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REPORT OF AIR-KERMA CALIBRATION
OF

F
UT-Battelle Oak Ridge National Laboratory
Oak Ridge, TN
Radiation Detection Chamber: Thermo-electron 2530/1C SN688

Chamber orientation: The cavity was positioned in the center of the beam with the stem of the
chamber perpendicular to the beam direction.
Chamber potential: A ncgative 300 volts was applicd to the chamber and negative charge
was collected on the clectrometer.
Chamber rotation: The scrial number faced the source of radiation.
Average leakage: The leakage current is less than 0.01% of the exposure current.

Current ratio: The current ratio at the full to half collection potential is
1.005 for an air-kerma rate in Gy/s ot 4.8E-04

No ion recombination study was performed. No reccombination correction was applied to the calibration
cocfficient(s). If the chamber is uscd to mcasure an air-kerma rate significantly different from that uscd for
the calibration, a recombination corrcction may be required.

The chamber is assumed to be open to the envrionment.

‘Beam code Half-value Calibration coefficient Air-kerma Calibration
layer 295.15 K (22 °C) and rate distance
- . | 101.325 Kpa (1 Atm)
, ~{ mm Al mm Cu (Gy/C) (Gy/s) (em)
M60 1.64 0.052 8.348E+05 3.61E-04 100
M100 5 0.2 8.145E+05 3.62E-04 100
M150 10.1 0.66 8.174E+05 4.80E-04 100
HI150 16.9 2.43 8.200E+05 3.94E-05 100
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NIST Calibration Conditions for X- and Gamma-Ray Measuring Instruments

Beam Additional filtration a Half-value layer”  |Homogeneity coefficient] Effective
code (HVL) (HO) energy
Al Cu Sn Pb Al Cu Al Cu 1 (keV)
(mm) (mm) (mm) (mm) (mm) (mm)
X-Ray Beam Qualitics
L10 0.037 86
LIS 0.059 70
L20 0.07 72
L30 0.3 0.23 60
L40 0.53 0.52 61
L50 0.71 0.79 63
L8O 1.45 1.81 56
L100 1.98 2.8 58
M20 0.27 0.15 72
M30 0.5 0.36 65
M40 0.89 0.74 67
M50 1.07 1.04 68
M60 1.81 1.64 0.052 63 60
MS80 2.86 2.98 0.1 68 61
M100 5.25 S 0.2 74 55
M120 7.12 6.72 0.31 77 53
MI150 5.25 0.25 10.] 0.66 88 63
M200 4.35 1.12 14.7 1.64 94 68
M250 5.25 3.2 18.3 3.2 98 85
M300 4.25 6.5 21.7 5.3 100 97
HI10 0.105 0.051 77
HI1S 0.5 0.16 87
H20 1.01 0.36 89
H30 4.5 1.2 806
H40 4.53 0.26 2.93 94
50 4 0.1 4.2 0.14 93 93 38
H60 4 0.61 6 0.25 94 94 46
100 4 5.2 13.4 1.15 97 92 80
H150 4 4 1.51 16.9 2.43 100 96 120
H200 4 0.6 4.16 0.77 19.7 4.1 99 99 166
H250 4 0.6 1.04 2.72 22 5.19 99 98 211
H300 4.1 3 S 23 6.19 99 98 252
S60 4.35 2.79 0.09 76 66
S75 1.5 1.81 58
Gamma-Ray Beam Qualities
137Cs 10.8 662
60Co 14.9 1250
“The additional filtration value does not include the inherent filtration. The inherent filtration is approximately 1.0 mm Be
for beam codes L10-L100, M20-M50, H10-H40 and S75; and 3.0 mm Be for beam codes M60-M300, H50-H300 and
S60.”The HVL values were measured directly using the two new x-ray tubcs installed in November of 2001 and May of
2002.
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ISO X-Ray Beam Quality Parameters Offered at NIST

