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1. Introduction

In the lasffew years, therdaas beemn increased need for calibrations of picoammeters, used e.qg. i
the field of dosimetryTherefore several Europeaand noREuropearNational Measurement
Institutes (NMIs) have developgualecision DC currergources to be used for traceable calibrations of
picoammeters in the current range between about 100 fA and 100 pA. In order to support their
calibration and measurement capab#i€MCs), thirteenparticipants compadgheir calibration
systemdy means of this supplementary comparie(fiROMET EM-S24 This is the first

international comparisoaf this scalén the field of small DC currents.

2. Participants and organization of the comparison

2.1 Co-ordinator and members of the support group

The pilot laboratory for the comparison wthe PhysikalischTechnische Bundesanstalt (PTB)
Germany

Co-ordinator:

Dr. GerdDietmar Willenberg

Tel.: +49 531 592 2141

E-mail: gerddietmar.willenberg@ptb.de
Support group:

Dr. Helko van den BronVSL, The Netherlands.
E-mail: hvdbrom@sl.nl

Dr. Francois Piquemal,aboratoirenational de métrologie etedsais(LNE), France.
E-mail: francois.piqguemal@Ine.fr
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2.2 List of participants

There were thirteeNMls participating in this comparisothey are listed iTable2.1.Whenthe

comparison started, it was scheduleddioly eleven NMls, two institutes (KRISS and MIKES) joined

laterwhen the comparison was already running.

Table2.1: List of participantsn alphabetical order

Acronym Institute Country

CEM Centro Espariol de Metrologia Spain

IPQ” Instituto Portugués da Qualidade Portugal

INRIM ™ | Istituto Nazionale di Ricerca Metrologica Iltaly

KRISS Korea Researchnstitute of Standards and Science South Korea

LNE Laboratoirenational de métrologie etedsais France

METAS Eidgenossisches Institut fir Metrologie Switzerland

MIKES Centre for Metrology and Accreditation Finland

NIS National Institute for Standards Egypt

NPL National Physical Laboratory United Kingdom

PTB (Pilot) | PhysikalischTechnische Bundesanstalt Germany

UME Tlbitak / Ulusal Metroloji Enstitlist Turkey

VNIIM D. I. Mendeleyev Scientific and Research Institute for | Russia
Metrology

vsL ™Y VSL Netherlands

" During the comparison, the responsibilities of INETI Instituto Nacional de Engenharia, Tecnologia

e Inovacdo, have changed to IPQ Instituto Portugués da Qualidade

™) During the comparison, the formerly named Istituto Electrotecnico Nazionale Galileo Ferraris

(IEN) changed its name to Istituto Nazionale di Ricerca Metrologica (INRIM).

“") During the comparison, the formerly named Nederlands Meetinstituut Van Sviateratorium

(NMi-VSL) changed its name to VSL.
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2.3 Organization and comparison schedule

Thecomparison wasrganiedin nineloops.In principle, for each laboratorg period of one month
was scheduled including transportatione, but there wereomeexceptions, e.gwhen there were
problems with customs or with transportation.

Due totheirregularbehaviorof one of the travelling standarg@seithley 6430) durindhe first
measurement of the pilot laboratdeee Section 3.5.2he first loopwasrepeated at the end of the
circulation scheme

About 1.5 years after completing the measuring loops,of the transfer standards (Keithley 6430)
was measuredgain in order to obtain more reliable data for its ¢héfhavior Thisauxiliary
measurement is ddZ»oted below as APTB

Table 22: Circulation time schedule

Institute Country Mean date of Labelused in diagrams
measurements or used aanindex
PTB (Pilot) Germany 18.9.2005 PTB-1
VSL Netherlands 18.10.2005 VSL-1
NPL UnitedKingdom 29.12.2005 NPL-1
PTB (Pilot) Germany 21.1.2006 PTB-2
INRIM Italy 9.3.2006 INRIM
METAS Switzerland 4.6.2006 METAS
UME Turkey 29.8.2006 UME
PTB (Pilot) Germany 18.9.2006 PTB-3
VNIIM Russia 9.1.2007 VNIIM
PTB (Pilot) Germany 15.2.2007 PTB-4
NIS Egypt 14.4.2007 NIS
PTB (Pilot) Germany 22.5.2007 PTB-5
IPQ Portugal 1.7.2007 IPQ
LNE France 2.8.2007 LNE
PTB (Pilot) Germany 30.8.2007 PTB-6
CEM Spain 12.10.2007 CEM
PTB (Pilot) Germany 14.11.2007 PTB-7
KRISS South Korea 8.1.2008 KRISS
PTB (Pilot) Germany 5.2.2008 PTB-8
MIKES Finland 19.3.2008 MIKES
PTB (Pilot) Germany 30.4.2008 PTB-9
PTB (Pilot) Germany 10.2.2009 PTB-10
VSL Netherlands 2.4.2009 VSL-2
NPL United Kingdom 15.7.2009 NPL-2
PTB (Pilot) Germany 31.7.2009 PTB-11
PTB (Pilot)* Germany 25.1.2011 PTB-12
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3. Travelling standards and measurement instructions

3.1 Description of thetravelling standards

Two picoamperemetergereused asraveling standards

e A modified commercial PTW Unidos E S/N T10008¥130. It hd been modified by the
manufacturer in such a way thaprovidesa one digit higher resolution than the standard
instrument.

e A commerciaKeithley 6430 Source Meter S/N 10365%3amefresh from the factory.

Both instrumentsvereshipped ima singlepackagdogether with their operating manuafnce they
had very special input connectors, thegreaccompanied by appropriate adapters with male BNC
connectors.

As both instrumentazere commercial picoamperemeters whigkrenot specifically designeds
standards, in the following text they are preferably denoted as transfer instromeatelling
instrumentsnstead of transfer standards or tréingj standards.

3.2 Quantities to be measured and conditions of measurements

The measurements wesarried out by calibrating the transfer instruments, i.e. by supplying a DC
current specified by the partici p@eadingdhecurrent s
measuandwast hen t he c¢cafd bafatti toen tf raxcn fras tiie ratios the u ment |,
reading of the transfer instrument over the supplied cur@#rtl cagout/ suppliea

The nominal values of the eight measuring points wet80fA, -100fA, +1pA, -1 pA, +10pA,

-10 pA, +100 pA, and100 pA.Throughout thislocument, the current is defined as positive when it

flowing into the picoammeteandit is defined asiegativewhen it is flowingout of the picoammeter

It is important tanentionthis definitionbecause themeasuremerdata of the Keithley 643¢how the
reversesignfur t her more, throughout Q@ohiasr ep a ppejrg rtdheed caasl i
positive, despite the fact thide numerical ratio othe value displayed by the Keithley 64@¢erthe

supplied current alwaysasa negative vale.

The measurementgere tobe carried out atreambienttemperature of (23 + 0.8L.

3.3 Measurement instructions

I n order to take full advantage of the transfer
switchingor overflows,the calibration pointBad tobe slightly below the nominal values. Therefore,

the calibration pointsrere tobeabout95 %of the nominal valuesg,e. 95 fA, 0.95 pAand so on.

Only if for some technical reasotigs was proved tde impossiblecouldthe exact nominal values be

used.

Both instruments, the Keithley 6430 as well as the modified PTW UnidescBobe operated
remotely. Both instruments 8&S-232 connectorsn addition,the Keithley hd a GRIB connector.

After transportation a minimum settling and wanmtime of one dapad tobe allowed for the
instruments. Ambient temperature, pressure, and hunhidiyobe recorded and reported.

6
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The transfer instruments thaonsiderable time constants. To takes#into account, a settling time of
15 s after each current chartgged tobe allowedor.

3.4 Deviations from the protocol

There were some changes in tiireulation time schedule:

a) Due tathetiming requirements of some participaritee arrangement of the loops was slightly
modified

b) After starting the comparisptwo institutes (KRISS and MIKES) joined the comparigdrich
required two additional loops

c¢) Due tatheirregularbehaviorof one ofthetravellinginstrumens (as eplained in Section 3.3), the
first loop was repeated at the end of the circulation scheme.

d) While evaluating the results, a drift of the Keithley 6430 @iasoveredIn order to obtain more
reliable data for the dritvtehavior an auxiliarymeasurement was performieg the pilot institute
about 1.5 years after the last measuringldoph.i s measur ement ii-421 abel ed

3.5 Unexpected incidents and effects

3.51 PTW Unidos E
3.51.1 PTW Unidos E: locking effect

During themeasurements at INRIMNnN irregularfeatureof the UnidosE wasdiscovered:

Whenthe current was sivly varied,the instrumat's readoustayed orcertain preferregdalues.

After reporting these finding® the pilot laboratorythe effectwasverified atthepilot laboratoryby
performing special measurements wdthe input current was variewntinuously Theresultsfor

input currents close to 95 pare shown in Fig3.1. It can be seen thatthe currént ( r eadout ) 0O
indicated by the Unidoss notlinearwith respect tdhe supplied currerit(sourced. Instead, the

graph shows steps with a height of typically 6 in the last digit effectwas found to benost

pronounced ahehigh currents ohominally100 pA,while at 10 pAit wassmeared oub a larger

extent At currentsbelow 10 pAit was smeared owompletely
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This behaviorhad not been recognized during the preparation of the comparistiaplybecausehe
calibration currentvasalwayssufficiently constant.

After contacting the instrument's manufactutiee pilot laboratoryeceivedthe explanatiorthatthe
observedehaviors due to the instrumenepecificelectronis: the resolution of thanalogto-digital
converter ADC) is limited to about 0.05 % of the range's maximum value (112 pA ifiLthe0
range), the output of the ADC is then averageer several measuremebitgsoftware and the result
is rounded to 4 digitSherefore the effect depends strongly on the presence of naiseigh currents
there isa lowrelative noise levehencethe reduced resolution is fully visible while latw currents
thequantization is smeared doy a high relative noise level

This behaviorwascommunicatedmmediatelyto the participants order to enable them to take this
effectinto accountn thdar error budgets.

3.51.2 PTW Unidos E: zerooffset problem

During the compilation of the results, it wasindthatat nominalcurrentvaluesof 1 pA and above
the calibration factor®. for the positivecurrent directiorandQ. for the negative current direction
vary strongly(see Figres5.2 é 5.4), buta closer look reveatithat theywaryin acharacterist way.
positiveexcursios of Q. correspond to negativexcursiors of Q. of about the same amouwemd vice
versa Thishappenst leasin situationsvhere both valuesare determined fromsimultaneously
generatediata sefor positive and negative currentghichis generallythe case whethe calibration
cycles arearrangedasfollows: zero currentpositive currentzero currentnegative currenizero
currentand soon. In this case,le variation of the mearalibration factoQ. defined as

Q. = (Q.+ + Q)/2 is much smaller than the variation@f or Q. aloneas shown ifFigures 5.1 to 5.4.

As hasnow beenconfirmed by the manufacturehis$ behavioris explained as followshe

picoammetenses- in additiontothghreec ur r ent r an g eas di Hidemdvadcessilde d o
from thefront panel four internal gain stageshich are selected automatically amdich cannot be
controlledfrom the outsideThis means that wheheappliedcurrent iszerg the instrumeninternally
switches to the highest gain stagleichis in most cases not identidalthe gain stage used for the
previousy or subsequentlappliednonzero currentTherefore, theé n s t r werooffiset\valsieis
usuallydetermined n t he A wr oAs@oonsgquenc®, mightbgt@o highby a certain

amount and). too lowby the same amount, or vice versa.

The effectdescribedabovewas found after receiving the resudtsthe pilot instituteand wasot
communicated to the participarisfore the end of thmeasuremenid his effect might beesponsible
fors o me p a rdbdervatign that thes Wnidos is far more unstable than the Keithley.

3.5.2 Keithley 6430

After a first analysis of the comparison data, it became visible that the results obtained for the Keithley
6430 during the first PTB measurement were remarkably low compared to later measurements (see
e.g. Fig. 5.8). In principle, this effect could be duo the PTB calibration sep, but as thibehavior

is not visible in the Unidos results, it is more probable that it is due to some kind of aging of the
Keithley 6430sinceat the beginning of the comparison this instrument was quite new.

As thisbehavor affects the analysis of the whole first measuring IG8{TB-101 ANPL-1071

AVSL-1071 APTB-10), it was decided to repeat the first loop at the end of the comparison.

3.5.3 Unexpectedly largeac-dc difference of capacitances
The calibration method described belowsiaction4.1 relies on charging a capacitafter finishing
all measuring loops, it wdsundby NPL, PTB and Ni& Fletcher from BIPM (which was not a

participant ofthis comparison), thahe dc capacitance effective for the calibration anddbe
capacitance measured with ancapacitance bridgaiffered morethanmight beexpectedeforethe

8
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beginning of the comparisgf]. This wascommunicated to the participants in spring 2010 and all
partidpantshadthe opportunity to adjust their uncertainties in the ligfthese findings until sumen
2010.

4. Calibration methodsused by the participants

Within this comparison, threaasicallydifferent calibrating methodsereusedby the participants

4.1 Generating thecalibrating current by charging/discharging a
capacitor

The calibrating currertis generated by charging or dischargirgpafilled capacitorC with a
linearly increasing or decreag voltage of slopdV/dt Thecalibratingcurrent is then=C -dV/dt
Thus,it is traced back tthevolt, thesecond andhefarad.Typically, a trapezoidal voltage pattern
symmetrical tazero voltagéas used wich allowstheeliminaing of linear drifts andheinfluenceof
leakage currents across the capacitbis is discussed in more detail[#j.

| = C-dVv/dt
.

Voltage Vv I Pico-
ramp- II ampere-
generator meter

7y C

| t

______________ - 1

v 3
Time Digital
— » >

base voltmeter Computer

Fig. 4.1: Schematic calibration seip for using the capacitaharging method

This methodvasused by PTB, VSL, NPL, INRIM, METAS, VNIIM, NISPQ, KRISS and MIKES.

4.2 Generating the calibrating current by avoltage source and a resistor

The calibratingcurrentl is generated by a voltage soukéée.g. a DC calibrator) and a resisRr
It isthenl = V/R Thus, he current is traced backttwe volt andtheohm.
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I =VIR
—_
Voltage \ Pico-
source [ ampere-
R meter
V T
_______________ |
\ 2R
Digital
<>
voltmeter Computer

Fig. 4.2: Schematic alibration setup for using the voltageesistor method

This methodvasused by UME and CEM.

