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Pulse-height distributions of two constant potential X-ray
tubes with fixed anode tungsten targets were measured and
unfolded. The measurements employed quantitative align-
ment of the beam, the use of two different semiconductor de-
tectors (high-purity germanium and cadmium-zinc-telluride),
two different ion chamber systemswith beam-specific calibra-
tion factors, and various filter and tube potential combina-
tions. Monte Carlo response matrices wer e gener ated for each
detector for unfolding the pulse-height distributionsinto spec-
tra incident on the detectors. These response matrices were
validated for the low error bars assigned to the data. A sig-
nificant aspect of the validation of spectra, and a detailed
characterization of the X-ray tubes, involved measuring fil-
tered and unfiltered beams at multiple tube potentials (30-150
kVp). Full corrections to ion chamber readings were em-
ployed to convert normalized fluence spectra into absolute flu-
ence spectra. The characterization of fixed anode pitting and
its dominance over exit window plating and/or detector dead
layer was determined. An Appendix of tabulated benchmark
spectra with assigned error ranges was developed for future
reference.  © 2000 by Radiation Research Society

INTRODUCTION

One of the many factors that influences the ability of the
radiologist to detect subtle lesions in X-ray-based imaging
is the signal-to-noise ratio presented by the lesion in the
image. This important factor ultimately depends on the
spectrum of the X-ray beam incident on the patient for the
imaging procedure. Establishing imaging techniques that
yield incident spectra that optimize the relationship between
the dose to the patient and image quality involves modeling
the X-ray imaging chain from the point of production of
the primary beam in the anode to absorption of primary
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and secondary radiation in a specific image receptor. There-
fore, knowledge of the X-ray spectrum is paramount in im-
age optimization.

Validation of any spectral model for predicting tungsten
X-ray tube spectra requires agreement between the calcu-
lated spectra and benchmark-quality measured spectra
across the range of applications for which it is intended to
simulate. A robust and powerful technique that can be used
for modeling X-ray spectrais with the Monte Carlo method
for simulating coupled electron—photon radiation transport.
For X-ray spectrato be of benchmark quality for validating
a Monte Carlo code, or other computational methods, they
must be accurate, reproducible and well documented. Al-
though Profio (1) makes some suggestions for recording
benchmark-quality measured data, such as sketching and
describing the experimental setup, the following guidelines
were found useful for ongoing research. Beams must be
characterized in detail for geometry and composition of an-
ode, for detectors, and for inherent and added filtration.
Waveforms for voltage (in kV) and current (in mA) should
be described. Other information pertinent to the Monte Car-
lo modeling process, such as assessments of anode pitting
and detector dead layer, should be provided. Beam align-
ment and scatter reduction techniques should be presented.
A thorough error analysis of the measured data is required,
and any databases used in calculations (e.g. attenuation and
energy absorption coefficients) should be referenced. Cali-
bration and quality control of the spectroscopy system
should be discussed, and ion chamber corrections (e.g. for
energy response, temperature, pressure) should be present-
ed. The method for unfolding X-ray pulse-height distribu-
tions into spectra must be described and validated. Finally,
the benchmark data should be provided in tabulated form
and presented in a peer-reviewed scientific journal for use
by others.

Although several scientific papers and a few government
reports have presented measured tungsten spectra (2-12),
none of them appear to meet all the stringent benchmarking
requirements of a Monte Carlo code. This paper, supported
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FIG. 1. Seifert isovolt calibration X-ray system. The experimental arrangement depicts the setup configuration for air kerma measurement.

with more detail in the primary author’s Ph.D. dissertation,?
isintended to fill that void for tungsten spectrain the range
of 30-150 kVp.

EXPERIMENTAL DETAILS
Summary of Experimental Techniques

For collecting, correcting and interpreting experimental spectral data,
this study introduces several new techniques and implements numerous
methods previously demonstrated by others. Much like the classic work
of Hettinger and Starfelt (6), we use a series of shielded apertures and
pinhole collimators aligned with the central ray of the beam to gather
pulse-height distributions of filtered and unfiltered spectra at different
tube potentials. To limit pulse pileup in the spectroscopy system and to
ensure that only the primary beam is measured, the beam is tightly con-
fined and collimated to 100 pm in diameter at a distance of 350 cm from
the target. This very narrow beam is aligned quantitatively for high pre-
cision and repeatability. Spectroscopy measurements were acquired dur-
ing continuous beam-on operation and employed intrinsic high-purity ger-
manium and cadmium-zinc-telluride (C,4Z,,T) semiconductor crystals.
Detector-dependent Monte Carlo response matrices were generated for
unfolding the pulse-height distributions into spectra incident on the de-
tectors. Comprehensive validation of the unfolding method was achieved
by comparing measured filtered spectra to measured unfiltered spectra
that have been filtered analytically. Scaling normalized spectra to give air
kerma values in agreement with measured ion chamber readings provided
absolute photon fluence and air kerma spectra. Two different ion cham-
bers were used under low scatter conditions for air kerma measurements.
Standard corrections (e.g. pressure and temperature) as well as beam-
specific calibration factors were applied to ion chamber readings. Anode

2 For more detailed discussions, refer to J. R. Mercier, ** Measurement
and Monte Carlo Prediction of Diagnostic Tungsten X-Ray Spectra,”
Ph.D. Dissertation, Graduate School of Biomedical Sciences, The Uni-
versity of Texas Health Science Center, San Antonio, TX, 1999. Available
from UMI Dissertation Services, Ann Arbor, MI, 1999, UMI No.
9938769.

pitting was assessed for full characterization of the beams in which
benchmark spectra were recorded.

