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Thekilogram or kilogramme (S| unit symbolkg), is the base unit of mass in the International .
System of Units (SI) (the Metric system) and is defined asdeiual to the mass of the Kilogram

Internationa Prototype of the KiIogranQIPK).[Z]

The gram, 1/1000th of a kilogram, was originally defined #9% as the mass of one cubic

centimeter of water at the melting point of watdThe original prototype kilogram,
manufactured in 1799 and from which the IPK is derived, hachasrequal to the mass of
1.000025 liters of water at 4 °C.

The kilogram is the only Sl base unit with an Sl prefix ("kij@ymbol "k") as part of its name. It
is also the only Sl unit that is still directly defined by anifact rather than a fundamental
physical property that can be reproduced in different latmsies. Three other base units in the
S| system are defined relative to the kilogram so its stgtigiimportant.

The International Prototype Kilogram was commissionedhegy®eneral Conference on Weights .-
and Measures (CGPM) under the authority of the Metre Coimwei1875), and is in the . _
custody of the International Bureau of Weights and Meas{B&M) who hold it on behalf of | A domestic-quality one-kilogram weight made of

the CGPM. After the International Prototype Kilogram haeéound to vary in mass over cast iron (the credit card is for scale). The shape
time, the International Committee for Weights and Meas(@&BM) recommended in 2005 that follows OIML recommendation R52 for cast-iron
the kilogram be. redgfir!ed in terms of a fundamental constarlature. At its 2011 meeting, the hexagonal weight¥
CGPM agreed in principle that the kilogram should be reasfiim terms of the Planck constant. - .
The decision was originally deferred until 2014; in 2014 #sadeferred again until the next Unit information
meeting[.4] Unit system Sl base unit

Unit of Mass

The International Prototype Kilogram (IPK) is rarely usechandled. Copies of the IPK kept by

national metrology laboratories around the world were careg with the IPK in 1889, 1948, | SYmbol kg
and 1989 to provide traceability of measurements of massifaene in the world back to the Unit conversions
IPK. . .

lkgin... ...isequal to ...
The avoirdupois (omternational) pound, used in both the Imperial system and U.S. customaryAvoirdupois ~2.205 pound§‘°e 1l
units, is defined as exactly 0.45359237 kg, making onagykdlm approximately equal to 2.2046 Natural units
avoirdupois pounds. Other traditional units of weight arasmaround the world are also ~4.59 x10 Planck masses
defined in terms of the kilogram, making the IPK the primaignsiard for virtually all units of 1.356392608(60) x 18 hertz
mass on Earth. [Note 2]
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Name and terminology

The wordkilogrammeor kilogramis derived from the Frenckilogramme[5] which itself was a learned coinage, prefixing the Greek stém
yidor khilioi "a thousand" tgramma a Late Latin term for "a small weight", itself from Grewxdpua.[s] The wordkilogrammewas written into
French law in 1795, in thBecree of 18 Germinal) which revised the older system of units introduced by then&meNational Convention in

1793, where thgravethad been defined as weightdidg of a cubic centimetre of water, equal to 1/1000th qrave.[s] In the decree of 1795,
the termgrammethus replacedravet andkilogrammereplacedyrave

The French spelling was adopted in the United Kingdom whemtbrd was used for the first time in English in 178with the spelling
kilogrambeing adopted in the United States. In the United Kingdorh bpetllings are used, with "kilogram" having become by fartiore

commont®INote 31 y jaw regulating the units to be used when trading by weighheasure does not prevent the use of either spéi'iﬂ%g.

In the 19th century the French wokdo, a shortening okilogramme was imported into the English language where it has beeh tasmean both
kilogran411] and kilometef*?! While kilo is acceptable in many generalist texts, for exanjle Economist? its use is typically considered
inappropriate in certain applications including scigatifechnical and legal writing, where authors should adtsgrictly to Si nomenclaturg?!
(151 When the United States Congress gave the metric systemsiegas in 1866, it permitted the use of the wéild as an alternative to the
word kilogram[lﬁ] but in 1990 revoked the status of the wait.!”]

During the 19th century, the standard system of metric uvdis the centimetre—gram-second system of units, tredtingram as the
fundamental unit of mass and thkidogramsimply as a derived unit. In 1901, however, following thecdigeries by James Clerk Maxwell to the
effect that electric measurements could not be explainégkins of the three fundamental units of length, mass and ®Biwanni Giorgi

proposed a new standard system which would include a fourttidfmental unit to measure quantities in electromagnéjtﬂr‘m 1935 this was
adopted by the IEC as th@iorgi systemnow also known as MKS systeprﬁ] and in 1946 the CIPM approved a proposal to adopt the Ampere a
the electromagnetic unit of the "MKSA systellﬁ‘)] In 1948 the CGPM commissioned the CIPM "to make recommeaasfor a single practical

system of units of measurement, suitable for adoption bgaalhtries adhering to the Metre Conventiét. This led to the launch of S in 1960
and the subsequent publication of the "SI Brochure," whtakesl that "It is not permissible to use abbreviations fot symbols or unit names

.. [22INote 4l the ©GS and MKS systems co-existed during much of the easigitl 20th century, but as a result of the decision to adapt th
"Giorgi system" as the international system of units in 1966 kilogram is now the Sl base unit for mass, while the dtidim of the gram is
derived from that of the kilogram.

Nature of mass

The kilogram is a unit of mass, a property which correspondedé common perception of how “heavy”

an object is. Mass is anertial property; that is, it is related to the tendency of an objécést to remain

at rest, or if in motion to remain in motion at a constant vloainless acted upon by a force. According

to "Newton's laws of motion" and the equatibrr ma, when acted upon by a foréeof one newton, an -
object with massn of one kilogram will accelerate at the rate of one meter per second per second (1 m/ &

e

32)—about one-tenth the acceleration due to Earth's gr[&'ﬂf‘ysl ="

fis

———

While theweightof an object is dependent upon the strength of the local gigaal field, themassof ' ,;-

an object is independent of gravity, as mass is a measurenofruzh matter an object contaif¥e 6l Measuremerof  Measuremenof
Accordingly, for astronauts in microgravity, no effort equired to hold objects off the cabin floor; they  \yeigh - mas: - the

are “weightless”. However, since objects in microgravttlf eetain their mass and inertia, an astronaut
must exert ten times as much force to acceleratekil@Qram object at the same rate as-kilbgram
object.

gravitational gravitationalforce

attractionof the  on the measurand

measuran(causes is balanced

adistortionof the againsithe

spring gravitationalforce
on theweights.

Because at any given point on Earth the weight of an objegbisgstional to its mass, the mass of an
object in kilograms is usually measured by comparing itgiveio the weight of a standard mass, whose
mass is known in kilograms, using a device called a weighiades The ratio of the force of gravity on
the two objects, measured by the scale, is equal to the ritieo masses.
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Kilogramme des Archives

On April 7, 1795, the gram was decreed in France to be "thelateseeight of a volume of pure water
equal to the cube of the hundredth part of the metre, and aethperature of melting icd?®l The

—— R—
concept of using a unit volume of water to define a unit measfimass was proposed by the English — 1
philosopher John Wilkins in his 1668 essay as a means ohljnkiass and Iengl[ﬁ‘.‘][z‘r’] © |
Since trade and commerce typically involve items signifthamore massive than one gram, and since a The Arago kilogram, an exact copy of
mass standard made of water would be inconvenient and Uestiab regulation of commerce the "Kilogramme des Archives”
necessitated the manufacture giractical realizationof the water-based definition of mass. commissioned in 1821 by the US

Accordingly, a provisional mass standard was made as eespigte, metallic artifact one thousand times nger supervision of French physicist

as massive as the gram—the kilogram. Francgois Arago that served as the US's

first kilogram standard of mass until

At the same time, work was commissioned to precisely deterie mass of a cubic decimeter (one
1889, when the US converted to

Ii'ger) of waterNote 71123] AIth.ough the decreed deﬁnition _of the‘kilogra}m specifiedtgr ato °C—.its primary metric standards and received
h|ghly stgbletempqraturqoomt—the French chemist Louis Lefevre-Gmeau an_d théahahaturalist its current kilogram prototypes, K4 and
Giovanni Fabbroni after several years of research chosed&fine the standard in 1799 to water’s most K20
stabledensitypoint: the temperature at which water reaches maximum temgiich was measured at ’

the time as 4 °d¥o® 8][26]They concluded that one cubic decimeter of water at its mamirdensity was

equal to 99.9265% of the target mass of the provisional kilogstandard made four years earl&® 27 That same year, 1799, an all-platinum
kilogram prototype was fabricated with the objective thatould equal, as close as was scientifically feasible ferdhy, the mass of one cubic
decimeter of water at 4 °C. The prototype was presentecetédthbhives of the Republic in June and on December 10, 178Qtbtotype was
formally ratified as the&ilogramme des Archive&ilogram of the Archives) and the kilogram was defined ambequal to its mass. This
standard stood for the next 90 years.

International prototype kilogram

Since 1889 the magnitude of the kilogram has been defindieamass of an object called th@ernational

prototype kilogram[za] often referred to in the professional metrology world as"tRK". The IPK is made of a
platinum alloy known as “P10Ir”, which is 90% platinum and 10% iridium (by mass) and sahined into a

right-circular cylinder (height = diameter) of 39.17 rmleters to minimize its surface arld! The addition of

10% iridium improved upon the all-platinum Kilogram of theohives by greatly increasing hardness while still
retaining platinum’s many virtues: extreme resistancextdation, extremely high density (almost twice as dense
as lead and more than 21 times as dense as water), satigfeletctrical and thermal conductivities, and low
magnetic susceptibility. The IPK and its six sister copiessiored at the International Bureau of Weights and A CGI of the international
Measures (known by its French-language initials BIPM) ireamironmentally monitored safe in the lower vault  prototype kilogram (the inch

located in the basement of the BIPM’s Pavillon de Breteubévres on the outskirts of Paris (¥&eternal ruler is for scale). The
images below, for photographs). Three independently contratieygs are required to open the vault. Official prototype is manufactured
copies of the IPK were made available to other nations tcesas\their national standards. These are compared tdrom a platinum—iridium
the IPK roughly every 40 years, thereby providing tracettif local measurements back to the 15X alloy and is 39.17 mm in

both diameter and height, its
The Metre Convention was signed on May 20, 1875 and furthendbzed the metric system (a predecessor to theedges have a four-angle
Sl), quickly leading to the production of the IPK. The IPK ise0of three cylinders made in 1879 by Johnson (22.5°, 45°, 67.5° and 79°)

Matthey, which continues to manufacture nearly all of thtamal prototypes todalf %2l In 1883, the mass of chamfer to minimize wear.
the IPK was found to be indistinguishable from that of Kitngramme des Archivesade eighty-four years prior,

and was formally ratified athe kilogram by the 1st CGPM in 18887

Modern measurements of Vienna Standard Mean Ocean Watieh wtpure distilled water with an isotopic composition regentative of the
average of the world’s oceans, show it has a density of 0.Z2%2 x 10° kg/L at its point of maximum density (3.984 °C) under onendtard

atmosphere (760 torr) of press&?@.Thus, a cubic decimeter of water at its point of maximum dgrisionly 25 parts per million less massive
than the IPK; that is to say, the 25 milligram difference shdhat the scientists over 216 years ago managed to make gseafe Kilogram of
the Archives equal that of a cubic decimeter of water at 4@y a margin of erroat mostwithin the mass of a single excess grain of rice.

