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Plateau tank apparatu s for the study of liqui d bridges

A. Resnick and J. |. D. Alexander

Cente for Microgravity and Materials ResearchUniversity of Alabana in Huntsville Huntsville,

Alabana 35899

(Receivel 16 Septembre1996 acceptd for publication 22 Novembe 1996

An apparats has bee constructd and usal to study the equilibrium and dynamicé behavia of
liquid bridges unde reducel effective gravity. Liquid bridges are createl and manipulate using six
independencompute controlled steppe motors which drive linear motion tables The bridges are
visualized with a high magnification cohereh Fourieg opticd systen ard in an orthogona view
using incoheremn white light. By calibratirg a densiy hydromete and measurig the interfacial
enery betwea the bridge and bath reliable Bond numbes as low as 10”4 can be createl and held
stabk for extendé periods of time. Dimension& contrd of the liquid bridges approachs one part
in 10 “ for the aspet ratio ard volume The apparats has bee testel by measurig the static
stability limits of axisymmetrt bridges and comparirg the resuls with previows theoretical
predictions Experimenth errar for the apparats is 6Bo/Bo=0.03, SA/A = 0.001 andéV/V
=0.001 wher Bo is the Bond number A is the aspet ratio of the bridge and V is the
dimensionles (relative volume of the bridge © 1997 American Institute of Physics.

[S0034-67487)02403-9

I. INTRODUCTION

A progran of study, both theoretich and experimental,
has been undertaka to analyz the physics of anchored
liquid columns or liquid bridges Liquid bridges occupying
pat of the spae betwea two solid surfacs hawe bee the
subjec¢ of numerows investigatiors (see Refs 1 ard 2 for a
summary. In particular researb work has focusel on the
curvatue and shaje of the liquid profile, the volume of the
liquid, the force exertel on the two solids by the bridge and
the stability limits of possibé bridge configurations The
god of constructimg this apparatsis to undertale an experi-
mentd investigation of the importane of conta¢ line and
angke dynamic on the characteristis of dynamc liquid
bridges.

There are three dimensionles parametes tha determine
the physicd behavio of the liquid bridge The dimensionless
volume V is definal as Vy/7R?L, wher V, is the true vol-
ume R is the radius of the suppot disk, ard L is the height
of the bridge the aspet ratio, definal as A =L/2R; ard the
Bond numbe Bo=(p; — p,)gR?/ o, wherep; is the density
of the ith fluid, g is the gravitation& constantand o is the
interfacid energy betwee fluids 1ard 2. A well-known re-
sult, the Rayleich limit, states that at Bo=0 and V=1 the
maximum aspet ratio stabk with respet to axisymmetric
perturbatios is A=r.

Liquid bridges occu in avariety of physicd ard biologi-
cd systens ard different aspecs of the bridges hawe been
studia by investigatos from differert fields Orr et al.* cite
a numbe of applicatiors of the resuls of liquid bridge re-
search For example volume is essentihfor calculatiors of
wate saturation ard connaé wate estimats in oil and gas
reservoir$. Capillaly condensatio and evaporatio prob-
lems in poross meda requie knowledg of bridge
curvatures:® Forces exertel by liquid bridges on solids are
importart in powde metallurgy during liquid phase
sintering® in powde wetting problems'® the deformatia of
moigt porots ard unconsolidate granula medial''2ard in
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adhesia problems'® Liquid bridges ard drops are also im-
portart factois when considerilg the positionirg of liquid
masss using surfae tensia forces and propellart manage-
mert in liquid fuel tanks'* More recen applicatiors of liquid
bridges include the floating zore metha of crystal
growth®=*" ard the biomedic# problem of bridge formation
in alveol ard the relationshp to lung collapse!®®

Experimens are undertake her usirng the Platea or
neutrd buoyany method** This relies on the principle that
if two immiscible liquids of equa densiy are configured
sud tha one envelops the othe then the curvatue of the
equilibrium interfae is aconstant That is, despie the fact
tha gravity creats ahydrostatt pressue gradien in each
liquid, the interfae betwea the two liquids behavs as if
gravitation# is zera For nonzeo gravity, the densiy mis-
matd can be adjustel to cove arange of Bond numbersin
ead liquid, the pressue p;, i=1,2, satisfies

grad pf =0 (1)

where p¥ = p; + pigz, andp; isthe density At theinterface
betwea the two fluids,

pT —P3 =(p1—p2)9z+20K. 2

Here K is the mean curvatue of the surfae and o is the
surfae tension Whenp, andp, are equal the curvatueis a
constantand zero-graviy conditiors are obtained Thus the
oute fluid compensatefor the hydrostatt pressue gradient
along the interface To obtan a nonzeo Bo, the oute bath
densiy can be changd eithe by adjustirg the composition
or temperaturé®