X-Ray Generators and Tubes

The mgjority of data acquired in this study came from measurements
of X-ray beams produced by a Seifert Isovolt DS1D three-phase calibra-
tion system with a metal ceramic MB 420/1 X-ray tube insert and 420/
10 tube housing (Fig. 1). As the name implies, the Isovolt unit maintains
a nearly constant potential (<2% ripple) voltage waveform. The nearly
flat waveforms are accomplished in this three-phase calibration system
through additional capacitance smoothing circuits not found in clinical
systems. Similar smoothing is provided in the filament circuit so that the
milliamp (mA) waveform is nearly that of direct current (<2% ripple).
Unlike most systems, the actual kilovolt peak (kVp) and current (mA)
across the tube during an exposure are monitored within the generator
and conveniently displayed at the control panel. The thick tungsten (Z =
74) anode target is >99.9% pure and is embedded in a large copper heat
sink that is water-cooled. The anode target angle is 20°. The beam is
modified by a total of 7 mm beryllium inherent filtration which results
from a 4-mm-thick beryllium anode port and a 3-mm-thick beryllium
exit port. The tube housing is mounted in a large shielded structure that
aso supports afilter wheel and beam shutter system. For the narrow beam
geometry previously specified, dead time in the spectroscopy system is
kept under 2% with tube currents in the range of 0.5-10 mA.

The second X-ray system used in this study was a high-frequency
Siemens Heliodent MD unit with an SR 60/70/7 tube. This dental X-ray
unit can be operated at 60 or 70 kVp at a fixed current of 7 mA. The
voltage and current waveforms for this system are also nearly constant
potential and direct current, respectively. The anode angle is 12° and the
fixed anode target is >99.9% pure tungsten. The inherent filtration in this
unit consists of 0.8 mm of X-ray tube glass, 15 mm of electric insulating
oil, and 1.3 mm of auminum. The glass, insulating oil and auminum
densities are 2.23, 0.866 and 2.699 g/cm?, respectively. The oil and tube
glass can be modeled effectively for elemental composition as polyeth-
ylene (CH,) and Pyrex glass, respectively. Dead time in the spectroscopy
system was about 1% at both kVp settings for the narrow beam geometry
previously specified.

Since the output X-ray beam waveform is a function of voltage and
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current waveforms, a small silicon diode array connected to an oscillo-
scope was used to verify the ripple content of the output beam. The diode
detector provides an instantaneous current output signal when subjected
to the X-ray beam. For the full range of voltages (30 to 150 kVp) and
currents (0.5 to 10 mA) used in this study, there was no appreciableripple
measured in the output beams for either X-ray system. The diode detector
was also used to assess X-ray shutter timer error and verify exposure
timer accuracy.

Spectroscopy System and Detectors

With their high-resolution capability and linear energy response, semi-
conductor detectors have proven to be the detectors of choice for mea-
suring spectra in the diagnostic energy range. Whether intrinsic or the
older lithium-drifted type, germanium semiconductor detectors have pro-
vided the best spectral results over the last three decades and therefore
are the current standard. The most recent low-energy -y- and X-ray spec-
troscopy challenger to intrinsic germanium is cadmium-zinc-telluride.
This study employs both high-purity germanium- and cadmium-zinc-tel-
luride-type detectors with 60 keV line-energy system resolutions of
roughly 1.5 and 3.0 keV (peak full width at half-maximum), respectively.

Detector signals are modified and enhanced as they pass through a
sophisticated electronic spectroscopy system to form pulse-height distri-
butions in a multichannel analyzer. An oscilloscope is used to ensure
proper setup and signal flow at each step in the system. Calibration of
the 0.5 keV channel widths was performed with 2:Am and 5’Co sources.
System calibration was very stable so that a single energy calibration was
usualy sufficient on any given day.