Beam — | Additional filtration (mm)"* First HVL® Second HVL®
Code Al Cu Sn Pb mm Al mm Cu mm Al mm Cu
HK10 0.042 0.045
HK20 0.15 0.128 0.17
HK30 0.52 0.408 0.596
HK60 3.19 0.079 0.113
HK 100 3.9 0.15 0.298 0.463
HK200 .15 1.669 2.447
HK250 1.6 2.463 3.37
HK280 3.06 3.493 4.089
HK300 2.51 3.474 4.205
WS60 0.3 0.179 0.206
WS80° 0.529 0.337 0.44
WSI10¢ 2.0295 0.97 1.13
WS150°¢ 1.03 1.88 213
WS200°¢ 2.01 3.09 3.35
WS250¢ 4.01 4.3 4.5
WS300°¢ 6.54 5.23 5.38
NS10 0.095 0.049 0.061
NS15 0.49 0.153 0.167
NS20 0.9 0.324 0.351
NS25 2.04 0.691 0.762
NS30 4.02 1.154 1.396
NS40 0.21 0.082 0.094
NS60 0.6 0.241 0.271
NS&0* 2 0.59 0.62
NS100 S : 1.14 1.24
NS120 4.99 1.04 1.76 1.84
NS150 2.5 241 2.57
NS200° 2.04 2.98 4.09 4.2
NS250 2.01 2.97 5.34 5.4
NS300° 2.99 4.99 6.17 6.3
LKI10 0.3 0.061
LK20 2.04 0.441
LK30 3.98 0.18 1.492
LK35 0.25 2.21
LK35 1.19 0.26
LK70 2.64 0.509
LK100" 0.52 2 1.27
LKI125 | 4 2.107 2.094
LK 170 1 3 1.5 3.565 3.592
LK210 0.5 2 3.5 4.726 4.733
LK240 0.5 2 5.5 5.515 5.542
a The additional filtration does not include the inherent filtration. The inherent filtration i1s a combination of the filtration due ¢
the monitor chamber plus 1 mm Be for beam codes LK10-LK30, NS10-NS30, HK 10-HK30; for all other techniques the
inherent filtration 1s adjusted to 4 mm Al b The HVL values were measured directly using the two new x-ray tubcs instalied it
November of 2001 and May of 2002. ¢ Previous HVL values; need to be measured on the new MXR-321 tube.  d Might be
redeveloped using the Wyckoff-Attix rather than the Ritz FAC.
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Mammography X-Ray Beam Quality Parameters Offered at NIST

Tube voltage' Added filtration® Half-value layer Homogeneity coefticient
Beam code

(kVp) (mm) (mm Al) ; (Al
Mo Anode’
Mo/Mo23 23 0.032 Mo 0.271 0.702
Mo/Mo25 25 0.032 Mo 0.296 0.719
Mo/Mo28 28 0.032 Mo 0.332 0.743
Mo/Mo30 30 0.032 Mo 0.351 0.752
Mo/Mo35 35 0.032 Mo 0.392 0.784
Mo/Rh28 28 0.029 Rh 0.408 0.796
Mo/Rh32 32 0.029 Rh 0.445 0.821
Mo/Mo25x 25 0.030 Mo + 2.0 Al 0.566 0.91
Mo/Mo28x 28 0.030 Mo + 2.0 Al 0.626 0.964
Mo/Mo30x 30 0.030 Mo + 2.0 Al 0.66 0.947
Mo/Mo35x 35 0.030 Mo + 2.0 Al 0.748 0.902
Rh Anode
RI/Rh25 25 0.029 Rh 0.351 0.755
Rh/Rh30 30 0.029 Rh 0.438 0.812
Rh/Rh35 35 0.029 Rh 0.512 0.858
Rh/Rh40 40 0.029 Rh 0.559 0.895
Rh/Rh30x 30 0.029 Rh + 2.0 Al 0.814 0.964
Rh/Rh35x 35 0.029 Rh + 2.0 Al 0.898 0.945
"Typical air-kerma rates range between 0.2 and 2 mGy/s, except for exit beams with tube voltages of 30 kVp ot
less, where the rates do not exceed 0.1 mGy/s.
"The inherent filtration is comprised of 1.0 mm Be from the x-ray tube window and 0.075 mm polyamid from thg
transmission monitor.
“Reference beam qualities generated by the molybdenum anode with a nominal focal spot size of 5 x 5 mm.
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Explanation of Terms Used in the Calibration Procedures and Tables
Air Kerma: The air—kerma rate at the calibration position is measured by a free-air ionization chamber for x