An apparats has been constructd to perfom experi-
mens on liquid bridges in simulatel reducel gravity condi-
tions Severéscientific requiremerd had to be met to ensure
accura¢ and preci® results The primaty requiremenis to
produ@ accura¢ and stabe Bond numbes over the range
10! > Bo > 10 “. Thisrance is given by practicd density
differences betwee the bridge and bah liquids for the upper
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FIG. 1. Platea tark apparatus(1) uppe verticd displacemenmota V1,
(2) uppe rotationd motor, (3) uppe laterd displacemehmota L1, (4) oil
injection line, (5) uppe spindle (6) uppe feed disk, (7) lower feed disk, (8)
slip-ring gasket (9) lower rotationd motor, (10) lower laterd displacement
mota L2, (11) lower verticd displacemenmota V2, (12) cooling coils,
(13) bah circulator, and (14) heatirg coil.

bourd and measuremdrprecisia for the lower bound This
implies contrd over bah temperaturebath composition and
an accura¢ methal to determire the densities and interfacial

energis of the bridge and bah over various temperatures.

Lower Bond numbes can also be obtainal by using support
disks with a smalle radius Our researh involves observing
contac line ard conta¢ angk behavio during dynamt pro-
cessesConsequentlyviewing features on the orde of tens
of micrors with light tha passe throudh distorting meda is
required along with precis vibrationd contrd of the bridge
in severadirections with frequencis rangirg from tentts of
herz up to a few hertz and vibration amplitudes from a
fraction of a millimeter to a centimeter During vibration or
rotation the disk suppors mug remah parallel and not ex-
hibit runou or wobble The suppot disks mug be easily
accessit# and replaceableand the tark shoull be eay to
clean The bridge ard bath fluids mug be mutually immis-
cible, and neithe shoutl chemicaly read with the support
disks.

Experimens were performel to determire the precision
ard accurag of the platea tark apparatusOne experiment
was a calibratian of a densiy hydromete at various tempera-
tures In anothe experimentthe interfacid energy between
the bridge and bat solution was measuredAn experimental
verification of theoretich predictiors of static stability limits
of axisymmetrc liquid bridges were performed Future ex-
perimens will examire the behavig of conta¢ angk motion
during axisymmetre and laterd vibratiors of liquid bridges.

Il. EXPERIMENTAL SETUP
A. Apparatus

The experimenthapparata consiss of a neutrally buoy-
ant, or Platea tark (see Fig. 1) containirg 3.8x10% cm® of
bah liquid. The tark is aglass-walle box with a machined
aluminun bas plate The bas plate has a 5cm diam hole
for the lower suppot mechanim ard a 0.95 cm hole for a
drainag tube The apparats suppot structue (not shown
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consiss of 5 cm diam cag iron pipes filled with sand The
suppot structue is securey anchore to a 1.22x<2.44 meter
opticd bend fitted with vibration-dampig legs The lower
sd of motors are attache to a large aluminun plate that can
be adjustel to precisey align the uppe ard lower support
disks All metd has been painted flat black to redue reflec-
tive interferene with the opticd systemsThe top of the tank
is insulatal with a Styrofoan slab to redu@ evaporatie loss
of the bat liquid. Bridge suppors are threadé onto upper
ard lower suppot rods We hawe machinel awide variety of
sharp-edge disk suppors of various materials sizes and
recedig angles Spherich caps of various materials wire
rings and disks mountel on cantileve arms hawe alo been
fabricated Ead type of suppot geomety iswell suited for a
specift physica situation The suppot structure are eay to
fabricate and new suppors are built as needéd for experi-
ments For mog experimentswe use 1 cm stainles steel
sharp-edge disk supports althoudh the cantileve am has
been usal for force measuremestand the spherica caps for
problens involving a moving contad line.