The primary detector for collecting pulse-height distributions of inci-
dent spectra was a reverse-electrode coaxial intrinsic high-purity germa-
nium detector. The high-purity germanium crystal is mounted behind a
0.5-mm-thick beryllium window in an evacuated aluminum cryostat
housing atop a copper cold finger for liquid nitrogen cooling. The high-
purity germanium crystal is cylindrical with a diameter of 49.5 mm. The
crystal is only 14.5 mm thick out to a centerline radius of 3.75 mm and
is 50.5 mm thick elsewhere. In high-purity germanium detectors, the con-
tacts are made of diffused lithium in the N-type layer and boron-ion
implantation in the P-type layer. In a standard coaxia design, the P-type
contact is 2-3 um thick and lines the crystal at the inner void area and
the much thicker (~500 wm) N-type contact covers the front face and
sides of the crystal. An advantage of the reverse-electrode detector design
used for this study is that the locations of the P and N contacts are
reversed so that the detector dead layer is all but eliminated (e.g. 3 com-
pared to 500 wm). The spectroscopy system was configured for inter-
changing the high-purity germanium and cadmium-zinc-telluride detec-
tors. The cadmium-zinc-telluride crystal is only 2 mm thick, has a 3 X
3-mm face, and is mounted on atiny thermoelectric cooler. The cadmium-
zinc-telluride detector beryllium window is 250 um thick.

lon Chambers

For high accuracy, the superbly designed and time-tested Shonka-Wy-
koff ion chamber (Fig. 1) was used for measuring air kerma of primary
X-ray beams (13). The Shonka-Wykoff chamber was calibrated at the
National Institute of Standards and Technology (NIST) in which air ker-
ma calibration factors in grays per coulomb (Gy/C) were provided in a
calibration report for various NIST beam codes. The calibration factors
are accurate to 1% with a 95% confidence interval.

A second well-designed ion chamber system was employed to measure
air kerma in the beams. This was an MDH 1015 series monitor with
10X5-6 and 10X5-6M probes (14). The MDH calibration was performed
by the Food and Drug Administration (FDA) and is traceable to NIST.
The accuracy for this calibration was 5%. MDH exposure rate readings
were converted to air kerma values and used as a general check on the
values obtained with the Shonka-Wykoff chamber.

UNFOLDING OF HIGH-PURITY GERMANIUM
SPECTRA

Although high-purity germanium detectors have the ad-
vantage of high resolution with reasonably high detection
efficiencies, it is still necessary to correct the measured
pulse-height distributions for the distorting effects of the
detector response. Except for recourse to rather crude ap-
proximations, estimation of the Compton continua and the
corresponding full-energy absorption probabilities has de-
pended on Monte Carlo calculations (15). Incorporating the
performance characteristics of the detector in relation to
crystal geometry, beam geometry, and beam energy isim-
portant for achieving the best results. Using version 4B2 of
the Monte Carlo N-Particle (MCNP4B2) radiation transport
code (16), detector response was modeled for avery narrow
beam normally incident on the face of the detector. Monte
Carlo and analytical modeling of detector response and
spectra unfolding procedures are introduced in refs. (5, 7,
10, 15).

For a full-scatter structure, the modeling included the
beryllium window, the previously described crystal geom-
etry, the aluminum cryostat housing, an estimate of various
backing materials beyond the crystal, and the head of the
copper cold finger. Figure 2 shows the predicted response
for 155 keV monoenergetic beams at the center of the de-
tector and 1 cm off center. The figure also shows the de-
tector response for Monte Carlo modeling of just the be-
ryllium window and the bare crystal for the 1-cm off-center
beam. The backscatter peak with an edge at 155 — 58.5 =
96.5 keV is correctly shown for the centerline beam and is
absent for the off-center beam, where the crystal is suffi-
ciently thick that only a small percentage of the beam is
transmitted. The nearly full absorption condition is also ex-
plicative of the agreement between the bare detector and
full scatter modeling in the off-center beam.

Monte Carlo and photopeak efficiency curves calculated
analytically for the high-purity germanium crystal are
shown in Fig. 3 for energies up to 150 keV. Following
Israel et al. (7), the analytical calculation is a simple ex-
ponential attenuation cal culation using the narrow-beam to-
tal energy absorption coefficient for germanium and the to-
tal linear attenuation coefficient for beryllium. The analyt-
ical calculation does not account for the discontinuity at the
crystal K-shell edge, the loss of K-shell X rays and Comp-
ton X rays from the front face and sides of the crysta,
coherent scatter, or multiple scattered Compton X rays that
affect the photopeak efficiency. Since the Monte Carlo cal-
culation accounts for all of the important physical processes
and for actual detector geometry, it is the method of choice
for correcting measured data. Figure 3 shows that an off-
center beam requires less full-energy response correction
than a centerline beam for the coaxia detector geometry.
In fact, application of off-center photopeak efficiency
curves, which are above 90% and relatively flat across the
energy range of interest, will result in little change in the
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FIG. 2. Detector response. Monte Carlo-predicted high-purity germanium coaxial detector response to a very narrow 155 keV normally incident
beam. Each Compton continuum starts at low energy and leads up to the Compton edge, which is given at 58.5 keV. Multiple scattering with eventual
X-ray escape is shown above the Compton edge up to ~75 keV. Response for backscatter events follows at 75-120 keV. The result of beryllium
window attenuation in the response curve comes from window scatter events that are most evident in the crystal in the 120-154.5 keV range.
Superimposed on the window attenuation response is the germanium K-shell escape peak, which is at 145 keV (i.e. germanium characteristic K-shell
radiation energy is about 10 keV). At centerline, about 26% of the beam is transmitted for subsequent interaction in the structure beyond the crystal.
The backscatter peak with an edge at 155 — 58.5 = 96.5 keV is shown for the centerline beam, and it is absent for the off-center beam, where the
crystal is sufficiently thick that only a small percentage of the beam is transmitted. The full energy peak, which would dwarf the rest of the response

data, is excluded.