radiation and by graphite cavity ionization chambers for ©o and "'Cs gamma radiation, and is expressed in
units of grays per second (Gy/s). The gamma-ray air-kerma rates arc corrccted to the date of calibration (from

previously measured valucs) by decay corrections based on half-lives of 5.27 years for & and 30.0 years for

137 N . . . . . . .
“'Cs. For a free-air ionization chamber with measuring volume ¥ the air-kerma rate is determined by the

rclation:
K = [ air 1 H k,'
puirV € 1- guir i

where
I/ (p.V) is the ionization current, measured by the standard, divided by the mass of air in the
measuring volume
W . 1s the mcan cnergy cxpended by an clectron of charge eto producce an ion pair in dry air, the
value used at NIST is W,;,/c = 33.97 J/C
¢ .ir 1s the fraction of the initial kinetic energy of secondary electrons dissipated in air through radiative
processes, the values used at NIST arc 0.0032 for “Co, 0.0016 for *’Cs and 0.0 (negligible) for x rays
with cnergics less than 300 keV, and
IT k; is the product of the correction factors to be applied to the standard,

Air kerma in grays (Gy) is related to exposure ) in roentgens (R) by the equation:

K ! _guir

Y =
2.58F — 4 Wd.f/
4

To obtain exposure in roentgens, divide air kerma in grays by 8.79E-3 for o gamma rays, 8.78E-3 for Ps
ganuna rays, and 8.76E-03 for x rays with energies less than 300 keV.

Beam Code: The beam code identifies important beam parameters and deseribes the quality of the radiation
ficld. NIST offers four types of refcrence beam qualities, as well as the ISO reference radiation qualitics. NIST
beam codes arc referred to as L, M, H, and S beams, which stand for light, moderate, heavy, and special
filtration, respectively. The number following the letter is the constant potential across the x-ray tube. For
gamima radiation, the beam code identifies the radionuclide.

Calibration Distance: The calibration distance is that between the radiation source and the detector center or the
reference line. For thin-window chambers with no refercnce line, the window surface is the plane of reference.
The beam size at the stated distance is appropriate for the chamber dimensions.

Calibration Coefficient: The calibration coefficients given in this report arc quoticnts of the air kerma and the
charge gencrated by the radiation in the ionization chamber. The average charge used to compute the calibration
coefficient is based on measurcments with the wall of the ionization chamber at the stated polarity and potential.
With the assumption that the chamber is open to the atmosphere, the measurements are normalized to a pressure
of one standard atmosphere (101.325 kPa) and a temperature of 295.15 K (22 °C) . Usc of the chamber at other
pressures and temperatures requires normalization of the ion currents to these reference conditions using the
normalizing factor F (sec below).
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Lffective Energy: The effective energy is shown for those beams where it is considered a meaningful
characterization of the beam quality. The effective energy for gamma radiation is the mean photon
energy emitted by the radionuclide, and for x radiation it is computed from good-geometry copper
attenuation data. The initial slope of the attenuation curve is used to determine the attenuation
coefficient, and the photon energy associated with this coefficient is given as the "effective energy."
The energy vs attenuation-coefficient data used for this purpose were taken from J. H. Hubbell, Int. J.
Appl. Radiat. Isot. 33, 1269 (1982). For beam codes H50-H300, the effective energy is well

represented by the equation: effective energy = 0.861) - 6.1 keV where V' is the constant potential in
kilovolts.

