source comprised by a battery 38, switch
44 and a variable resistor 3%. The current source is con-
neczed between the junction of the fwo superconductive

secondary winding halves 374 and 370 and one terminal
of each of the superconductmc restraining coils 1% and
21, and the remaining terminals of the restraining coils
19 and 21 are connected to the remaining {erminals of the
respective secondary winding halves 37q and 37b. The
resistor 39, switch 44 and battery source 38 are bypassed
by a superconducting gate element 41 surrounded by a
control winding 42.

Upon placing the circoit in operation, 2 control current
suppiied to the control winding 42 destroys the super-
conducting gate 41 by cither a strong magnetic field or
by heating and hence the gate 41 that shunts the battery
Battery source 38 then provides
nt in the branch circuils
half 375 and 1he ve-
‘La)"m"’ cozi 19 and in the h circuit formed by
the secondary winding half 372 snd the resiraining coil
23. The current supplied upon initiating operation of
the circuit to the control coil 42 of the ﬁupucg;:’u«:iiﬂg
gawe 41 15 theﬁ iermsﬂ ted. The gaote 41 which is now
i provides a short gircuiting super-
cting path around the batiery sousce 38, switch 44
esistor 39 so that the circuis will function to provide
a couiant circulating bias current Ig through the two
bra'z“a circuits mduéma thc ks raining ceils 19 and 21.

Wh zbove described man-
current Iy will be used
2 colls 19 and 21 as

a cgnstant value circulating curre
fo

k4
as a bias current for ibe restrain
will be explained more fully her cinafter. Thereafier,
if the acceleromster is SUD_{(.C.QC} to an accelerating force
it Ex deveiop in the capacitive pick-up elements 25, 26
27, 28 an output error signal which will appear

o s
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across the outpuf lerminals of the capacitor bridge shown
in FIGURE 3. This cz‘mr signal is amplified by the
high gain amglifier 34, and the valuc of the output current
will be shown by the indicating instrument 33 ﬁcre‘sy
providing a measure of the accelerating force, and hence
the acceleration to which the body is subjected, This
amplified error current is supplied io the two primary
winding halves 36a and 36) where it is inductively cou-
pled to the secondary winding halves 37a dnd 37H con-
nected in circuit relationship with the restraining coils
19 and 21. This amplified error current denoted with
an i will be added 16 the bias current Io in one branch
and subtracted from the bias current I, in the other de-
pending of course upon the direction of the acceleration
1o which the accelerometer bodv 12 is subjected. This
results in providing a corrective current 1o the restraining
coils 19 and 21 which will tend to return the accelerom-
cter body 12 clese 1o its reference position.

That this current is indeed proporticnal'to the accelera-
tion to which the accelerometer is subjecied is verifisd
by the following set of equations. -

The flux density B acting upon the superconducting
fiangs surfaces of the accelerometer body 12 is given by
the expression _ :

B=ky1 €3]
where: |

1 s the coil current, ard_
%y is a constant, ’

The force rcsmting {from the magnetic flux acting on
the superconducting surface of the flange portions 17 and
18 of the acezlerometer superconducting body 12 is given
by the expression

F=Fk,B2 )

where Xy is a second constant.

Substituting Expressicn 1 in Expressicn 2, clearing and
repiacing the constants with the constant XK results in

F=KI? 3)

From an examination of Equation 3 it can be appreci-

ated that the force acting on the accelerometer body is
propoﬂ'om‘l to the sguare of the current flowing in tf.le
restraining coils 1% and 21. Since the current Jowing in
one restraining coil is (Jy-+i) where Iy is the constant
tiasing current and i is the error current after amplifica-
tion, and the current flowing in the other restrzining coil
is (Jg—1), the force acting on the superconducling flange
p-\rfio'as 17, 18 of a«:ce]crom ter body is given by the
e,_‘;reraxcm ‘
F=K{Ii+i)?—K I~ (4)

fact that the forces produced by the two o }s

zre acting in E opposite directions.
Ry clearing and transposing Enn tion 4, it can be se2n
that
. r
YEIRT, (%)
rent Ty §s maints in’é constant by the