normalized shape of the measured spectra. Hence the off-
center beam geometry was chosen for collecting spectral
pulse-height distributions because it eliminates backscatter-
ing corrections (Fig. 2) and minimizes full-energy peak cor-
rections (Fig. 3) for the energies of interest in this study.
Monte Carlo simulations were carried out for narrow
monoenergetic beams incident normally to the detector face
at aradius of 1 cm from the crystal centerline. The simu-
lations were conducted for the energy range of 0-155 keV
in increments of 0.5 keV. For every simulation, the data
represented in Figs. 2 and 3 were tallied in intervals of 0.5
keV. The collective response estimate of all the ssimulations
formed a large detector response matrix (310 X 310) that
is used in a spreadsheet for unfolding the pulse-height dis-
tributions into incident spectra. Minor scaling of the re-
sponse matrix as a function of energy was then employed
for the best unfolding results of heavily filtered spectra
This matrix scaling technique avoids over- and undercor-
rection to the pulse-height distributions and is equivalent in
concept to Seelentag and Panzer's scaling of the analytical
Compton correction factor (10). Detector response matrix
scaling is a good way to compensate for minor discrepan-

cies between the actual physical world and the Monte Carlo
modeling process.

After matrix unfolding, the K, K, and L-shell charac-
teristic peaks were stripped manually from the continuum.
The K, peak is split into K, and K_, delta functions ac-
cording to energies and the yield ratio for those peaks given
in the 1997 Evaluated Atomic Data Library (EADL) (17).
The K, and K, delta functions are then added back to the
continuum at the energies given in the EADL. This peak
stripping procedure is also applied in determining K, Kg,,
L, and L, delta functions for superposition on the contin-
uum. Any noticeable K-shell edge aperture distortion,
which is described by Fewell and Shuping (4), was stripped
from the continuum and discarded.

Once pulse-height distributions are corrected for detector
distortions and the spectra incident on the detector are un-
folded, air attenuation is removed to a target distance of 2
m and the spectra are normalized to an area of 1. It is at
this distance that primary-beam air kerma data were col-
lected and used to convert normalized spectrainto absolute
fluence and kerma spectra.

Acquisition and correction of cadmium-zinc-telluride
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FIG. 3. Photopeak efficiency curves for high-purity germanium and cadmium-zinc-telluride detectors. The high-purity germanium analytical curves
indicate that the 5.05-cm-thick off-center section of the coaxia detector will preserve the spectrum shape much better than the 1.45-cm-thick central
section of the crystal. Therefore, the experimental arrangement and the superior Monte Carlo calculation of detector response were based on the narrow
beam striking the detector at the thicker section. Although it is a higher average Z material, the thin cadmium-zinc-telluride detector requires much
more photopeak efficiency correction to the pulse height distribution than does the high-purity germanium detector.

pulse-height distributions follow amost the same proce-
dures as described for the high-purity germanium detector.
The energy broadening for the cadmium-zinc-telluride de-
tector took the form of a Gaussian with dramatic low-en-
ergy tail skewing. Thus far, a function has not been fitted
for cadmium-zinc-telluride energy broadening. As a result,
stripping of K-shell peaks has proven difficult and unreli-
able. Therefore, comparing high-purity germanium and
cadmium-zinc-telluride spectra has been limited to tube po-
tentials below 70 kVp.

QUANTITATIVE BEAM ALIGNMENT

Early experiments showed that unless extraordinary care
is taken with respect to the collimation of the beam in the
energy region of diagnostic X rays, the desired true spec-
trum will not be observed and spectral measurements can-
not be reproduced (3). In al known instances, past exper-
imentalists relied on some form of subjective optical tech-
nique for beam alignment with small apertures. In some
cases, researchers reported the repeatability of their spectral
measurements in the range of 5-20% (2, 7). In the present
study, a laser optical system was designed for use in quan-
titatively aligning the X-ray beam from the point of origin
at the anode focal spot, through a series of pinhole aper-

tures, to a pinpoint location on the face of the detector (Fig.
4). This alignment technique yielded spectral pulse-height
distributions with a repeatability of 1-2%.2

AIR KERMA MEASUREMENTS

The Shonka-Wykoff chamber was laser-aligned in the
central ray 200 cm from the Seifert X-ray tube target for
air kerma measurements (Fig. 1). At 200 cm, distance ac-
curacy is within 0.25% and the central beam is uniform
across the field of view presented by the ion chamber. Al-
though the beam is aready well collimated at the beam
port exit, a reduction in air scatter of 1-1.5% was realized
with additional collimation in the form of alead brick with
a 2-cm-diameter central hole placed 135 cm from the anode
target. This collimation reduced the primary beam diameter
at the chamber location from ~20 cm to ~3 cm for a low-
scatter arrangement consistent with measurement of only
the primary beam. Similar measurements were made with
the larger MDH chambers, except that a brick with a 5-cm-
diameter hole was used.