Half-Value Layer: The half-value layers (HVL) in aluminum and in copper have been determined by
measurements with a free-air chamber for x radiation, and have been calculated for the copper HVLs of

“Coand *'Cs.

Homogeneity Coefficient: The homogeneity coefficient is the quotient of the first HVL and the second
HVL, generally expressed as a percent.

Humidity: No correction is made for the effect of water vapor on the instrument being calibrated. It is
assumed that both the calibration and the use of that instrument take place in air with a relative humidity
between 10% and 70%, where the humidity correction is nearly constant.

Normalizing Factor F: The normalizing factor £ is computed from the following expression:
F=(273.15 + T)/(295 .15H)

where 7 is the temperature in degrees Celsius, and H is the pressure expressed as a fraction of a
standard atmosphere. (1 standard atmosphere = 101.325 kilopascals = 1013.25 millibars = 760

millimeters of mercury).
Uncertainty: The expanded, combined uncertainty of the calibration described in this report is 1%, of

which 0.95% 1s assigned to the uncertainty in the air-kerma rate of the NIST beam. The expanded,
combined uncertainty is formed by taking two times the square root of the sum of the squares of the
standard deviations of the mean for component uncertainties obtained from replicate determinations,
and assumed approximations of standard deviations for all other uncertainty components; it is
considered to have the approximate significance of a 95% confidence limit. Details of the uncertainty
analysis are given in: Lamperti, P.J., O’Brien, M., "Calibration of X-Ray and Gamma-Ray Measuring
Instruments, " NIST Special Publication 250-58 (2001).
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The Radiation Interactions and Dosimetry Group of the NIST Ionizing Radiation Division has made a
change in its terminology in calibration and special test reports pertaining to photon and electron
dosimetry. This change in terminology is in effect as of 1 May 2002. The proposed changes are bascd
on recommendations in ISO 31-0 (1992) that have been followed for some years now by a number of
other international organizations: a quantity with dimensions should be termed a “coefficient,” and a
quantity that is dimensionless should be termed a “factor.”

In this revised terminology, the calibration quantity is defined as the conventional true value of the
quantity the instrument is intended to measure, divided by the instrument's reading; this calibration
ratio is termed a coefficient 1f it has dimensions or a factor if it is dimensionless.

Thus:
(a) For our x-ray and gamma-ray calibrations of ionization chambers, for which the calibration
ratio has dimensions of gray (or roentgen) per coulomb, the reported quantity is a calibration
coefficient , rather than the old calibration factor.

(b) For calibrations of instruments that read directly in absorbed dose, kerma or exposure, or
their rates, for which the calibration ratio 1s dimensionless, the reported quantity is a calibration
factor , rather than the old correction factor.

(c) Other similar calibrations, such as for well-chambers used in brachytherapy dosimetry, will
also incorporate these changes.

This change should provide improved clarity in our calibration reports, removing any possible
confusion between a reported calibration correction factor (using the old terminology) and those
correction factors (e.g ., for pressure, temperature, saturation) used in the calibration procedures.

The change in terminology is intended to be benign. The meaning of the reported calibration quantity
has not changed . The correspondence with the older terminology is outlined above to establish the
equivalence of the new terms for those concerned with satisfying, to the letter, documentary standards
and protocols.