Copies of the international prototype kilogram
The various copies of the international prototype kilogeme given the following designations in the literature:

= The IPK itself. Located in Sévres, France.

= Six sister copies, numbered: K1, 7, 8(4'1%e 10132, 43 and 474 Located in Sévres, France.
= Three unofficial copies, numbered: 25, 88 and 91 (numbergi®a were used before 2004 but were replaced

by 88 and 9?5]). Located in Sévres, France.
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= National prototypes, stored ffIBIB8IBA Aystralia (44 and 87), Austria (49), Belgium (28 and 37),#AIra
(66), Canada (50 and 74), China (60 and 64; 75 in Hong Kong¢ERepublic (67), Denmark (48), Egypt
(58), Finland (23), France (35), Germany (52, 55 and 70),ddmn(16), India (57), Indonesia (46), Israel (71)
, Italy (5 and 76), Japan (6 and 94), Kazakhstan, Kenya (98xid® (21, 90 and 96), Netherlands (53), North
Korea (68), Norway (36), Pakistan (93), Poland (51), P@t(§9), Romania (2), Russia (12 ano[%,
Singapore (83), Slovakia (41 and 65), South Africa (56),tB&orea (39, 72 and 84), Spain (24 and 3),
Sweden (86), Switzerland (38 and 89), Taiwan (78), Thail@®), Turkey (5&‘1]), United Kingdom (1é‘,‘2]
81 and 82) and the United States (48,4, 79, 85 and 92).

= Some additional copies held by non-national organizatisish as the French Academy of Sciences in Paris

(34) and the Istituto di Metrologia G. Colonnetti in Turin2d=°! National prototype kilogram
K20, one of two prototypes

stored at the US National
Institute of Standards and

Stability of the international prototype kilogram

By definition, the error in the measured value of the IPK'ssnia exactly zero; the IPK the kilogram. However, ~ Technology in Gaithersburg,
any changes in the IPK's mass over time can be deduced by damjta mass to that of its official copies stored  Maryland, which serve as
throughout the world, a rarely undertaken process calleddgic verification”. The only three verifications primary standards for
occurred in 1889, 1948, and 1989. For instance, the U.S. éaum®0% platinum / 10% iridium (P10Ir) kilogram  defining all units of mass

standards, two of which, K4 and K20, are from the originathaif 40 replicas delivered in 1880 1 The K20 and weight in the United

prototype was designated as the primary national standangss for the U.S. Both of these, as well as those from States: This is a replica for
public display, shown as it

is normally stored, under
two bell jars.

other nations, are periodically returned to the BIPM forifieation INOt 12]

Note that none of the replicas has a mass precisely equal to thla¢ dPK; their masses are calibrated and
documented as offset values. For instance, K20, the U.8"spy standard, originally had an official mass of 1 kg
-39 micrograms(g) in 1889; that is to say, K20 was 39 g less than the IPK. Aigation performed in 1948 showed a mass of 1 kg — 19 pug.
The latest verification performed in 1989 shows a mass gegcidentical to its original 1889 value. Quite unlike ts@ant variations such as this,
the U.S.'s check standard, K4, has persistently declinethiss relative to the IPK—and for an identifiable reason.dklstandards are used much
more often than primary standards and are prone to scrasetiesther wear. K4 was originally delivered with an offiaiadss of 1 kg — 75 pgin
1889, but as of 1989 was officially calibrated at 1 kg — 106 pd #en years later was 1 kg — 116 ug. Over a period of 110 yedrid€ 41 pg

relative to the IPK*4

Beyond the simple wear that check standards can experigrecmass of even the carefully
stored national prototypes can drift relative to the IPKdarariety of reasons, some known
and some unknown. Since the IPK and its replicas are storail {albeit under two or

more nested bell jars), they gain mass through adsorptiatmedspheric contamination onto
their surfaces. Accordingly, they are cleaned in a prodes8tPM developed between

1939 and 1946 known as "the BIPM cleaning methtiithat comprises firmly rubbing
with a chamois soaked in equal parts ether and ethanolwetidy steam cleaning with bi-

distilled water, and allowing the prototypes to settle fell@ days before verificatiof°t®

1 Cleaning the prototypes removes between 5 and 60 pg ofrooradion depending

largely on the time elapsed since the last cleaning. Furéhsecond cleaning can remove up
to 10 pg more. After cleaning—even when they are storednheé bell jars—the IPK

and its replicas immediately begin gaining mass again. TIRdvBaven developed a model

of this gain and concluded that it averaged 1.11 g per mfontthe first 3 months after
cleaning and then decreased to an average of about 1 pggrehgeeafter. Since check

|\39:r-665:||I||||||
\@q '3‘@ '\‘5\0 \éﬁ \&Q »fip \‘”‘? x"’éa \é@ \&0 \@9

Year

-50

Mass drift over time of national prototypes K21-K40,
plus two of the IPK's sister copies: K32 and K8(41).

[Note 10] o)l mass changes are relative to the IPK. The

standards like K4 are not cleaned for routine calibratidrstiver mass standards—a initial 1889 starting-value offsets relative to the IPK
precaution to minimize the potential for wear and handlingndge—the BIPM's model of  have been nullef®! The above are atelative
time-dependent mass gain has been used as an "after cléeoirgrtion factor. measurements; no historical mass-measurement data

is available to determine which of the prototypes has
been most stable relative to an invariant of nature.
There is the distinct possibility thail the prototypes
gained mass over 100 years and that K21, K35, K40,
and the IPK simplygained lesghan the others.

Because the first forty official copies are made of the saltog as the IPK and are stored
under similar conditions, periodic verifications usingaege number of replicas—especially
the national primary standards, which are rarely used—oawiocingly demonstrate the
stability of the IPK. What has become clear after the thirdquic verification performed
between 1988 and 1992 is that masses of the entire worldwigkneble of prototypes have
been slowly but inexorably diverging from each other. Itlsalear that the mass of the

IPK lost perhaps 50 g over the last century, and possighifsiantly more, in comparison to its official copiE’gJ[“G] The reason for this drift
has eluded physicists who have dedicated their careers ®lthnit of mass. No plausible mechanism has been proposeghl@in either a steady

decrease in the mass of the IPK, or an increase in that ofpteas dispersed throughout the wollte 1478149 This relative nature of the
changes amongst the world's kilogram prototypes is oftesnapbrted in the popular press, and even some notableificiemgazines, which

often state that the IPK simply "lost 50 pg" and omit the Vietgortant caveat ofih comparison to its official (:opiés[NOte BIMoreover, there
are no technical means available to determine whether dhaantire worldwide ensemble of prototypes suffers froeregreater long-term
trends upwards or downwards because their mass "relatae itovariant of nature is unknown at a level below 1000 pg eveeriod of 100 or
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even 50 years[‘l.ﬁ] Given the lack of data identifying which of the world’s kilagn prototypes has been most stable in absolute termsgtialg
valid to state that the first batch of replicas has, as a grgaiped an average of about 25 g over one hundred yearspacison to the IPK.
[Note 16]

Whatis known specifically about the IPK is that it exhibits a shtatm instability of about 30 g over a period of about a mantits after-

cleaned mas8” The precise reason for this short-term instability is natenstood but is thought to entail surface effects: micrpi&co
differences between the prototypes' polished surfacesjiy aggravated by hydrogen absorption due to catalysfeeovolatile organic

compounds that slowly deposit onto the prototypes as weéll@siydrocarbon-based solvents used to clean fhdivt]

It has been possible to rule out many explanations of therebdalivergences in the masses of the world's prototypgsopeal by scientists and
the general public. The BIPM's FAQ explains, for examplat the divergence is dependent on the amount of time elaptedén

measurements and not dependent on the number of timesiflaetarhave been cleaned or possible changes in gravity\xixroelment[.52] Reports
published in 2013 by Peter Cumpson of Newcastle Universiel on the X-ray photoelectron spectroscopy of samplésvthra stored
alongside various prototype kilograms suggested that oneecs of the divergence between the various prototypesidmitraced to mercury that
had been absorbed by the prototypes being in the proximityestury-based instruments. The IPK has been stored widitiroeters of a

mercury thermometer since at least as far back as the latis B58In this Newcastle University work six platinum weights madehe
nineteenth century were all found to have mercury at theaserfthe most contaminated of which had the equivalent of@p6f mercury when
scaled to the surface area of a kilogram prototype.

Scientists are seeing far greater variability in the pggies than previously believed. The increasing divergemd¢kea masses of the world’'s
prototypes and the short-term instability in the IPK hasygoted research into improved methods to obtain a smoothaiffnish using diamond
turning on newly manufactured replicas and has intenstfiecsearch for a new definition of the kilogram. S&eposed future definition®elow.
[54]

Dependency of the Sl on the IPK

The stability of the IPK is crucial because the kilogram upées much of the Sl system of measurement as

it is currently defined and structured. For instance, thetae is defined as the force necessary to accelerate

one kilogram at one meter per second squared. If the mass tPEKwere to change slightly, so too must

the newton by a proportional degree. In turn, the pascalSthanit of pressure, is defined in terms of the o
newton. This chain of dependency follows to many other Stisurfi measure. For instance, the joule, the SI

unit of energy, is defined as that expended when a force ohemgon acts through one meter. Next to be

affected is the Sl unit of power, the watt, which is one joude gecond. The ampere too is defined relative to

the newton, and ultimately, the kilogram.

With the magnitude of the primary units of electricity thietermined by the kilogram, so too follow many
others, namely the coulomb, volt, tesla, and weber. Evets usid in the measure of light would be
affected; the candela—following the change in the watt—v@ni turn affect the lumen and lux.
The magnitude of many of the units
Because the magnitude of many of the units comprising thgsi¢s of measurement is ultimately defined  comprising the SI system of

by the mass of a 136-year-old, golf-ball-sized piece of m#ta quality of the IPK must be diligently measurement, including most of
protected to preserve the integrity of the SI system. Yedpiie the best stewardship, the average mass of th@ose used in the measurement of
worldwide ensemble of prototypes and the mass of the IPK likefy diverged another 6 pg since the third  gjectricity and light, are highly

periodic verification 26 years ad'ﬂ‘.’te Y Eurther, the world’s national metrology laboratories muatt for dependent upon the stability of a
the fourth periodic verification to confirm whether the toiscal trendgersisted. 136-year-old, golf-ball-sized

cylinder of metal stored in a vault
Fortunately definitionsof the Sl units are quite different from theiractical realizationsFor instance, the in France.

meter isdefinedas the distance light travels in a vacuum during a time iratlerf/l/299‘792’45é)f a second.

However, the meter’practical realizationtypically takes the form of a helium—neon laser, and the rfretength isdelineated—not defined—as
1,579,800.298728 wavelengths of light from this laser. Moywpose that the official measurement of the second wasl frmimave drifted by a

few parts per billion (it is actually extremely stable withegroducibility of a few parts in 1](5:().[55] There would be no automatic effect on the
meter because the second—and thus the meter’s length—tia@bs via the laser comprising the meter’s practicaizatibn. Scientists
performing meter calibrations would simply continue to sw@a out the same number of laser wavelengths until an agreemas reached to do
otherwise. The same is true with regard to the real-worla&eddpncy on the kilogram: if the mass of the IPK was found tehahanged slightly,
there would be no automatic effect upon the other units ofsmesbecause their practical realizations provide anatisigl layer of abstraction.
Any discrepancy would eventually have to be reconciled ghobecause the virtue of the Sl system is its precise matieahand logical
harmony amongst its units. If the IPK’s value were defirgtivproven to have changed, one solution would be to simplgfiee the kilogram as
being equal to the mass of the IPK plus an offset value, silyita what is currently done with its replicas; e.g., “théokjram is equal to the mass
of the IPK + 42 parts per billion” (equivalent to 42 pg).