B. Temperatur e control

The experimend were carried out in a temperatue con-
trolled laboratory held at approximatef 22 °C. The wate—
methand bat was adjustel to the ambier room temperature
by using heatirg or cooling coils. The large thermad mas of
the bath togethe with the stabk ambiert room temperature
allowed us to hold the temperatue of the bath constanm to
within 0.01 °C over a 30 min period and 0.06 °C ove an
8 h period The temperatue is measurd with a platinum
resistane thermometewith a precisia of 0.00L °C. Typical
experimemtimes are 2 hor less A filtering pump is used to
both stir the bah and to remo\e ary foreign materia in the
solution All three (pump heater ard cooling coils) are
turnead off during experimentsin orde to ensue quiescent
conditiors in the bah during experimentsit isimportarn that
a circulata is not used Schliere images shov tha bath
temperatug nonuniformiy is negligible If the temperature
drifts out of the allowed range (AT=0.01 °C) during an ex-
periment the experimen is stoppe ard the bath brough to
the corre¢ temperatue before resumig the experiment A
chang in temperatue of AT=0.01L°C correspond to a
Bond numbe changof ABo= 15X 10" 4.

C. Liqui d bridg e manipulation

The liquid bridge is entirely createl and manipulated
using compute control Our systen involves a Pentium se-
ries compute running at 133 MHz, which communicates
with indexes for the motors (Compumotoy series AT 6400.
Thes indexes then communicag with the ac powe supply
for the motors which drive linear tables (Parke systems,
Daedéa division). Our systen has 2 AT 6400 cards one driv-
ing four motors and the othe driving two motors from a
separat indexet The executio time betwea consecutive
command is approximate}l 2 ms accordirg to the manufac-
turer. The combinatian of the mota resolution and the screw
threal in the linear tables provides aresolution of 48 750
steps/cmIn addition ther is a joystick interfae which can
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FIG. 2. FFT of encode motion data Associaté value of Fourig coefficient
|C,| (arbitrary unity) vs frequeny (Hz).

contrd up to four motors simultaneouslyThe steppe motors
ard linear tables were found to have completey repeatable
motion i.e., no measurald backlashLiquid bridges are cre-
ated by manua injectiors of silicone oil with a microsyn-
ringe (Hamilton Gastigh®? series 50 ard 500 ul) while the
steppe motors separat the suppot disks Typicd bridge
values range from 10! to 20 cm®, dependiig on the experi-
ment The microsyringe injection allows a accura¢ knowl-
edee of the actud volume ard the high accuray of the
steppe motors provide accurag¢ knowledge of the bridge as-
ped ratio. Thus the relative volume of ead bridge can be
accuratef and precisey calculated Pag attemps to auto-
mate the syringe failed for various reasonsA glass syringe
offers precision but smal angula misalignmeng between
the barrd ard plunge causd sticking ard the potentiad for
breakageA plastic syringe could alleviate misalignmentbut
the rubber-tippé plunge initially deforns insteal of travels,
resultirg in inaccurag volume injection.
Quasisinusoidamotion for a fixed period ard accelera-
tion is performel by suitabke adjustmen of velocity rate as
well as distane traveled A sampé Fourie transfom of en-
codea dat is shown as an exampe in Fig. 2. Although there
are sorre highe frequeng componentsthe effed is negli-
gible on our experimentsThe particula frequeng and am-
plitude of vibration chos& deperl on the particula experi-
mert beirng performed Either uppe or lower or both support
disks may oscillak laterally or vertically, independenyl or
synchronizeddependig on the experiment.

D. Optical setup

Becaus the liquid bridge is significanty elevatel from
the surfae of the opticd bench the optics are mountel on
elevatel opticd platforms which are bolted to the optical
bench This increass the stability of the opticd components.
The optics are mountel onto Data Optics opticd rails and
3-axis carriagesThe bridge is viewed in 2 orthogonadirec-
tions (Fig. 3). In ead case the bridge is viewed by a CCD
camea (Burle®, modd TC351A) equippe with a 18-105
mm zoam lens In one view, a HeNe lase is usal as the light
source and in the other, an incoheren white light source
with a diffuser is usal as the light soure for imaging the
entire bridge The cohereh view consiss of the lase (15
mW Spectraphysi Stabilite™ ard a 8 um pinhole in a
spatid filter for illumination amd is usel for high-
magnification examinatios of the conta¢ angle A lens con-
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D CCD Camera
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\f\ C
Folding Mirror U Folding Mirror

