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Calibration Service 46010C

Calibration of radiation detectors in terms of air-kerma
using gamma-ray beams

Purpose

The purpose of this procedure is to describe thgseneasurement and procedures for calibration of
instruments in terms of air-kerma using gamma-egnits from'Cs and°Co sources. The primary
standard instrument for determining air-kerma famgha-ray beams is a suite of graphite-wall, air-
ionization, Bragg-Gray cavity chambers developed I&T.

Scope

This report describes the gamma-ray portion otctigration service. The document starts by
describing the physical quantities air-kerma angosxre and provides a brief background describing
the rationale behind the calibration process.térldescribes the calibration systems used and the
procedures that are typically followed in perforgencalibration, analyzing the data, and reportireg
results of the calibration. The appendix includeopy of the current calibration reports usedtier
different type of instruments submitted for califia.

Definitions and Background

Description of Service

The NIST, lonizing Radiation Division, Radiatiorténactions and Dosimetry Group receives a variety
of instruments for calibration in gamma-ray beaiigese services are assigned test numbers 46010C
and 46011C. Calibration coefficients or calibratfactors are provided for the radiation detectenst

to NIST for calibration. Calibrations are performaderms of the physical quantities air kerma and
exposure.

The Quantity Air-Kerma and Exposure

The quantity air kerma characterizes a beam ofquisodr neutrons in terms of the energy transfeiwed
any material. For the calibration service desctiimethis document, consideration is limited to {@mo
beams in air. Air kerma is the total energy peat omass transferred from an photon beam to air. Ai
kerma, K, is the quotient oflE; by dm, wheredE; is the sum of the initial kinetic energies of all
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electrons liberated by photons in a volume eleroéatr anddmis the mass of air in that volume
element. Then

dE

e
ailr dm
The Sl unit of air kerma is the gray (Gy), whichuals one joule per kilogram; the old unit of airrke
is the rad, which equals 0.01 Gy.

The quantity exposure characterizes an x-ray omgaimay beam in terms of the electric charge
liberated through the ionization of air. Exposisréefined as the total charge per unit massdieelrin
air by a photon beam and is represented by thetiequa

x =99

dm

wheredQ is the sum of the electrical charges on all tms iof one sign produced in air when all the
electrons liberated by photons in a volume eleréatr whose mass @dmare completely stopped in

air. The Sl unit of exposure is the coulomb peodgibm (C/kg); the special unit of exposure, the
roentgen (R), is equal to exactly 2.58%10/kg. The ionization arising from the absorptafn
bremsstrahlung emitted by the secondary electsnstiincluded Q. Except for this small

difference, significant only at high energies, g&xposure as defined above is the ionization egemal

of air kerma. The relationship between air kerme @xposure can be expressed as a simple equation:

K=X 258x0* w1
e 1-g

whereW/eis the mean energy per unit charge expended lyadtectrons, and is the fraction of the
initial kinetic energy of secondary electrons gased in air through radiative processes. Thesodly
accepted value by the NIST f@t/eis 33.97 J/C. The currently acceptedalues fo°Co and™*'Cs
beams are 0.32 % and 0.16 %, respectively.

Characterization of the NIST Gamma-Ray Beams imBasf Air-Kerma
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As of October 2003 there are a total of seven gamayaources that produce tHéCs and°Co
gamma-ray beams that are used for calibratingunmsgnts in terms of air-kerma and exposure. The air
kerma rate and exposure rates at given distaneesegy well known for all of these sources. The
values for the air-kerma and exposure at thesarties are determined by using the primary standard
instruments, which are a suite of graphite-walki@anization, Bragg-Gray cavity chambers developed
NIST.

The value measured with the primary standard ingnt is decay corrected to provide the value of the
exposure rate and air-kerma rate at a given distioren the source for any given date and time ef th
year.

Charts are listed in each of the control rooms whiee sources are located displaying the exposigs r

for a given day and time of the year. This infotimrais also displayed by the data-acquisition esyst
used to perform the calibration of instruments.