Shonka-Wykoff chamber calibration factors were deter-
mined for each beam. From NIST calibration, air kerma
calibration factors (Gy/C) were known for NIST beam
codes M30, M50, M60, M100, M150 and H150 (18). For
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FIG. 4. Spectroscopy experimental arrangement. Centrally featured is the laser beam alignment system. The filter wheel for the Seifert Isovolt
calibration X-ray system is in the background and the cadmium-zinc-telluride and high-purity germanium detectors are in the foreground.

the M60 and higher beam codes, the X-ray tube used at
NIST to calibrate the Shonka-Wykoff chamber was made
by the same manufacturer and identical in design (e.g. same
anode composition, anode angle, and beryllium window
thickness) to the tube installed in the Seifert system used
for this study. For these beams, NIST spectra should be
amost identical to the spectra measured here.

Chamber calibration factors for spectra at tube potentials
and at filtrations differing from the beam codes noted were
calculated by interpolation of the NIST calibration factors
available. The standard method for such interpolation is by
estimation from a plot of known calibration factors as a
function of beam half-value thickness in aluminum or cop-
per (18, 19). However, a more accurate method of calcu-
lating beam-specific (i.e. specific to each spectrum mea
sured) calibration factors was developed and is described
in detail elsewhere.?

In a few instances, the tube potential applied in spectral
measurements differed dlightly, but within 1.5 kVp, from
that applied in the air kerma measurements. To account for
these differences, the air kerma values were corrected for
dependence on kVp.2 The impact of kVp dependence cor-
rections to air kerma quantities was typicaly less than 1%
and never exceeded 2%. Shonka-Wykoff chamber readings
received standard corrections for pressure, temperature,
shutter timer error, and electrometer calibration factor (20).
For all air kerma measurements, a concerted attempt was
made to exactly reproduce the system parameters used to
collect spectra (e.g. kVp, mA, filtration).

CALCULATING ABSOLUTE SPECTRA

The 2-m air kerma values were used to convert the un-
folded normalized fluence spectra into absolute fluence and

kerma spectra. Normalized fluence spectra can be described

by
E
J n(e) de = 1,
0

where n(e) represents the fraction of X rays at energy e in
the spectrum and E represents the maximum X-ray energy
in the spectrum, which, of course, corresponds to the kVp
applied across the X-ray tube. An absol ute fluence spectrum
with a total fluence of ® [X rays/(cm?mAs)] is then given

by

)

fE ®-n(e) de = . 2

An absolute air kerma spectrum with a total kerma rate of
X (Gy/mAs) is given by

E
X = f o=@ ane) de €)
0 p ar
In discrete form, Eq. (3) becomes
E/Ae
x= o |F=@ oN@ e (4)
i=0 p air

where N;(e) is the fraction of X rays sampled at energy e
in bin number i per energy bin of width Ae. The 0.5-keV
energy bins (Ae) used in spectral acquisition and unfolding
were also used to increment the summation. The Eq. (4)
discrete form for air kerma was implemented in a spread-
sheet. In the summation, e represented the mid-bin energy
and ® was varied to give the proper scaling of the nor-
malized fluence spectrum so that the summation of the ab-
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FIG. 5. Comparison of attenuated unfiltered spectra with filtered spectra at 101.5 kVp. Normalized unfiltered X-ray fluence spectrum attenuated to
same filtration as companion unfolded filtered spectra for Seifert Isovolt system operating at 101.5 kVp. Each spectrum was normalized to an area of
1.0 in fluence units of X rays/(mAs-cm?) at a 1-m distance from the tungsten anode target. Inset indicates added filtrations.

solute kerma spectrum agreed with the actual measured air
kerma value. The mass-energy absorption coefficients for
air were derived from arecent NIST compilation (21) using
log-log interpolation. With & determined from Eq. (4), im-
plementing a discrete form of Eq. (2) in the spreadsheet
yielded absolute fluence spectra. Absolute spectra were cor-
rected for air attenuation and inverse square law effects
back to a traditional benchmark reporting distance of 1 m.

Recalling that air kerma values are based on known
chamber calibration factors, the above procedure for cal-
culating absolute spectra could be applied to the NIST
beam code spectra. To determine the absolute fluence spec-
trum for an unfiltered beam, an exponentia filtering term
is introduced to Eq. (4) and the discrete normalized fluence
spectrum term N,(e) that represented the NIST beam code
is replaced with Nu,(e) to represent the normalized unfil-
tered fluence spectrum:

E/Ae
X = 2 (Du' p‘en(e)

i=0 P |ar
In Eqg. (5), X is still the known air kerma value for the
filtered NIST beam code, t is the NIST beam code filter
thickness, p is the filter density, (u/p) in the exponent is
the mass attenuation coefficient, and ®,, is the total X-ray
fluence for the unfiltered beam. The attenuation coefficients
were interpolated from the NIST compilation (21) in the
same fashion as the mass-energy absorption coefficients.
Substituting @, for ® in Eq. (2) gives the absolute unfil-
tered spectra for any beam operating at a tube potential
corresponding to E. Using the NIST mass attenuation co-
efficients, absolute fluence spectra can be calculated with

. -e-Nu,(e) -exp —p(%)t Ae. (5)

an accuracy of better than 2% for any filtered beam by
simple exponentia attenuation of the absolute unfiltered
fluence spectra.