{ current seuice, Hocan i**
at the error current { s

econd of force mensuring Jjron
ith 1%1&: accelerometer of FIGURE 1 is c‘;o in
RE 4 of the drawings. The accelerating fo* 2
irine circuit of FIGURE 4 employs a pulse torquing
hinigue :‘:herein reversely acting 1:sl ining coils 1%
1 of the ac vieter are selectively pulsed with

constant am;)htume eléaric cusrent pu!xm tc maipiain the

arraaiure or body meisber 12 of the acceleromeier close

10 §1s reference post iion while the accelerometer is being
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‘subjected {o an aceclerating force.  For this purpose the
restraining coils 19 and 21 are connecled in an clectric
circuit which includes an electronic switch 51, a reference
coil 52, and a source of direct current clectric energy
53 coupled through a movable poiumomctef arm 54 and
varmble resistor 55 to a pulse inverter, The circuit ihus.
comprised is designed to supply pulsed direct current to
cither one of the pos:t;omng coils 19 and 21 whichever
is selected to be closed on the circuit through the efectronic
switch 51 This causes the coil thus energized to act
on the body member 12 of the accelerometer in such a
manner as to restrain it. Continuous switching so as to
selectively energize one or the other of thé restrain‘ng
coils then serves to maintain the accelerometer body 12 .
close to its reference position. The electronic switch is
of conventional consiruction and is controlled by the
oufput from a capaciter bridge. The capacitor bridge
includes as parts thereuf the two sets of capacitive pick-up
elements 25, 26 and 27, 28 of the accelerometer, which .
are connecied in a \’healsmne bridge measuring circuit
arrangement with a pair of reference capacitors 31 and
32. The cpposite terminals of the Wheatstone bridge
arrangement across which the error signal appears is coa-
necied through a rectifier-amplifizr civcuit 34 to the elec-
tronic switch 51, and serves to actuafe that switch to
cause it 1o close on either one of the conlacts 21’ or 19°
depending vpon the direction of the error signal. Meas-
urements of the value of the accelerating force to which
the accelerometer is sublemed may be obtained from a
counter 58 and a counter £% connected across rcspccuve
ones of the restraining coils 9 or 21. The acceleration
is proportional to the pumber of current pulses per second
where the current pulses applied to one resiraining coil
are considered positive and the current pulses suvplied 10
the other coii are considered negative, The total number
of pulses measured from time zero then provxdes a yreas-
ure of the oblzined speed.
In order to assure that the amplitude of the elestd
pulses supplied 10 the restraining coils 19 and 21 remains
constant, and hence the force produced by these coils re-
mains constant, a pulse amplitude compary wor circvit is
provided. This circuit includes a measuring coil 52 po-
sitioned opposite a superconductive armature 62 which is
alsn acted on by a superconductive reference coil 68 hav-
ing u constant current supplied thersto. The referefice
coil 68 and messuring coil 52 act on armature 62 in op-
position and keep it in its middle or reference position
if the currents to both coils are equznl. Reference coil
68 actually comprises a part of a constant current refar-
ence spurce which further includes a battery 38 connscied
through an open circuiting switch 44 and varizhl= resis-
tor 39 across the reference coll €8, The circuit com-
prised by the battery 38, switch 44 and resistor 32 is by-
passed by a \_supe_rconducung zate element 41 which is
surrovnded by a contro] winding 43, By this arrange-
ment, o constant value circulating current can bz frozen
into the closed circuit formed by the refereace coil 68
and the superconducting gate 41 in the manner described
with relution 5 the species of the inveniion shown in
FiGURE 3. Thereafier, the constant value circulating
or reference current Howing through the reference coif
63 will produce a constant force acting en the supereon-
ductive armature 62. The amplitude of this constant
value reference current is adjusted to just about egual the
mean amplitude of the pulses of current being 51_;9*0!2:&‘
throngh the electron switch 51 to the measuriag coil 32. .
Hence, the forces produced by these two coils will be
balanced where the m plitude of the electric sigpal pulses
uprlied from the electrenic switch 56 are at their preas:
igne ‘gi valves. Tihsreafter if the amplitude of the current
pulses supplied 0 pasitimino‘coi}s 19 and 21 varies up
or down, 1ot force produced by the measuring coil 52
M‘l cither exceed or be less than the force pIGuUCCd by

o
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the second. reference coll 68.  This variation in the two
forces then causcs {he superconductive armature 62 to
deviate comewbhund from its reference position,