Generalities of the Calibration of an InstrumenTarms of Air-Kerma and Exposure

Instruments that are sent to the NIST are calidratéerms of air-kerma and exposure. The go#hef
calibration is to determine either a calibratioefi@ient or a calibration factor depending on tiyee of
instrument to be calibrated. Determination of éhparameters requires the measurement of an
ionization current or the direct measurement Edaation dose quantity obtained from the display
reading of an electrometer. In addition, the terapge and the pressure of the air surrounding the
detector must be measured for the case of ionizatiambers that are open to the atmosphere.

Calibration Coefficient The calibration coefficients is defined as thetients of the air kerma and the
charge generated by the radiation in the ionizatltamber. This parameter is determined for curent
type measuring instruments.

Calibration Factar The calibration factor is defined as a dimenksss ratio of air kerma (or exposure)
and the electrometer reading with a given ionizatbamber or detector. This parameter is determined
for cable-connected type instruments consistingnoélectrometer and probe combination.

Pressure and Temperature Correctibime average charge used to compute the calibratiefficient is
based on measurements with the wall of the iomrathamber at the stated polarity and potentiathWi
the assumption that the chamber is open to thesgihaoe, the measurements are normalized to a
pressure of one standard atmosphere (101.325 kBa mperature of 295.15 K (22). Use of the
chamber at other pressures and temperatures requirmalization of the ion currents to these refeee
conditions using the normalizing factor F. Themalizing factorF is computed from the following
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expressionF =(27315+T)/(29515H) whereT is the temperature in degrees Celsius, sl the

pressure expressed as a fraction of a standarésphace. (1 standard atmosphere = 101.325
kilopascals = 1013.25 millibars = 760 millimetefswercury).

Equipment
Gamma-Ray Sources

All NIST calibration sources are collimated. Tloedtion of each of these sources is listed indb&et
below along with the nominal activities as of Jayup 1999.

Radionuclide A((:g\é')ty (Ié)(;:;tri]o;l) Orientation
®co 2.7x16° B034 Vertical
®Co 1.5x16* B036 Vertical
®Co 1.3x16" B021B Horizontal
®Co 9.6x18° BO15B Horizontal
137cs 3.1x16° B036 Vertical
137cs 5.8x167 BO21A Horizontal
137cs 6.3x16" BO15A Horizontal

Console

In each of the radiation facilities there is a sapacontrol unit for each source. The controt isman
in-house electronic box that allows the operatibthe sources. It mainly opens and closes a shutte
the cases of the sources used in rooms B036 andl. BB3he other cases it raises and lowers a agtin
containing the source. These control units amrfated to a computer containing data-acquisition
software.
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Data-Acquisition System

There are two data acquisition systems (DASS) us#tkese services. One is a mobile measurement
console referred to as the portable system. TheeHocation of the portable system is room B019;
however it can be transported to other locatiorsues®d in all the gamma-ray facilities to perform
calibration of instruments. From its location aoom B019 the portable system is used to calibrate
instruments using the gamma-ray sources locateabims B021 and B015. Occasionally the portable
system is moved to room B035 to calibrate instrusesing thé>'Cs source located in room B0O36.
However it can also be used to perform calibratiosing the’°Co sources located in rooms B034 and
B036 as well.