VALIDATION OF SPECTRA

The robust technique described for calculating absolute
spectra relies on accurate normalized fluence spectra.
Therefore, the shape of the normalized spectrum must be
validated. Proper unfolding of pulse-height distributions
should cause the spectrum to maintain zero intensity up to
the filtration cut-off energy. Improper detector response ma-
trix weighting could cause a positive or negative plateau in
the spectrum below the filtration cut-off energy. Straight-
line, or nearly straight-line, shapes at the high-energy end
of unfiltered and moderately filtered constant potential
spectra are well supported by the theory of Kramers (22).
Improper detector response matrix weighting, or an inac-
curate photopeak efficiency curve, could cause concavity
or bowing at the high-energy end of unfolded spectra.

A powerful and comprehensive method for validating the
Monte Carlo detector response matrix and spectra unfolding
technique was applied in this work.?2 The method requires
verifying agreement between filtered spectra and attenuated
unfiltered spectra for the same range of tube potentials. Al-
though not necessary, the unfolding method is applied to a
second detector and the unfolded spectra for that detector
are compared for agreement with spectra from the primary
detector acquired under identical conditions.

Figure 5 qualitatively indicates correct unfolding of the
pulse-height distributions. The figure displays comparisons
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FIG. 6. Comparison of spectra measured with different spectroscopy
detectors. Comparison of high-purity germanium and cadmium-zinc-tel-
luride normalized X-ray fluence spectra for 1.528 mm auminum added
filtration at 31 and 61 kVp for the Seifert Isovolt system. Each spectrum
was normalized to an area of 1.0 in fluence units of X rays/(mAs-cm?) at
a 1-m distance from the tungsten anode target.

between normalized filtered spectra with their companion
spectra calculated by attenuating unfiltered spectra at 101.5
kVp. Note that spectra maintain zero intensity up to the
filtration cut-off energies and that each moderately filtered
spectrum displays a straight-line take-off at the maximum
spectrum energy, in agreement with the theory of Kramers
(22). The obvious agreement between a range-filtered spec-
trum and attenuated unfiltered spectra is a testament to the
validity of the unfolding process and the accuracy and con-
sistency of the manua peak stripping. The agreement is
also a testament to the high accuracy of the NIST coeffi-
cients used in the attenuation calculations. The close agree-
ment in the curves also confirms that the small amount of
pulse pileup (<2%) in the unfiltered and lightly filtered
beams proved insignificant in affecting spectral shapes. Al-
though not shown, the same positive results were observed
for various other filtrations at 31, 51, 61, 82, 93, 122 and
152 kVp.

The agreement in the companion spectra (Fig. 5) was
quantified separately for continuum and K-shell peak por-
tions of the curves. For the continuum portions, energy bins
were excluded from the comparisons at the extremes of the
continuum (e.g. values in the continuum below ~10% of the
peak in the continuum) as were energy bins immediately
surrounding the tungsten K-shell edge discontinuity in the
continuum. The average agreement for any single 0.5-keV
energy bin for al companion curve continua tended to be
within 1-2%, with the highest single bin disagreement rarely
exceeding 5% for 51 kVp and higher beams. The 31 kVp
spectral errors were about double those of the other spectra
due to less desirable counting statistics. Whereas most pulse-
height distributions were acquired with about 1 million total
counts, only about 250,000 total counts were acquired for
the 31 kVp pulse-height distributions.

In evaluating K-shell peak intensities, a comparison of
companion K_, peaks at 82, 93, 102, 122 and 152 kVp
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FIG. 7. Effective pitting and plating thickness as a function of kVp.
Black diamonds (4 ) indicate the energy dependence of effective pitting
and plating thickness for 20° tungsten anode in the Seifert Isovolt system.
For selected energies, gray dots (* ) indicate the equivalent aluminum
thickness when the beryllium window inherent tube filtration is added to
the tungsten effective pitting and plating thickness. The ordinate has
thickness units of wm of tungsten for black diamonds and mm of au-
minum equivalence for gray dots.

indicated typical agreement of 3—-4% and was always better
than 7%. Consistent and accurate peak stripping was further
shown by a correct trend in the K,/K , ratio as a function
of filtration and voltage.?