The long-term solution to this problem, however, is to ldterthe Sl system’s dependency on the IPK by developing digabealization of the
kilogram that can be reproduced in different laboratorigfoliowing a written specification. The units of measuresich a practical realization
would have their magnitudes precisely defined and expddsserms of fundamental physical constants. While majatipas of the Sl system
would still be based on the kilogram, the kilogram would imtbe based on invariant, universal constants of nature hMurk towards that end
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is ongoing, though no alternative has yet achieved the taiogy of 20 parts per billion (~20 pug) required to improveon the IPK. However, as
of April 2007, the U.S.’s National Institute of Standardslarechnology (NIST) had an implementation of the watt badatihat was approaching

this goal, with a demonstrated uncertainty of Sdi?bSeeWatt balancebelow.

The avoirdupois pound, used in both the imperial system afd ¢listomary units, is defined as exactly 0.4535923[?7Ilgmaking one kilogram
approximately equal to 2.2046 avoirdupois pounds.

Proposed future definitions

In the following sections, wherever numeric equalities sttewn in ‘concise form’—such as 1.85487(14) 3othe two digits between the
parentheses denote the uncertainty aslandard deviation (68% confidence level) in the two leggtificant digits of the significand. A
final X in a proposed definition denotes digits yet to be agren.

As of 2014 the kilogram was the only Sl unit still defined byatifact. In 1960 the meter, having previously also beemeefby reference to an
artifact (a single platinum-iridium bar with two marks ohtas redefined in terms of invariant, fundamental physicaistants (the wavelength

of a particular emission of light emitted by kryptgﬁ] and later the speed of light) so that the standard can bedeped in different laboratories

by following a written specification. At the 94th Meeting tbfe International Committee for Weights and Measures ()i@%St was recommended
that the same be done with the kilogram.

In October 2010, the International Committee for Weightd Bleasures (known by its French-language initials CIPMgudb submit a
resolution for consideration at the General Conference eiglifs and Measures (CGPM), to "take note of an intentioaf'tthe kilogram be

defined in terms of the Planck constan{which has dimensions of energy times time) together witleofundamental unit§I64 This
resolution was accepted by the 24th conference of the &P October 2011 and in addition the date of the 25th confezevas moved

forward from 2015 to 201%%! Such a definition would theoretically permit any appardhsg was capable of delineating the kilogram in terms of
the Planck constant to be used as long as it possessedeifficecision, accuracy and stability. The watt balancec(dised below) may be able
to do this.

In the project to replace the last artifact that underpinstmaf the International System of Units (SI), a variety ofathery different technologies
and approaches were considered and explored over many Yéasstoo are covered below. Some of these now-abandonedagbes were
based on equipment and procedures that would have enabledptoducible production of new, kilogram-mass protosype demand (albeit

with extraordinary effort) using measurement techniquekraaterial properties that are ultimately based on, oetthte to, fundamental
constants. Others were based on devices that measuredtbétecceleration or weight of hand-tuned kilogram testsaasnd which expressed
their magnitudes in electrical terms via special compomntret permit traceability to fundamental constants. Apraaches depend on converting
a weight measurement to a mass, and therefore require this@raeasurement of the strength of gravity in laboratoAésapproaches would
have precisely fixed one or more constants of nature at aefialue.

The watt balance

The watt balance is essentially a single-pan weighing shatemeasures the electric power necessary
to oppose the weight of a kilogram test mass as it is pulleddyhEs gravity. It is a variation of an
ampere balance in that it employs an extra calibration $tafriulls the effect of geometry. The
electric potential in the watt balance is delineated by &glason voltage standard, which allows
voltage to be linked to an invariant constant of nature wittneamely high precision and stability. Its
circuit resistance is calibrated against a quantum Haibtasce standard.

The watt balance requires exquisitely precise measureofi¢hé local gravitational acceleratignin

the laboratory, using a gravimeter. (See "b@bsolute gravimeter" ixternal imagesbelow). For
instance, the NIST compensates for Earth’s gravity gradi€809 pGal per meter when the elevation
of the center of the gravimeter differs from that of the ngadst mass in the watt balance; a change i
the weight of a one-kilogram test mass that equates to adéung/m.

The NIST’s watt balance is a project of

In April 2007, the NIST’s implementation of the watt balard@monstrated a combined relative the U.S. Government to develop an
standard uncertainty (CRSU) of 36 pg and a short-termuéeal of 10%° pg.[56][N°te ®lThe UK’s “electronic kilogram.” The vacuum
Nationa Physical Laboratory’s watt balance demonstrated a CRSW@& {Ig in 20074 That watt chamber dome, which lowers over the
balance was disassembled and shipped in 2009 to Canadtitstenfor National Measurement entire apparatus, is visible at top.

Standards (part of the National Research Council), wheseareh and development with the device
could continue.

If the CGPM adopts the new proposal and the new definitiomefiilogram becomes part of the SI, the value in Sl units ofRfeeck constant
(h), which is a measure that relates the energy of photons itoftequency, would be precisely fixed (the currently adeepvalue of

6.626 069 57(29) x 164 3 8% has an uncertainty of + about 1 in 23 miIIio%‘?te ¥lonce agreed upon internationally, the kilogram would no
longer be defined as the mass of the IPK. All the remaininggstinithe International System of Units (the Sl) that todayehdependencies upon
the kilogram and the joule would also fall in place, their miagdes ultimately defined, in part, in terms of photon #atiobns rather than the IPK.
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Gravity and the nature of the watt balance, which oscilll@esmasses up and down against the local
gravitational acceleratiog, are exploited so that mechanical power is compared agelestrical power, which
is the square of voltage divided by electrical resistanavéter,g varies significantly—by nearly 1%—
depending on where on the Earth's surface the measurenmaties(sed&arth’s gravity). There are also slight
seasonal variations igpdue to changes in underground water tables, and larger smttily and diurnal

changes due to tidal distortions in the Earth's shape caustite Moon. Althoughg would not be a term in the
definition of the kilogram, it would be crucial in théelineationof the kilogram when relating energy to power.
Accordingly,g must be measured with at least as much precision and accasayg the other terms, so

The local gravitational measurements @ must also be traceable to fundamental constants of natoréh& most precise work in mass
acceleratiorg is measured with  metrology,g is measured using dropping-mass absolute gravimetersdhtdin an iodine-stabilized helium—
exceptional precision with the ~ neon laser interferometer. The fringe-signal, frequeswgep output from the interferometer is measured with
help of a laser interferometer. rubidium atomic clock. Since this type of dropping-massvgreter derives its accuracy and stability from the
The laser's pattern of constancy of the speed of light as well as the innate pragseoti helium, neon, and rubidium atoms, the
interference fringes—the dark ~ ‘gravity’ term in the delineation of an all-electronic kgcam is also measured in terms of invariants of nature—
and light bands above—blooms ~and with very high precision. For instance, in the basemetiteoNIST’s Gaithersburg facility in 2009, when

at an ever faster rate as a free. measuring the gravity acting upon-BQIr test masses (which are denser, smaller, and have #sligher

falling corner reflector drops center of gravity inside the watt balance than stainless stasses), the measured value was typically within

inside an absolute gravimeter. 8 ppb of 9.80101644 7466l
The pattern’s frequency sweep
is timed by an atomic clock.

The virtue of electronic realizations like the watt balarcthat the definition and dissemination of the kilogram
would no longer be dependent upon the stability of kilograotqiypes, which must be very carefully handled
and stored. It would free physicists from the need to relyssueptions about the stability of those prototypes.
Instead, hand-tuned, close-approximation mass standanalsl simply be weighed and documented as being equal toitogrdm plus an offset
value. With the watt balance, while the kilogram woulddsdineatedn electrical and gravity terms, all of which are tracealblétariants of
nature; it would balefinedin a manner that is directly traceable to just three fundaai@onstants of nature. The Planck constant defines the
kilogram in terms of the second and the meter. By fixing thenBk constant, thdefinition of the kilogram would depend only on thiefinitions

of the second and the meter. The definition of the secondrdispen a single defined physical constant: the ground syeterfine splitting

frequency of the caesium 133 atom(133Cs)nfS. The meter depends on the second and on an additional defitysétal constant: the speed of

light c. If the kilogram is redefined in this manner, mass artifagbhysical objects calibrated in a watt balance, includirgiPK—would no
longer be part of the definition, but would instead becdraasfer standards

Scales like the watt balance also permit more flexibilitghoosing materials with especially desirable propertiesfass standards. For instance,
Pt 10Ir could continue to be used so that the specific gravityeafly produced mass standards would be the same as exiatiogal primary and
check standards=1.55 g/ml). This would reduce the relative uncertaintgwmaking mass comparisons in air. Alternatively, entidifferent
materials and constructions could be explored with theatlye of producing mass standards with greater stability.ifstance, osmium-iridium
alloys could be investigated if platinum’s propensity teati hydrogen (due to catalysis of VOCs and hydrocarboeébekeaning solvents) and
atmospheric mercury proved to be sources of instabilitgoAvapor-deposited, protective ceramic coatings likedeis could be investigated for
their suitability to isolate these new alloys.

The challenge with watt balances is not only in reducingrtbecertainty, but also in making them trydyactical realizations of the kilogram.
Nearly every aspect of watt balances and their support equipmeguires such extraordinarily precise and accurate, stateesart technology
that—unlike a device like an atomic clock—few countries Wdocurrently choose to fund their operation. For instanke,NIST’s watt balance
used four resistance standards in 2007, each of which watedothrough the watt balance every two to six weeks aftergosalibrated in a
different part of NIST headquarters facility in GaithergipuMaryland. It was found that simply moving the resistast@ndards down the hall to

the watt balance after calibration altered their valuepfl® (equivalent to 10 ug) or mol¥] Present-day technology is insufficient to permit
stable operation of watt balances between even biannubta@bns. If the kilogram is defined in terms of the Plandkstant, it is likely there
will only be a few—at most—watt balances initially operatin the world.

Alternative approaches to redefining the kilogram thatexfendamentally different from the watt balance were exgado varying degrees with
some abandoned, as follows:

Atom-counting approaches
Carbon-12

Though not offering a practical realization, this defimitiwvould precisely define the magnitude of the kilogram iz of a certain number of
carbonl2 atoms. Carboti2 (12C) is an isotope of carbon. The mole is currently defined ke Guantity of entities (elementary particles like
atoms or molecules) equal to the number of atoms in 12 grararbbnl2.” Thus, the current definition of the mole requires t’n(}QP/lz (83%)

moles of*°C has a mass of precisely one kilogram. The number of atomsiol@, a quantity known as the Avogadro constant, is expettatiy
determined, and the current best estimate of its value 2261@1 29(27) x 1%’ entities per molé®® This new definition of the kilogram proposed
to fix the Avogadro constant at precisely 6.022 14X £3ith the kilogram being defined as “the mass equal to thé‘P%‘f/lz- 6.022 14X x 16

atoms of-°C.”
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The accuracy of the measured value of the Avogadro congtantriently limited by the uncertainty in the value of therftlaconstant—a
measure relating the energy of photons to their frequenicat fielative standard uncertainty has been 50 parts pgienkppb) since 2006. By

fixing the Avogadro constant, the practical effect of thisgosal would be that the uncertainty in the mass Haatom—and the magnitude of
the kilogram—could be no better than the current 50 ppb miaicey in the Planck constant. Under this proposal, thenitade of the kilogram
would be subject to future refinement as improved measunewd the value of the Planck constant become availabletrel@c realizations of
the kilogram would be recalibrated as required. Conveysalelectronialefinition of the kilogram (se&lectronic approacheselow), which

would precisely fix the Planck constant, would continueltova83'5 moles of12C to have a mass of precisely one kilogram but the number of
atoms comprising a mole (the Avogadro constant) would cometito be subject to future refinement.