FIG. 3. Opticd setp (top view).

verts the spherich wave front to a plana wawe front which
then passe throuch the entire Platea tank The light is then
subjectel to high pas frequengy filtering?! to pas only
edges of the bridge silhouette In addition magnificatio is
supplied by a secom telephob lens system It was necessary
to clamp the walls of the tark to compensa for the sag
induced by the weight of the bah solution which causd an
unacceptald amoun of distortion An image of the Fourier
plare without an objed is shown in Fig. 4. Ther is clearly
sone astigmatisn and coma due to residua curvatue of the
glas walls of the tank The image from the camera are
digitized by aframe grabbe (Core® TCX). The frame grab-
ber can captue up to 1024x1024x8 bits for ead frame.
The images are currently stored and manualy processeé by a
compute progran to measue the conta¢ angle Upgrading

FIG. 4. Focd spd in Fourig plare of opticd setwyp (no bridge present.
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FIG. 5. Sampek image showirg effed of frequeny filtering (no bridge
present

our dat acquisition allowed for real-time automatt dai ac-

quisition and image processing The magnificatios range
from 10X to 700X for the coheremnview, and 4X to 11X for

the incoherem view. A typicd image of the bridge supports
is shown in Fig. 5. Clearly, features on the orde of several
ters of micrors can be resolved ard the aberratios present
do not appreciabt affed image quality.

E. Materials

The silicone fluid for the bridge was supplied by Dow
Corning The silicone fluid is a bulk polymerizeal polydim-
ethylsiloxare with a dynamt viscosiy of 5 cs ard a mea-
sured densiy of 0.913 g/cn? at 225 °C. Dow Cornirg gives
the surfae tension in air at 25 °C of 209 dyn/cm The fluid
contairs not more than 0.5% volatile materials The
methanb-wate bath solution consiss of methand supplied
by Fishe Chemical and was certified to be acetom free,
with not more than 0.026 wate content arnd has ameasured
densiy of 0.78 g/cnt at 23 °C. The wata was supplied
from an in-hous Millipore RO® systen couplel with a
Milli-Q ® deionizer produciry biologicd grace type | water
with a measurd densiy of 0.9% g/cn? at 23 °C. The sup-
port disks are machinel out of 303-A stainles steel.

Ill. PERFORMANCE

A. Calibratio n of a density hydromete r at various
temperatures

Accurae and precie knowledg of the bah and bridge
densiy is crucial Therefore an experimeih was undertaken
to calibrake our densiy hydromete over a range of tempera-
tures Silicone oil was usel as adensiy standard ard the
condition of neutrd buoyany usel to compae measured
densities of the bah with independenyl measurd densities
of the oil. Our primaly concen was the use of the hydrom-
ete ove a temperatue range (2030 °C). The hydrometer
was an Ertco densiy hydrometey 13 in. long, with 0.0005
gradations The rated accurayg is 2% at the standad tem-
peraturebut we require asubstantialf greate accurag over
a large temperatue range The hydromete was placed in a
500 ml graduatd cylinder for readirg the density A ther-
momete was placeal in the plateas tank The temperature
was measurd using a platinum resistane thermometerand
althoudh the lower limit of resolution of the thermometeis
0.00L °C, locd temperatue fluctuatiors forced a practical
resolution of 0.01 °C.

1498~ Rev. Sci. Instrum. , Vol. 68, No. 3, March 1997~
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FIG. 6. Temperatue dependeneof hydrometer.