The portable system consists of all instrumentatsauired for measurement and standardization of
ionization currents. This data acquisition system Visual Basic interfacing system, which can
automatically acquire all or some of the calibrattata for cable-connected instruments and passive
other types of cable-connected instruments, suthase with their own readout. The mobile console
contains a Keithley Model 616 electrometer, a Sklodel 350A digital barometer and a Digitec Model
5810 digital thermometer. Each cable connectedunstnt has as analog output signal. The feedback
elements for the electrometer selector switch én"tfolts" position are capacitors mounted in a
capacitor-selector chassis. The equations for ctimgptemperature are dependent on the thermistor
used and, for measurements in control room BOXOsitnals are taken from YSI readouts mounted in
the source-control consoles. The equation useddimputing atmospheric pressure from the Setra
device, and the data for converting the analogadgyintom the thermistor probes to air temperatares
from the pressure transducer to atmospheric presserstored in the computer program for each
calibration range

A second data-acquisition system, permanently éotcat room B035, is used to perform calibration of
instruments using tH€Co sources located in rooms B034 and B036. Thitesy consists of a
computer containing the appropriate boards thatfiate alternatively a Hart Scientific or a Keithle
temperature readout, a Setra pressure transdudéwarKeithley 617 electrometers used to colleet th
charge. The software is developed in Lab Viewiangsed to perform calibration of ion chambers in
terms of air-kerma rate and absorbed- dose-to-waiag the®°Co sources.

Temperature probes

In each of the calibration facilities, a temperatprobe is located near the location of the chamBér

of the temperature probes are interfaced to the BdBputer that records the value of the temperature
during the data acquisition.

Version Date Author Approval Pages Filename

3.00 9/20/2006 RM Uncontrolled Copy 5 of 22 WebProcedure04v300




lonizing Radiation Division | 46010C | IRD-P-04
CALIBRATION OF RADIATION DETECTORS IN TERMS OF AIRKERMA USING
GAMMA-RAY BEAMS

Pressure Transducer

A pressure transducer, located in the control rabapproximately the same height above sea level as
the height of the ionization chambers positionedcibration, is interfaced to the DAS-computed an

is used to measure the atmospheric pressure dwmaaggation time.

The temperature probes, pressure transducers ectdoeheters used constitute essential equipmedt use
for the calibration service. The temperature psare calibrated against a reference standard iTaylo
liquid-in-glass thermometer. The pressure transduare calibrated against a reference standard W&T
barometer. The electrometers are calibrated apgafesence class air capacitors. The calibraiotme
reference standards are provided by the NIST psotesmsurements division. A NIST check chamber is
used to decide when the calibration of the equigrased for calibration needs to be checked against
reference standards calibrated by the process aadurements division. Further discussions thefise
the NIST check chamber are provided in the sectabesd.

Reference Scaleln each room there is a metallic scale thaseduo measure the distance between the
source and the detector.

Other

Other equipment used during a typical calibratimeiude a telescope, a movable cart and a chamber
stand for positioning chamber at a fixed distamoenfthe source. Also a laser is used for posiigni
the detectors along the beam-center-line.

Procedure

Communication with the Customer.

The recommended procedure for requesting a NISBrasibn service is outlined in NIST Calibration
Services Users Guide. In practice, however, custemequest calibration service in a variety of svay
Typically a new, or first-time customer will estadhl contact with the Radiation Interactions and
Dosimetry Group by telephone, letter, e-mail or faguesting information regarding techniques
offered, charges, backlog time, turnaround time, stripping/mailing information. At this stage, the
is generally an opportunity to discuss with thespective customer appropriate qualities of radnetay
the type of service being requested and methodkipment to reduce the risk of damage. The customer
is informed that a purchase order must be recav®iST before an official calibration is performed
The purchase order can be sent with the instrutodm calibrated or can be sent separately bynfiax,
or e-mail. In addition to an authorization for pant, the purchase order should include a detailed
description of the calibration request, includirggain quality codes, instrument model and serial
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numbers, name and telephone number of a techrooghat. If an incomplete purchase order is
received, every effort is made to get a detailextdption of the service requested.

Initiation of Paperwork and Inspection of Instrurteesent to NIST for Calibration

If the purchase order and the instruments areteedIST on the date agreed between the customer and
the NIST contact, every effort is made to startdhkbration process as soon as possible. Thisegs
consists of two stages: One involves the handiirthe paperwork and the other the handling of the
instruments and their calibration.