As dated previoudly, unfolding cadmium-zinc-telluride
spectra was reliable for tube potentials up to ~70 kVp. In
Fig. 6, a comparison for normalized unfolded high-purity
germanium and cadmium-zinc-telluride spectra is shown at
31 and 61 kVp. The agreement in unfolded spectra between
the two detectors is quite good. The level of agreement at
51 and 71 kVp pardleled that shown for 61 kVp in the
figure. These results indicate that the overall spectral unfold-
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FIG. 8. Benchmark absolute fluence X-ray spectra for Seifert Isovolt
system. Benchmark spectra from Seifert Isovolt system at 61.2, 82.4 and
101.5 kVp. Spectra have 7 mm beryllium inherent filtration, 0.5 mm
aluminum added filtration, and effective pitting and plating thickness fil-
tration from Fig. 7. Accuracy of the data is represented by error bars
dispersed every ~10 keV and for K, and K, peaks.
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MCNP-DMP 60 kVp Heliodent filtration 46.5 uGy/mAs at 1 m
o Heliodent 70 kVp 64.3 uGy/mAs at T m
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FIG. 9. Benchmark absolute fluence X-ray spectra for Siemens Heliodent system. Heliodent (pure tungsten target at 12° anode angle) benchmark
spectra at 60 and 70 kVp with error bars every 10 keV. Isovolt NIST M60 beam is shown for qualitative comparison of spectrum shape and intensity.
Monte Carlo-calculated spectra compare well with the Heliodent spectra measured with a cadmium-zinc-telluride detector.

ing process is sound. For smaller-sized detectors, Seltzer
pointed out that the dominant correction in unfolding pulse-
height distributions into correctly shaped spectra comes from
the photopeak efficiency curve (15). Thisis the case for the
cadmium-zinc-telluride crystal, which is only 2 mm thick.
The cadmium-zinc-telluride photopesk efficiency curve im-
poses large corrections to the pulse-height distributions,
whereas the high-purity germanium curve for a 5-cm-thick
crystal is relatively flat and does not dter the pulse-height
distributions dramaticaly (Fig. 3). At a minimum, the high
level of agreement in the spectrain Fig. 6 vaidates the Mon-
te Carlo-generated photopesk efficiency curves below 70
keV. Above 70 keV, Monte Carlo high-purity germanium
photopeak efficiency curve follows the same trend line as
the analytical version of the curve (Fig. 3).

ANODE PITTING AND DETECTOR DEAD LAYER

Pitting and cratering on the anode surface and plating
out of vaporized anode material on the exit port window
of the X-ray tube will decrease beam intensity and harden
the spectrum. An assessment of the effective pitting and
plating thickness is important for characterizing X-ray
beams for benchmarking. This is particularly true for un-
filtered and lightly filtered beams, where the effective pit-
ting and plating thickness can have a dramatic effect on
spectral shape. The values of effective pitting and plating
thickness as a function of tube potential, along with the
millimeters aluminum equivalence (mm Al,) of the total
inherent filtration (e.g. 7 mm beryllium plus effective pit-
ting and plating thickness), is plotted in Fig. 7 for the Iso-
volt X-ray tube. The effective pitting and plating thickness

values in the plot were derived from differences in mea-
sured and Monte Carlo-calculated spectra.?

Figure 7 indicates that pitting is dominant over window
plating for the fixed anode. The rise in effective pitting and
plating thickness values with energy is consistent with pit-
ting and not with plating or detector dead layer. Plating
thickness would be constant regardless of tube potential, as
would detector dead layer. Given the geometry of pitting
and the increased range of electrons with kVp, greater ef-
fective pitting and plating thickness values are expected for
higher-energy beams. By extrapolating the effective pitting
and plating thickness datain Fig. 7 to 0 kVp, the maximum
possible plating thickness, and/or equivalent detector dead
layer, can be estimated as ~0.3 pm of tungsten (Z = 74).
Interestingly, the O kVp extrapolated effective pitting and
plating thickness value of 0.3 pm is roughly equivalent in
low-energy X-ray attenuation performance to 3 wm of ger-
manium (i.e. the listed high-purity germanium crystal dead-
layer thickness).

ABSOLUTE SPECTRA: RESULTS

Benchmark spectra resulting from this work consist of
well-characterized lightly filtered spectra from the Seifert
Isovolt system and typically filtered dental spectrafrom the
Heliodent unit. Lightly filtered spectra were chosen over
unfiltered spectra to eliminate larger errors associated with
energies below ~10 keV. Using NIST coefficients (21), the
lightly filtered spectra can be attenuated to produce bench-
mark spectra of heavier filtrations only while adding about
1% to the total fluence error in the spectra. The benchmark
spectra, with assigned errors, are tabulated in the Appendix.
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Some of the tabulated benchmark spectra from the Seifert
Isovolt system are shown graphically in Fig. 8.