4.3 Comparison of the transfer instruments with a traceable

picoammeter

In this methodusedexclusivdy by LNE, thecalibratingcurrent is generated bycarrent source
consisting ofavoltage source anaresistor, butin contrast to the method descritausbvein Section
4.2, thegenerateaurrent is notlirectly traced back tthevolt andtheohm. Ingead,in a second step,

the current source is calibrated by a traceahleentimeasuring setp. This methodis described in

more dedil in Section5.1.10

5. Measurementsand resultsof the participants

5.1 Measurements of the participants

In this sectionthe measuring setp isbriefly descrbedfor each laboratorin chronological order

Descriptiors of the traceability chasarenot givenhere sincetraceability isnot a matter of
significance ifviewed in the lighof the uncertaintie achieved.

511 Measurements ofPTB (pilot institute)

The measurementgereperformed by using the capacitor charging metthestribedn Section4.1.

The voltage ramp was generated by a-commercial ramp generator based on an electronic

integrator its nonlinearity being compensated by an analog feedback networkcaibee in[3]. The
generator delivered a fixed voltage slope of 10 mV/s. The slope could Harige by using a Kelvin
Varley voltage divider anohcreased by a factor of ten usiag additional amplifier stage.
During the time whethis comparison was runningnawramp generatdoased on digitalo-analog
convertersvasdeveloped4], but for reasons of continuityt wasnot used for measurements in the

framework of this compason.

The ramp slope was measuresingan Agilent 3458A multimetegfDMM). T h e

DMM®G s

trigger

was performed by a precision time base consisting ovanstabilized10 MHz quartzoscillator and

binary divider circuits.

For generating 100 pA and 10 pAcommercial capacitor tfietype GR1404 (1000 pF) was used,
for generating 1 pA and 100 fAwo commercial capacitors tfietypes GR 1403 (100 pF and fB)

were usedT her capacitancewere measured before and after eachusingan AndeenHagerling

1C



EUROMET.EMS24: @Wmparison ofSmall Current Sources

AH2500 capacitance bridge. The whole-gptwas situated in a temperataentrolled electrically
shielded roomHumidity and air pressure were not stabilized

For each current valudig measurement consistafttypically 60 cycleseach of them containirfgur
phasesa) zero current, b) positive current, c) zero current, d) negative current. After the lastaycle
completedan additional zergurrent phase wasppended.

During the comparison, 1dets ofcalibratiors werecarried outby PTB denotedby iPTB-10to APTB-
110.

512 Measurements of VSL

The measurementgereperformed by using the capacitor charging metthestribedn Sectiord. 1.

The current sourceras based on a nescommercial voltage ramp generator withadtwarecontrolled
nontlinearity compensation and a set of@ielectric capacitors dhetype GR1404. The special
technique for the nolinearity compensation and the sgt is described in detail [2].

The nominal current values 1@@, 10pA and 1pA were generated using a voltage ramp rate of
0.1V/s in combination with a 1000F, 100pF and 1(pF capacitor respectively. The nominal current
100fA was generated using a ramp rate of 0/fd.in combination with a 1pF capacitor. The ramp
time wasat least 15@. Theacdc difference of the capacitors was verifieddogomparsonto a

current generated by a calibrator applying a voltage to a tempecatirelled 100 @ resistor.

Since the Keithley 6430 showed irregutehaviorat the beginningfahe comparison (asedcribedn
Section 3.2), the first measuring loop was repeated at the €hdreforeVSL carried outwo series
of measurements, omethe first loop of the comparisand ondn the final loop, denoted @VSL-10
andfVSL-20, respectively

5.1.3 Measurements of NPL

The measurementgereperformed by using the capacitor charging metthestribedn Sectiord. 1.

The voltage ramp was generated by a-commercial ramp generator based on an electronic
integrator. The ramp slope was measured by an Agilent 3458A multimibeecapacitors used to
generate the current were of type HP16381A (1pF), 16382A (10pF) an8AL6BH0 pF) for the first
set of measurementBhese capacitors were of unsealeddéectric type, and were subsequently
found to have a large frequency dependeRoe the second set of measurements, denoted-2UPd
GR1404 100 pF sealaghs capacitowas used for all current values. The capacitors were measured
before and after each calibration run using a calibrateB®0 capacitance bridg€he triggering

was performed by a precision time base consisting of a 10MHz oscillator and binary dicigiés.

The ransfer instrument as well #s current generating capacitor were situated in a temperaioae
humidity-controlled cabinetThe setup is dacribed in more detail in [5].

Since the Keithley 6430 showed irregutahaviorat the beginnig of the comparison (akescribedn
Section 3.5.1)the first measuring loop was repeated at the €hdreforeNPL carried outwo series
of measurements, omethe first loop of the comparis@and onen the final loop, denoted @NPL-10

andiiNPL-20, respectivelyThe NPL reference current capability at the time of publication of this
report is represented by the measurements-RIPL

514 Measurements of INRIM

The measurementgereperformed by using the capacitor charging metthestcribedn Sectiord. 1.

The voltage ramp was generated by a-commercial ramp generator based on an electronic
integrator circuitdeveloped by INRIM. The ramp slope was measured by an Agilent 34401

11
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multimeter triggered by a necommercial time base. A set@dmmercial capacitors with
capacitances of 1 pF, 10 pF, 100 pF and 100@gdtsed for the different current values. A more
detailed description of the sap can be found if6].

515 Measurements of METAS

The measurementgereperformed by using the capacitor charging metthestribedn Sectior4.1.

The current source consisted basically of acammmercial voltage ramp generator developed at
METAS and a set of gadielectric capacitors with capacitances between 1 pF akd The current
source was based on an electronic integrator, where a high degree of limesaghieved by a PID
controller which monitored the generators output slope

Since METAS is situated about 550 m above sea level, the ambient air pressabew®60 hPa, a
value considerapllower than that of the other participants, with the exception of CEM.

516 Measurements of UME

The measurementgerep er f or med by applying the fAdesditedhge sou
in Section 4.2.

The voltage was supplied by a voltage calibrafdypethe Fluke 5440BTwo resistors ofhetype
Guildline 65206 with resistances of 10@@nd 1 T2 were used and the voltage was checked using
an Agilent 3458Adigital multimeter The resistor in use wagtuated in a shielded box.

5.1.7 Measurements of VNIIM

The measurementgereperformed by using the capacitor charging metthestribedn Sectiord. 1.

Both, thevoltage ramp generator as well as the capacitors being cHaaddazbemeveloped and
manufactured by VNIIM. The voltage slope was measured by a digital voltmdtertgpe
SCH1516 It was triggered by a trigger devideveloped at VNIIM.

The voltage ramp was generated by a-commercial ramp generator based on an electronic
integrator, its nonlinearity being compensated by an analog feedback. The voltage slope could be
changed by multiples of ten or fitened by using a voltage divider the rangdérom 0.001mV/s to

10 mV/s. A set of capacitors with gas dielectric and sapphire isolation with nominaes \edtween

1 pF and 1000 pF was used. Their capacitance was measured by an-Aadeding AH2500

bridge before and after the smalirent measurements. The loss angle of the capacitors did not
exceed 5-18

518 Measurements of NIS

The measurementgereperformed by using the capacitor charging metthestribedn Sectiord. 1.

The current source consisted of asirggled i el ectri c Adi f fefthetype i at i ngo c.
GR1404 with a capacitance of 1 nF and a voltage slope generator based on an electronic integrator.

The generatoro6s output voltage slandtheimeged def i ned
current generated by a 10@MGuildline resistor and a Wavetek 9100 voltage calibrator.

The different calibrating currents werandgener at e
injecting different currents into the integrator.

12
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519 Measurements ofiPQ

The measurementgereperformed by using the capacitor charging metthestribedn Sectior4.1.

The current was generated by a commercigbil8amp generator and a set of GR1404 capacitor
with capacitances of 1 pF, 10 pF and 160 Phe ramp slope was measutsihgan Agilent 3458A
sampling voltmeter triggered by a 1pps source disciplined from ab@p&i frequency reference.

5110 Measurements of LNE

Within this comparison, the method used by LNE is uni&jnee itusesthetwo-step procedure
mentioned in Section 4.3

Step 1the device under test (DUT) was calibrated using a current source consisting of a voltage

source and a 100resistor. Such a calibration consisted of several cycles each of them containing

three phass: a) the voltage was adjustad such a way t hatantnimem BDUleds r ea
voltage was changed to a valgpropriate fogenerating theequiredcalibrating current, c) the

voltage was adjusted to the same value as in the initial phase a)

Step 2:immediatelyfollowing step 1, the current source is calibrated at the same current value as
before using the special current measuringupedescribed in more detail jfi]. That setup is based

on integrating the input current, thus the currentacedoack tothevolt, thefarad andhe second.

The current measuring sep acts as a primary standard while the current source used acts as a
transfer standard. As in stepehch measuring cycle consisted of the three phases a), b) and c).
The measurements were carried out in a room with a temperature stabilized to 23.0°C + 0.5 °C. In
addition, the 100 Q resistor was placed in a temperataomtrolled air bath. The integrag current
measuring selip was situated in a temperatwentrolled enclosure stabilized to 23 °C + 0.001 °C.

5.111 Measurements of CEM

The measurementgereperformed by using the voltage/resistor mettledcribedn Sectiord.2.

All current valuesvere generated using a Fluke 5720 multifunction calibrator and a single€100 G

resistor manufactured by TPYCEA.

Since CEM is situated more than 600 m above sea level, the ambient air pressure was about 940 hPa, a
value considerakgllower than that of thether participants.

5.1.12 Measurements of KRISS

The measurementgereperformed by using the capacitor charging metthestribedn Sectior4.1.

The voltage ramp was generated by a-commercial ramp generator based on an electronic

integrator its nonlinearity being compensated by an analog feedback network similar to that described
in [3]. The generator delivered a fixed voltage slope of 10 mV/s. The slope could-bankaeby

using a KelvirVarley voltagedivider and increased by a factdrten using an additional amplifier

stage.

For generating the currents, a set of commerciatiggsctric capacitors with nominal values between

1 pF and 1000 p#wasused. Their capacitances were measured before and after each rumusing a
AndeenHagerlirg AH2500 capacitance bridge.

13
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5.1.13 Measurements of MIKES

The measurementgereperformed by using the capacitor charging metthestribedn Sectior4.1.

The voltage was generated by a wwommercial ramp generator developed by MIKBJ]S The

generator was based on digitelanalog converters (DACs) controlled by a microcontroller. The ramp
slope was measured by an Agilent 3458A multimeter triggered by a digital signal provided by the
ramp generator electronics which in turn was cheglegbdically using a calibrated frequency

counter. Three capacitors thietype GR1404 were used with capacitances of 10pF, 100 pF and 1000
pF respectively. The capacitances were determined by an Ahtéemnling capacitance bridge
traceable to BIPM.

Themeasurements were performedaishielded room which was temperature and humidity

controlled. The transfer instruments and tapacitors were situated isgecial shielded cabinet
which was temperature and humidity controlled as well.

14
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5.2 Behavior of the travelling standards

It must be mentioned here again that the travelling instruments used are commercial measuring
instruments which were not designed for the use as standards. In this comparison, they were used far
beyond their specifications. At the beginning of the compariboth travelling instruments were

rather new. Therefore, there was no knowledge about their individual stabilities and eventual drift
behavior

In the following sections, thizehaviorof the travelling instruments will be discussedinly by
regardinghe measurements tife pilot laboratory alone.

It is clear that measurements of the pilot laboratory reflect bothethaviorof the travelling

instruments as well as thehaviorof t he pi |l ot | a buprNaverthelegHtheuseafl i br at

two instruments of differertypes together with regarding the results of the other participhatss to
separate these effedtsa large extent

At the beginning of the comparison, it was intended to evaluate the temperature coefficients of the
travelling instruments from the data obtained during the comparison, but this proved not to be feasible
since any correlation with temperature was hidden by the scatter of the results.

5.2.1 PTW Unidos E

As already discussed in Section 3.5.1, the Unkiglesffered from a low internal resolution and a
problem with its zeraffset. This led to relatively large uncertainties and to differences in the results
for positive and negative current directions. Due to the latter effeatatitreation factor€. for

positive current direction an@. for negative current directioshow strong variations, whereas the
variations are strongly reduced when the nt@an (Q. + Q.)/2 is calculated, at least whé&h and

Q. are measured in the same run (see e.g. Fig. 5.2).

Besides these properties, no further systematic effiemis found

MIKES reported a pressure dependence of the Unidos E. This dependence could not be supported by
an analysis of the correlationofthep t i ci pant sé results with their
there were a noticeable pressure dependence, specifically the results of METAS and CEM, which are
situated much higher above sea level than the other institutes, should differ sidpificamthe

results of the remaining participants, but no such effect could be observed.

5.2.2 Keithley 6430

The results of the flior smerRT R omesd dwerr earbd ryt bifeR ToBv
succeeding measuremefgse Figres5 . 5 é which v@a$ attributed to some kind of aging of the
instrument as already discussed in Section 3.5.2. Therefore, the whole first measuring loop containing
the measurements of NPL and VSL was repeated at the end of the comparison.

Besides that irreguldyehavior at the first measuremesiat current values of 1 pA, 10 pA and 100 pA
a linear drift was observed superimposed by an additional wiggle (see e.g8Fig. 5.

5.2.3 Graphical representation of the results of the pilot laboratory

The graphsn this sectiorshow the results of only the pilot laboratory in order visualize more clearly
the kehavior of the travelling standardsiring the comparison

15
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Unidos E at 100 fA:

1 004 Unidos E @ 100 fA = positive current
® negative current
_§ 1.002 T T - ‘T‘ 1L T l + 1 P
y— 4
c J 1 ]
S % ;L }
© — To B B
= I - I
S o o T @ba pRF~ ) ] m
_ 3 M T ogod =Y
= -
o o E o o-
0.998 , . . — T -
0 500 1000 1500
Day

Fig. 5.1: Calibration factor€. andQ. for the Unidos E at 100 fAgilot institute only.

Unidos E at 1pA:
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Fig. 5.2: Calibration factor®), andQ. for the Unidos E at pA, pilot institute only.
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Unidos E at 10pA:
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Fig. 5.3: Calibration factor®), andQ. for the Unidos E at 1pA, pilot institute only.

Unidos E at D0 pA:
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Fig. 5.4: Calibration factor®), andQ. for the Unidos E at@0 pA, pilot institute only.
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Keithley 6430 at 100fA:
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Fig. 5.5: Calibration factor€, andQ. for the Keithley 6430 at 100 fA, pilot institute only.

Keithley 6430at 1 pA:
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Fig. 5.6: Calibration factor®), andQ. for the Keithley 6430 at 1 pA, pilot institute only.
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Keithley 6430 at 10 pA:
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Fig. 5.7: Calibration factor€., andQ. for the Keithley 6430 at 10 pA, pilot institute only.