In order to derive a measurement of the deviation of
armature 62, a mpacm\'; pick-up is arranged adjacent the
aupcrconduchvc armature 62. The capacitive pick-up
comprises two sets of capacitive pick-up clements 63 and
64 which are physically disposed adjacent the supercon-
armature 62 in confronting relation so thai move-
ment of the armature will vary the capacitance by vary-
ing the space between the pick-\,n elements 63, ¢4 and
the armature, This variation in capacitance is detected
in a capac*tance bridge further compnsed by a pair of

«capacitors 65 and 6% connzcted .in a3 Wheatstone bridge

arrangement with the capacitive pick-up clements 63 and
64. The bridge s excited from a source of alternating

current potential 67 connected ucross one set of opposed

terminals of the bridge, and any deviation signal appear-

ing across the remaining pair of oppome terminals of the
bridge is coapled 1hrough a high gain amplifier 69 to a
aotor 57 that drives the movable contact arm 54 aicng
variabje resistor 55, Accordingly, variation of the arma-
ture 62 from its yeference position will produce an error

- signal that is ampiified and cau~cs motor 57 to move con-

tact arm 54 along the resistor 53 and thereby adjust the

‘amplitude of the electric signal pulses being supplied to

the positioning coils 29-and 21 to cause these current
pulses to remain constant in value as measured against
the constant current flowing in reference coil 68, As long
as this siinaticn holds, then the current being supplied
to the restraining coils 19 and 21 will produce constant
pulse forces that act agaiast the supercenductive accel-
crometer body. Hence by counting the number of pulses
supplied 10 each restraining coil 19 and 21 with count-
ers 58 and 59, a meastrement of the acceleration will be
obtained, and the tels] number of such pulses supplied
from time zero will represent the velocity of the body.
A second form of amplitude comparison circuit suit-
able for use with the arrangement of FIGURE 4 is shown
in FIGURE 5. In the arrangement of FIGURE 3, a
measuring coil is divided iato two winding halves 324

and 52b and arranged to operate on a centrally pivoted

superconductive armature 62. A reference coil comprised
by two winding halves 684 and 68b is positioned to act
upon the armature 62 in opposing relation to th2 measur-
mz coil winding haives 524 and 52b. The arrangement
is then incorporated in the puise torquing circait of FIG-
URE 4, and will operate in the same manner as the cur-
rent comparator circuit portion of FIGURE 4 of the cir-
cuit with the exception that improved sensitivity is ob-
tained because of the balenced forces acting on the su-
perconductive armature 62, So long as the mean am-
plitude of the current pulses supplied through the msas-
uring coils 5324 and 525 equal the amplitude of the cur-
rent flowing in the reference coils 68a and 685, the arm-
ature 62 will be meintained in its reference position.
Hovwever, should the mcan ampltudé of the carrent pulses
suppiied 1o the first reference coils 52a or 528 fall above
or bzlow the selected mediap valte, then the armature
62 vl deviate from its reference position 1o cause an
error current 1o be supplisd from a capacitance measur-
ing bridee arrangement similar 1o that shown in HC JRE
lifier 69 (0 a moior 57 that cor
amplitude of the wn‘e*n pulses supplied to the r”*simm-
ing coils 1% and 21 fo maintain them constant 2

ured against thes cmsiznt current flowing in refe
coil 68, :

A second form of s*xfwrcenducxive accc}:rameier con-
structed in accordance with the jnventibn is shown in
FIGURE 6 of the drawings. The zocelerometer shown
in FIGURE 6 comprises a cylindrical spool-shaped outer
housing 71 which may be fabricuted from brass, stain-
Tess stcel, or other suitable material. Supporied withia
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the housing 71 is a cylindrical spool-shaped srmature or

body member 72 Tabricited from a superconducting ma-
ferial, and Having imfcgrally fonmed outstanding end
ﬂdng"s 73 and 73°. The superconducting body member
72 is supported within the housing 71 by a plurality of
elliptically shaped superconductive bearing coils 74 which
are spaced around the periphery of each end of the hous-
ing member 71, There are preferably two sets of four
bearing coils with-each set having one coil in each gquad-
rant of the periphery of the housinz member 71, and the
sets being arranged on opposite ends of ihe housing, By
this arrangement, the armature or body member 72 will
be floatingly supported in a radial directicn within the
outer heusing 71 entirely free of any mechanical engage-
ment. When thus positioned, the outstanding flange por-
tions 73 and 73’ are located opposite & set of longitudi-
nal restraining coils 75 and 76 supporied in the duistand-
ing ends of the spool-shaped housing 71. The resfrain-
ing coils 75 and 76 comprise a plurality of turns of rel-
atively thin cross-section superconducting wire svound in
the form of a coil that extends around the entire penph~
ery of the outer housing 7% in confronting re];mon with
*hc cutstanding flangs portions 73 and 73’ of acceler-