Stephen M. Seltzer
Leader, Radiation Interactions and Dosimetry Group
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Note on Change of NIST X-Ray Beam Standards

The National Institute of Standards and Technology has revised its air-kerma (exposure) standards for x-ray
beams, as of January 1, 2003. The changes are due to the implementation of correction factors for free-air
chambers from Monte Carlo calculations, reported by David Burns of the Burcau International des Poids et
Mesures (BIPM) at the last two meetings of the Consultative Committee on Ionizing Radiation (Section I)
[1,2]. These data, as a function of incident photon encrgy from 10 keV to 300 keV, pertain to the three NIST
standards, the Lamperti (up to 50 keV), Ritz (up to 100 keV) and Wyckoft-Attix (up to 300 keV) tree-air
chambers. The values of the photon-scatter correction k. and the electron-loss correction &, have been
changed and a new fluorescence correction 4y has been implemented. Using a library of photon spectra
derived by others [3] from measurements, the corrections for our standard free-air chambers have been
calculated for the beam qualities maintained by NIST, including also calculated attenuation corrections £,.

As described in references [4, 5], previously at NIST ke and ksc were derived from the data in references [6-
9] (katt was derived from measurements), with the final determinations depending to varying degrees on
skillful curve fitting and interpolation. This old procedure was used to make some intermediate changes to
correction factors during the last few years, occasioned by the reestablishment of calibration beam qualities
after replacement of x-ray-generating equipment.

NIST now adopts the Monte Carlo data provided by the BIPM in conjunction with the available x-ray beam
spectra for the determination of k., k., and kg, along with a blend of measured and calculated values for 4,,.
The changes to the NIST standards are indicated in the tables which follow. Note that the work is ongoing and
some of these results could be revised, although most of these data are not expected to change significantly.
The air-kerma rates have been adjusted due to the implementation of new correction factors for all reports of
air-kerma issued after January 1, 2003.

References

[1] D.T. Burns, “Consistent set of calculated values for electron-loss and photon-scatter corrections for
parallel-plate free-air chambers,” CCRI(1)/99-4 (1999).

[2] D.T. Burns, “The re-absorption of fluorescence photons in free-air chambers,” CCRI(I)/01-32 (2001).

[3] See, e.g., W.W.Seelentag, W. Panzer, G. Drexler, L. Platz and F. Santner, 4 Catologue of Spectra for the
Calibration of Dosimeters, GSF Report 560 (1979). Electronic files provided by C.G. Soares (private
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Table 1. NIST x-ray beam quality parameters and change in standards, 2003.

Half-value layer’ Homogeneity Effective ,
Additional Filtration® (HVL) coefficient (HC) energy | Total
Al Cu Sn Pb Al Cu (keV) percent
Beam code] (mm) | (mm) “(mm) (mm) {mm) iniill) Al Cu change*
L10 0.037 86 —0.21
LIS 0.059 70 -0.66
L20 0.07 72 -3.39
L30 0.3 0.23 60 0.04
L40 0.53 0.52 6l 0.61
L50 0.71 0.79 63 0.05
L8O 1.45 1.81 56 0.07
L100 1.98 2.8 58 0.23
M20 0.27 0.15 72 —0.19
M30 0.5 0.36 65 —-0.16
M40 0.89 0.74 67 0.38
M50 1.07 1.04 68 0.65
M60 1.81 1.64 0.052 63 60 0.64
MS80 2.86 2.98 0.1 68 6l 0.13
M100 5.25 5 0.2 74 55 0.81
M120 7.12 6.72 0.31 77 53 0.03
MI150 5.25 0.25 10.1 0.66 88 63 -0.14
M200 4.35 1.12 14.7 1.64 94 68 0.03
M250 5.25 32 18.3 3.2 98 85 0.25
M300 4.25 6.5 21.7 5.3 100 97 0.77
[0 0.105 0.051 77 0.56
H15 0.5 0.16 87 0.08
1120 1.01 0.36 89 0.44
1130 4.5 1.2 86 -0.07
1140 4.53 0.26 2.93 94 -0.05
1150 4 0.1 4.2 0.14 93 93 38 -0.14
1160 4 0.61 [§) 0.25 94 94 46 -0.17
11100 4 5.2 13.4 1.15 97 92 80 —(.05
11150 4 4 1.51 16.9 2.43 100 96 120 -0.03
11200 4 0.6 4.16 0.77 19.7 4.1 99 99 166 0.12
11250 4 0.6 1.04 2.72 22 5.19 99 98 211 0.56
11300 4.1 3 5 23 6.19 99 98 252 1.86
S60 4.35 2.79 0.09 76 66 —0.09
S75 1.5 1.81 58 0.03