Keithley 6430 at 1@ pA:
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Fig. 5.8: Calibration factor®), andQ. for the Keithley 6430 at 100 pA, pilot institute only.
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6. Analysis of comparison data set

The data sets reported by the participgsee Appendix Ajnainly contain the calibration factor€.
(defined as the ratio of the transfer instrument
the transfer instrument aig for a current flowing out of the transfer instrument, accompanied by

their standard uncertaie8u(Q,) andu(Q.) and their effective degrees of freedom.

From these uncertainties and effective degrees of freedom, the pilot laboratory caéxparezion
factorsk corresponding to a 95% coverage #melcorrespondingxpanded uncertaintiéfQ.) and
U(Q). These data ar@sogiven in the tablesf Appendix A.

As already discussed in Section 3.5.1.2, there was eoffiset problem with the Unidos E leading to
relatively large excursionsf Q. andof Q. of about the same amouutin opposite directiondDue

to this effectthe meanof Q. andQ. is much more stable than the values themsehlence it was
found valuable to consider in addition@e andQ. also their mean valu®@. = (Q. + Q.)/2.

Since typically thesources fotype B uncertaintieare the same foQ. andQ,, a high degree of
correlationcan beassumed and the uncertainty@fis approximated byJ(Q.) = (U(Q.) + U(Q.))/ 2.
In reality, the correlation is not perfeahd therefore this formula may overestimatke correct
uncertainties, especially at the lower current values where the type A uncertainty compmyents
contribute to a larger extent to the overall uncertainty thémedtigher current values.

6.1 Method of analysis

The am of the analysissto establish

i) for each transfer instrument and for each current vateéesence valu€,.;and

i) for each resul@, of a particiant a corresponding degree of equivalefateU(d)),

with d = Q; T Qs andU(d;) beingthe expanded uncertaintf d; for a coverage of 95%see [9]).

In general, thelata setsvere not completelgonsistent. Therefore, the method descriye€oxin
[10] is used to determine the reference valQgs and the largest consistent data s€kés methods
describedbriefly in Section 6.1.1

Furthermore,wo modificatiors were necessarin order to take into account the drift behavior of the
Keithley 6430 and thadditionalinstability of both transfer instruments. Thagdescribed in
Sections 61.2 and 61.3.

6.1.1 Method of determining the reference values and the degrees of equivalence

A reference valu€, is calculateds a weighted meanf the largestonsistent subset tifie result),
(i= INgfollowing the procedure describedrimoredetail in[10]:

For each resul®; a functione(Qy.) is defined as

~

ei (Qref ) - & ! (1)

2

u (Q))

whereQ is still unknown.The sum, over these functions is again a functiorQaf:

Fr (Qref ) = Z e\ (Qref ) ' (2)

i1
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Qe isthendetermined bywmericallysearching the minimum & (Q,es) using the methodescribed
in Section5.2of [10].

In afirst step all results are taken into account, i.e.N.

The resits areregarded asonsistent anthe value foiQ, is accepted if

F&, =17, ®

where z?,, denotes the 1Q@bpercentage point of the ebguared distribution with degrees of
freedomUwas taken here #@05.

If the results are not consistenis decremented by one, il-r resultswith the largestalues ofg are
discarded from calculatin@,.s and the procedure is restarted at equationT{is cycle igepeated
until consistency is achieveBor a more detailed descriptiontbe method of selecting the discarded
results see section 2.1[i0].

After the reference valies det er mi n e d(Q.) is taltdatedactardingto ai nt y

HET) 4)
u (Qref) i’1|“I (Q|)

For each resulf, thedegree ofquivalence

(d, U)) = @i - Qrer, k- u(dh)) (5)
is calculated with

WA(d) = U¥(Q) i BA(Q.) for the undiscarded results (6)
e WA(d) = U¥(Q) + W Qe for the discarded results @

with the expansion factde=2.

6.12 Modification due to a linear drift of a transfer standard

As mentionedabove, the Keithley 6430 showed an obvidtift behaviorat currents of 1 pA, 10 pA
and 10QpA. This wastaken into accourty assuming linear dependence of theference valugith
time:

Qet() =A+B-t, (8

where t (given in days)s thetime ofameasurement relative the arithmetic meaall measurement
dates

Taking this into account, the functioghave now to be redefined as:

€ -A-Bt >
el(Qref)_ 2 2 2 ! (9)
ut(Q) T ui(B)Y

and te uncertaintyu(Qy) is given by
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D) : (10
US(Qu ) U (Q)Fui(B)

In order to avoidny distortiorby possibly differently biased results of tiéerentparticipants,the

drift rate B and its uncertainty(B) were determined by calculating linear regressions using only the
results of the -2d itBdFBlldaboraesoft-¥& WPITEBPeIXBcl uded f
calculation due to their irregular behavasmentioned above.

6.13 Modification due to further in stabilitiesof the transfer standards

Even if the linear drifts subtracted, thelie aremainings u p e r i mp o s, adaan berseeg fpl e O
example in Fig. 5.6For a proper description of the transfer instruments, this instability has to be taken
into account.

This judgments supported bynitial calculationswvhich showthat, ifthis instabilityis not taken into
account, the largest consistent data aetsather small, i.e. @ery high percentage dheresults(up to
48% for the Unidos and up to 39 % for the Keithlexpuld haveto be discarded frorthe calculaton
of the referencealues.

In order to describe thtype ofinstability of the transfer standasdan additional uncertainty teros
isdefined It is determinedy usingthe standard deviati@1i(Q.) for the positive current directioand
0(Q.) for the negative current directiar theresultsof i P T2Bé i P F1RO. In those casesherea
drift hasto be taken into account, the corresponditagndard deviationsith respect to the linear
regressioninesare used This methodis justified by thefactthat the variations of the pilot

| abor at o fonthe Keithlley an wrie sidandfor theUnidoson the other sidera not
correlatedwhich means that these variations are more likelytdileetransferstandards anlkgss
likely tothepilotla b o r a ¢aldbrato® seup.

As ursdepends on the same internamponents of the transfer instrumentshibuld be the same for
both current directiondt is estimated as

u. = €@Q)*+o@Q )42 (11)

andthe functionse havefinally to beredefined as

L RS-

. (12)
u®(Q) *u(B)t] Tuy

el (Qref ) -

In those cases where no obvious drift is observed, i.e. for the results of the Keithley at 100 fA and for
all results of the Unidosequation (12)s simplified by settindd=0, u(B)=0 and A =Qyer.

Theuncertainty u(Qe) is now given by

1 _ Z’: 1 (13)
U (Qy) U’ (Q)*u’(B)t] tul
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6.2 Results

6.2.1 Results forthe PTW Unidos E

Results forthe PTW Unidos E at 100 fA, positive current direction:

Reference valueQ; = 1.00097982 u(Q.) = 1.18-1¢
Uncertainty describing the instability of the transfer standafg= 3.47-1¢'

Table 61: Summaryof the resultscontaininge a ¢ h

value due to a too large valuegyfand the degree of equivalende U(d))).

p a rrasult@,,iitguacartaitysi(Q),
e as defined in agation (12), indicaton if the result had to be discarded from calculating the reference

Institute Qi u(Q) e discard d U(d)
PTB-1 1.0015230 2.310° 1.71 N 5.5.10" 8.0-10"
VSL-1 1.0022500 1.310* 11.76 Y 1.3.10° 7.8-10
NPL-1 1.1388000 5.3-10° 674.36 Y 1.4-10" 1.1-10
PTB-2 1.0010490 3.610° 0.02 N 7.2.10° 9.7-10
INRIM 1.0007740 1.4.10° 0.02 N -2.0-10" | 2.8-1C°
METAS 1.0019420 8.8-10° 0.01 N 9.6-1¢* 1.8:10°
UME 0.8710000 4.3.10 9.28 N -1.3.10" | 8.5-1¢°
PTB-3 1.0008310 2.7.10* 0.11 N -1.5.10" | 8.4-10
VNIIM 1.0007800 2.610* 0.21 N -2.0.10" | 8.3-10"
PTB-4 1.0009960 2.510* 0.00 N 1.9-10° 8.2.10"
NIS 0.9833000 4.6-10° 14.68 Y -1.8.100 | 9.2:10°
PTB-5 1.0015030 3.310° 1.21 N 5.3.10" 9.3.10
IPQ 1.0040000 2.410? 0.02 N 3.0.10° | 4.8.10¢°
LNE 0.9969000 1.7-10° 5.52 N -4.1.10° | 3.5-10°
PTB-6 1.0012170 4.2.10* 0.20 N 2.4-10 1.1-10°
CEM 1.0009000 4.2.10* 0.02 N 7710 | 1.1.10
PTB-7 1.0006460 1.9-10* 0.70 N -3.3.10" | 7.6-10
KRISS 1.0013280 3.510* 0.51 N 3.5-10" | 9.5-104
PTB-8 1.0003500 2.910* 1.90 N -6.3-10" | 8.8-10"
MIKES 1.0033790 8.610* 6.71 N 2.4-10° 1.8.10°
PTB-9 1.0006540 2.510* 0.56 N -3.2.10" | 8.3-10"
PTB-10 1.0008600 2.410* 0.08 N -1.2.10" | 8.1-10
VSL-2 1.0023703 1.2:10* 14.30 Y 1.4.10° 7.7-10
NPL-2 1.0010700 7.510* 0.01 N 9.3.10° 1.6-10°
PTB-11 1.0010450 3.310* 0.02 N 6.8:100 | 9.3.10

Number of discarded results = 4, percentad® %
F.= ex= 28.82 sunmedover the undiscarded contributions
Degreeof freedonz =r-1 = 20.
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Unidos @ 100 fA
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Fig. 6.1: Calibration factors for the Unidos at 100 fA for positive current direction, together with the reference
value(solid line) and its uncertainty for k=2 (dashed liné&®sults not shown in the graph are located outside of
the plotting area.
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Results forthe PTW Unidos E at 100 fA, negative current direction:

Reference valueQ; = 1.00164994 u(Q.) = 1.20-10'
Uncertainty describing the instability of the transfer standafgd= 3.47-1¢

Table6.2Summary of

e as defined in equatiaii2), indication if the result had to be discarded from calculating the reference

t he

resul t s,

Q pita uneertamiy (g,

value due to a too large valuegyfand the degree of equivalende U(d))).

each

Institute Q u(Q) e discard d U(d)
PTB-1 1.0015710 2.7.10" 0.03 N -8.2.10°0 | 8.5-10'
VSL-1 0.9991700 1.310* 44.80 Y -2.5.10° | 7.8-10
NPL-1 0.8654000 3.0.10° | 2063.98 Y -1.4-10" | 6.0-1C°
PTB-2 1.0011690 2.510" 1.29 N -4.8.10" | 8.2-10
INRIM 1.0008320 1.0:10° 0.56 N -8.2.10" | 2.2.10°
METAS 0.9998170 9.2.10° 0.04 N -1.8:10° | 1.8-1F
UME 1.1250000 1.1.1¢° 125.81 Y 1.2.10" 2.2.10°
PTB-3 1.0016680 2.610" 0.00 N 1.5.10° 8.4.-10"
VNIIM 1.0007500 3.410" 3.43 N -9.0-10" | 9.4-10
PTB-4 1.0016360 2.2.10" 0.00 N -1.7.10°0 | 7.9-10
NIS 1.0150000 4.4.10° 9.10 N 1.3.10° 8.8-10°
PTB-5 1.0017180 3.010" 0.02 N 6.5-10° 8.8-10"
IPQ 1.0010000 2.6:107 0.00 N -6.5-10" | 5.2-1C°
LNE 1.0055000 1.1-10° 11.12 Y 3.8-10° 2.3:10°
PTB-6 1.0018110 4.310" 0.08 N 1.6-10° 1.1-10°
CEM 1.0009500 5.2.10 1.28 N -7.0.10" | 1.2.10°
PTB-7 1.0018580 2.010" 0.26 N 2.0-10 7.6-10'
KRISS 1.0010370 3.610" 1.51 N -6.2.10" | 9.7-10
PTB-8 1.0022140 3.410" 1.34 N 5.6-10" 9.4.-10"
MIKES 0.9989070 6.0-10" 15.66 Y -2.7-10° | 1.4.10°
PTB-9 1.0025960 2.510" 4.87 N 9.4.10" 8.2-10"
PTB-10 1.0017440 2.510" 0.04 N 9.1.10 8.3.10"
VSL-2 0.9993321 1.2:.10* 39.72 Y -2.3.10° | 7.7-10
NPL-2 1.0014500 5.4.10 0.10 N -2.0.10" | 1.3.10°
PTB-11 1.0020120 3.910" 0.47 N 3.6-10 1.0-10°

Number of discarded results = percentage = 24 %

F =

Degreeof freedoms =r-1 =18
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10040 Unidos @ 100 fA
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Fig. 6.2: Calibration factors for the Unidos at 100 fA for negative current direction, together with the reference
value (solid line) and its uncertainty for k=2 (dashed lin@ssults not shown in the graph are located outside of
the plotting area.
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Results forthe PTW Unidos E at 100 fA, mean of both current directions:

Reference valueQ; = 1.00120970,u(Q.) = 1.08-1¢
Uncertainty describing the instability of the transfer standafg= 3.47-1¢'

Table 6.3 Summary of the results, containing eaehrpt i c i p @nits GnsertainguéQ),| t
e as defined in equatiaii2), indication if the result had to be discarded from calculating the reference

value due to a too large valuegyfand the degree of equivalende U(d))).