meler body 72. By this arrangemsent, the restraining
coils when energized from an electric current source will
produce a magnetic flux that operates against the super-
conducting flanges 73 and 73" in accordance with the well
known Dbearing principle to canse these flanges 1o position
the accelerometer body member 72 in a referesce posi-
tion along its Jongitudinal axis. In order to measure any
longitudinal mevement of the 4ccelerometer body mem-
ber 72 relative to iis reference position, a set of electric
pick-ups 77 and 78 are secured on the cuter housing mem-
ber 71 in confronting relation with the remaining sur-
face of the c.n'ctanding, ﬁanﬁe; 73 and 73, respecnveiy.
ements 77 and 78
in corjlmctmn mtb the supe‘ ondu ting surface of the
ouistanding flanges 73 and 73° which t‘uy confront com-
prise capacitive pick-ups which may e electrically con-
nected Lhreugh suiteble conducters (not shown) in a ca-
pacitive measvring bridge arranzement such as shown in
FIGURES 3 and 4 of the drawings.

In operation, the embodiment of the invention shown
in FIGURE 6 functions in precisely the same fashicen as
that described with relation to FIGURE 1 when the ac- .
celerometer is subjected to ar accelerating force, and it
is not believed néeessary to again describe in detail the
minner in which such operation is accomyplished.

Still another form of accelerometer construcied in ac-
cordance with the invention is shown in FIGURE 7 of
the drawings. The accelerometer shown in FIGURE 7
is adapted to develop a three-dimensional measurement
of the accelerating force 1o which the accelerometer is
subjected. For this purpose the accelerometer comprises
a cublcally-shaped housing member 81 of sieel, brass or
similar material havi l,}ura‘.,;v of elliptically-shaped
superconductive yesira 2z coils ‘82 and 83 secured to
the six interior surfaces thereof. The restminifw coils
22 S" are x"*’*“«“{* from su onduc ws wire

u.‘, oring

13

'“%mp wﬁh a cuhwein Sf{?“?ﬁ‘d body m
-4 from superconduciing mazsria!s.
ve 1o fpainiain ih
omeler armaitire or body mmﬁer 84 jocs
refercnpe position with: respect to the t
axes. In order 1o detgct any movement of the acceler-
ometer armaiure or body member 84 réiztive {0 this ref-
erence position a plurality of electric pick-up members
85 are provided which are mounted -on 2l siz interior
surfaces of the housing £1 in conlrogting relation with
the body member 84, Flectric pick-up members prefer-
ably comprise sets of two superconducting square plates
with one set of pick-up members being disposed on each
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of the six interior surfaccs of the cubically-shaped hous-
ing 8%, By this arrangement, should the accelerometer
of FIGURE 7 be subjccted to an accelerating force
{rom any direction, movement of the accelérometer arm-
ature body munbcr 84 along any one of three {ransverse
axes from ity reference position wouid be detected by
electrie pick-up elements 85, These electric pick-up cle-
Ments muy Lé coanected . in three different camuu\'e
meastring circuit armngun.,ms such as those shown in
FIGURE 3 or 4 of the drawings for deriving output er-
ror signals indicative of an accelerating force acting along
any one of the three directional axes. These ouiput er-
ror signals are then amplified in a high kain amplifier
. produce a corrective current that is supplied back lo
the rcxpccme restraining coils assoeidted with a par

ular pair of capacitive pickup elements te cagse the coils
1o return the supercondictive accelerometer bodv 54 close
1o its reference position. ” This error current also providas
a measurement of the acceleration of the bedy in one
dimension so that all three currents provide a three di-
mensional measurement of the accelerating foree 1o which
the acceleromeier is subjected. .