“The additional filtration value does not include the inherent {iltration. The inherent filtration is approximately 1.0 mm Be for beam
codes L10-L 100, M20-M50, H10-H40 and S75; and 3.0 mm Be for beam codes M60-M300, 1150-I1300 and S60.

®The HVL values were measured directly using the lwo new x-ray tubes installed in November of 200 and May ol 2002.
© Subject to modification as work progresses. Total change includes that due to changes in k& vk ok o'k g, assuming an air density of
0.0011965 g/(:m3 in the evaluation of k ; for the Lamperti and the Ritz FACs, £, is evaluated for the actual air density at the time

of calibration.
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Table 2. [SO x-ray beam quality parameters and changes in standards, 2003,

Additional Filtration (mm)* - First IVL® Second HVL® Total
Beam - percent
Code Al Cu Sn Pb Al (mm) | Cu(mm) | Al(mm) | Cu(mm) | change®

HK10 0.042 0.045 -0.71
HK20 0.15 0.128 0.17 —0.64
HK30 0.52 0.408 0.596 0.3

HK60 3.19 0.079 0.113 0.44
HK 100 3.9 0.15 0.298 0.463 —-0.06
HK200 1.15 1.669 2.447 —0.02
HK250 1.6 2.463 3.37 0.05
HK?280 3.06 3.493 4.089 0.18
HK300 2.51 3.474 4.205 0.33
WS60 0.3 0.179 0.206 0.09
WSO 0.529 0.337 0.44 —0.12
WSI110 2.0295 0.97 [.13 —().06
WS150 1.03 1.88 2.13 -0.07
WS200 2.01 3.09 3.35 0.2

WS250 4.01 4.3 4.5 0.18
WS300 6.54 5.23 5.38 0.76
NS10 0.095 0.049 0.061 —1.18
NSI15 0.49 0.153 0.167 —().86
NS20 0.9 0.324 0.351 —().30
NS25 2.04 0.691 0.762 -0.05
NS30 4.02 1.154 1.396 —0.14
NS40 0.21 0.082 0.094 -0.02
NS60 0.6 0.241 0.271 0.1

NS80 2 0.59 0.62 -0.14
NS100 5 1.14 1.24 -0.07
NSI120 4.99 1.04 1.76 1.84 0.17
NS150 2.5 2.41 2.57 -0.14
NS200 2.04 2.98 4.09 4.2 0

NS250 2.01 2.97 5.34 5.4 0.43
NS300 2.99 4.99 6.17 6.3 1.75
LKI0 0.3 0.001 -1.32
LK20 2.04 0.441 -0.34
LK30 3.98 0.18 1.492 -0.07
LK35 0.25 2.21 -0.06
LKS55 1.19 0.26 —0.32
LK70 2.64 0.509 0.75
LK 100" 0.52 2 1.27 6.24
LKI25 I 4 2.107 2.094 —(.25
LK170 1 3 1.5 3.565 3.592 0.16
LK210 0.5 2 3.5 4.726 4,733 0.72
LK240 0.5 2 5.5 5.515 5.542 0.34

* The additional filtration does not include the inherent filtration. The inherent filtration is a combination of the filtration
due to the monitor chamber plus 1 mm Be for beam codes LK10-LK30, NST10-NS30, HK10-HK30); for all other
techniques the inherent filtration is adjusted to 4 mm Al

*The HVL values were measured directly for the two new x-ray tubes installed in November 2001 and May 2002,
“ Subject to modification as work progresscs.

dMighl be redeveloped using the Wyckoff-Attix rather than the Ritz FAC.
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