Institute Q u(Q) e discard d U(d)
PTB-1 1.0015470 2.510* 0.61 N 3.4.10 8.3-10"
VSL-1 1.0007100 1.310* 1.83 N -5.0-10" 7.1-10
NPL-1 1.0021000 4.1.10° 0.05 N 8.9-1¢" 8.3-1C°
PTB-2 1.0011090 3.010* 0.05 N -1.0-10" 9.0-10
INRIM 1.0008030 1.2.10° 0.11 N -4.1-10" 2.5-10°
METAS 1.0008795 9.0-10° 0.00 N -3.3-1¢° 1.8:10°
UME 0.9980000 2.7-10° 0.01 N -3.2.10° 5.4.10
PTB-3 1.0012495 2.7.10* 0.01 N 3.8.10° 8.5-10"
VNIIM 1.0007650 3.010* 0.95 N -4.5.10° 8.9-1¢
PTB-4 1.0013160 2.310° 0.06 N 1.0-10 8.1.10"
NIS 0.9991500 4.5.10° 0.21 N -2.1.10 9.0-10°
PTB-5 1.0016105 3.110° 0.73 N 4.0-10" 9.1.10
IPQ 1.0025000 2.5.10 0.00 N 1.3-10° 5.0-10°
LNE 1.0012000 1.4.10° 0.00 N -1.2-10° 2.9:10°
PTB-6 1.0015140 4.2.10* 0.30 N 3.0-10' 1.1-10°
CEM 1.0009250 4.7.10* 0.24 N -2.9-10 1.1-10°
PTB-7 1.0012520 2.010* 0.01 N 4.0-10 7.7-10
KRISS 1.0011825 3.510* 0.00 N -2.9-10° 9.7-10
PTB-8 1.0012820 3.210° 0.02 N 7.0-10° 9.1-10
MIKES 1.0011430 7.310* 0.01 N -6.9-10° 1.6-10°
PTB-9 1.0016250 2.510* 0.93 N 4.1-10" 8.3-10
PTB-10 1.0013020 2.510* 0.05 N 9.0-10° 8.2.10
VSL-2 1.0008512 1.2:10* 0.96 N -3.6-10" 7.0-10
NPL-2 1.0012600 6.410* 0.00 N 4.8:10° 1.4.10°
PTB-11 1.0015285 3.610° 0.40 N 3.2.10 9.8-10

Number of discarded results = 0, percentage =0 %
F.= ex=7.54 summed over the undiscarded contributions.
Degreeof freedoms =r-1 = 24
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Fig. 6.3: Calibration factors for the Unidos at 100 fA for the mean of both current directions, together with the
reference value (solid line) and its uncertainty for k=2 (dashed liResllts not shown in the graph are located
outside of the plotting area.
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EUROMET.EMS24: @mparison ofSmall Current Sources

Results for the PTW Unidos E at 1 pA, positive current direction:

Reference valueQ, = 1.00053547 u(Q.) = 6.24-10
Uncertainty describing the instability of the transfer standafg= 2.52-1¢"

Table6.4Summar y
e as defined in equatiaii2), indication if the result had to be discarded from calculating the reference

of

t he

resul t s,

Q pita uneertamiy (g,

value due to a too large valuegyfand the degree efjuivalenced;, U(d,)).

each

Institute Qi u(Q) e discard d u(d)
PTB-1 1.0009310 | 7.410° 2.27 N 4.0-10' 5.1.10"
VSL-1 1.0003500 | 6.2:10° 0.51 N -1.9-1¢° 5.0-1¢°
NPL-1 1.0136400 | 1.3-1C° 101.10 Y 1.3-10° 2.6:10°
PTB-2 1.0007060 | 7.7-10° 0.42 N 1.7-10 5.1.10"
INRIM 1.0003030 | 5.510° 0.15 N -2.3.10 1.2.10°
METAS | 0.9999390 | 9.810* 0.35 N -6.0-10° 2.0-.10°
UME 0.9840000 | 4.8-1C° 12.07 Y -1.7-10° 9.5.-10°
PTB-3 1.0006730 | 1.1-10° 0.25 N 1.4-10 5.4.10"
VNIIM 1.0004100 | 1.510* 0.18 N -1.3.10 5.7-10
PTB-4 1.0002400 | 6.7-10° 1.28 N -3.0-10" 5.1.10"
NIS 0.9885500 | 3.6-1C° 10.97 Y -1.2:.10° 7.2.10°
PTB-5 1.0005030 | 8.410° 0.01 N -3.2:.10° 5.2-10"
IPQ 1.0011000 | 1.910° 0.08 N 5.6-10° 3.9-10°
LNE 1.0011000 | 2.0-10° 3.08 N 5.6-10" 6.3-10
PTB-6 1.0001620 | 7.510° 2.01 N -3.7-10 5.1.10"
CEM 1.0000100 | 1.810* 2.93 N -5.3-10° 6.0-10"
PTB-7 1.0005050 | 6.510° 0.01 N -3.0-10° 5.1.10"
KRISS 1.0004100 | 5.610° 0.23 N -1.3.10 5.0-10
PTB-8 1.0007630 | 8.1:10° 0.74 N 2.3.10' 5.1.10"
MIKES 1.0011020 | 3.1-10* 2.04 N 5.7-10 7.8-10
PTB-9 1.0006520 | 6.410° 0.20 N 1.2-10 5.0-10"
PTB-10 1.0002010 | 9.1.10° 1.55 N -3.3.10 5.2-10
VSL-2 1.0012101 | 5.0-10° 6.90 N 6.8-10" 5.0-10"
NPL-2 1.0006300 | 1.510* 0.10 N 9.5-10° 5.7-10
PTB-11 1.0000410 | 6.7-10° 3.59 N -4.9-10" 5.1.10"

Number of discarded results = 3, percentage =12 %

F.= ex= 28.90 summed over the undiscarded contributions.
Degreeof freedoms =r-1 =21
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EUROMET.EMS24: @mparison ofSmall Current Sources
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Fig. 6.4 Calibration factors for the Unidos at 1 pA for positive current direction, together with the reference
value (solid line) and its uncertainty for k=2 (dashed linessults not shown in the graph are located outside of
the plotting area.
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EUROMET.EMS24: @mparison ofSmall Current Sources

Results forthe PTW Unidos E at 1 pA, negative current direction:

Reference valueQ; = 1.00135313,u(Q.) = 6.45-10

Uncertainty describing the instability of the transfer standafg= 2.52-1¢"

Table6.5Su mmar vy
e as defined in equatiaii2), indication if the result had to be discarded from calculating the reference

of t he

resul t s,

Q pita uneertamiy (g,

value due to a too large valuegfand the degree of etyalence ¢, U(d))).

Institute Qi u(Q) e discard d u(d)
PTB1 | 1.0011840 8.7-10° 0.41 N -1.7-10 5.2-10"
VSL-1 | 1.0012700 6.310° 0.11 N -8.4-10° 5.0-1¢°
NPL-1 | 0.9882700 1.3-10° 94.55 Y -1.3-10° 2.7-10°
PTB2 | 1.0014150 1.2-10° 0.05 N 6.1-10° 5.5.10"
INRIM | 1.0014760 3.0-10* 0.10 N 1.2.10 7.8-10
METAS |1.0017180 7.9-10* 0.19 N 3.6-10° 1.6-10°
UME 1.0100000 1.9-10° 21.06 Y 8.6:10° 3.8-10°
PTB3 | 1.0012680 1.2:10* 0.10 N -8.6-10° 5.4.10"
VNIIM | 1.0004300 1.510* 9.94 N -9.2.10" 5.7-10
PTB4 | 1.0016700 1.410° 1.21 N 3.2.10 5.6-10"
NIS 0.9991400 3.4-10* 27.55 Y -2.2.10° 8.5-10"
PTB5 | 1.0013910 8.0-10° 0.02 N 3.7-10° 5.1.10"
IPQ 1.0008000 1.4-10° 0.15 N -5.5.10° 2.9:10°
LNE 1.0014700 2.1-10° 0.12 N 1.2.10 6.4-10
PTB6 | 1.0017300 7.510° 2.04 N 3.8-10 5.1.10"
CEM 1.0015740 1.7-10* 0.51 N 2.2.10 6.0-10
PTB7 | 1.0011660 8.510° 0.50 N -1.9-10 5.2-10"
KRISS | 1.0016580 5.210° 1.39 N 3.0.10° 5.0-1¢°
PTB8 | 1.0012390 7.410° 0.19 N -1.2-10 5.1.10"
MIKES | 1.0008890 3.1.10% 1.37 N -4.7-10" 7.8-10
PTB9 | 1.0012990 6.310° 0.05 N -5.5-10° 5.0-10"
PTB-10 | 1.0018340 9.3-10° 3.19 N 4.8.10" 5.2-10
VSL-2 | 1.0003789 8.510° 13.44 Y -9.8-10" 5.5.10"
NPL-2 | 1.0007800 1.510° 3.84 N -5.7-10" 5.7-10
PTB-11 | 1.0016110 6.810° 0.97 N 2.6-10" 5.1.10"

Number of discarded results = 4, percentage =16 %

F.= ex= 26.45 summed over the undiscarded contributions.

Degreeof freedoms =r-1 = 20.
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EUROMET.EMS24: @mparison ofSmall Current Sources
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Fig. 6.5: Calibration factors for the Unidos at 1 pA for negative current direction, together with the reference

value (solid line) and its uncertainty for k=2 (dashed lin@ssults not shown in the graph are located outside of
the plotting area.
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EUROMET.EMS24: @mparison ofSmall Current Sources

Results forthe PTW Unidos E at 1 pA, mean of both current directions:

Reference valueQ; = 1.00090691 u(Q.) = 6.25-1F

Uncertainty describing the instability of the transfer standafg= 2.52-1¢"

Table6.6Summar y
e as defined in equatiaii2), indication if the result had to be discarded from calculating the reference

of t he

resul t s,

Q pita uneertamiy (g,

value due to a too large valuegyfand the degree efjuivalenced;, U(d,)).

Institute Q u(Q) e discard d U(d)
PTB-1 | 1.0010575 8.1:10° 0.33 N 1.5.1¢" | 5.1.1¢°
VSL-1 | 1.0008100 6.2:10° 0.14 N -9.6-10° | 5.0-10
NPL-1 | 1.0009550 1.3-1C° 0.00 N 4910 | 2.6-10°
PTB-2 | 1.0010605 1.0-10* 0.33 N 1.5.1¢" | 5.3.1¢°
INRIM | 1.0008895 4.310* 0.00 N -1.6:10°0 | 9.8-10
METAS | 1.0008285 8.810* 0.01 N -7.7-100 | 1.8:10
UME | 0.9970000 3.3-1C° 1.38 N -3.9:.10° | 6.6:10°
PTB-3 | 1.0009705 1.1:10* 0.05 N 6.5-10 | 5.4.1¢°
VNIIM | 1.0004200 1.510* 2.74 N -49.10" | 5.7.10
PTB-4 | 1.0009550 1.0-10* 0.03 N 49.100 | 5.3.10
NIS | 0.9938450 2.0-1C° 12.59 N -7.1.10° | 4.0-10°
PTB-5 | 1.0009470 8.2:10° 0.02 N 41100 | 5.2:10
IPQ | 1.0009500 1.7-1C° 0.00 N 44.10 | 3.4.10
LNE | 1.0012850 2.1.10° 1.36 N 3.8.10 6.4-10
PTB-6 | 1.0009460 7.510° 0.02 N 4.0-100 | 5.1-10
CEM |1.0007920 1.7-10* 0.14 N -1.1.10° | 6.0-10
PTB-7 | 1.0008355 7.510° 0.07 N -7.0.10° | 5.1-10
KRISS | 1.0010340 5.410° 0.25 N 1.3.1¢ | 5.0-1¢°
PTB-8 | 1.0010010 7.810° 0.13 N 9.5.10° | 5.1-10
MIKES | 1.0009955 3.1.10* 0.05 N 9.0.10° | 7.8-1¢
PTB9 | 1.0009755 6.310° 0.07 N 7.0.100 | 5.0-1¢°
PTB-10 | 1.0010175 9.210° 0.17 N 1.1.1¢* | 5.2.1¢°
VSL-2 | 1.0007945 6.810° 0.18 N -1.1-.10" | 5.1.10
NPL-2 | 1.0007050 1.510* 0.47 N -2.0.10" | 5.7.10
PTB-11 | 1.0008260 6.810° 0.09 N -8.0-10° | 5.1-10

Number of discarded results = 0, percentage =0 %

F.= ex= 20.65 summed over the undiscarded contributions.

Degreeof freedoms =r-1 = 24
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EUROMET.EMS24: @mparison ofSmall Current Sources
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Fig. 6.6. Calibration factors for the Unidos at 1 pA for the mean of both current directigether with the
reference value (solid line) and its uncertainty for k=2 (dashed liResllts not shown in the graph are located
outside of the plotting area.

34



EUROMET.EMS24: @mparison ofSmall Current Sources

Results forthe PTW Unidos E at 10 pA, positive current direction:

Reference valueQ; = 1.00038719,u(Q.) = 4.45-10

Uncertainty describing the instability of the transfer standafg= 1.38-1¢"

Table6.7Su mmar vy
e as defined in equatiaii2), indication if the result had to be discarded from calculating the reference

of t he

resul t s,

Q pita uneertamiy (g,

value due to a too large valuegfand the degree of etyalence ¢, U(d))).

Institute Q u(Q) e discard d U(d)
PTB-1 | 1.0002710 1.7-10* 0.29 N -1.2.10" | 4.3.10
VSL-1 | 1.0005500 1.5-10* 0.62 N 1.6.10" | 4.0.10°
NPL-1 | 1.0019920 45-10* 11.56 N 1.6-10° 9.4-10
PTB-2 | 1.0001570 1.7-10* 1.12 N -2.3.10" | 4.3.10
INRIM | 1.0003910 1.4-10* 0.00 N 2.6-1° | 3.8.1¢°
METAS | 1.0001480 1.7-10° 1.18 N -2.4.10" | 4.3.10
UME | 0.9960000 5.2:10* 66.24 Y -4.4.10° | 1.1-10°
PTB-3 | 1.0002250 1.9-10¢" 0.50 N -1.6-10" | 4.5.10
VNIIM | 1.0006300 8.9-10° 2.17 N 2.4.10" | 3.2.1¢
PTB-4 | 1.0004620 1.7-10* 0.11 N 7410 | 4.3.1¢
NIS | 1.0000200 4.3-10* 0.67 N -3.7.10" | 9.0-10
PTB-5 | 1.0003100 1.7-10* 0.13 N -7.8.10 | 4.3.10
IPQ | 1.0002900 4.0-10* 0.06 N -9.8.10° | 8.3.10
LNE | 1.0004000 1.510° 0.00 N 1.2.100 | 4.0-1¢°
PTB-6 | 1.0001630 1.7-10* 1.05 N -2.3.10" | 4.3.10
CEM |1.0007900 1.9-10* 2.90 N 4.0-100 | 4.6-10
PTB-7 | 1.0003700 1.7-10* 0.01 N -1.8.10° | 4.3-10
KRISS | 1.0000700 2.9-10° 5.10 N -3.2.10° | 2.7.10
PTB-8 | 1.0004880 1.7-10* 0.21 N 1.0.10" | 4.3.1¢°
MIKES | 1.0008980 2.1-10* 4.09 N 5.1.10" | 5.0-10
PTB9 | 1.0003680 1.7-10* 0.01 N -2.0-100 | 4.3.10
PTB-10 | 1.0003690 1.7-10* 0.01 N -1.9-10° | 4.3.10
VSL-2 | 1.0001974 1.810* 0.70 N -1.9-10" | 4.5.10
NPL-2 | 1.0005200 1.3-10* 0.49 N 1.3.1¢ | 3.7:1¢°
PTB-11 | 1.0004490 1.7-10* 0.08 N 6.1-10 | 4.3.1¢

Number of discarded results = 1, percentage = 4 %

F.= ex= 33.02 summed over the undiscarded contributions.