A sécond form of three dimensional superconductive
accelerometer constructed in accordance with the inven:
ticn is shown in FIGURE 8 of the dr;‘v»'ings. The accel-
erometer shown jin FIGURE 8 comprises a cubical !y
shaped housing member $1 fabricated from brass, siain-
less sieel or other suitable material. The housing mem-
ber 21 hus a spherically-shaped superconductive armature
member 92 magnetically supported therein which is re-
struined within housing 91 by means of the plurality of

:gnetic restraining coils 93 through $6. The restrain-
ing ¢oils 93-96 are forined of a large number of turns of
relatively thin cross-section superconducting wire wouand
in the form of a circular coil and secured within circu-

A“.ny -shuped slots formad in the interior surface of the

housing member 91 in confronting relation with tha su-
perconductive armuture member 92, The restraining
coils 93 through 96 are shaped in the manner showsn by
the dotted lines in FIGURE 8 wnd actually extend over
appm}.zm.xi?ly a guadrant of the spherically-shapsd arm-
awure member 92 s0 as o magnetically support the arm-
atire within the housing 91, Ir’ aciuality, there are 1wo

‘other such restraining coils (not shown) which restrain

the spherically-shaped supercondactive armature member
92 in the plane perpendicular to the plane of the draw
ings; however, for the purpose of darxty znd convenience
1hc.~,g additional res ing coils have not been illustrated.

In order to detect any incipient movement of the
superconductive armature member 92 that might be
caused by an accelerating or decclerating ferce, a plu-
ralily of capacitive pick-up elements §7 throngh 101
are p*ovidf‘d These capacitive pick-up elements in
conjunction with the mpcuongux,mg surface of the arma-
ture member 92 cof puce capacitors which are ¢connected
in capacitance measuring. bridge arrangements such as
those Hustrated in FIGURES 3 and 4 of the drawings.
The capacitive pick

operate to derive an ouipuf error current indicative of
‘my change in the capuacifance in the space existing be-
tween the superconductive armature member 92 and the
capaciior pick-up elemeuts 97 throogh 161, These error
currents are amplified In approprinte high gain amplifier,
and supplied hac to the restraining coils 93 through
5 tcnc—ihcr with o bias current (if appropriale) to either
i se or decrease the amount of current supplied to
zb» fc:training coils. This results in returnipg the super-
conductive armature member 92 back close to its refer-
ence position, It
signal derived from the capzcitive pick-up elements 97,
99 will _Fepresent ithe value of the aecelerating force
exicting in the dimension extending along the x axes of
the acceleroineter, and the valve of the error signal de-
veloped by the capacitive pick-up elements 98, 188 will

represent the accelerating force extending ulong the z

-up elements when thus comnected.

is belisved obvlous that the error
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axes of the accelerometer. Likewise, the v axes accel
eraling force will be derived by a set of capacitive ele-

“menis one of which is shown in a partial sectional view

as 181, which will be coacting with the previously men-
tioned {wo restraining coils (also not shown) that coact
on ihe superconductive armature member 32 in a direc-
tion pcrpcndxcula. to the plane of the drawing. Accord-
ingly, it can be appreciated that ihe error swmﬂ derived
by all three sets of capacitive pick-up clemcnts vill pro-
vide a three-dimensional measurement of the acccleratmg
force acting on the accelerometer,

From a consideration of the above descr’ pilon it can

" be appreciated that the invention provides a new and

improved superconductive accelerometer which employs
a novel constant bias current reference principle to de~
velop a measurement of an accelerating force to which
the accelerometer is subjected. This constant bias cur-
rent js added to an error current in one restraining coil
and subtracted from the error current in.a second re-
straining coil 10. develop a counter force fo the accelerat-
ing force and a comparison of the two forces is achieved
1o derive the reguired measurement of the accelerating
{orce to which the body is subjected. Because of this
novel principle of the force measurement, it has been
established that accelerometers can be constructed which
are extremely sensitive to change in an accelerating force
and which are capable of attaining the high accuracies
required by accelerometer devices for use in present day
cuidance systems, Additionally by appropriate modifi-
cation, the accelerometer can be adapted to provide a
threc-dimensional measurement of an accelerating force.

Having described several embodiments of a new and
itnpréved superconductive accelerometer constructed in
accordance with the invention, it is believed obvious that
many modifications and variations of the present inven-
tion are possible in the light of the above teachings. It
js therefore 1o be understood that changes may be made
in the particulzr embodiments of the invention des¢ribed
which are within the full intended scope of the invention
as defined by the appended claims,

What T claim as new znd desire to secure by Letters
Patent of the United States is: .