A variation on a-°C-based definition proposes to define the Avogadro cohstabeing precisely 84,446,8789:6.02214162 X 1%)3) atoms. An
imaginary realization of a 12-gram mass prototype would betse of*?C atoms measuring precisely 84,446,889 atoms across oe.a/gith this
proposal, the kilogram would be defined as “the mass eqt&A,tMG,88§ x 83/ atoms of -2C. " [6%INote 20]

Avogadro project

Another Avogadro constant-based approach, known as thenktional Avogadro Coordinationfsrzogadro
projeci, would define and delineate the kilogram as a softball-&8:6 mm diameter) sphere of silicon atoms.
Silicon was chosen because a commercial infrastructutemaiture processes for creating defect-free, ultra-pures
monocrystalline silicon already exists to service the semiluctor industry. To make a practical realization of the
kilogram, a silicon boule (a rod-like, single-crystal ingaould be produced. Its isotopic composition would be
measured with a mass spectrometer to determine its avestag@e atomic mass. The boule would be cut, ground§gZz=s
and polished into spheres. The size of a select sphere weuitelsured using optical interferometry to an
uncertainty of about 0.3 nm on the radius—roughly a sintdené layer. The precise lattice spacing between the §
atoms in its crystal structure{92 pm) would be measured using a scanning X-ray interfetemThis permits its
atomic spacing to be determined with an uncertainty of dmige parts per billion. With the size of the sphere, its
average atomic mass, and its atomic spacing known, thereshsphere diameter can be calculated with sufficien
precision and low uncertainty to enable it to be finish-plodid to a target mass of one kilogram.

Experiments are being performed on the Avogadro Projeiticos spheres to determine whether their masses are, """
- - . . Achim Leistner at the
most stable when stored in a vacuum, a partial vacuum, orearhpressure. However, no technical means .

. - , -, Australian Centre for
currently exist to prove a long-term stability any bettaaritthat of the IPK’s because the most sensitive and Precision Outics (hto:/
accurate measurements of mass are made with dual-pan bsldwmcthe BIPM's FB2 flexure-strip balance (see pe ( /p.ACPO
Externa links, below). Balances can only compare the mass of a silicorrephehat of a reference mass. Given YW;']WI';CpO'Cf"kO'aU_) (I )
the latest understanding of the lack of long-term mass itiawith the IPK and its replicas, there is no known, 'S N0'ding a1 kg, singie-
perfectly stable mass artifact to compare against. Sipgtescales, which measure weight relative to an invariant¢ystal silicon sphere for the
of nature, are not precise to the necessary long-term waiogrof 10-20 parts per billion. Another issue tobe ~ Avogadro project. These

overcome is that silicon oxidizes and forms a thin layer {eajent to 5-20 silicon atoms) of silicon dioxide spheres are among the_
(quartz) and silicon monoxide. This layer slightly increashe mass of the sphere, an effect which must be _rOU”deSt man-made objects
accounted for when polishing the sphere to its finished disimn. Oxidation is not an issue with platinum and in the world. If the best of

iridium, both of which are noble metals that are roughly abedic as oxygen and therefore don't oxidize unless these spheres were scaled to
coaxed to do so in the laboratory. The presence of the thitedaiyer on a silicon-sphere mass prototype places the size of Earth, its high
additional restrictions on the procedures that might b&blé to clean it to avoid changing the layer’s thickness opoint—a continent-size area
oxide stoichiometry. —would rise to a maximum
elevation of 2.4 meters above

All silicon-based approaches would fix the Avogadro constaut vary in the details of the definition of the pNote 21]

kilogram. One approach would use silicon with all three sfiiaitural isotopes present. About 7.78% of silicon
comprises the two heavier isotopégﬁ and3si. As described it€arbon12 above, this method wouldefinethe
magnitude of the kilogram in terms of a certain numbetd atoms by fixing the Avogadro constant; the silicon spheoeld be thepractical

realization.This approach could accurately delineate the magnitudesokitogram because the masses of the three silicon nuckdsve to*’C
are known with great precision (relative uncertainties ppb or better). An alternative method for creating a silisphere-based kilogram

proposes to use isotopic separation techniques to enecsiltbon until it is nearly puréSSi, which has a relative atomic mass of 27.
9769265325(1957.1] With this approach, the Avogadro constant would not onlyiked, but so too would the atomic mass388i. As such, the
definition of the kilogram would be decoupled froffC and the kilogram would instead be defined13%927_9769265325 6.02214179 x 18 atoms

"sea leve

of 28si (=35.74374043 fixed moles fsi atoms). Physicists could elect to define the kilograneimis of?8sj even when kilogram prototypes are
made of natural silicon (all three isotopes present). Evitéim avkilogram definition based on theoretically p&lgé;i, a silicon-sphere prototype
made of only nearly pur%SSi would necessarily deviate slightly from the defined nemts moles of silicon to compensate for various chemical
and isotopic impurities as well as the effect of surface esiff’]

The silicon spheres were also examined by known YouTubeitagaum (https://www.youtube.com/watch?v=ZMBYyl4s-D-Y
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lon accumulation

Another Avogadro-based approach, ion accumulation, sibemdoned, would have defined and delineated the kilogyapndzisely creating new
metal prototypes on demand. It would have done so by acctimyigold or bismuth ions (atoms stripped of an electron) emghted them by

measuring the electrical current required to neutralizeidhs. Gold f97Au) and bismuth %OgBi) were chosen because they can be safely handle
and have the two highest atomic masses among the monowralkginents that is effectively non-radioactive (bismuthjsqerfectly stable (gold)

. See alsd@able of nuclidedVot 221

With a gold-based definition of the kilogram for instandee telative atomic mass of gold could have been fixed as &kl 96.9665687, from
the current value of 196.9665687(6). As with a definitiosd@dupon carbo2, the Avogadro constant would also have been fixed. Tlogtam

would then have been defined as “the mass equal to that dfsptye&ooo/l%_%%esf 6.02214179 x 18 atoms of gold” (precisely
3,057,443,620,887,933,963,384,315 atoms of gold or &h6i700371 fixed moles).

In 2003, German experiments with gold at a current of onlyAddemonstrated a relative uncertainty of 1.5% Follow-on experiments using
bismuth ions and a current of 30 mA were expected to accumalenass of 30 g in six days and to have a relative uncertairgtter than

1 ppm[”] Ultimately, ionraccumulation approaches proved to be unsuitable. Measmtsmequired months and the data proved too erratic for th
technique to be considered a viable future replacemenEttHK.WS]

Among the many technical challenges of the ion-depositppasatus was obtaining a sufficiently high ion current (sndsposition rate) while
simultaneously decelerating the ions so they could all ditpoto a target electrode embedded in a balance pan. Exgatis with gold showed
the ions had to be decelerated to very low energies to avoitlesing effects—a phenomenon whereby ions that had aireeen counted
ricochet off the target electrode or even dislodged atomustthad already been deposited. The deposited mass fractiba P003 German

experiments only approached very close to 100% at ion eeeggiless than around 1 eV (<1 km/s for chc?’j.

If the kilogram had been defined as a precise quantity of goliismuth atoms deposited with an electric current, not mmuld the Avogadro
constant and the atomic mass of gold or bismuth have to haae frecisely fixed, but also the value of the elementarygehé), likely to

1.60217X x 10*°C (from the currently recommended value of 1.602 176 56}3%35)'19 C[76]). Doing so would have effectively defined the
ampere as a flow °]V1.602 17x x 169 €lectrons per second past a fixed point in an electric dir¢lie Sl unit of mass would have been fully

defined by having precisely fixed the values of the Avogadmstant and elementary charge, and by exploiting the iatthe atomic masses of
bismuth and gold atoms are invariant, universal constdmntatore.

Beyond the slowness of making a new mass standard and thegmoducibility, there were other intrinsic shortcomingshe ionaccumulation
approach that proved to be formidable obstacles to ionraatation-based techniques becoming a practical readizalihe apparatus necessarily
required that the deposition chamber have an integral balaystem to enable the convenient calibration of a reasegakntity of transfer
standards relative to any single internal ion-depositetopype. Furthermore, the mass prototypes produced bydposition techniques would
have been nothing like the freestanding platinum-iridimot@types currently in use; they would have been deposittéal-eand become part of—
an electrode imbedded into one pan of a special balanceatéshinto the device. Moreover, the ion-deposited masddmtithave had a hard,
highly polished surface that can be vigorously cleanedthikese of current prototypes. Gold, while dense and a nobtalrfresistant to oxidation
and the formation of other compounds), is extremely softrsmternal gold prototype would have to be kept well isolaaed scrupulously clean
to avoid contamination and the potential of wear from hatogemove the contamination. Bismuth, which is an inexpaensietal used in low-
temperature solders, slowly oxidizes when exposed to rtonperature air and forms other chemical compounds and slwot have produced
stable reference masses unless it was continually magttama vacuum or inert atmosphere.

Ampere-based force

This approach would define the kilogram as “the mass whichlevbe accelerated at precisely 2 < {on&
when subjected to the per-meter force between two stra@fatlpl conductors of infinite length, of negligible
circular cross section, placed one meter apart in vacuuoydgh which flow a constant current of

1 "
/1,602 17X x 1619 €lementary charges per second”.

Effectively, this would define the kilogram as a derivatidfethe ampere rather than present relationship, which

defines the ampere as a derivative of the kilogram. Thisfieitien of the kilogram would specify elementary A magnet floating ébo&e a

charge €) as precisely 1.602 17X x 18° coulomb rather than the current recommended value of superconductor bathed in
1.602 176 565(35) x 13° cI"81 it would necessarily follow that the ampere (one coulombsgeeond) would also | liquid nitrogen demonstrates
become an electrical current of this precise quantity aheletary charges per second passing a given point in anperfect diamagnetic levitation
electric circuit. The virtue of a practical realization bdsupon this definition is that unlike the watt balance and via the Meissner effect.

other scale-based methods, all of which require the cacbfaiacterization of gravity in the laboratory, this Experiments with an ampere-
method delineates the magnitude of the kilogram directihévery terms that define the nature of mass: based definition of the
acceleration due to an applied force. Unfortunately, iisemely difficult to develop a practical realization belse  kilogram flipped this

upon accelerating masses. Experiments over a period of yredapan with a superconducting, 30 g mass arrangement upside-down: an
supported by diamagnetic levitation never achieved anrntmiogy better than ten parts per million. Magnetic electric field accelerated a
hysteresis was one of the limiting issues. Other groupop®ed similar research that used different techniques t%uperconducting test mass

levitate the mas¥./178] supported by fixed magnets.
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S| multiples

Because Sl prefixes may not be concatenated (seriallydinkéthin the name or symbol for a unit of measure, Sl prefixesused with thgram

not the kilogram, which already has a prefix as part of its eHll For instance, one-millionth of a kilogram is 1 mg (one rgilim), not 1 pkg
(one microkilogram).