Regarding the paperwork, after a purchase ordeceved, a customer test folder is generatedopgy c
of the purchase order, the final copy of the calilon report, the calibration raw data and summary
sheets and any documents of correspondence betheenstomer or the Office of Measurement
Services (0.S.), Calibration Program Office arentaned in the customer’s calibration report folder
filed by the unique dosimetry group (DG) numberfteAcopying the purchase order for the customer
folder, the original purchase order, along witleguest for a test folder, is sent to the O.S.esk folder
will be sent by O.S. and will contain the origimairchase order and appropriate forms. The tedéfsl
unique number is used as one of the identifierhercalibration report.

Regarding the handling of the instruments, instmisiarriving for calibration are unpacked and
inspected for damage. Special attention is gieahé condition and type of connector. If an adaj#
sent with the chamber, this should be noted omtyentory list along with the description of the
chamber. Shipping damage is reported to the Ni§dpgg department. When an instrument arrives in
a state of disrepair that is obvious by visual eétdjn, the customer is notified, and a decisiomasle
whether to return the instrument to the customeif,the repair is minor, have NIST personnel parfo
the repair.

Only ionization chambers known to be stable andoghycible are accepted for calibration in this
program. Institutions submitting ionization chamsbfor calibration are strongly urged to perform
stability checks involving redundant measurememtsighly reproducible radiation fields before
sending their instruments to NIST, and to repeageichecks after NIST calibration, and again at
suitable intervals. Instruments submitted for aalilon, and material submitted for irradiation, mioes
shipped in reusable containers.

Detector Setup

The instruments to be calibrated using gamma-rayniseare calibrated by using a previously
determined value of the air-kerma rate obtainethbydecay of the initial value to the date and tohe
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the calibration being made. The value of the aimka rate for a given distance from the source at a
given date and time is displayed by the data-adepurisorogram.

For all customer calibrations, a NIST referencesglmansfer ionization chamber is calibrated falidy
assurance. Generally the NIST chamber selectsdnitar in design or collection volume to the
customer chamber being calibrated and has a preealibration history in the reference radiation
qualities which were selected by the customer.

The following environmental conditions should bédaed when performing calibrations: The
temperature of the room should be stable withingingle measurement and ideally around 22 C. elf th
temperature is not stable during a single measureoadibrations should be postponed. Also the
temperature shouldn’'t exceed 25 C and shouldnfbwer than 19 C. If the temperature falls outro$t
range the calibration should be postponed untitehgperature is back within the working range.
Preferred humidity conditions are between 20% &% but calibrations still can be performed if
humidity levels fall out of this range. It's pegfed to calibrate instruments on days that thesure is
around 760 Torr but calibrations can still be parfed if the atmospheric pressure deviates from this
value. Calibrations should be postponed howeviieifpressure is not stable during a single
measurement.

The procedure followed in all the gamma rangegmitioning the ion chambers and detectors is
basically the same in all rooms. There are sormondifferences regarding the positioning of dedect

in rooms B036 and B034 that mainly have to do whihorder of the steps followed (steps 1 through 5)
The procedure described below assumes a setup fineidg in any of the four calibration ranges located
in rooms B021 and BO15.

1. Previous to setting up an instrument for catibrg a choice must be made for the appropriatecesu
to-detector distance taking into account the apjatgexposure rate and beam size for that paaticul
detector. The beam size is compared to the ladyesnsion of the active volume. The general
practice is to use a beam size that is only ademtimeters larger than the active volume sizesdo a
minimize irradiation of inappropriate volumes irethrobe stem. The beam size at a give distanoe fro
the source is shown by the data acquisition soév@rany distance from the source.

2. In all the gamma-ray facilities a metallic scal@ised to set the source-to-detector-distance. Th
source-to-detector distance is set by sightingelamicroscope on the appropriate scale distance.

3. Set the detector in the holder and connechlles.
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4. The probe to be calibrated is adjusted to tlarbeenter-line using the laser beam associated with
each source.