1. In a three-axis actelerometer, a case, a proof mass
having a pair of opposite broad surfaces made of mate-
rial which becomés superconductive at a cryogenic tem-
perature, normal to each of three mutually corthogonal
axes, three pairs of support coils made of material which
becomes superconductive at cryogenic lemperatures,
three pairs of capacitive pick-off means, each of said
supnorl coils and pick-off means being attached to a sep-
arate wall of said case opposite on= of said broad sur-
faces, each of said pairs of coils and said pairs of pick-off
means being positioned normal to a searale ong of said
axes, means for maintaining said case and its contents
at a cryogenic temperature, means for developing a sep-
arate control current connected to each of said pairs of
coils for maintaining said proof mass in a balanced posi-
tion magneiically supported in said case, and A.-C. power
source means connected to each of said pairs of pick-off
m¢ans, each $zid current developing means being oper-

atively comnected fo an associated pair of said pld\—(}“f
MERAs:
2. z‘ﬂ flas

clerometer comprising & body, a honsing dis-

aid body, mezns mounted in said housing
S suspending said body within said %nms«»
d ’o( y having at east fwo supercondoctive sur-
s positioned for limited movement relative to a
Te fe ence position, clectrical means for *}radnﬂmﬂ a mag-
netic fiux which acts agsinst said snmrccnduciwe suf-
faces for positioning said surfaces with rcspcct 10 said
reference position, saild superconductive surfaces being
held in said pended position for limited imovement
about said referehce position by the opposing forces gen-
crated between said electrizal means and counter electri-
cal currents induced in said superwﬂ luctive surfaces
by said magaetic flux, electrical pickup means physically
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disclosed odjacent said surfaces for detecting Incipient
movement of saig surfaces and deriving an eleciric error
signal representative of such movemeat, high gain ampli-
fving means efcciricaﬂ'}{,conﬁecicd to said clecirical pick-
up means and to said electrical flux producing means
for amplifying said error signal and supplvisg the ampli-
fied current to said Jux produting means for maintaining
said surfaces relutively close to. said reference position,
an inditating ‘means-operatively coipled to said electrical
pickup medns for- producing an indication of the value
of thai error signal as a measure of acceleration:

3. An accelerometer comprising a body, a housing en-
closing said body, means mounted in szid Bousing for
magnetically suspending said body within-said housing,
said body having at least two superconducting surfacés
rositionéd for limited. movement relative to a reference
position, superceénductive electrically operable field pro-
ducing means mounted in said housing for producing a
magnetic flux which acts against said superconductive
surfaces for restraining said superconductive surfaces close
10 said reference position, szid superconductive surfaces
being held in a suspended position and restraired to lim-
ited movement about said reference position by the op-
posing forces generated between said magaetic field pro-
ducing means and the counter electrical currents induced
in said superconductive surface by said magnetic flux,
electrical pickup meéans physically disposed adjacent said
body for detecting incipient movement of said surfaces
in deriving an electric’ error current representative of
such movement, amplifving means coupled to said mag-
netic {leld producing means and said pickup means for
amplifying the efror current and supplying it to said mag-
netic field producing means, a source of constant bias
‘current for coactirg with szid error corroat to maintain
snid superconductive surface close to said reference po-
sition, and indicating means operatively coupled to said
clectrical pickup means for producing an indication of
the value of said error current as a measuré of accelera-
tion. . o
4. An =accelerometer comprising a supcrconducting
body, a housing enclosing said superconducting body,
magnetizing field produciag bearing coils mounted with-
in said bousing and positicned arovnd said body for mag-
nctically coacting with the magnetic flux associated
with counterelectrical eurredts induced in the outer sur-
face of said superconductive body by said magnetizing
field so that said superconductive body is supported with-
in said housing free of anv machenical engagement, said
superconducting body including intecral extending por-
tions movable to a limited extent along at Jeast one di-
rectional axis relative to a referénce position, supercon-
ducting restraining coils mounted within said housing
adjacent said extending portions for producing a restrain-
ing magnetic flux acting against said extending portions
. and zlong one directional axis of said superconducting
‘body for restraining it close to said reference position,
electrical pickup means physically disposed adjacent the
extending portions of seid superconductive body for de-
tecting incipi
clectric errof signal repres ve of such movement,
high gain amplifying means electrically connected to said
pickup means and to said restraining coils for amplifying
the error cusrent and supphi
rent 10 spid restraining coils for maintaining the extend-
ing portions of said supercenducting body relatively close
to the reference position, indicating means operatively
coupled to the output of said amplifying means for pro-
ducing an indication of the value of said error siznal
as the measure of acceleration, and a source of constant
electric bias current operatively coupled to said restrain-
ing coils for adding to and subtrzeting from an error cor
rert in a manner to produce the results of magnetic force
proportional to an accelerated force and effective to main-
iain the extending portions of szid supercond!}ding body
close o said reference position. ) '