S| multiples for gram (g)

Submultiples Multiples
Value | Symbol Name Value Symbol Name
101g dg decigram 10tg dag decagram
102%g cg centigram 107 g hg hectogram
10%g mg milligram 10°g kg kilogram
10°%g Hg | microgram(mcg) | | 10°g Mg  megagramtonne)
10°%g ng nanogram 10°g  Gg gigagram
10*?g  pg picogram 10%g Tg teragram
109 fg femtogram 10°g Pg petagram
1089 ag attogram 1089 Eg exagram
10%'g zg9 zeptogram 10?9 Zg zettagram
10%%g  vyg yoctogram 10%%g  Yg yottagram

Common prefixed units are in bold fal¥pte 231

= When the Greek lowercase "u" (mu) in the symbol for microgiaitgpographically unavailable, it is occasionally—altigh not properly—
replaced by Latin lowercase "u".

= The microgram is often abbreviated “mcg”, particularly impmaceutical and nutritional supplement labeling, tdcdweonfusion, since the
"u" prefix is not always well recognized outside of techrhitttiaciplines[.'\'Ote 24] (The expression "mcg" is also the symbol for an obsolete
CGS unit of measure known as the "millicentigram", whichqsa& to 10 pg.)

= The decagram (dag in Sl) is in much of Europe often abbrediatkg” (from the local spelling "dekagram") and is used fguital retail
quantities of food (such as cheese and meat).

= The unit name "megagram" is rarely used, and even then tiypaay in technical fields in contexts where especiallgaious consistency
with the Sl standard is desired. For most purposes, the nemee" is instead used. The tonne and its symbol, "t", weopted by the CIPM
in 1879. It is a non-SI unit accepted by the BIPM for use with 81. According to the BIPM, "In English speaking countriis tunit is

usually called 'metric ton’® The unit name "megatonne” or "megaton” (Mt) is often usedeinggal-interest literature on greenhouse gas
emissions, whereas the equivalent unit in scientific peperthe subject is often the "teragram” (Tg).

Glossary

= Abstracted: Isolated and its effect changed in form, often simplifiedm@ade more accessible in the process.
= Artifact : A simple human-made object used directly as a comparat@redard in the measurement of a physical quantity.
= Check standard
1. A standard body’s backup replica of the internationatgype kilogram (IPK).
2. A secondary kilogram mass standard used as a stand-imef@rimary standard during routine calibrations.
= Definition: A formal, specific, and exact specification.
= Delineation: The physical means used to mark a boundary or express theitode of an entity.
= Disseminate To widely distribute the magnitude of a unit of measurejdgfly via replicas and transfer standards.
= |PK: Abbreviation of "international prototype kilogram", thimique physical object, kept in France, which is interrraity recognized as
having the defining mass of precisely one kilogram.
= Magnitude: The extent or numeric value of a property
= National prototype: A replica of the IPK possessed by a nation.
= Practical realization: A readily reproducible apparatus to conveniently delisghe magnitude of a unit of measure.
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= Primary national standard:
1. Areplica of the IPK possessed by a nation
2. The least used replica of the IPK when a nation possessesthan one.
= Prototype:
1. A human-made object that serves as the defining comparsttindard in the measurement of a physical quantity.
2. A human-made object that servedlascomparative standard in the measurement of a physicalitpant
3. The IPK and any of its replicas
= Replica: An official copy of the IPK.
= Sister copy. One of six official copies of the IPK that are stored in thensssafe as the IPK and are used as check standards by the BIPM
= Transfer standard: An artifact or apparatus that reproduces the magnitudeuoiitaof measure in a different, usually more practical, form

See also
= 1795 in science = Mass
= 1799 in science = Mass versus weight
= General Conference on Weights and Measures (CGPM) = Metric system
= Gram = Metric ton
= Grave (orig. name of the kilogram, history of) = Milligram per cent
= Gravimetry = National Institute of Standards and Technology (NIST)
= Inertia = Newton
= International Bureau of Weights and Measures (BIPM) = S| base units
= International Committee for Weights and Measures (CIPM) = Standard gravity
= International System of Units (SI) = Watt balance
= Kilogram-force = Weight
= Liter
Notes

1. The avoirdupois pound is part of both United States customary systenit® and the Imperial system of units.

2. One kilogram at rest has an equivalent energy approximately emtied energy of photons whose frequencies sum to this value.

3. The spellingilogramis the modern spelling used by the International Bureau of Weights anduvisa(BIPM), the U.S. National Institute of Standards
and Technology (NIST), the UK’s National Measurement Office, NetidResearch Council of Canada, and the National Measuremé¢ititimsAustralia.

4. The French text (which is the authoritiative text) statés’est pas autorisé d'utiliser des abréviations pour les symboles etsnd'unités .

5. In professional metrology (the science of measurement), thedemation of Earth’s gravity is taken as standard gravity (sympgl: which is defined as

precisely 9.80665 meters per square secondZIm'Vse expression “1 mfs means thafor every second that elapseglocity changes an additional

1 meter per second. In more familiar terms: an acceleration of 4 qarsalso be expressed as a rate of change in velocity of preciselynd6oler second
(2.2 mph per second).

6. Matter has invariant mass assuming it is not traveling at a relativisticl spéfe respect to an observer. According to Einstein’s theory of spesi@iivity,
the relativistic mass (apparent mass with respect to an observer) ofent or particle with rest mass, increases with its speed &= ym, (wherey is

the Lorentz factor). This effect is vanishingly small at everyday dpeehich are many orders of magnitude less than the speed of lightxBople, to
change the mass of a kilogram by (1 ppb, about the level of detection by current technology) wouldiregnoving it at 0.0045% of the speed of light
relative to an observer, which is 13.4 km/s (30,000 mph). As regduel kilogram, relativity’s effect upon the constancy of matter's massiglg an
interesting scientific phenomenon that has zero effect on the definitidmedilogram and its practical realizations.

7. The same decree also defined the liter as follows: “Liter: the mea$umdumne, both for liquid and solids, for which the displacement would bedha
cube [with sides measuring] one-tenth of a meter.” Original textré, la mesure de capacité, tant pour les liquides que pour les matiéres séchela
contenance sera celle du cube de la dixieérne partie du métre.”

8. Modern measurements show the temperature at which water remaeligsum density is 3.984 °C. However, the scientists at the close of thec&8tury
concluded that the temperature was 4 °C.

9. The provisional kilogram standard had been fabricated in accoedaith a single, inaccurate measurement of the density of water mdae bgrAntoine
Lavoisier and René Just Hatly, which showed that one cubic decinfetmtiled water at 0 °C had a mass of 18,841 grains in France's scbe-to
obsoletedhoids de marsystem. The newer, highly accurate measurements by Le@&wneau and Fabbroni concluded that the mass of a cubic decimeter
water at the new temperature of 4 °C—a condition at which water is dengas actuallyess massiveat 18,827.15 grains, than the earlier inaccurate
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10.

11.

12.

13.

14.

15.

16.

17.

18.

value assumed for 0 °C water. France’s metric system had beempidrad by Charles Maurice de TalleyraRérigord. On March 30, 1791, four days
after Talleyrand forwarded a specific proposal on how to proceedtiviproject, the French government ordered a committee known @c#uemy to
commence work on accurately determining the magnitude of the base titfiessrew metric system. The Academy divided the task among five
commissions. The commission charged with determining the mass of adetiioeter of water originally comprised Lavoisier and Hally but their waak
finished by Louis Leféevrgsineau and Giovanni Fabbroni. Neither Lavoisier nor Hally can bedddor participating in an initia—and inaccurate—
measurement and for leaving the final work to Lefé@imeau and Fabbroni to finish in 1799. As a member ofRkame généraleLavoisier was also one
of France’s 28 tax collectors. He was consequently convicted of medising the waning days of the Reign of Terror period of the FrencloRgen and
beheaded on May 8, 1794. Lavoisier’s partner, Haly, was also thirme prison and was himself at risk of going to the guillotine but his life wasespa
after a renowned French naturalist interceded.

Prototype No. 8(41) was accidentally stamped with the number 4ltskadcessories carry the proper number 8. Since there is no prototyedr8, this
prototype is referred to as 8(41).

The other two P10Ir standards owned by the U.S. are K79, from a new series oftppet® (K64—K80) that were diamond-turned directly to a finish mass
and K85, which is used for watt balance experiments {§a#é balanceabove).

Extraordinary care is exercised when transporting prototypd€84, the K4 and K20 prototypes were hand-carried in the passesm@nsof separate
commercial airliners.

Before the BIPM's published report in 1994 detailing the relativegd@mmass of the prototypes, different standard bodies used diftexdmiques to
clean their prototypes. The NIST's practice before then was to soakiresedits two prototypes first in benzene, then in ethanol, and to then cleamwiith
a jet of bi-distilled water steam.

Note that if the 50 pg difference between the IPK and its replicas waslgmnlue to wear, the IPK would have to have lost 150 million billion more
platinum and iridium atoms over the last century than its replicas. That theuwkl e this much wear, much lessliferenceof this magnitude, is thought
unlikely; 50 pg is roughly the mass of a fingerprint. Specialists at th&VBtP1946 carefully conducted cleaning experiments and concludedbat e
vigorousrubbing with a chamois—if done carefully—did not alter the prototypes’anire recent cleaning experiments at the BIPM, which were
conducted on one particular prototype (K63), and which benefited thenthen-new NBS balance, demonstrated 2 pg stability.

Many theories have been advanced to explain the divergence in thesneéishe prototypes. One theory posits that the relative change in masshetvee
IPK and its replicas is not one of loss at all and is instead a simple matter éhitKhhasgained lesghan the replicas. This theory begins with the
observation that the IPK is uniquely stored under three nested bell feeas its six sister copies stored alongside it in the vault as well as the other
replicas dispersed throughout the world are stored under only twotfidusy is also founded on two other facts: that platinum has a strong affamity
mercury, and that atmospheric mercury is significantly more aburidahe atmosphere today than at the time the IPK and its replicas were mamathc
The burning of coal is a major contributor to atmospheric mercury atld benmark and Germany have high coal shares in electrical gemeratio
Conversely, electrical generation in France, where the IPK is storeahstly nuclear. This theory is supported by the fact that the mass diegate—
relative to the IPK—of Denmark’s prototype, K48, since it took possessid 949 is an especially high 78 g per century while that of Germany's
prototype has been even greater at 126 pg/century ever since it tes&gsion of K55 in 1954. However, still other data for other replicas ssipportive

of this theory. This mercury absorption theory is just one of manyacke by the specialists to account for the relative change in mass. Tedate,
theory has either proven implausible, or there are insufficient data lonited means to either prove or disprove it.

Even well respected organizations incorrectly represent the eetaiure of the mass divergence as being one of mass loss, as exehtpliffés site at
Science Daily (http://www.sciencedaily.com/releases/2007/09/070923%1tm), and this site at PhysOrg.com (http://www.physorg.com/
news109595312.html), and this site at Sandia National Laboratdnigis:/fvww.sandia.gov/LabNews/080201.html) The root of the probleofié the
reporters' failure to correctly interpret or paraphrase nuancedtsitieoncepts, as exemplified by this 12 September 2007 story (http://plysorg.com/
news108836759.html) by the Associated Press published on Phgse@rgn that AP story, Richard Davis—who used to be the NIST's kitagspecialist
and now works for the BIPM in France—was correctly quoted by the ABnilte stated that the mass change is a relative issue. Then the AP summariz
the nature of issue with this lead-in to the storf Kilogram just isn't what it used to be. The 118-year-old cylinder th#ttésinternational prototype for
the metric mass, kept tightly under lock and key outside Paris, is mystigrioasg weight — if ever so slightlyLike many of the above-linked sites, the
AP also misreported the age of the IPK, using the date of its adoption as #sepmotype, not the date of the cylinder’'s manufacture. This is a mistake
even Scientific American fell victim to in a print edition.