5. The probe is then centered in the telemicrossopke-reticle. An exception to this technique/ien
the probe is larger than 10 cm. The techniquadbiup then involves measuring the probe in the
direction of the beam using metric calipers aneheining the radius. The probe is then placedhén t
beam, aligned as above, and adjusted so thatahedr back of it is tangent to the telemicroscope
cross-hairs.

6.

In the case of ionization-type detectors, apipéyappropriate collection potential requestedhiey

customer. The collecting voltage is verified & tthamber. This insures that the voltage connectio
has been made. It is also important to minimizeetkposure of all connections to the radiation beam.

7.

The chamber is now ready to be calibrated.obMothe source setup procedure and then exit the

room.

Source Setup rooms B021 and BO15

1.

Sign in the logbook for operating the source. Togbook is located in room BO19 for operating the
sources located in rooms B021 and B015. Loginrtfegmation requested in the logbook: date,
operator name, time, shutter elapsed time, room,ats...

After signing in the logbook, get the key for urkog the source’s mechanical safe-lock and unlock
the source. Attention: It is extremely importémunlock before operating the source. Failuréddo
so can damage the source.

Turn on main power to console.

Once the chamber has been aligned for calibrattboviing the procedure described in the
subsection entitled “Detector Setup”, enter thewdo make sure it is vacant of people. Exit the
room and close the door.

A check of the safety-interlock system and othsible indicators must be performed. The interlock
system is checked by opening the source and lptaring the door to the room containing the
sources. The source must close immediately uponiogéhe door. This is verified only once at the
start of the day.
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6. The source is opened by first pressing the “Rdséttlock button, then initializing the timer by
pressing the “Initialize” button, and finally prasg the “open” button. In the open position,
radiation is present in the room. By pressing‘@lese” button the source closes, and there is no
radiation present in the room.

7. When opening the source the first time also vehft the buzzer sounds indicating the detection of
radiation in the room.

8. After all safety checks outlined above have bednved, close the door to the room once more and
rest the interlocks as explained above. At thiatgbis possible to start performing calibrations

9. Upon completion of the work, shutdown the powethi® console. Remove the key from the

source and place it in the drawer in room®0Also sign out in the logbook. Turn all lasers
off. Turn off all voltages applied to iont@an chambers.

Calibration of Instruments/Data Collection

1. Start the data-acquisition program. The name®ptiogram is “Calibrator”.

2. On the first page complete all information melyyag the ion chamber to be calibrated. The steps
described here apply to both the NIST chamber tmecheck purposes or to the customer ion chamber
and/or radiation detector. Information enteredudes items such as: customer name, calibratice dat
chamber make, model and serial number, voltageeapfd chamber, calibration distance, reference
used for alignment, number of scans, scan time,.etc

3. Once the information is entered, data collectian start. The system is automated for currge-t
instruments. Typically the scan times vary betwgamd 2 minutes depending on the instrument being
calibrated. The number of scans taken once thersyisas reached a stable regime must be no lass tha
5. Typically a number between 5 and 10 scankentafter a stable regime is reached. Typically
detectors take anywhere between 30 minutes to & howstabilize from the time the voltage is apghlie
Some ion chambers require a period of pre-irraatatypically between 30 minutes and 60 minutes.

4. Background measurements are taken prior toradilim of the instrument and after irradiation.thé
background is a significant fraction of the expdat&posure reading, this may be a sign of dirty
insulators that in most cases can be fixed by ahggihe connector using canned dry gas. Sincedke g
is cold (due to expansion), some time must be atbfer the chamber to equilibrate with room
temperature. If the cleaning procedure is notsssful and the calibration system has been vetifie
be working correctly, then the chamber is not catibd and the customer is informed.
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5. After data collection, a data sheet with the resislprinted out. Basically, the data sheet
contains the calibration coefficient or calibrati@ctor obtained for that particular instrument.