Degreeof freedoms =r-1 =23
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EUROMET.EMS24: @mparison ofSmall Current Sources
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Fig. 6.7: Calibration factors for the Unidos at 10 pA for positive current direction, together with the reference
value (solid line) and its uncertainty for k=2 (dashed linessults not shown in the graph are located outside of
the plotting area.
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EUROMET.EMS24: @mparison ofSmall Current Sources

Results forthe PTW Unidos E at 10 pA, negative current direction:

Reference valueQ; = 1.00123118,u(Q.) = 4.79-10
Uncertainty describing the instability of the transfer standafg= 1.38-1¢"

Table 6.8:Summary of the results containing: the reQulof each participant, its uncertainiyQ), e
as defined in equatigi2), indication if the result had to be discarded from calculating the reference
value due to a too large valuegyfand the degree of equivalende U(d))).

Institute Q u(Q) e discard d U(d)
PTB-1 | 1.0013990 1.7-10* 0.59 N 1.7-.1¢" | 4.3.1¢
VSL-1 | 1.0010300 1.510° 0.96 -2.0.10" | 4.0-10
NPL-1 | 0.9998520 5.0-10* 7.02 -1.4-10° | 1.0-10
PTB-2 | 1.0015710 1.7-10* 2.41 3.4.10" | 4.3.10
INRIM | 1.0013510 1.4-10* 0.38 1.2.1¢ | 3.7:1¢
METAS | 1.0014080 2.6-10* 0.36 1.8.1¢" | 5.8.1¢°
UME | 0.9997000 8.-10* 3.41 -1.5.10° | 1.7-10°
PTB-3 | 1.0014090 1.810* 0.60 1.8.10" | 4510
VNIIM | 1.0006400 9.510° 12.44 -5.9.10" | 3.5.10
PTB4 | 1.0012730 1.7-10* 0.04 4.2:100 | 4.3.10
NIS | 1.0003000 4.310* 4.28 -9.3:.10° | 9.0-10
PTB-5 | 1.0012810 1.7-10* 0.05 5.0-100 | 4.3-10
IPQ | 1.0013100 6.3-10* 0.01 7910 | 1.3.10°
LNE | 1.0019000 1.510° 10.76 6.7-10" | 4.2.1¢
PTB-6 | 1.0013850 1.7-10* 0.49 1.5.10" | 4.3.1¢
CEM | 1.0008000 1.7-10* 3.85 -4.3.10° | 4.3.10
PTB-7 | 1.0012560 1.7-10* 0.01 2510 | 4.3.1¢°
KRISS | 1.0013590 2.9-10° 0.82 1.3.1¢° 2.7-10
PTB-8 | 1.0011100 1.7-10* 0.31 -1.2.10" | 4.3.10
MIKES | 1.0010810 2.1.10* 0.35 -1.5.10" | 5.0-10
PTB9 |1.0011310 1.7-10* 0.21 -1.0-10" | 4.3.10
PTB-10 | 1.0014890 1.7-10* 1.36 2.6-10" | 4.3.1¢
VSL-2 | 1.0013678 1.810* 0.36 1.4.10" | 4510
NPL-2 | 1.0011700 1.3-10* 0.11 -6.1.10° | 3.7-10
PTB-11 | 1.0009890 1.7-10* 1.23 -2.4.10" | 4.3.10

Z|IZ|Z|I1Z|Z2|1Z2|Z2|1Z2|Z2|1Z2|Z2||Z2|1Z2|Z2|Z2|<|Z2|Z2|Z2|Z2|Z2|Z2|Z

Number of discarded results = 2, percentage = 8 %
F.= ex=29.21 summed over the undiscarded contributions.
Degreeof freedoms =r-1 =22
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EUROMET.EMS24: @mparison ofSmall Current Sources
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Fig. 6.8: Calibration factors for the Unidos at 10 pA for negative current direction, together with the reference
value (solid line) and its uncertainty for k=2 (dashed lin@ssults not shown in the graph are located outside of
the plotting area.
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EUROMET.EMS24: @mparison ofSmall Current Sources

Results forthe PTW Unidos E at 10 pA, mean of both current directions:

Reference valueQ, = 1.00079514,u(Q.) = 4.47-10

Uncertainty describing the instability of the transfer standafg= 1.38-1¢"

Table6.9Su mmar vy
e as defined in equatiaii2), indication if the result had to be discarded from calculating the reference

of t he

resul t s,

Q pita uneertamiy (g,

value due to a too large valuegfand the degree of etyalence ¢, U(d))).

Institute Q u(Q) e discard d U(d)
PTB-1 | 1.0008350 1.7-10* 0.03 N 4110 | 4.3.10
VSL-1 | 1.0007900 1.5-10° 0.00 N -4.4.10° | 4.0-10
NPL-1 | 1.0009220 4.810* 0.07 N 1.3-10° 9.9-10
PTB-2 | 1.0008640 1.7-10* 0.10 N 7.0.10 | 4.3.1¢
INRIM | 1.0008710 1.4-10* 0.16 N 7.7-10 | 3.8.1¢°
METAS | 1.0007780 2.2-10* 0.00 N -1.6-10° | 5.1-10
UME | 0.9978500 6.7-10* 18.55 N -2.9.10° | 1.4.10°
PTB-3 | 1.0008170 1.810* 0.01 N 2.3-10 | 4510
VNIIM | 1.0006350 9.2:10° 0.92 N -1.6-10" | 3.2:10
PTB-4 | 1.0008675 1.7-10* 0.11 N 7310 | 4.3.1¢
NIS | 1.0001600 4.3-10* 1.99 N -6.3:10° | 9.0-10
PTB-5 | 1.0007955 1.7-10* 0.00 N 1.1-10° | 4.3.10
IPQ | 1.0008000 5.1.10* 0.00 N 56-1¢ | 1.1.10°
LNE | 1.0011500 1.510° 3.04 N 3.6-10" | 4.0-10
PTB-6 | 1.0007740 1.7-10* 0.01 N -2.0-100 | 4.3.10
CEM |1.0007950 1.810* 0.00 N 6.2.10 | 4.5.1¢°
PTB-7 | 1.0008130 1.7-10* 0.01 N 1.9.10 | 4.3.1¢°
KRISS | 1.0007145 2.9-10° 0.32 N -8.0.10° | 2.7-10
PTB-8 | 1.0007990 1.7-10* 0.00 N 4610 | 4.3.10
MIKES | 1.0009895 2.1-10* 0.60 N 2.0.10* | 5.0-10
PTB9 | 1.0007495 1.7-10* 0.04 N -45.10 | 4.3-10
PTB-10 | 1.0009290 1.7-10* 0.37 N 1.3.10 | 4.3.1¢
VSL-2 | 1.0007826| 1.810* 0.00 N -1.2.10° | 4.5-10
NPL-2 | 1.0008450 1.3-10* 0.07 N 51.10° | 3.7-10
PTB-11 | 1.0007190 1.7-10* 0.12 N 75100 | 4.3-10

Number of discarded results = 0, percentage =0 %

F.= ex= 26.53 summed over the undiscarded contributions.

Degreeof freedoms =r-1 = 24
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EUROMET.EMS24: @mparison ofSmall Current Sources
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Fig. 6.9: : Calibration factors for the Unidos at 10 pA for the mean of both current dirgdiigether with the
reference value (solid line) and its uncertainty for k=2 (dashed liResllts not shown in the graph are located
outside of the plotting area.
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EUROMET.EMS24: @mparison ofSmall Current Sources

Results for the PTW Unidos E at 100 pA, positive current direction:

Reference valueQ; = 1.00042401,u(Q.) = 5.35-10

Uncertainty describing the instability of the transfer standafg= 2.0-10"

Table 6.10Su mmar y

of t he

resul t s,

Q pita uneertamty (g,

e as defined in equatiaii2), indication if the result had to be discarded from calculating the reference

value due to a too large valuegyfand the degree efjuivalenced;, U(d,)).

Institute Q u(Q) e discard d U(d)
PTB-1 | 1.0001450 1.7-10* 1.16 N -2.8.10" | 5.1.10
VSL-1 | 1.0004200 3.1-10* 0.00 N -5.8.1¢° | 7.3-10
NPL-1 | 1.0007210 45-10* 0.36 N 3.0-10 9.8-10
PTB-2 | 1.0005960 1.7-10* 0.43 N 1.7.1¢" | 5.1.1¢°
INRIM | 1.0003110 1.610* 0.21 N -1.1.10° | 4.9-10
METAS | 1.0000390 7.410° 3.38 N -3.9.10" | 4.1.10
UME | 0.9963000 2.4-10* 177.87 Y -4.1.10° | 6.3-10
PTB-3 | 1.0001640 1.7-10* 1.02 N -2.6-10" | 5.1.10
VNIIM | 1.0004170 4.1:10° 0.00 N -8.8:10° | 3.9.10
PTB-4 | 1.0005990 1.7-10* 0.44 N 1.7.1¢* | 5.1.1¢
NIS | 1.0016000 3.4-10* 8.99 N 1.2.10° 7.8-10
PTB-5 | 1.0004670 1.7-10* 0.03 N 41100 | 5.1-.10
IPQ | 1.0002800 3.810* 0.12 N -1.5.10° | 8.4.10
LNE | 1.0006400 1.4-10" 0.79 N 2.1-.10" | 4.7.1¢
PTB-6 | 1.0001150 1.7-10* 1.43 N -3.1.10" | 5.1.10
CEM | 1.0007000 1.7-10* 1.10 N 2.7.10" | 5.1.1¢
PTB-7 | 1.0001440 1.7-10* 1.19 N -2.8.10" | 5.1.10
KRISS | 1.0006400 2.9-10° 1.16 N 2.1.10" | 3.8.1¢°
PTB-8 | 1.0005730 1.7-10* 0.32 N 1.5.1¢" | 5.1.1¢
MIKES | 1.0005900 1.510* 0.45 N 1.6.10 | 4.8.1¢°
PTB9 | 1.0002470 1.7-10* 0.48 N -1.8.10" | 5.0-10
PTB-10 | 1.0005720 1.7-10* 0.32 N 1.5.1¢" | 5.0-1¢°
VSL-2 | 1.0007296| 3.6:10" 0.55 N 3.0-10" | 8.2.1¢
NPL-2 | 1.0000700 1.2:10* 2.38 N -3.6-10" | 4.5.10
PTB-11 | 1.0004710 1.7-10* 0.03 N 45.100 | 5.0-10

Number of discarded results = 1, percentage = 4 %

F.= ex= 26.33 summed over the undiscarded contributions.

Degreeof freedoms =r-1 =23
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par
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Fig. 6.10: Calibration factors for the Unidos at 100 pA for positive current direction, together with the reference
value (solid line) and its uncertainty for k=2 (dashed linessults not shown in the graph are located outside of
the plotting area.
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EUROMET.EMS24: @mparison ofSmall Current Sources

Results forthe PTW Unidos E at 100 pA, negative current direction:

Reference valueQ; = 1.00080189,u(Q.) = 5.42-10

Uncertainty describing the instability of the transfer standafg= 2.0-10"

Table 6.11Su mmar y

of t he

resul t s,

Q pita uneertamty (g,

e as defined in equatiaii2), indication if the result had to be discarded from calculating the reference

value due to a too large valuegfand the degree of etyalence ¢, U(d))).

Institute Q u(Q) e discard d U(d)
PTB-1 | 1.0011940 1.7-10* 2.29 N 3.9.10" | 5.1.10
VSL-1 | 1.0008200 3.-10* 0.00 N 1.9:10° 7.2.10
NPL-1 | 1.0005340 45-10* 0.29 N -2.7-10" | 9.8.10
PTB-2 | 1.0007210 1.7-10* 0.09 N -8.0-10° | 5.1-10
INRIM | 1.0010710 1.5-10* 1.22 N 2.7-10" | 4.8.1¢
METAS | 1.0011010 7.410° 2.04 N 3.0.10" | 4.1.10
UME | 0.9973000 5.310* 38.68 Y -35.10° | 1.1-10°
PTB-3 | 1.0009570 1.7-10* 0.36 N 1.6.1¢" | 5.1.1¢°
VNIIM | 1.0004290 3.810° 3.43 N -3.7.10" | 3.9-10
PTB-4 | 1.0009590 1.7-10* 0.37 N 1.6.1¢" | 5.1.1¢°
NIS | 0.9990000 34-10* 21.15 Y -1.8.10° | 7.9-10
PTB-5 | 1.0008210 1.7-10* 0.01 N 2.0.10 | 5.1.1¢
IPQ | 1.0010000 6.9-10* 0.08 N 2.0.10" | 1.4.10
LNE | 1.0006500 1.4-10" 0.39 N -1.5.10" | 4.7.10
PTB-6 | 1.0010050 1.7-10* 0.61 N 2.0.10" | 5.1.1¢
CEM | 1.0006860 1.7-10* 0.19 N -1.1.10* | 5.1-.10
PTB-7 | 1.0011100 1.7-10* 1.44 N 3.1.10" | 5.1.10
KRISS | 1.0004220 2.9-10° 3.61 N -3.8.10" | 3.8.10
PTB-8 | 1.0007710 1.7-10* 0.01 N -3.0-10° | 5.0-10
MIKES | 1.0007090 1.5-10* 0.14 N -9.2.10° | 4.8.10
PTB9 | 1.0006260 1.7-10* 0.46 N -1.7.10" | 5.0-10
PTB-10 | 1.0005840 1.7-10* 0.71 N -2.2.10" | 5.0-10
VSL-2 | 1.0004756| 3.6:10" 0.63 N -3.2.10" | 8.1.10
NPL-2 | 1.0012200 1.2:10* 3.31 N 4.2.100 | 4.5.10
PTB-11 | 1.0006340 1.7-10* 0.42 N -1.7.10" | 5.0-10

Number of discarded results = 2, percentage = 8 %

F.= ex=22.09 summed over the undiscarded contributions.

Degreeof freedoms =r-1 =22
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each

par
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Fig. 6.11: Calibration factors for the Unidos at 100 pA for negative current direction, together with the
reference value (solid line) and its uncertainty for k=2 (dashed liResllts not shown in the graph are located
outside of the plotting area.
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EUROMET.EMS24: @mparison ofSmall Current Sources

Results forthe PTW Unidos E at 100 pA, mean of both current direction:

Reference valueQ; = 1.00059677 u(Q.) = 5.37-10

Uncertainty describing the instability of the transfer standafg= 2.0-10"

Table 6.12Su mmar y

of t he

resul t s,

Q pita uneertamty (g,

e as defined in equatiaii2), indication if the result had to be discarded from calculating the reference

value due to a too large valuegfand the degree of etyalence ¢, U(d))).