3
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5., The combination set forth in claim 4 wherein said
superconducting body is cviindrically shaped and the
extending portions therec{ are flasges on the end of said
body that are acted upon by the magnetic field produceéd
by the restraining coils and which coact with the electri-
cal pickup means, said resiraining coils -and electrical

pickup means being positioned on the interier of said.

housing in a position closely adjacent to said flanges, said
housing also being cylindrically shaped with the bearing
coils being arranged radially around the interior of the
house in opposing relation to magnetically support the
supcreonductive body in a radial direction..

6. An accelerometer comprising 'a cylindrically shaped
housing having a plurality of inagnetic ficld producing
bearing coils supportéd about the inner periphery of said
housing, each of said bearing coils comprising a saddle
shaped coil formed of a few turns of relatively large cross-
section superconductors supperted on an iron core mount-
ed on the interior of said housing, a transfoimer com-
prising a primary winding formed of a large number of
turns of relatively thin dizmeter superconductive wire
shaped into a large cojl and a secondary winding com-
priséd of a few turns of relatively large cross-section su-
perconductors adapted 1o be inductively coupled to the
secondary winding, said secondary winding being elec-
trically connected to. the bearing coils, there being one
transformer for each set of peripherally arranged bearing
coils, a cylindriczlly shaped superconductive body sup-
ported within said housing in a radial direction by said
magnetic bzarings free from any niechanical engagement,
said superconductive body having a pair of spaced apart
superconducting flanges extlending about the midportion
of said superconductive body, a pair of superconductive
resiraining coils mounted around the periphery of the in-
terior of said housing in confronting relation with re-
spect 10 a pair of opposing surfaces of said spaced apurt
flanges for locating said supefconductive body longitudi-
nally relative t0 a refercnce position, and 2 pair of elsc-
trical pick-up elements disposed in confronting relation
to the remaining opposing surfaces of said superconduct-
ing flanges for detecting longitudinzl movement of said
superconductive body and defiving an electric error sig-
nal representative of such-movement, )

7. The combination set forth in claim 6 further cher-
acterized by high gain amplifying means electrically cou-
necting the output crror signal from said electrical pick-
ups in bucking relation to a constant bias current sup-
plied-to one of said superconducting restraining coils
and-in aiding relation with the constant bias current sup-
plied io the remaining one of said supercondocting re-
straining coils, and indicating means coupled to said last
meiitioned means for producing an indication of the valie
of said output error signal as a measure of acceleration.

8. The combination set forth in claim 6 further char-
acterized by a source of pulsating electric signals, am-
plitude control means for varying the amplitude of said

pulsating electric signals, switch means for selectively

coupling said source of puisating electric signals to either
one of said pair of superconpducting restraining coils for
selectively energizing ihe same fo cause the SUpereon-
ducting body to be maintained closé to its reference vo-
sition, said switch means being operatively coupled io
and actuated by said elecirical pick-ups, a superconduct
ing measuring coil operatively coupled in circuit refation-
B with said source of pr ing electric siznals and said
resiraining coils through said switch means, a movable
superconductiniy armature connected in an encrzization
cireuit for said amplitude control ciresit, a sovrce of
constant referehce current including a superconduocting
reference coil, said superconducting reasuring and refer-
ence coils being arranged on opposite sides of said srima-
ture and operating in opposing relation on. said armature
to maintain the amplitude of said pulsating electric sig-
nals constant, #nd indicating means operatively coupled
to said positioning coils for deriving an indication of the
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number of electrical pulses supplied thereto as a measure
of acceleration.

2,591,921
2,840,366
2,871,703
2,888,256

2,916,279

2,519,583
2,942,479
2,943,493
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