The temperatue dependene of the silicone fluid was
measurd independenyl from the hydrometer using the
Archimedes methal to weigh an aluminum block submerged
in the oil at various temperaturesThis methal gives the
coefficiert of expansia for silicone oil as Ap/AT = —9.56
X104 g ecm™3 K. Thisresut is less than a0.1% differ-
ene from the publishel resut by Dow Corning The size of
the hydromete mace use of the Archimedes methal imprac-
tical and expensie as a speci& jacketal beake large enough
to hold the hydromete was not readily available The plateau
tark is kept to a given temperaturgwithin 0.01 °C, and the
densiy of the bah is adjustel by addirg eithe deionized
wate or methanduntil a pulled bridge of aspetratio 3.12 is
stable The aspet ratio was chose to be as clos to the
Rayleigh limit as practical At this point, the densiy of the
bath is nearly equa to the densiy of the oil, and a density
measuremenof the bath is taken and compare agains the
calculate@ densiy of the oil. The bah mixture was mixed
continuously excep when pulling a bridge and was ensured
to be homogeneasiby use of a Schlieren cohereh imaging
system Any inhomogeneitie in the bah position creae in-
homogeneitisin the locd index of refraction therefoe cre-
ating a locd lensirg effect which can be easily observed.
The graduatd cylinder was first filled with bat liquid, then
the liquid was expellal as wast to eliminae compositional
differences betwea the fluid in the bah and the fluid in the
drain tube or residué fluid in the cylinder. The graduated
cylinder was agah filled, and a densiy measuremertaken.
The resuls are shown in Fig. 6. Within the precisio of the
hydrometey the variation of temperatue does not affed the
accurag of the hydrometer The dat taken by comparing
the measurd densiy of the oil to the measurd densiy of the
bat is usal to increae the accurag of the hydrometerCon-
sequently the densiy of the bah is known to bette than
0.1%.

Becaus the conditiors for neutrd buoyang require a
densiy differene of exacty zerg the time requiral to
achiee exad neutrd buoyany is unacceptalyl long. In ad-
dition, the limit of precisia of the hydromete places alower
limit on how close to neutrd buoyang can actually be mea-
sured Equd numbes of readirg were taken with the oil
slightly lighter than and slightly heavie than the bath In this
case it is found that the densiy differene was equa to the
precisio of the hydrometerIn orde to ensue tha the tem-
peratue of the measurd fluid stayal constam over the pe-
riod of the experimentthe temperatug of the bath was kept
close to the ambien temperatue of the room To guarantee
that the temperatue of the graduatd cylinder did not signifi-
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FIG. 7. Difference in neckig behavio for (@) A<Ag;,~ and
(b) A>Acrit-

cantly affed the temperatue of the bah portion being mea-
sured when the solution was poured bad into the bath if
mary Schlieren fringes appearedthe trial was repeated.

B. Measuremen t of the interfacia | energy

Two method were usal to measue the interfacid en-
ergy. One methal usel theoretica stability limit predictions
for liquid bridges betwea unequa disks and the second
methal usel the “drop-weight” techniqué? as a check It
may appea as thouch theoretica predictiors were usel to
calibrae the experimen which then validated the theory, but
this is nat the case The interfacid enery was measured
independentyl using the drop weight methal and the values
obtainel were similar. In addition the interfacid enery was
measurd using one theoretich point only, but the experi-
mert coveral large portiors of the stability curve.

Once the hydromete was calibrated the larges$ uncer-
tainty in the Bond numbe is in the value of the interfacial
energy Silicone oil has historicaly been selectd for the
bridge liquid becaus the interfacid enery is nat sensitive to
contaminatio or temperatureHowever becaus the silicone
oil isimmersel in abah of wate ard methyt alcohol| the

18

17

16

Interfacial energy (dyn/cm )
&

12 T T T T
-0.01 0 0.01 0.02

Density difference

FIG. 8. Interfacid enery vs densiy difference.
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FIG. 9. Stability limits for axisymmetr bridges at various Bond numbers.

value of the interfacid enery will depenl on the specific
composition of the bath Consequentlyan experimen was
performeal to measue the interfacid energy of the silicone
oil in a bah of varying composition Theoretic stability

limitsfor unequadisksat Bo= + 0.100 haw bee calculated
previously?® The mode assumsthe contad lines are pinned
to the disk edges and remah stationay unde perturbations
to the liquid bridge The perturbatios are infinitesimd and
satisy the volume preservatia condition In practice the

contad¢ lines are indeal pinnal to the disk edges but the

assumptia of infinitesimd perturbatios may not hold, es-
pecially for bridges of large volume ard slendernessHow-

ever, the use of precision steppe motors and microsyringes
to contrd the volume ard slendernessamd the quiescehna-

ture of the bah liquid enabk us to med the perturbation
assumption Along the minimum stability limit for Bo>0,

ther is a critical aspetratio A, belov which the bridge
will nedk down nea the lower disk, and abowe which the

bridge will ned down nea the uppe disk (Fig. 7). The value
of A depend crucially upon Bo. The densiy of the bath
was adjuste until the experimenth value of A corre-
spondd with the theoretich value When the prope aspect
ratio was reachedthe densiy was measurd with the cali-

brated hydrometer ard the value of interfacid enery was
adjustel until the calculatel Bond numbe was equa to