Institute Q u(Q) e discard d U(d)
PTB-1 | 1.0006695 1.7-10* 0.08 N 7.2.10 | 5.1.1¢
VSL-1 | 1.0006200 3.1-10* 0.00 N 2.2.10° 7.2.10
NPL-1 | 1.0006275 45-10* 0.00 N 3.0-10 9.8-10
PTB-2 | 1.0006585 1.7-10* 0.05 N 6.1-10 | 5.1.1¢°
INRIM | 1.0006910 1.5-10* 0.14 N 9.3.10° | 4.8-10¢
METAS | 1.0005700 7.410° 0.02 N -2.8.10 | 4.1.10
UME | 0.9968000 3.810* 77.78 Y -3.8.10° | 8.7-10
PTB-3 | 1.0005605 1.7-10* 0.02 N -3.7.10¢° | 5.1-10
VNIIM | 1.0004230 4.0-10° 0.75 N -1.7.10* | 3.9-10
PTB-4 | 1.0007790 1.7-10* 0.48 N 1.8.1¢" | 5.1.1¢
NIS | 1.0003000 34-10* 0.58 N -3.0.10° | 7.8-10
PTB-5 | 1.0006440 1.7-10* 0.03 N 46:100 | 5.1.10
IPQ | 1.0006400 5.310* 0.01 N 4210 | 1.1-10
LNE | 1.0006450 1.4-10° 0.04 N 47100 | 4.7-10
PTB-6 | 1.0005600 1.7-10* 0.02 N -3.8.10° | 5.1-10
CEM | 1.0006930 1.7-10* 0.13 N 9.5.100 | 5.1-1¢
PTB-7 | 1.0006270 1.7-10* 0.01 N 2910 | 5.1.1¢
KRISS | 1.0005310 2.9-10° 0.11 N -6.7-10° | 3.8.10
PTB-8 | 1.0006720 1.7-10* 0.08 N 7.4.10 | 5.1.1¢
MIKES | 1.0006495 1.510* 0.04 N 52.10° | 4.8-1¢
PTB9 | 1.0004365 1.7-10* 0.39 N -1.6-10" | 5.0-10
PTB-10 | 1.0005780 1.7-10* 0.01 N -2.0-10° | 5.0-10
VSL-2 | 1.0006026 3.6-10* 0.00 N 5.0-1¢°¢ | 8.1-1¢
NPL-2 | 1.0006450 1.2:10* 0.04 N 47100 | 4.5.10
PTB-11 | 1.0005525 1.7-10* 0.03 N -45.10° | 5.0-10

Number of discarded results = 1, percentage = 4 %

F.= ex= 3.08 summed over the undiscarded contributions.

Degreeof freedoms =r-1 =23
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Fig. 6.12: Calibration factorgor the Unidos at 100 pA for the mean of both current direstimgether with
the reference value (solid line) and its uncertainty for k=2 (dashed IRes)lts not shown in the graph are
located outside of the plotting area.
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EUROMET.EMS24: @mparison ofSmall Current Sources

6.2.2 Results forthe Keithley 6430

Results for the Keithley 6430 at 100 fA, positive current direction:

Reference valuede; = 1.00093470,u(Q.) = 1.32-1d
Uncertainty describing the instability of the transfer standafg= 4.56-10"

Table 6.13Su mmar y
e as defined in equatiaii2), indication if the result had to be discarded from calculating the reference

of

t he

resul ts,

Q pita uneertamty (g,

value due to a too large valuegfand the degree efjuivalenced;, U(d)).

Institute Q u(Q) e discard d; U(d)
PTB-1 0.9993851 1.610* 10.29 Y -1.6-10° 1.0-10°
VSL-1 1.0024100 1.810* 9.03 N 1.5.10° 9.4.10"
NPL-1 1.0214000 2.2.10° 86.58 Y 2.0-1¢° 4.4.10°
PTB-2 1.0018130 2.0-10" 3.12 N 8.8-10" 9.6-10"
INRIM 1.0005290 4.4.10* 0.41 N -4.1-10 1.2.10°
METAS 1.0002610 6.510* 0.72 N -6.8-10° 1.6:10°
UME 1.0360000 1.6-10° 4.89 N 3.5.10° 3.2.10¢°
PTB-3 1.0012420 2.310* 0.36 N 3.1-.10 9.9-10"
VNIIM 1.0000300 2.410" 3.12 N -9.1.10 9.9-10"
PTB-4 1.0009550 2.510* 0.00 N 1.9-10° 1.0-10°
NIS 1.0180000 1.910° 74.97 Y 1.7-10° 4.0-10°
PTB5 1.0014510 5.510% 0.52 N 5.1.10 1.4-10°
IPQ 1.0038000 6.1-10° 0.22 N 2.9:10° 1.2.10
LNE 1.0001000 14-10° 0.32 N -8.4-10 2.9-10°
PTB-6 1.0012600 3.310" 0.33 N 3.2.10 1.1-10°
CEM 0.9999200 3.310* 3.26 N -1.0-10° 1.1-10°
PTB-7 1.0006230 3.7.10" 0.28 N -3.1-10 1.1-10°
KRISS 1.0037350 5.2.10% 16.54 Y 2.8-10° 1.4-10°
PTB-8 1.0006660 2.1.10* 0.29 N -2.7-10¢ 9.6-10"
MIKES 1.0015260 2.810" 1.21 N 5.9-10" 1.0-10°
PTB-9 1.0005380 1.510* 0.68 N -4.0-1¢° 9.3.1¢°
PTB-10 1.0006280 2.610" 0.35 N -3.1-10 1.0-10°
VSL-2 1.0024669 1.2:.10* 10.59 Y 1.5.10° 9.8-10"
NPL-2 1.0004600 15.10° 0.09 N -4.8-10 3.2.10°
PTB-11 1.0001630 2.810" 2.10 N -7.7-.10¢ 1.0-10°
PTB-12 1.0015790 4.610" 0.99 N 6.4-10 1.3-10°

Number of discarded results = 5, percentage =.19%

Fo=

Degreeof freedom = 20.
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ex= 32.30Q summed over the undiscarded contributions.

each

par
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Fig. 6.13: Calibration factors for the Keithley at 100 fA for positive current direction, together with the
reference value (solid line) and its uncertainty for k=2 (dashed liResllts not shown in the graph are located

outside of the jptting area.
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EUROMET.EMS24: @mparison ofSmall Current Sources

Results for the Keithley 6430 at 100 fA, negative current direction:

Reference valueQ; = 1.00089524,u(Q.) = 1.37-1¢
Uncertainty describing the instability of the transfer standafg= 4.56-10"

Table 6.14Su mmar y
e as defined in equatiaii2), indication if the result had to be discarded from calculating the reference

of

t he

resul t s,

Q pita uneertamty (g,

value due to a too large valuegyfand the degree efjuivalenced;, U(d,)).

Institute Q u(Q) e discard d U(d)
PTB-1 0.9995964 1.410* 7.46 Y -1.3-10° 9.9-10"
VSL-1 0.9991000 1.910* 13.20 Y -1.8-10° 1.0-10°
NPL-1 0.9797000 1.4-10° 214.47 Y -2.1-10° 2.9:10°
PTB-2 1.0010150 1.7.10* 0.06 N 1.2.10¢° 9.3.10
INRIM 1.0005050 4.610" 0.37 N -3.9-1¢ 1.3-10°
METAS 1.0001150 6.0.10* 1.08 N -7.8-1¢° 1.5.10°
UME 0.9510000 1.2.1¢ 18.52 Y -5.0-1C° 2.3.10°
PTB-3 1.0007100 2.510* 0.13 N -1.9-1¢° 1.0-10°
VNIIM 1.0000200 2.7.10* 2.72 N -8.8-10" 1.0-10°
PTB-4 1.0008960 2.910* 0.00 N -3.8-10 1.0-10°
NIS 0.9931000 3.2.10° 5.89 N -7.8-10° 6.4-10°
PTB-5 1.0015070 5.2:10* 0.78 N 6.1-10" 1.4-10°
IPQ 1.0010000 3.1:10° 0.00 N 1.0-10 6.3-10°
LNE 1.0040200 9.6:10* 8.61 Y 3.1-10° 2.1.10°
PTB-6 1.0012150 3.1.10" 0.33 N 3.2.10 1.1-10°
CEM 1.0015900 5.410" 0.97 N 6.9-10 1.4-10°
PTB-7 1.0020040 3.7.10" 3.56 N 1.1-10° 1.1-10°
KRISS 0.9990720 5.010" 7.32 N -1.8-10° 1.3-10°
PTB-8 1.0012990 1.810* 0.67 N 4.0-10' 9.4-10"
MIKES 1.0005880 2.810* 0.33 N -3.1-1¢° 1.0-10°
PTB-9 1.0013280 1.610* 0.80 N 4.3.10 9.3.10
PTB-10 1.0011560 2.2.10* 0.26 N 2.6-10 9.7-10"
VSL-2 0.9994004 1.2:.10* 10.10 Y -1.5-10° 9.8-10'
NPL-2 0.9994300 2.1.10° 0.48 N -1.5-10° 4.2.10°
PTB-11 1.0014660 3.510" 0.98 N 5.7-10" 1.1-10°
PTB-12 1.0003340 4.1-10 0.85 N -5.6-10° 1.2.10°

Number of discarded results = 6, percentage =.23%
F,= ex= 27.59 summed over the undiscarded contributions.
Degreeof freedom =19
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each

par
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Fig. 6.14:: Calibration factors for the Keithley at 100 pA for negative current direction, together with the
reference value (solid line) and its uncertainty for k=2 (dashed liResllts not shown in the graph are located
outside of theplotting area.
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EUROMET.EMS24: @mparison ofSmall Current Sources

Results for the Keithley 6430 at 100 fA, mean of both current directions:

Reference valueQ; = 1.00094466 u(Q.) = 1.25-1¢
Uncertainty describing the instability of the transfer standafg= 4.56-10"

Table 6.15Su mmar y
e as defined in equatiaii2), indication if the result had to be discarded from calculating the reference

of

t he

resul t s,

Q pita uneertamty (g,

value due to a too large valuegfand the degree of etyalence ¢, U(d))).

Institute Qi u(Q) e discard d u(d)
PTB-1 0.9994908 1.510* 9.18 Y -1.5-10° 9.9-10"
VSL-1 1.0007550 1.910* 0.15 N -1.9-10 9.5.10"
NPL-1 1.0005500 1.8:10° 0.05 N -3.9:10° | 3.6:10°
PTB-2 1.0014140 1.810* 0.92 N 4.7-10" 9.5.10"
INRIM 1.0005170 4.510* 0.45 N -4.3.10" 1.3-10°
METAS 1.0001880 6.3-10* 0.95 N -7.6-10° 1.5.10°
UME 0.9935000 1.4-10° 0.29 N -7.4.10° 2.7-10°
PTB-3 1.0009760 2.410* 0.00 N 3.2.10° 1.0-10°
VNIIM 1.0000250 2.510* 3.10 N -9.2.10" 1.0-10°
PTB-4 1.0009255 2.7.10* 0.00 N -1.9-10° 1.0-10°
NIS 1.0055500 2.510° 3.16 N 4.6-10° 5.2.10°
PTB-5 1.0014790 5.410* 0.58 N 5.3-10° 1.4-10°
IPQ 1.0024000 4.6-10° 0.10 N 1.5.10° 9.2.10°
LNE 1.0020600 1.2-10° 0.78 N 1.1-10° 2.5.10°
PTB-6 1.0012375 3.210° 0.28 N 2.9-10' 1.1-10°
CEM 1.0007550 4.310* 0.09 N -1.9-10 1.2.10°
PTB-7 1.0013135 3.7.10* 0.40 N 3.7-10 1.1-10°
KRISS 1.0014035 5.1.10* 0.45 N 4.6-10" 1.3-10°
PTB-8 1.0009825 1.9-10* 0.01 N 3.8.10° 9.6-10"
MIKES 1.0010570 2.810* 0.04 N 1.1-10 1.0-10°
PTB-9 1.0009330 1.610* 0.00 N -1.1-10 9.3.10
PTB-10 1.0008920 2.410* 0.01 N -5.2.10° 1.0-10°
VSL-2 1.0009336 1.2:10* 0.00 N -1.0-10° 9.1.10"
NPL-2 0.9999450 1.8:10° 0.29 N -1.0-10° 3.7.10°
PTB-11 1.0008145 3.110* 0.05 N -1.3.10 1.1-10°
PTB-12 1.0009565 4.310* 0.00 N 1.2.10° 1.2.10°

Number of discarded results = 1, percentage = 4%
F,= ex= 1215 summed over the undiscarded contributions.
Degreeof freedom =24
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Fig. 6.15: Calibration factors for the Keithley at 100 fA for the mean of both current directions, together with
the reference value (solid line) and its uncertainty for k=2 (dashed IRes)lts not shown in the graph are
located outside of the plotting area.
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EUROMET.EMS24: @mparison ofSmall Current Sources

Results for the Keithley 6430 at 1 pA, positive current direction:

Reference valueQ.=A+ B - t, with:

A= 1.00065496, u(A)=3.03-1C
u(B)=3.73-1¢

B=5.27-1C,

Uncertainty describing the instability of the transfer standayg= 9.37-10

Table 6.16Summar y
e as defined in equatiail2), indication if the result had to be discarded from calculating the reference

of

t he

resul ts,

Q pita uneertamty (g,

value due to a too large valuegyfand the degree of equivalende U(d)).

each

Institute Q u(Q) e discard d; U(d)
PTB-1 0.9989833 5.410° 215.32 Y -1.6-10° 2.3.10
VSL-1 1.0010000 12:10* 5.89 N 3.8.10 3.1.10
NPL-1 1.0043800 1.7-10° 5.14 N 3.8:10° 3.3:10°
PTB-2 1.0006770 5.6.10° 0.23 N 5.3.10° 2.1.10
INRIM 1.0003950 7.810° 3.50 N -2.3-10 2.4.10"
METAS 1.0003170 2.810* 1.10 N -3.1-.10 6.0-10°
UME 1.0019000 3.5.10° 0.13 N 1.3:10° 6.9-10°
PTB-3 1.0006000 5.510° 0.11 N -3.7-10° 2.1.10
VNIIM 0.9999800 1.2:.10* 19.33 Y -6.6-10" 3.1.10
PTB-4 1.0005010 5.7.10° 1.71 N -1.4-.10 2.1.10
NIS 1.0015000 9.010° 43.12 Y 8.5.-10" 2.7-10
PTB-5 1.0007620 6.810° 0.94 N 1.1-10 2.2.10
IPQ 1.0009000 1.6-10° 0.02 N 2.5.10° 3.2.10°
LNE 1.0006700 1.610* 0.01 N 1.7-10° 3.7-10
PTB-6 1.0008160 7.1.10° 1.88 N 1.6-10 2.3.10
CEM 1.0005070 9.410° 1.28 N -1.5-10" 2.6-10'
PTB-7 1.0006800 8.1.10° 0.03 N 2.1.10° 2.4.10"
KRISS 1.0013490 4.2.10° 44.61 Y 6.9-10" 2.1.10'
PTB-8 1.0006930 5.6:10° 0.07 N 3.0.10° 2.1-10°
MIKES 1.0009640 26-10" 1.14 N 3.0-10' 5.6-10"
PTB-9 1.0005420 5.610° 1.32 N -1.3.10 2.1.10"
PTB-10 1.0006750 5.810° 0.00 N -7.9-1¢° 2.1.10'
VSL-2 1.0010540 6.410° 10.29 Y 3.7-10 2.4.10"
NPL-2 1.0008400 1.010* 1.09 N 1.5-10 2.8-10"
PTB-11 1.0005700 6.2.10° 1.12 N -1.2-.10 2.2.10
PTB-12 1.0007960 6.410° 0.38 N 7.6-10° 2.4.10"

Number of discarded results = 5, percentage =.19%
F.= ex=27.1 summed over the undiscarded contributions.