The mean change in mass of the first batch of replicas relative to kheviér one hundred years is +23.5 pg with a standard deviation o§3@¢rThe
Third Periodic Verification of National Prototypes of the Kilogram (1988320 G. Girard, Metrologia81 (1994) Pg. 323, Table 3. Data is for prototypes
K1, K5, K6, K7, K8(41), K12, K16, K18, K20, K21, K24, K32, K3435, K36, K37, K38, and K40; and excludes K2, K23, and K39, wtdch treated
as outliers. This is a larger data set than is shown in the chart at the top eéthisn, which corresponds to Figure 7 of G. Girard’s paper.

Assuming the past trend continues, whereby the mean changesdrofitas first batch of replicas relative to the IPK over one hundred yeass
+23.56 30 pg.
The combined relative standard uncertainty (CRSU) of these nesasuts, as with all other tolerances and uncertainties in this article unlessiethe

noted, have ad standard deviation, which equates to a confidence level of about 68&¥istto say, 68% of the measurements fall within the stated
tolerance.
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The Planck constant's unit of measure, the joule-second iflag)perhaps be more easily understood when expressed as agotieriz (J/Hz).
Universally, an individual photon has an energy that is proportional tegtgiency. This relationship is 6.626 069 57(29) /Hz.

The proposal originally was to redefine the kilogram as the mass, 486888 carbon-12 atom&®! The value 84,446,886 had been chosen because it ha
a special property; its cube (the proposed new value for the Avogaistant) is evenly divisible by twelve. Thus with that definition of the kilogrdrere

would have been an integer number of atoms in one graﬁ?ﬁ]fSO,184,508,190,229,061,679,538 atoms. The uncertainty idvibgadro constant
narrowed since this proposal was first submittedoerican Scientidor publication. The 2010 CODATA value for the Avogadro constant (6.

02214129(27) x 1%)"") has a relative standard uncertainty of 50 parts per billion and the onlyroob&alues within this uncertainty must fall within the
range of 84,446,887.4 +1.2; that is, there are only two integer audds ¢...87 and ...88) in that range and the value 84,446,886 falls outSitleNeither

of the two integer values within that range possess the property of theis diding divisible by twelve; one gram Hc could not comprise an integer
number of atoms.

The sphere shown in the photograph has an out-of-roundakss (peak to valley on the radius) of 50 nm. According to ACPO, theyareat on that with
an out-of-roundness of 35 nm. On the 93.6 mm diameter sphejteof-roundness of 35 nm (undulations of #17.5 nm) is a fraatiooundnessAt /r )

=3.7x10". Scaled to the size of Earth, this is equivalent to a maximum deviation frofeeezof only 2.4 m. The roundness of that ACPO sphere is
exceeded only by two of the four fused-quartz gyroscope rotorsnflawGravity Probe B, which were manufactured in the late 1990s and tie# final

figure at the W.W. Hansen Experimental Physics Lab (http://hepl.gthefdu/) at Stanford University. Particularly, “Gyro 4” is recorded i@ Guinness

database of world records (their database, not in their booltjeagorld’s roundest man-made object. According to a published tégad kB PDF, here
(http://aa.stanford.edu/aeroastro/posters2007/Polhode_Motiohgraf)the GFB public affairs coordinator at Stanford University, of the four gyoyses

onboard the probe, Gyro 4 has a maximum surface undulation fraenfecp sphere of 3.4 £0.4 nm on the 38.1 mm diameter spheiiehveghaAr /r =

1.8 x10". Scaled to the size of Earth, this is equivalent to an undulation the size of Nor#hica rising slowly up out of the sea (in molecular-layer
terraces 11.9 cm high), reaching a maximum elevation of 1.14 #0.&8Nebraska, and then gradually sloping back down to sea level oriltbeside of
the continent.

In 2003, the same year the first gold-deposition experiments weducted, physicists found that the only naturally occurring isotope oflils, 20%;, is
actually very slightly radioactive, with the longest known radioactive halfdifany naturally occurring element that decays via alpha radiation—ditealf

of (19 £2) x10°8 years. As this is 1.4 billion times the age of the univef&&Bi is considered a stable isotope for most practical applications (those
unrelated to such disciplines as nucleocosmochronology and geotdggh In other terms, 99.999999983% of the bismuth that existed th Ea

4.567 billion years ago still exists today. Only two mononuclidic elementbeagier than bismuth and only one approaches its stability: thorium. Long
considered a possible replacement for uranium in nuclear reactorgjrthcan cause cancer when inhaled because it is over 1.2 billion tilores m
radioactive than bismuth. It also has such a strong tendency to oxidizéstpatvders are pyrophoric. These characteristics make thorium upisuitaion-
deposition experiments. See alsotopes of bismuttisotopes of goldindlsotopes of thorium

Criterion: A combined total of at least five occurrences on the Britiational Corpus and the Corpus of Contemporary American Englishudimg both
the singular and the plural for both thgramand the grammespelling.

The practice of using the abbreviation "mcg" rather than the Sl dylplb was formally mandated in the US for medical practitioners in 200¢hkeyJoint
Commission on Accreditation of Healthcare Organizations (JCAHO) in tisrNot Use” List: Abbreviations, Acronyms, and Symbols (http://
www.aapmr.org/hpl/pracguide/jcahosymbols.htm) because "pd™@g" when handwritten can be confused with one another, resultinghiousand-fold
overdosing (or underdosing). The mandate was also adopted bystitatenfor Safe Medication Practices. (http://www.ismp.org/)

References

1.

. "International prototype of the kilogram (IPK)" (http://www.bipm.ony/e

. Gramme, le poids absolu d'un volume d'eau pure égal au cube de la

. http://www.bipm.org/utils/common/pdf/CGPM-2014/25th-CGPM-

5. "Kilogram" (http://www.oed.com/viewdictionaryentry:showfullentry/tPue
t:ac=Entry/103396)Oxford English Dictionary Oxford University Press.
Retrieved November 3, 2011.

6. Fowlers, HW; Fowler, FG (1964T.he Concise Oxford Dictionary
Oxford: The Clarendon Press. Gregiupa (as it wereypae-upa, Doric

"International Recommendation R 52 - Hexagonal weights - Metrabgic
and technical requirements" (http://www.oiml.org/publications/R/R052-
e04.pdf). International Organization of Legal Metrology. 2004. iRe¢d
December 28, 2012.

ypGOuo) means “something written, a letter”, but it came to be used as a
scientific/mass/prototype.html). International Bureau of Weights and
Measures (BIPM). Retrieved January 7, 2013.

unit of weight, apparently equal to 1/24th of an ounce (1/288thliffra,
which would correspond to about 1.14 grams in modern units), at some
time during Late Antiquity. Frencrammewas adopted from Latin

centieme partie du metre , et a la température de |a glace fondatte gramma itself quite obscure, but found in tlkarmen de ponderibus et

term poids absoluvas at the time used alongsid@ssefor the concept of mensurig8.25) attributed by Remmius Palaemon (fl. 1st century), where
it is the weight of two oboli (Charlton T. Lewis, Charles ShdktLatin
Dictionary s.v. "gramma" (http://www.perseus.tufts.edu/hopper/text?
doc=Perseus%3Atext%3A1999.04.0059%3Aentry%3Dgramma&zy).

Henry George Liddell. Robert Sco. Greek-English Lexicofrevised

"mass" (which latter term had first been introduced in its strict physical
sense in English in 1704). See e.g. Mathurin Jacques Brisson,
Dictionnaire raisonné de toutes les parties de la Physjq(mland, 1787,
p. 401 (https://books.google.ch/books?id=1i0mJteVrOoC&pg=PA401)

and augmented edition, Oxford, 1940) sypaupa (http://
Resolutions.pdf

http://en.wikipedia.org/wiki/Kilogram 24.3.2015 18:23:20



Kilogram - Wikipedia, the free encyclopedia

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. "Kilogram" (http://english.oxforddictionaries.com/definition/kilogram).

www.perseus.tufts.edu/hopper/text?
doc=Perseus:text:1999.04.0057:entry=gra/mma), citing the 10thrgen
work Geoponicaand a 4th-century papyrus edited in L. Mitteis,
Griechische Urkunden der Papyrussammlung zu Lejpmy i (1906), 62
i 27.

. "Décret relatif aux poids et aux mesures du 18 germinal an 3 {7 avr

1795)" [Decree of 18 Germinal, year Ill (April 7, 1795) regaglineights
and measures] (http://mjp.univ-perp.fr/france/1793mesures.@randes
lois de la Républiquéin French). Digitheque de matériaux juridiques et
politiques, Université de Perpignan. Retrieved November 3, 2011.

. Convention nationale, décret du ler ao(t 1793, ed. Duvef@@diection
compléte des lois, décrets, ordonnances, reglemens avis du Costst) d 22.

publiée sur les éditions officielles du Louyrel. 6 (2nd ed. 1834), p. 70
(https://books.google.ch/books?id=0mYZAAAAYAAI&pg=PAT70#
v=onepage&q&f=false). Theetre(metre on which this definition
depends was itself defined as the ten-millionth part of a quarter of Earth's
meridian, given in traditional units asgeds 11.44lignes(aligne being

the 12th part of apouce(inch), or the 144th part of pied

Oxford Dictionaries Retrieved November 3, 2011.

"Spelling of "gram", etc" (http://www.legislation.gov.uk/ukpga/19@3/7
section/92) Weights and Measures Act 1983er Majesty's Stationery
Office. October 30, 1985. Retrieved November 6, 2011.

"kilo (n1)" (http://www.oed.com/viewdictionaryentry/Entry/103394).
Oxford English Dictionary2nd ed.). Oxford: Oxford University Press.
1989. Retrieved November 8, 2011.

"kilo (n2)" (http://www.oed.com/viewdictionaryentry/Entry/103395).
Oxford English Dictionary2nd ed.). Oxford: Oxford University Press.
1989. Retrieved November 8, 2011.

"Style Guide" (http://www.frzee.com/Education/The%20Economist%
20Style%20Guide.pdf). The Economist. January 7, 2002. Retrieved
November 8, 2011.

"kilogram, kg, kilo" (http://btb.termiumplus.gc.ca/tpv2guides/guides/
wrtps/index-eng.html?lang=eng&lettr=indx_catlog_k&page=431.html
Termium PlusGovernment of Canada. Retrieved November 6, 2011.
"kilo" (http://www.unc.edu/~rowlett/units/dictK.htmlHow Many?
Retrieved November 6, 2011.

29th Congress of the United States, Session 1 (May 13, 1866). 39R
An Act to authorize the use of the metric system of weights and

measures” (http://lamar.colostate.edu/~hillger/laws/metric-act-bill.html) 32.

"Metric System of Measurement:Interpretation of the Internatioystie®h

of Units for the United States; Notice" (http://physics.nist.gov/cuu/pdf/ 33.