+0.10Q For Bo=—0.10Q a slightly different methal was
used Becaus thereisno A ., an aspetratio nea the maxi-

mum stabk aspet ratio was usal to adjug the densiy of the

bath Car was taken to be in a region when the value
dV/dA was nat large as smal errors in aspet ratio would

then cau® large errors in minimum stabk volume The data
for interfacid energy at 220 °C is shown in Fig. 8. Note the

appareh divergene centere arourd Ap=0. This is an in-
herert problen with the method or ary methal tha uses
gravity to determire interfacid energy and is not a physical
effect To obtan a value for the interfacid energy a linear
interpolation was taken throuch the affectal region This

gives a value of 0=14.5-0.5 dyn/cm at Bo= O,

T=220°C.

Plateau tank apparatus 1499
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C. Determinatio n of the stabilit y limit s of axisymmetric
liqui d bridges

One of the first experimend we performel was averifi-
cation of the stability limits of axisymmetre liquid bridges
as determind theoreticaly by Slobozham and Perale$*
There are two maja reasos why this experimen was cho-
sen first. Primarily, verification of sud a well-established
theoreticé study allowed a measue of the accurag of the
apparats while at the sane time optimizing the system Sec-
ond, this relatively simple experimen serves as a spring-
boad for more complex experimentssud as a determina-
tion of the eigenfrequenciof axisymmetre bridges as well
as studies of nonaxisymmeti bridges The methal for de-
termining the static stability limits involved beginnirg with a
bridge consistirg of a well-defined aspet ratio and volume,
the slowly deformirg the bridge in a known way until the
stability limit is reached This methal was dore for numer-
ous bridges of differert startirg configurations as well as
differert Bond nhumbersIn this way, the stability region for
eah Bond numbe can be mappel out point by point. In
addition for a particula Bond number it was desira to
determire the transition point betwea& axisymmetre and
nonaxisymmetad breakirg modes A Bond numbe of 0.09
was chosen which placel the critical aspet ratio A~3.4,
and critical volume V~4.5.

The resuls obtainel for various Bond numbes are pre-
sente in Fig. 9. Eac curve represerg aportion of the sta-
bility limit for a given Bond number The stability region for
ead Bond numbe is enclosd by a sd of curve segments
which correspod to the stability limits for tha Bond num-
ber. If abridge is inside the region bounde by the limit, it is
stabk with respetto infinitesimd axisymmetrt and nonaxi-
symmetrc perturbations The experimen did naot cove the
entire stability limit.

The apparata performal very well, and the lower stabil-
ity limit was accurate} located The location of the upper
stability limit was determind less accurately becaus the
contad angk does nat have complee freedan of motion due
to the finite angke of the suppot disk?2® and not due to an
inherert errar of the measuremeni he axisymmetre to non-
axisymmetrt transition was located at the theoreticaly pre-
dicted point.

IV. SYSTEM ERROR

The uncertainy of the Bond numbe is the mog impor-
tart to know. The errar is calculatel with two independent
methods The first methal uses the uncertainy in density,
disk radius interfacid energy ard “ g'’ to calculae the un-
certainy in Bond number.

12

6Bo
= 2 (3

SAp\? [6g\? [26r\% [60\?
— —— = =] +|—
Bo Ap g r o

This gives 6Bo/Bo=3.45x 10 2. The larges errar isin in-
terfacid energy followed by errar in disk radius then den-

1500~ Rev. Sci. Instrum. , Vol. 68, No. 3, March 1997~

sity, ard uncertainy in g is last The secom methal uses the
relation betwe@ maximum aspet ratio of a right circular
cylindricd bridge as afunction of Bond numbe to calculate
the errar in Bo.

4/3
1—7502’3 -~ (4

A=

The linear actuatos allowed preci® determinatios of the
linear dimensiors of the system However the suppot disks
can nat stat out at zero height but insteal are placed very
close togethey a few microns apart to allow the oil room to
flow out The typicd initial separatia is 0.2 mm, as mea-
suredr with- high- magnificationrm For= A,,,=3.12,
Bo=2.4x10 %, and 6Bo/Bo="5.36x 10 °. Therefore very
low Bond numbe conditiors can be created but the accu-
racy of measuremerof Bo is §Bo/Bo=3.45x 10 2.
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