6. The final data is recorded on index card fotinas have been maintained for many years for all

previously calibrated chambers. The current calibn results are compared with previous results to
verify the quality of the calibration.

Quality Control

A minimum of 5 total measurements should be madedach calibration point. The standard deviation
within these 5 or more measurements should notdmgey than 0.10% for reference-class chambers. If
it is greater, additional time or pre-irradiatiomyrbe required to help the chamber settle.

Two methods are used to verify a calibration. fiftst is to calibrate a NIST chamber that has a
calibration history and is similar to the customehamber described previously. The second clseck i
an examination of previous calibrations of the cosr's instrument at the same beam quality. If the
discrepancy is significant, greater than 1.0% lageshdent on the chamber type, an investigation is
warranted. When there are several previous caldmsbf the customer's instrument at any one beam
guality, one can estimate the reproducibility aedide whether the current value is acceptable.

For all NIST reference-class chambers, a recondaimtained of all calibrations, and the previous
calibrations are compared with the current calibrato detect any trend or measurement discrepancy.
The calibration history for many NIST referencemih&rs is maintained in binders located in room
BO17. Any discrepancy arising with a NIST check chambeegter than 0.5% gives rise to a
thorough investigation of the calibration procedureAlignment, temperature indications, distance,
etc., are to be checked again. If the discrepaaoyot be resolved, the complete calibration pes
repeated.

Documentation/Calibration Reports/Storage

After the instrument has been calibrated the catlibn report is generated. Currently the repars a
generated in Microsoft Word. Templates are avilab simplify this procedure and to ensure
consistency in the reporting format. A sample repan be found in the Appendix of this report.

The final copy of the calibration report is reviehand initialed by the preparer and an additional
reviewer and then given to the Group Leader foiengy After the Group Leader approves and initials
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the report, it is sent to the Division Office fogisature. Upon return, two copies are made. Thgpnal
is mailed to the customer, one copy is filedhia customer DG foldeand one copy is added to tiest
folder.

After all requested calibration work is complettdt fees are computed and NIST form 64 is generated
using the ISSC database. Copies are filed ingsiefolderand thecustomer DG folderand the original

is sent to the Administrative Officer for the Rawa Interactions and Dosimetry Group. Tiest folder

is then signed and returned to the calibration nwg Thecustomer DG foldeis filed in room B033.

Index cards are also filed in room B033. The indards contain a summary of the results contained i
the calibration report and any relevant informatiloat could be useful for future calibrations af th
same instrument (such as e.g., the voltage apidte probe, the diameter, volume, etc., of @giv
ionization chamber). The index card provides @kjway of finding out if the instrument under tasts
been calibrated at NIST. In addition, it facil@atretrieving information quickly for comparison
purposes without having to pull out from the steragea the files containing the complete set of pas
data and past calibration reports.

Shipping request forms are prepared after thesidimi Chief signs off on a calibration report and
returns it to the Group office. The instrumenpaked either in its original container or in a mor
suitable one if necessary.

Assessment of Uncertainties

The method of uncertainty assessment follows tt&TNiolicy of expressing uncertainty, as outlined in
the NIST Technical Note 1297. Conventional statidtestimates are given as standard deviations of
the mean, and are designated as “Type A”, whichbeaconsidered to be

objective estimates. All other uncertainty estsatvhich are designated “Type B”, are subjective
estimates, based on extensive experience. Thee“Byuncertainties are estimated

S0 as to correspond approximately to one standargiibn. The Type A and Type B estimates are
combined according to the usual rule for combirgtepndard deviations, by taking the square roohef t
sum of the squares, the quadratic sum. The quadrah of the two types of uncertainty is then
considered to be the combined uncertainty, whigch tarn multiplied by the coverage factor of two t
give an expanded uncertainty. The uncertaintpmsitlered to have the approximate significance of a
95 % confidence limit. The appendix lists the detaf the assessment of uncertainty in the airdaer
rates determined for the different gamma-ray beafiso listed in the appendix are the detailshef t
assessment of uncertainty in the calibration gfp&al ionization chamber.