Effective degree of freedom =20
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Fig. 6.16: Calibration factors for the Keithley at 1 pA for positive current direction, together with the reference
line (solid line) and its uncertainty for k=2 (dashed linB®sults not shown in the graph are located outside of
the plotting area.
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EUROMET.EMS24: @mparison ofSmall Current Sources

Results forthe Keithley 6430 at 1 pA, negative current direction:

Reference valueQ.=A+B -t, with:

A= 1.00063836,u(A) = 3.05-10

B=5.27-1¢, u(B)=3.73-1¢
Uncertainty describing the instability of the transfer standagg= 9.37-10

Table6.17Su mmar y
e as defined in equatiail2), indication if the result had to be discarded from calculating the reference

of

t he

resul ts,

Q pita uneertamty (g,

value due to a too large valuegyfand the degreaf equivalenced;, U(d)).

Institute Q u(Q) g discard d; U(d)
PTB-1 0.9989348 5.510° 221.95 Y -1.7-10° 2.3-10
VSL-1 1.0007300 12:10* 0.66 N 1.3-10 3.1.10
NPL-1 0.9978600 1.2.10° 4.86 N -2.7-10° 2.5.10°
PTB-2 1.0006270 5.9.10° 0.03 N 2.0-10° 2.2.10
INRIM 1.0002990 6.410° 7.28 Y -3.1.10 2.4-10
METAS 1.0002390 2.910* 1.47 N -3.8-10 6.2-10
UME 0.9899000 1.6-10° 43.41 Y -1.1-10° 3.3:10°
PTB-3 1.0005640 6.1:10° 0.25 N -5.6-10° 2.2.10
VNIIM 1.0000000 1.3-10* 15.45 Y -6.3-10 3.2.10
PTB-4 1.0005780 5.7.10° 0.20 N -5.0-10° 2.1-10
NIS 0.9991200 9.2:10° 131.45 Y -1.5-10° 2.7-10¢
PTB-5 1.0005370 9.610° 0.51 N -9.6-10° 2.6-10
IPQ 1.0002000 2.5.10° 0.03 N -4.3-10° 5.1-10°
LNE 1.0002200 1.910* 3.78 N -4.2-10" 4.2.10"
PTB-6 1.0008000 7.410° 1.83 N 1.6-10 2.3:.10
CEM 1.0004560 9.410° 1.93 N -1.8-10" 2.6-10
PTB-7 1.0007280 8.010° 0.49 N 8.6-10° 2.4-10
KRISS 1.0003460 5.910° 7.29 Y -3.0-10" 2.3-10
PTB-8 1.0006490 5.510° 0.00 N 2.6-1¢° 2.1-10
MIKES 1.0009210 26-10" 0.95 N 2.7-10 5.6-10"
PTB-9 1.0005210 5.510° 1.43 N -1.3.10 2.1-10
PTB-10 1.0006820 5.7.10° 0.02 N 1.6-10° 2.1-10
VSL-2 1.0008198 6.2.10° 1.76 N 1.5-10 2.2.10
NPL-2 1.0009600 9.9.10° 4.24 N 2.9-10 2.7-10
PTB-11 1.0005370 5.810° 1.49 N -1.4.10 2.2.10
PTB-12 1.0007830 6.2:10° 0.43 N 7.9-10° 2.4.10

Number of discarded results = 6, percentage =23 %
F.= ex=26.36 summed over the undiscarded contributions.
Degreeof freedom =19
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Fig. 6.17: Calibration factors for the Keithley at 1 pA for negative current direction, together with the reference
line (solid line) and its uncertainty for k=2 (dashed linB&sults not shown in the graph are located outside of
the dotting area.
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EUROMET.EMS24: @mparison ofSmall Current Sources

Results for the Keithley 6430 at 1 pA, mean of both current directions:

Reference valueQ.=A+B -t, with:

A= 1.00066043,u(A) = 2.84-10

B=5.27-1¢, u(B)=3.73-1¢
Uncertainty describing the instability of the transfemdard:urs= 9.37-10

Table 6.18Su mmar y
e as defined in equatiail2), indication if the result had to be discarded from calculating the reference

of

t he

resul ts,

Q pita uneertamty (g,

value due to a too large valuegyfand the degree of equivalende U(d)).

Institute Q u(Q) g discard d; U(d)
PTB-1 0.9989591 5.410° 222.03 Y -1.7-10° 2.3-10
VSL-1 1.0008650 12:10* 2.36 N 2.4-10 3.1.10
NPL-1 1.0011200 14-10° 0.12 N 4.9.10 2.9:10°
PTB-2 1.0006520 5.7.10° 0.04 N 2.4-10° 2.2.10
INRIM 1.0003470 7.1.10° 5.66 N -2.8-10 2.3-10
METAS 1.0002780 2.910* 1.38 N -3.6-10° 6.1-10
UME 0.9959000 2.5.10° 3.47 N -4.7-10° 5.1-10°
PTB-3 1.0005820 5.810° 0.28 N -5.9-10° 2.1-10
VNIIM 0.9999900 1.2:.10* 17.98 Y -6.6-10° 3.2.10
PTB-4 1.0005395 5.7.10° 0.99 N -1.1-10 2.1-10
NIS 1.0003100 9.1.10° 6.84 Y -3.4-10 2.7-10
PTB5 1.0006495 8.2.10° 0.00 N -4.5.10° 2.4-10
IPQ 1.0005500 2.1:10° 0.00 N -1.1-1¢ 4.1.10°
LNE 1.0004450 1.810* 1.13 N -2.1-10 4.0-10'
PTB-6 1.0008080 7.310° 1.57 N 1.5.1¢° 2.3:.10
CEM 1.0004815 9.410° 1.84 N -1.8-10 2.6-10
PTB-7 1.0007040 8.010° 0.11 N 4110 2.4-10
KRISS 1.0008475 5.1.10° 2.90 N 1.8.10° 2.1-10
PTB-8 1.0006710 5.6.10° 0.00 N 3.4.10° 2.1-10
MIKES 1.0009425 2.610" 0.95 N 2.7-10 5.6-10"
PTB-9 1.0005315 5.510° 1.66 N -1.4-10 2.1-10
PTB-10 1.0006785 5.7-10° 0.01 N -8.8-1C° 2.2.10¢
VSL-2 1.0009369 6.310° 4.66 N 2.5-10 2.2.10
NPL-2 1.0009000 1.0-10* 2.11 N 2.0-10 2.8-10
PTB-11 1.0005535 6.010° 1.56 N -1.4-10 2.2.10
PTB-12 1.0007895 6.310° 0.28 N 6.5-10° 2.4.10

Number of discarded results = 3, percentage =12 %
F.= ex=33.10 summed over the undiscarded contributions.
Degreeof freedom =22
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Fig. 6.18: Calibration factors for the Keithley at 1 pA for the mean of both current directions, together with the
reference line (solid line) and its uncertainty for k=2 (dashed liRegults not shown in the graph are located
outside of the plotting area.
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EUROMET.EMS24: @mparison ofSmall Current Sources

Results for the Keithley 6430 at 10 pA, positive current direction:

Reference valueQ.=A+B -t, with:

A=1.00001214u(A)= 1.14-10

B=1.03-10, u(B)=2.23-1¢
Uncertainty describing the instability of the transfer standayg= 3.2310°

Table 6.19Su mmar y
e as defined in equatiail2), indication if the result had to be discarded from calculating the reference

of

t he

resul ts,

Q pita uneertamty (g,

value due to a too large valueggfand the degree of equivalenck U(d)).

Institute Q u(Q) g discard d; U(d)
PTB-1 0.9996577 4.510° 27.20 Y -2.8-10" 1.1-10
VSL-1 0.9998710 1.310° 3.56 N -7.2.10° 7.2.10°
NPL-1 1.0000390 74.10* 0.01 N 9.1.10° 1.5.10°
PTB-2 0.9998594 3.910° 3.05 N 9.1-10° 1.0-10
INRIM 0.9998640 3.7.10° 3.32 N 9.2.10° 9.8-10°
METAS 0.9998730 5.4.10° 2.06 N 9.2.10° 1.3-10
UME 0.9951000 7.1-10¢ 47.37 Y -4.9-10° 1.4-10°
PTB-3 1.0000020 5.4.10° 0.18 N 2.7-10° 1.2.10
VNIIM 1.0002100 2.3-10 0.94 N 2.2.10 4.6-10"
PTB-4 0.9999681 3.610° 0.22 N -2.3.10° 9.4-10°
NIS 1.0014900 1.1-10* 177.88 Y 1.5.10° 2.3-1¢°
PTB-5 1.0000190 3.610° 0.14 N 1.8-10° 9.4-10°
IPQ 1.0003600 6.0-10" 0.35 N 3.6-10° 1.2:10°
LNE 1.0001080 2.010° 6.85 N 1.0-10 7.3-10°
PTB-6 1.0000140 3.510° 0.00 N 2.9-1¢° 9.2.10°
CEM 0.9999670 9.3-10° 0.25 N -4.9-10° 1.9-10
PTB-7 1.0000330 3.610° 0.09 N 1.4.10° 9.3:10°
KRISS 1.0000710 3.110° 1.07 N 4.6-10° 8.7-10°
PTB-8 0.9999927 3.810° 0.49 N -3.5.10° 9.7-10°
MIKES 1.0002810 2.610" 0.88 N 2.5-10" 5.3.10'
PTB-9 1.0000600 3.610° 0.23 N 2.4.10° 9.5.10°
PTB-10 1.0000807 3.610° 0.09 N 1.5.10° 9.7-10°
VSL-2 1.0000978 1.310° 0.58 N 2.8-10° 7.1.10°
NPL-2 1.0001760 2.7.10° 4.46 N 9.4-10° 8.6-10°
PTB-11 1.0000200 3.7.10° 1.52 N -6.4-10° 1.0-10
PTB-12 1.0001030 3.4.10° 0.45 N -3.7-10° 1.1-10

Number of discarded results = 3, percentage =12 %

F.= ex= 30.79 summed over the undiscardashtributions.

Degreeof freedom = 22
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Fig. 6.19: Calibration factors for the Keithley at 10 pA for positive current direction, together with the
reference line (solid line) and its uncertainty for k=2 (dashed liResults not shown in the graph are located
outside of the plotting area.
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EUROMET.EMS24: @mparison ofSmall Current Sources

Results for the Keithley 6430 at 10 pA, negative current direction:

Reference valueQ.=A+B -t, with:

A=0.99986889,u(A)= 1.12-10

B=1.03-10, u(B)=2.23-1¢
Uncertainty describing the instability of the transfer standayg= 3.23-10

Table 6.20Su mmar y
e as defined in equatiail2), indication if the result had to be discarded from calculating the reference

of

t he

resul ts,

Q pita uneertamty (g,

value due to a too large valuegyfand the degree of equivalende U(d)).

Institute Q u(Q) g discard d; U(d)
PTB-1 0.9995943 3.7.10° 14.94 Y -2.0-10 1.1-10
VSL-1 0.9997970 1.310° 0.00 N -2.0-10° 7.2.10°
NPL-1 0.9997280 1.0-10° 0.01 N -7.7-10 | 2.0-1C°
PTB-2 0.9997588 3.910° 0.86 N -48-10 | 1.0-10
INRIM 0.9997630 4.010° 0.87 N -4.9-10° 1.0-10
METAS 0.9997480 5.4.10° 1.30 N -7.3-10° 1.3-10
UME 0.9950000 7.3-.10° 44.17 Y -4.8-10° 1.5.10°
PTB-3 0.9998060 3.610° 0.28 N -2.6:10 | 9.6-10°
VNIIM 1.0001400 1.510* 3.50 N 3.0-10 3.2.10
PTB-4 0.9998149 3.7.10° 0.44 N -3.3.100 | 9.6-1C0°
NIS 0.9989000 9.910° 83.36 Y -9.5.10 2.1.10"
PTB-5 0.9998987 3.510° 0.76 N 4110 9.2.10°
IPQ 1.0002800 6.1-10° 0.47 N 4.2.10 1.2:10°
LNE 0.9998060 1.7.10° 2.59 N -5.9-10° 7.0-10°
PTB-6 0.9998571 3.7.10° 0.05 N -1.1-10° 9.6-10°
CEM 0.9998790 9.310° 0.00 N 6.8-10° 1.9-10
PTB-7 0.9999042 3.7.10° 0.34 N 2.9-10° 9.5.10°
KRISS 0.9998260 2.910° 1.62 N -5.5-10° 8.4-10°
PTB-8 0.9999015 3.7.10° 0.13 N 1.7-10° 9.5.-10°
MIKES 0.9999950 2.610" 0.16 N 1.1-1¢ 5.3.10'
PTB-9 0.9998808 3.7.10° 0.06 N -1.2-.10° 9.6-10°
PTB-10 0.9999392 3.810° 0.11 N 1.7-10° 1.0-10
VSL-2 0.9999978 1.7.10° 3.42 N 7.2.10° 7.4.10°
NPL-2 1.0000640 2.1.10° 9.13 N 1.3.1¢° 8.0-10°
PTB-11 0.9999127 3.810° 0.28 N -2.8-10° 1.0-10
PTB-12 0.9999759 3.4:.10° 0.14 N -2.0-10° 1.1-10

Number of discarded results = 3, percentage =12 %

F =

Degreeof freedom = 22
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ex= 26.52 summed over the undiscarded contributions.

each

par
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Fig. 6.20: Calibration factors for the Keithley at 10 pA for negative current direction, together with the
reference line (solid line) and its uncertainty for k=2 (dashed liRegults not shown in the graph are located
outside of the plotting area.
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EUROMET.EMS24: @mparison ofSmall Current Sources

Results for the Keithley 6430 at 10 pA, mean of both current directions:

Reference valueQ,=A+B - t, with:
A=0.99994378u(A)= 1.12-10
B=1.03-10, u(B)=2.23-1¢
Uncertainty describing the instability of the transfer standayg= 3.23-10

Table 6.21Su mmar y

e as defined in equatiail2), indication if the result had to be discarded from calculating the reference

of

t he

resul ts,

Q pita uneertamty (g,

value due to a too large valuegyfand the degree of equivalende U(d)).