SIFedReg.pdf)Federal Registe([United States] Department of
Commerce)s3 (144): 40340. July 28, 1998. Retrieved November 10,
2011. 'Obsolete UnitsAs stated in the 1990 Federal Register notice, ..."
Giovanni Giorgi (1901), "Unita Razionali di Elettromagnetismo" (ffittp
openlibrary.org/books/OL18571144M/Unita_razionali_di_
elettromagnetismo)tti della Associazione Elettrotecnica Italiarin
Italian) (Torino) Giovanni Giorgi (1902)Rational Units of
Electromagnetisn®riginal manuscript with handwritten notes by Oliver
Heaviside (http://www.iec.ch/about/history/documents/documents_
giovanni.htm)

Arthur E. Kennelly (1935), "Adoption of the Meter-Kilogram-Mass-
Second (M.K.S.) Absolute System of Practical Units by the International
Electrotechnical Commission (I.E.C.), Bruxelles, June, 1935" (http://
www.pnas.org/content/21/10/57®roceedings of the National Academy

http://en.wikipedia.org/wiki/Kilogram

20.

21.

23.

24.

25.

26.

27.

28.

29.

30.

31.

34.

35.

36.

Page 14

of Sciences of the United States of Ame@dg10): 579-583,
Bibcode:1935PNAS...21..579K (http://adsabs.harvard.edu/
abs/1935PNAS...21..579K), doi:10.1073/pnas.21.10.579%sHttp
dx.doi.org/10.1073%2Fpnas.21.10.579)

International Bureau of Weights and Measures (2006, International
System of Units (Sthttp://www.bipm.org/utils/common/pdf/si_brochure_
8_en.pdf) (8th ed.), pp. 109,110, ISBN 92-822-2213-6

Resolution 6 - Proposal for establishing a practical system of units of
measuremerthttp://www.bipm.org/en/CGPM/db/9/6/). 9th Conférence
Générale des Poids et Mesures (CGPM). October 12—21, 1948.Vedtrie
May 8, 2011.

International Bureau of Weights and Measures (2006, International
System of Units (Sthttp://www.bipm.org/utils/common/pdf/si_brochure_
8_en.pdf) (8th ed.), p. 130, ISBN 92-822-2213-6

"Decree on weights and measures" (http://smdsi.quartierotgal.
histoire/18germ_3.htm). April 7, 1795Gtamme le poids absolu d'un
volume d'eau pure égal au cube de la centieme partie du métre , et a la
température de la glace fondante."

"An Essay towards a Real Character and a Philosophical Laaguag
(Reproduction)" (http://www.metricationmatters.com/docs/
WilkinsTranslationLong.pdf) (PDF). Retrieved April 3, 2011.

"An Essay towards a Real Character and a Philosophical Laaguag
(Transcription)” (http://www.metricationmatters.com/docs/
WilkinsTranslationShort.pdf) (PDF). Retrieved April 3, 2011.
"L'histoire du métre, la détermination de l'unité de poids" (http://
histoire.du.metre.free.fr/fr/index.htm).

Zupko, Ronald Edward (1990Revolution in Measurement: Western
European Weights and Measures Since the Age of SciehaslE
Publishing.

"Resolution of the 1st CGPM (1889)" (http://www.bipm.org/en/CGPM/
db/1/1/). BIPM.

T. J. Quinn (1986). "New Techniques in the Manufacture of Platinum
Iridium Mass StandardsPlatinum Metals Revie®B0 (2): 74-79.

The International Bureau of Weights and Measures official site:
Verifications (http://www.bipm.org/en/scientific/mass/verifications.html),
retrieved August 4, 2013

F.J. Smith. "Standard Kilogram Weights (http://
www.platinummetalsreview.com/pdf/pmr-v17-i2-066-068. pdBlatinum
Metals Rev17.2 (1973)

Terry QuinnFrom Artefacts to Atoms: The BIPM and the Search for
Ultimate Measurement Standard3xford University Press. p. 321.
Isotopic composition and temperature per London South Bank
University's “List of physicochemical data concerning water” (http://
www1.Isbu.ac.uk/water/data.html), density and uncertainty per NIST
Standard Reference Database Number 69 (http://webbook.nist.gov/
chemistry/) (Retrieved April 5, 2010)

The International Bureau of Weights and Measures official site: Th
international prototype of the kilogram and its six official copies (http://
www.bipm.org/en/scientific/mass/pictures_mass/vault.html)

Davis, R.S.; Coarasa, J. (January 2005). "Director’s Repothe

Activity and Management of the International Bureau of Weights and
Measures" (http://www.bipm.org/utils/en/pdf/DIR2004-EN.pdf). Burea
International des Poids et Mesures. pp. 206-207. Retrieved ABgus
2013. | chapter= ignored (help)

G. Girard (1994). "The Third Periodic Verification of National etgpes
of the Kilogram (1988-1992)'Metrologia 31 (4): 317-336.

24.3.2015 18:23:20



Kilogram - Wikipedia, the free encyclopedia

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Bibcode:1994Metro..31..317G (http://adsabs.harvard.edu/
abs/1994Metro..31..317G). doi:10.1088/0026-1394/31/4/007s(Http
dx.doi.org/10.1088%2F0026-1394%2F31%2F4%2F007).

The International Bureau of Weights and Measures official site:
Calibration and characterization certificates: Mass (http://www.bipm.org/
en/scientific/mass/certificates.html), retrieved August 4, 2013

The International Bureau of Weights and Measures official siteleSo
BIPM calibrations and services in mass and related quantities (http://
www.bipm.org/utils/en/pdf/services_mass.pdf), retrieved Augugb43
Picard, A. (February 2012). "Director’'s Report on the Activitdan
Management of the International Bureau of Weights and Measures;

52.

Supplement: scientific Departments” (http://www.bipm.org/utils/common/

50.

51.

Page 15

Report to the CGPM, 14th meeting of the Consultative Committee for
Units (CCU), April 2001, 2. (ii);General Conference on Weights and
Measures, 22nd Meeting, October 200ich stated “The kilogram is in
need of a new definition because the mass of the prototype is known to
vary by several parts in faover periods of time of the order of a
month...” (3.2 MB ZIP file, here (http://www.bipm.org/utils/en/zip/
CGPM22.zip)).

BBC, Getting the measure of a kilogram (http://news.bbc.co.uk/2/hi/
science/nature/7084099.stm)

"FAQs" (http://www.bipm.org/en/scientific/mass/faqs2_mass.html).
BIPM. Retrieved April 3, 2011.

53. Cumpson, Peter (October 2013). "Stability of reference magses:

pdf/DIR2011/complete2011.pdf). Bureau International des Poids et
Mesures. Retrieved August 3, 2013.

Kunorpamm [Kilogram] (http://slovari.yandex.rufeuaurn/bCD/
Kunorpamm/) (in Russian), retrieved December 28, 2014340
H3TOTOBJICHHBIX KOMHit npotoTuina aBe (Nel2 u No26) Gbutn nepesaHsl
Poccuu. Oranon Nel2 npunsar 8 CCCP B kauecTBe rocyapcTBEHHOTO
MEPBUYHOTO JTATOHA €UHUIIBI Macchl, a Ne26 — B KauecTBe 3TajloHa-
Konuu."

TUBITAK National Metrology Institute official site: [1] (http:/
www.ume.tubitak.gov.tr/tr/hizmetlerimiz/kutle-laboratuvarlari), retritve
June 16, 2014

National Physical Laboratory official site: Making the first internagib

54.

kilograms and metres (http://ukma.org.uk/first-kg-prototype), retdev
August 4, 2013

Z.J. Jabbour; S. L. Yaniv (2001). "The Kilogram and Measergshof
Mass and Force" (http://nvlpubs.nist.gov/nistpubs/jres/106/1/j61déb.p
Journal of Research of the National Institute of Standards and
Technologyl06 26. Retrieved August 4, 2013.

Z.J. Jabbour; S.L. Yaniv (Jan—Feb 2001). 3.5 "The Kilograth a
Measurements of Mass and Force" (http://nvl.nist.gov/pub/nistpubs/
jres/106/1/j61jab.pdf)J. Res. Natl. Inst. Stand. TechnD6 (1): 25-46.
doi:10.6028/jres.106.003 (https://dx.doi.org/10.6028%2Fj(003).
Girard, G. (1990)The washing and cleaning of kilogram prototypes at
the BIPM (http://www.bipm.org/utils/en/pdf/Monographie1990-1-EN.pdf)
, BIPM

Mills, lan M.; Mohr, Peter J; Quinn, Terry J; Taylor, Barry N; William
Edwin R (April 2005). "Redefinition of the kilogram: a decision whose
time has come" (http://portal.acs.org/preview/fileFetch/C/CNBP_024130/
pdf/CNBP_024130.pdf)Metrologia42 (2): 71-80.
Bibcode:2005Metro..42...71M (http://adsabs.harvard.edu/
abs/2005Metro..42...71M). doi:10.1088/0026-1394/42/2/0011fttp
dx.doi.org/10.1088%2F0026-1394%2F42%2F2%2F001). Rettiev
November 25, 2009.

Davis, Richard (December 2003). "The Sl unit of mass" (http://
charm.physics.ucsb.edu/courses/ph21_05/kilogrampaperiypeifiologia
40 (6): 299-305. Bibcode:2003Metro..40..299D (http://
adsabs.harvard.edu/abs/2003Metro..40..299D).
doi:10.1088/0026-1394/40/6/001 (https://dx.doi.org/10.1088%
2F0026-1394%2F40%2F6%2F001). Retrieved November 25, 2009.
R. S. Davis (July—August 1985). "Recalibration of the U.S. Matio
Prototype Kilogram" (http://nvl.nist.gov/pub/nistpubs/jres/090/4/
V90-4.pdf).Journal of Research of the National Bureau of Stand&@ds
(4).

Conjecture why the IPK driffR. Steiner, NIST, Sep 11, 2007.

http://en.wikipedia.org/wiki/Kilogram

55.

56.

57.

58.

59.

60.

Mercury and carbonaceous contamination on platinum weights
manufactured at a similar time as the international and national prototyp
kilograms" (http://iopscience.iop.org/0026-1394/50/5/518/article).
Metrologia50 (5): 518-531. Bibcode:2013Metro..50..518D (http://
adsabs.harvard.edu/abs/2013Metro..50..518D).
doi:10.1088/0026-1394/50/5/518 (https://dx.doi.org/10.1088%
2F0026-1394%2F50%2F5%2F518). Retrieved November 30, 2013.
General section citationRecalibration of the U.S. National Prototype
Kilogram, R. S. Davis, Journal of Research of the National Bureau of
Standards90, No. 4, July—August 1985 (5.5 MB PDF, here (http://
nvl.nist.gov/pub/nistpubs/jres/090/4/VV90-4.pdf)); aftee Kilogram and
Measurements of Mass and Foyee J. Jabbouet al., J. Res. Natl. Inst.
Stand. Technol106, 2001, 25-46 (3.5 MB PDF, here (http://nvl.nist.gov/
pub/nistpubs/jres/106/1/j61jab.pdf))

"Time" (http://www.bipm.org/en/scientific/tai/scientific work of the
BIPM. BIPM. Retrieved May 7, 2011.

Uncertainty Improvements of the NIST Electronic Kilogra®h Steiner
et al,, Instrumentation and Measurement, |IEEE Transaction§®igsue
2, April 2007, 592-596

"Appendix 8 — Customary System of Weights and Measures" (http://
physics.nist.gov/Pubs/SP447/app8.pdf) (1.6 MB PDF). Nationat&u

of Standards (predecessor of the NIST).