Safety
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The main safety consideration is radiation protectiAs described below, every effort is made toicv
any possibility of radiation exposure, even thoughkould be highly unlikely that serious exposures
could occur accidentally. Another safety consitlerais exposure to high voltage, such as exists on
ionization chambers and standard chambers duriigaton. All radiation areas in the building are
marked with striped tape and dosimeters must ba Wwgmll personnel in these areas.

Radiation Safety

All doors permitting access to the gamma-ray catibn ranges have interlocks as required by the
Nuclear Regulatory Commission. The vertical-beaoms have a time-delay device inside the room
that must be actuated before leaving the radiatrea. Automatic shielding doors protect occupamts
the control area of room B035 from the sourcesaddition to the above safety features, a radiation
detector with indicator lights and an audible sigeaan each gamma calibration range. A second
radiation detector located in the vertical-beamnaabetween the shielding door of the vertical beants
the outer door, alarms whenever the interlock akén during an irradiation. At each entrance to a
gamma-ray calibration range, a set of two red $ightlicates a "beam on" condition.

High-Voltage Safety

The only danger that exists from high voltage cefnem voltage that must be applied to the
ionization chambers. To prevent dangerous eleskrick, almost all power supplies contain
current-limiting resistors in the high-voltage ciic Common sense is dictated when working around
ionization chambers that have exposed high-voléeetrodes. Appropriate warning signs are posted.
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Appendix A: Uncertainty Analysis

Uncertainty analysis for the primary-standard measent of air-kerma rat& , in the vertical beam facility{Co beams).
K, and K,, represent the air-kerma rate measured with eaetobthe primary standard chambers with nominalines
of 1 cn? and 10 criirespectively. Values shown are for the relatieméard uncertainties in %.

Uncertainty component K, Kio
Type A Type B Type A Type B

charge 0.10 0.10 0.06 0.10
time 0.05 0.05
volume 0.10 0.10 0.16 0.10
air-density correction (temperature and pressure) 0.03 0.03
distance (axial) 0.02 0.02
K. loss of ionization due to recombination 0.01 0.05 0.05 0.10
stem scatter 0.05 0.05
axial nonuniformity 0.02 0.05
radial nonuniformity 0.01 0.01
density of dry air alT = 0°C andP =101.325 kPa 0.02 0.02
humidity correction 0.06 0.06
kwan, wall correction 0.17 0.17
ratio of mean photon mass energy-absorption caeffis, 0.04 0.04
air/graphite
product ofW,;/e and ratio of mean electron mass electronic

) oo 0.11 0.11
stopping powers, graphite/air
(1- Q), radiative-loss correction. 0.03 0.03
guadratic sums 0.14 0.28 0.18 0.29
relative combined standard uncertainties of
K 0.31 0.34

L and K
relative combined standard uncertaintyhof 0.31
relative expandedK = 2) uncertainty ofK 0.62
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Uncertainty analysis for the calibration of a reface-class ionization chamber in terms of air-kerMalues are for the
relative standard uncertainties in %.

Uncertainty component Type A Type B
charge 0.10 0.10
time 0.05
air-density correction (temperature and pressure) 0.03
distance 0.02
K sat, loss of ionization due to recombination 0.01 0.05
probe orientation 0.01
humidity 0.06
®Co decay 0.01
guadratic sum 0.10 0.14
relative combined standard uncertainty of the chamehirrent 0.17
relative combined standard uncertaintygf 0.31
:\lelative combined standard uncertainty of the catibn coefficient 0.36

K
:\le}:ative expandedi = 2) uncertainty of the calibration coefficient, 0.71( 0.8)

1The air-kerma rate, determined by the primary-stashéhstruments, of th8Co source is decay corrected to the time of the
calibration measurement. For this correction, NI8€s a half life of 1925.3 days.
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