Institute Q u(Q) g discard d; U(d)
PTB-1 0.9996260 3.810° 21.28 Y -2.4-10" 1.1-10
VSL-1 0.9998340 1.310° 1.11 N -4.0-10° 7.2.10°
NPL-1 0.9998835 8.8-10" 0.00 N 3.9:.10° 1.8-10°
PTB-2 0.9998091 3.910° 1.95 N -7.3.10° 1.0-10
INRIM 0.9998135 3.810° 2.04 N -7.3.10° 1.0-10
METAS 0.9998105 5.410° 1.79 N -8.5-10° 1.3-10
UME 0.9950500 7.2.10° 45.79 Y -4.9-10° 1.4-10°
PTB-3 0.9999040 4.510° 0.00 N 2.7-1¢° 1.1-10
VNIIM 1.0001750 1.9-10 1.75 N 2.6-10" 3.9-10
PTB-4 0.9998915 3.610° 0.40 N -3.1-10° 9.5.10°
NIS 1.0001950 1.0-10* 6.08 N 2.7-10 2.2-10
PTB-5 0.9999589 3.510° 0.31 N 2.7-10° 9.3.10°
IPQ 1.0003200 6.1-10° 0.40 N 3.8.10° 1.2:10°
LNE 0.9999570 1.910° 0.21 N 1.7-10° 7.1-10°
PTB-6 0.9999356 3.610° 0.02 N -6.9-1C° 9.4-10°
CEM 0.9999230 9.310° 0.06 N -2.4-10° 1.9-10
PTB-7 0.9999686 3.610° 0.14 N 1.8-10° 9.4-10°
KRISS 0.9999485 3.010° 0.03 N -7.5-1¢° 8.5-10°
PTB-8 0.9999471 3.7.10° 0.06 N -1.2:.10° 9.6-10°
MIKES 1.0001380 26-10" 0.43 N 1.7-10 5.3.10'
PTB-9 0.9999704 3.7.10° 0.00 N 2.7-1¢° 9.6-10°
PTB-10 1.0000100 3.7.10° 0.06 N 1.3-10° 9.9-10°
VSL-2 1.0000478 1.510° 1.53 N 4.7:10 7.2.10°
NPL-2 1.0001200 2.410° 6.16 N 1.1-10 8.3.10°
PTB-11 0.9999664 3.810° 0.89 N -4.9-10° 1.0-10
PTB-12 1.0000395 3.410° 0.34 N -3.1.10° 1.1-10

Number of discarded results = 2, percentage = 8 %

Fo=

Degreeof freedom = 23
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ex= 25.76 summed over the undiscardamhtributions.

each

par
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Fig. 6.21: Calibration factors for the Keithley at 10 pA for the mean of both current directions, together with
the reference line (solid line) and its uncertainty for k=2 (dashed liRes)lts not shown in the graph are
located outside of the plotting area.
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EUROMET.EMS24: @mparison ofSmall Current Sources

Results for the Keithley 6430 at 100 pA, positive current direction:

Reference valueQ=A+B - t, with:
A=1.00025007 u(A)= 7.33-10
B=6.94-1¢, u(B)=7.45-10
Uncertainty describing the instability of the transfer standayg= 2.67-10

Table 6.22Su mmar y

of

t he

resul ts,

Q pita uneertamty (g,
e as defined in equatiail2), indication if the result had to be discarded from calculating the reference

value due to a too large valuegyfand the degree of equivalende U(d)).

Institute Q u(Q) e discard d; U(d)
PTB-1 0.9999569 1.310° 65.82 Y -2.410 6.2-10°
VSL-1 1.0002420 1.1.10° 1.76 N 3.9-10° 5.7-10°
NPL-1 1.0002910 5.5-10" 0.02 N 8.4-10° 1.1-1¢°
PTB-2 1.0002600 1.2.10° 2.97 N 5.1-10° 5.8-10°
INRIM 1.0002100 40-10° 0.00 N -2.0-1¢ 9.5.10°
METAS 1.0002110 2.610° 0.04 N -7.0-1¢° 7.3-10°
UME 0.9962000 3.5-10° 131.06 Y -4.0-10° 7.0-10°
PTB-3 1.0002510 1.410° 0.73 N 2.6-10° 5.9-10°
VNIIM 0.9999870 9.9.10° 5.78 N -2.5.10 2.0-10°
PTB-4 1.0002350 1.2.10° 0.00 N -7.9-10 5.7-10°
NIS 1.0017000 1.0-1¢ 198.89 Y 1.5-1C° 2.1-10
PTB-5 1.0002230 1.2.10° 0.44 N -1.9-10° 5.7-10°
IPQ 1.0004400 6.7-10" 0.09 N 1.9-10 1.3:10°
LNE 1.0002850 1.2.10° 1.65 N 3.8-10° 5.7-10°
PTB-6 1.0002400 1.2.10° 0.10 N -9.3.1¢° 5.7-10°
CEM 1.0002530 9.1.10° 0.00 N 6.3-10 1.9-1¢
PTB-7 1.0002410 1.2.10° 0.22 N -1.4-10° 5.7-10°
KRISS 1.0002000 6.6-10° 4.50 N -5.8-10° 5.3-10°
PTB-8 1.0002120 1.2.10° 2.72 N -4.8-10° 5.7-10°
MIKES 1.0003410 1.1-1¢ 0.51 N 7.8-10° 2.2.10
PTB-9 1.0002520 1.2.10° 0.24 N -1.4-10° 5.7-10°
PTB-10 1.0002830 1.2.10° 0.01 N -3.2:10° 5.7-10°
VSL-2 1.0003364 1.1.10° 2.71 N 4.8-10° 5.6-10°
NPL-2 1.0004210 2.1.10° 13.11 Y 1.2.1¢ 7.0-10°
PTB11 1.0002820 1.2.10° 0.30 N -1.6-10° 5.8-10°
PTB-12 1.0003470 1.2.10° 0.14 N 1.1-1¢ 5.9-10°

Number of discarded results = 4, percentage =.15%

Fo=

Degreeof freedom = 21
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ex= 24.92 summed over the undiscarded contributions.

each

par



EUROMET.EMS24: @mparison ofSmall Current Sources

o Keithley @ 100 pA

1.0005 -

- IPQ
{CEM

1.0004

NPL-1

LNE

' PTB7
KRISS 4 | Are-s .

1.0003

- VSL-1
15162

Q+

1.0002

\

PTB*5

1.0001 ~

INRIM

1.0000

- PTB-1

0.99¢9 -1~ r T 1T T 1T "1 71"
200 400 600 800 1000 1200 1400 1600 1800 2000

Day

O -

Fig. 6.22: Calibration factors for the Keithley at 100 pA for positive current direction, together with the
reference line (solid line) and its uncertainty for k=2 (dashed liResults not shown in the graph are located
outside of the plotting area.
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Results for the Keithley 6430 at 100 pA, negative current direction:

Reference valueQ=A+B - t, with:
A=1.00026826,u(A)= 7.35-10
B=6.94-1¢, u(B)=7.45-10
Uncertainty describing the instability of the transfer standayg= 2.67-10

Table 6.23Su mmar y

of

t he

resul ts,

Q pita uneertamty (g,
e as defined in equatiail2), indication if the result had to be discarded from calculating the reference

value due to a too large valuegyfand the degree of equivalende U(d)).

Institute Q u(Q) e discard d; U(d)
PTB-1 0.9998817 1.2.10° 126.99 Y -3.4-10° 6.2-10°
VSL-1 1.0002640 1.310° 1.98 N 4.2-10 5.8-10°
NPL-1 1.0002350 4.7-10 0.00 N 9.5.1¢° 9.5.10*
PTB-2 1.0001450 1.310° 7.44 N -8.2:10° 5.8-10°
INRIM 1.0002400 3.810° 0.04 N 9.6-1¢° 9.1-10
METAS 1.0002120 2.610° 0.43 N -2.410° 7.3-10°
UME 0.9948000 4.3-10° 158.80 Y -5.4-10° 8.6-10"
PTB-3 1.0002710 1.2.10° 0.86 N 2.7-10° 5.7-10°
VNIIM 0.9999810 6.2:10° 16.03 Y -2.7-10 1.4-1¢0
PTB4 1.0002630 1.2.10° 0.09 N 8.8-10° 5.7-10°
NIS 0.9987000 1.1-10° 191.82 Y -1.6-10° 2.3-1¢
PTB-5 1.0002510 1.2.10° 0.11 N -9.9-1¢° 5.7-10°
IPQ 1.0004600 6.8-10" 0.08 N 2.0-10° 1.4-10°
LNE 1.0003050 1.2.10° 1.79 N 3.9-10° 5.7-10°
PTB-6 1.0002610 1.2.10° 0.05 N -6.8-1¢° 5.7-10°
CEM 1.0002790 9.1.10° 0.01 N 8.2-10° 1.9-1¢
PTB-7 1.0002570 1.2.10° 0.30 N -1.6-10° 5.7-10°
KRISS 1.0002960 6.0-10° 0.49 N 1.9-1¢° 5.3-10°
PTB-8 1.0002320 1.2.10° 2.55 N -4.7-10 5.7-10°
MIKES 1.0003480 1.1-1¢ 0.37 N 6.6-10° 2.2.10
PTB-9 1.0002800 1.2.10° 0.03 N 4.7-10° 5.7-10°
PTB-10 1.0002950 1.2.10° 0.11 N -9.6-10° 5.7-10°
VSL-2 1.0003571 1.1.10° 2.92 N 5.0-10° 5.7-10°
NPL-2 1.0004510 2.010° 16.25 Y 1.4-1¢ 6.9-10°
PTB-11 1.0002900 1.2.10° 0.80 N -2.7-10 5.8-10°
PTB-12 1.0003660 1.2.10° 0.15 N 1.2-10 5.9-10°

Number of discarded results = 5, percentage =19 %

Fo=

Degreeof freedom = 20
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ex= 20.6Q summed over thendiscarded contributions.

each

par
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Fig. 6.23: Calibration factors for the Keithley at 100 pA for negative current direction, together with the
reference line (solid line) and its uncertainty for k=2 (dashed liResjults not shown ifhé graph are located
outside of the plotting area.
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Results for the Keithley 6430 at 100 pA, mean of both current directions:

Reference valueQ.=A+ B -t, with:

A=1.00025761,u(A)= 7.31-10

B=6.94-1¢, u(B)=7.45-10
Uncertaintydescribing the instability of the transfer standaug=2.67-10

Table 6.24Summar y
e as defined in equatiail2), indication if the result had to be discarded from calculating the reference

of

t he

resul ts,

Q pita uneertamty (g,

value due to a too large valuegyfand the degree of equivalende U(d)).

Institute Q u(Q) e discard d; U(d)
PTB-1 0.9999193 1.2:10° 92.91 Y -2.9.10" | 6.2-10°
VSL-1 1.0002530 1.2:10° 2.01 N 4.2:10 5.7-10°
NPL-1 1.0002630 5.1.10" 0.01 N 4.8.10° 1.0-10°
PTB-2 1.0002025 1.310° 0.22 N -1.4-10° | 5.8-10°
INRIM 1.0002250 3.910° 0.01 N 53.1° | 9.3.10°
METAS 1.0002115 2.610° 0.15 N -1.410° | 7.3:-10°
UME 0.9955000 3.9-.1¢° 145.94 Y -4.7-10° | 7.8-1¢°
PTB-3 1.0002610 1.310° 0.88 N 2.8-10° 5.8-10°
VNIIM 0.9999840 8.010° 9.18 N -2.6-10" | 1.7-10
PTB-4 1.0002490 1.2:10° 0.03 N 5.5.10° 5.7-10°
NIS 1.0002000 1.0-10* 0.19 N -4.7-10 | 2.2-.10
PTB5 1.0002370 1.2:10° 0.20 N -1.3.10° | 5.7-10°
IPQ 1.0004500 6.7-10° 0.09 N 2.0-.10° 1.3:10°
LNE 1.0002950 1.2:10° 1.85 N 4.0-10 5.7-10°
PTB-6 1.0002505 1.2:10° 0.05 N -6.6-1¢° | 5.7-10°
CEM 1.0002660 9.1.10° 0.00 N 5.9.1C° 1.9-10
PTB-7 1.0002490 1.2:10° 0.21 N -1.3.1¢° | 5.7-10°
KRISS 1.0002480 6.310° 0.44 N -1.8.10° | 5.3-10°
PTB-8 1.0002220 1.2:10° 2.48 N -4.6-10° | 5.7-10°
MIKES 1.0003445 1.1-10 0.46 N 7.3-10° 2.2-10
PTB-9 1.0002660 1.2:10° 0.07 N -8.0-1¢ | 5.7-10°
PTB-10 1.0002890 1.2.10° 0.03 N -49.10° | 5.7-10°
VSL-2 1.0003468 1.1:10° 2.99 N 5.0-10° 5.6-10°
NPL-2 1.0004360 2.010° 14.96 Y 1.3.1¢° 7.0-10°
PTB-11 1.0002860 1.2:10° 0.45 N -2.0.10°0 | 5.8-10°
PTB-12 1.0003565 1.2:10° 0.19 N 1.3:10° 5.9.10°

Number of discarded results = 3, percentage =12 %
F.= ex=22.19 summed over the undiscarded contributions.
Degreeof freedom = 22
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each

par
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Fig. 6.24: Calibration factors for the Keithley at 100 pA for the mean of both current directions, together with
the reference line (solid line) and its uncertainty for k=2 (dashed liReslts not shown in the graph are
located outside of the plotting area.
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