"Frequently Asked Questions" (http://www.nrc-cnrc.gc.ca/eng/ibpfinms
about/fag-time.html). National Research Council Canada.

"Converting Measurements to Metric—NIST FAQs" (http://
www.nist.gov/public_affairs/fags/gmetric.htm). NIST.

"Metric Conversions" (http://www.bis.gov.uk/nmo/about/fags/metric-
conversions). UK National Measurement Office.

"Fed-Std-376B, Preferred Metric Units for General Use By the Fdder
Government" (http://ts.nist.gov/WeightsAndMeasures/Metric/upload/
fs376-b.pdf) (294 KB PDF). NIST.

International Bureau of Weights and Measures (2006, International
System of Units (Sthttp://www.bipm.org/utils/common/pdf/si_brochure_
8_en.pdf) (8th ed.), p. 112, ISBN 92-822-2213-6

Recommendation 1: Preparative steps towards new definitions of the
kilogram, the ampere, the kelvin and the mole in terms of fundamental
constantghttp://www.bipm.org/utils/en/pdf/CIPM2005-EN.pdf). 94th
meeting of the International Committee for Weights and Measures.
October 2005. p. 233. Retrieved November 3, 2011.

"NIST Backs Proposal for a Revamped System of Measurement
Units" (http://www.nist.gov/pml/wmd/20101026_si.cfm). Nist.gov.
Retrieved April 3, 2011.

24.3.2015 18:23:20



Kilogram - Wikipedia, the free encyclopedia

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

lan Mills (September 29, 2010). "Draft Chapter 2 for S| Broehur
following redefinitions of the base units" (http://www.bipm.org/utils/en/
pdf/si_brochure_draft_ch2.pdf). CCU. Retrieved January01,12

Resolution 1 - On the possible future revision of the International Systerd2.

of Units, the SKhttp://www.bipm.org/utils/en/pdf/24_CGPM_Resolution_
1.pdf). 24th meeting of the General Conference on Weights and
Measures. Sévres, France. October 17-21, 2011. Retrieveded®b
2011.

"General Conference on Weights and Measures approveblpadsanges 73.

to the International System of Units, including redefinition of the
kilogram." (http://www.bipm.org/utils/en/pdf/Press_release_resolution_1
CGPM.pdf) (Press release). Sevres, France: General Cooéeon

Weights and Measures. October 23, 2011. Retrieved October 25, 2011
"An initial measurement of Planck’s constant using the NPL Mawkatt
balance", I.A. Robinsoet al., Metrologia44 (2007), 427-440;

NPL: NPL Watt Balance (http://www.npl.co.uk/engineering-
measurements/mass-force-pressure/mass/research/npl-viaticbn
"CODATA Value: Planck constant” (http:/physics.nist.gov/cgifin/
Value?h).The NIST Reference on Constants, Units, and Uncertainty
(http://physics.nist.gov/cuu/index.htmlS National Institute of

Standards and Technology. June 2011. Retrieved 2011-06-23.

R. SteinerWatts in the watt balan¢geNIST, Oct 16, 2009.

R. SteinerNo FG-57 NIST, Nov 30, 2007. “We rotate between about 4
resistance standards, transferring from the calibration lab to my lap ever
2—6 weeks. Resistors do not transfer well, and sometimes shiftlat eac
transfer by 10 ppb or more.”

"CODATA Value: Avogadro constant” (http://physics.nist.gowoii/
cuu/Value?na)The NIST Reference on Constants, Units, and Uncertainty
(http://physics.nist.gov/cuu/index.htmlS National Institute of
Standards and Technology. June 2011. Retrieved 2011-06-23.

Hill, Theodore P; Miller, Jack, Censullo, Albert C (June 1, 2011).
"Towards a better definition of the kilogramMetrologia 48 (3): 83-86.
arXiv:1005.5139 (https://arxiv.org/abs/1005.5139).
Bibcode:2011Metro..48...83H (http://adsabs.harvard.edu/
abs/2011Metro..48...83H). doi:10.1088/0026-1394/48/3/0025#ttp
dx.doi.org/10.1088%2F0026-1394%2F48%2F3%2F002).

Georgia Tech A Better Definition for the Kilogram?” (http://
gtresearchnews.gatech.edu/definition-kilograBe&ptember 21, 2007
(press release).

External links

= NIST Improves Accuracy of ‘Watt Balance’ Method for Defigithe Kilogram (http://www.nist.gov/public_

= The UK’s National Physical Laboratory (NPL): Are any praikecaused by

= NPL: NPL watt balance (http://www.npl.co.uk/engineering-sw@aments/

= Metrology in FranceWatt balance (http://www.french-metrology.com/en/

affairs/releases/electrokilogram.cfm)

having the kilogram defined in terms of a physical artefdE#®Q - Mass &
Density) (http://www.npl.co.uk/reference/faqs/areramoblems-caused-by-
having-the-kilogram-defined-in-terms-of-a-physieatefact-(fag-mass-and-

density))

mass-force-pressure/mass/research/npl-watt-balance)

feature/watt-balance.asp)

http://en.wikipedia.org/wiki/Kilogram

71.

74.

75.

76.

77.

78.

79.

80.

Page 16

Brumfiel, Geoff (October 21, 2010). "Elemental shift for kildittp://
www.nature.com/news/2010/101019/pdf/467892a.pdéture 467: 892.
doi:10.1038/467892a (https://dx.doi.org/10.1038%2F467892a).
NPL:Avogadro Project (http://www.npl.co.uk/engineering-measureshen
mass-force-pressure/mass/research/avogadro-projacBtralian

National Measurement InstitutgRedefining the kilogram through the
Avogadro constantland Australian Centre for Precision Optid$e
Avogadro Project (http://www.acpo.csiro.au/avogadro.htm)

The German national metrology institute, known as the Physikalisch-
Technische Bundesanstalt (PTB): Working group 1.24, lon Acdaitiom
(http://www. ptb.de/en/org/1/12/124/ionenex.htm)

General Conference on Weights and Measures, 22nd Meeting, October
2003 (http://www.bipm.org/utils/en/zip/CGPM22.zip) (3.2 MB ZIP file).
Bowers, Mary;The CaravanSeptember 1-15, 2009: “Why the World is
Losing Weight” (http://www.marybowers.org.uk/18_The%20Car&gan
20September%201-15.pdf)

"CODATA Value: elementary charge” (http:/physics.nist.govhigi-
cuu/Value?e)The NIST Reference on Constants, Units, and Uncertainty
(http://physics.nist.gov/cuu/index.htmlS National Institute of
Standards and Technology. June 2011. Retrieved 2011-06-23.
"Beyond the kilogram: redefining the International System of

Units" (http://web.archive.org/web/20080522131052/http://www.nist.gov
public_affairs/newsfromnist_beyond_the_kilogram.htm) (Prdsase).
NIST. Archived from the original (http://www.nist.gov/public_affairs/
newsfromnist_beyond_the_kilogram.htm) on May 22, 2008.

Robinson, I.A. (April 2009). "Toward a Final Result From thelLNWark

Il Watt Balance".IEEE Transactions on Instrumentation and
Measuremen58 (4): 936-941. doi:10.1109/TIM.2008.2008090 (https://
dx.doi.org/10.1109%2FTIM.2008.2008090).

BIPM: Sl Brochure: Section 3.Zhe kilogram (http://www.bipm.org/en/
si/si_brochure/chapter3/3-2.html)

BIPM: Sl Brochure: Section 4.Non-SI units accepted for use with the
Sl, and units based on fundamental constants: Table 6 (http://
www.bipm.org/en/si/si_brochure/chapter4/table6.html)

Wikimedia
¢) Commons has media
related toKilogram.

External images

1, BIPM: The IPK in three nested bell jars (http:/
www.bipm.org/en/bipm/mass/image-ipk.html)

1. NIST: K20, the US National Prototype Kilogram (http://
patapsco.nist.gov/imagegallery/retrieve.cfm?
imageid=49&dpi=72&fileformat=jpg) resting on an egg crate
fluorescent light panel

1, BIPM: Steam cleaning a 1 kg prototype before a mass
comparison (http://www.bipm.org/en/scientific/mass/pictures_
mass/cleaning.html)

24.3.2015 18:23:20



Kilogram - Wikipedia, the free encyclopedia

Page 17

= Australian National Measurement InstituRedefining the kilogram through the @ BIPM: The IPK and its six sister copies in their vault

Avogadro constant (http://www.measurement.gov.au/SCETECHNOLOGY/

Pages/MassandRelatedQuantities.aspx)

= International Bureau of Weights and Measures (BIPM): Homgep(http://

www.bipm.org/en/home/)

= NZZ Folio: What a kilogram really weighs (http://www.nzzfolio.chAwiv
d80bd71b-b264-4db4-afd0-277884b93470/showarticle/

fbOba22e-46b7-43a5-8320-ef16483b7e91.aspx)

= NPL: What are the differences between mass, weight, force anl® Igtp://
www.npl.co.uk/reference/fags/what-are-the-diffeesbetween-mass,-weight,-

force-and-load-(fag-mass-and-density))

= BBC: Getting the measure of a kilogram (http://news.bbc.c@4hit/science/

nature/7084099.stm)

= NPR:This Kilogram Has A Weight-Loss Problem (http://www.npy/o
templates/story/story.php?storyld=112003328) interview with National
Institute of Standards and Technology physicist Richaein®t

= Avogadro and molar Planck constants for the redefinitiothefkilogram (http://

www.inrim.it/Nah/Web_Nah/home.htm)

= Realization of the awaited definition of the kilogram (hitpww.inrim.it/

know/)

(http://www.bipm.org/en/scientific/mass/pictures_mass/
vault.html)

1. The Age: Silicon sphere for the Avogadro Project (http://
www.theage.com.au/ffximage/2007/06/14/rgN1506_csiro_
wideweb__470x343,0.jpg)

1. NPL: The NPL’s Watt Balance project (http:/
www.npl.co.uk/content/conMediaFile/1083)

1. NIST: This particular Rueprecht Balance (http://
museum.nist.gov/object.asp?ObjID=51), an Austrian-made
precision balance, was used by the NIST from 1945 until
1960

1. BIPM: The FB2 flexure-strip balance (http:/
www.bipm.org/en/scientific/mass/research_mass/flexure-
strip.html), the BIPM’s modern precision balance featuring a
standard deviation of one ten-billionth of a kilogram (0.1 ug)

1, BIPM: Mettler HK1000 balance (http://www.bipm.org/en/
scientific/mass/pictures_mass/mettler.html), featuring 1 pg
resolution and a 4 kg maximum mass. Also used by NIST and
Sandia National Laboratories’ Primary Standards Laboratory

1. Micro-g LaCoste: FGb absolute gravimeter, (http://
www.microglacoste.com/images/FG5.small.jpg) (diagram
(http://www.microglacoste.com/images/fg5schem.jpg)), used
in national laboratories to measure gravity to 2 pGal accuracy

Retrieved from "http://en.wikipedia.org/w/index.phipetKilogram&oldid=653084439"

Categories: Sl base unitdJnits of mass

= This page was last modified on 22 March 2015, at 23:56.

= Text is available under the Creative Commons Attributidrai®Alike License; additional terms may apply. By using ite, you agree to
the Terms of Use and Privacy Policy. Wikipedia® is a regestiesrademark of the Wikimedia Foundation, Inc., a non-pafjanization.

http://en.wikipedia.org/wiki/Kilogram

24.3.2015 18:23:20