Heliodent spectra are presented in Fig. 9 with Monte
Carlo-calculated spectra. The Isovolt spectra were used to
validate a modified version of the MCNP4B2 Monte Carlo
code? (16). The code was then used to predict spectrafrom
the Heliodent unit. Figure 9 shows good agreement for
shape and intensity between measured and predicted He-
liodent spectra. Unlike the Isovolt spectra, Heliodent pulse-
height distributions were measured only with a cadmium-
zinc-telluride detector and air kerma only with the MDH
monitor. As a result of the measurement differences, the
Heliodent spectra errors are larger than those of the Isovolt
system. Since greater inherent filtration in the Heliodent
unit removes more of the low-energy X rays than that in
the Isovolt system, the effective pitting and plating thick-
ness values were more difficult to assess. Whereas effective
pitting and plating thickness errors for characterizing the
Isovolt beams are about +0.1 wm, the errors for Heliodent
beams are more like 0.5 pm.

CONCLUSIONS

The research of Fewell et al. (5), Hettinger and Starfelt
(6), Israel et al. (7), Marshall et al. (8), Seelentag and Pan-
zer (10), and Seltzer (15) provides a good foundation for
the present work. Expanding on previous research, we have
introduced and explained the requirements for benchmark
spectra, weighting of the Monte Carlo detector response
matrix, a method to assess anode pitting for beam charac-
terization, quantitative laser and X-ray beam alignment, and
a process for validating the spectral unfolding method. A
primary goal of the research was to generate tungsten spec-
train the diagnostic energy range that was well character-
ized for validation of a Monte Carlo code. This goal was
achieved. The high level of detail and quality control in all
phases of spectral measurements, unfolding, validation and
characterization was successful in producing benchmark-
quality absolute fluence spectra with known and reasonably
small errors. Benchmark spectra, with errors, are tabulated
in the Appendix for use by others.

APPENDIX

Benchmark Spectra for Primary X-Ray Beams®

Tube |sovolt® |sovolt® Isovolt® |sovolt® |sovolt®
wGy/mAs at 1 m 336.4 264.3 215.1 206.2 1775
EPPT (= 0.1 pm) 1.4 pm 1.3 pm 1.2 um 1.15 pm 1.1 pm

keV 151.8 kVp 122.3 kVp 101.5 kVp 92.8 kVp 82.4 kVp

5.0 0.00 0.00 0.00 0.00 0.00
55 0.00 0.00 0.00 0.00 0.00
6.0 0.00 0.00 0.00 0.00 0.00
6.5 0.00 0.00 0.00 0.00 0.00
7.0 0.00 0.00 0.00 0.00 0.00
75 257 X 10* 0.00 4.66 x 10t 1.94 x 102 0.00
8.0 2.98 x 102 0.00 3.83 x 102 9.44 x 102 0.00
8.5 148 x 103 0.00 1.74 X 10° 3.35 x 103 0.00
9.0 497 X 10° 1.30 X 10° 559 x 103 9.24 X 10° 0.00
95 1.32 x 108 1.26 x 10° 1.44 x 10° 1.40 x 10° 1.33 x 10°

10.0 2.79 X 10¢ 1.73 x 10* 3.01 x 10¢ 418 x 10¢ 1.07 x 10*

10.5 528 x 10¢ 3.79 x 10# 5.65 x 10* 740 x 10¢ 2.89 x 10#

11.0 9.02 x 10¢ 712 x 10¢ 9.56 x 10¢ 1.20 x 10° 6.11 x 10¢

11.5 2.36 x 10° 214 X 10° 251 x 105 274 X 10° 216 x 10°

12.0 2.09 x 10° 1.85 X 10° 219 x 10° 257 x 10° 1.83 X 10°

125 292 x 10° 2.69 x 10° 3.05 x 10° 349 x 10° 2.80 x 10°

13.0 3.90 x 10° 3.71 X 10¢ 4.06 x 10° 455 x 10° 3.94 x 10°

135 503 x 10° 491 X 10° 522 X 10° 575 x 10° 523 X 10°

14.0 6.31 x 10° 6.33 x 10° 6.53 x 10° 7.08 X 10° 6.65 X 10°

145 7.70 X 10° 7.98 x 10° 7.96 x 10° 8.51 X 10° 8.18 X 10°

15.0 9.22 X 10° 9.84 x 10° 9.50 X 10° 1.00 X 10¢ 9.80 X 10°

15.5 1.08 X 10° 1.16 X 10¢ 1.11 x 108 1.16 X 10° 1.15 X 10¢

16.0 1.31 x 108 1.33 X 108 1.29 x 108 1.34 x 108 1.32 X 108

16.5 1.52 X 10° 1.52 X 108 1.46 X 10¢ 1.51 X 10¢ 1.49 X 10¢

17.0 1.72 X 10¢° 1.71 X 10¢ 1.64 x 10¢ 1.69 X 10° 1.66 X 10¢

175 1.92 x 108 1.90 X 108 1.81 x 108 1.87 x 108 1.81 x 108

18.0 2.12 X 108 2.09 X 108 1.97 X 108 2.03 X 10¢ 1.95 X 10¢

185 2.32 X 108 2.26 X 108 2.13 X 108 2.18 X 108 2.09 X 108

19.0 251 X 108 244 x 108 2.28 X 108 2.33 X 108 2.22 X 108

19.5 2.70 X 108 2.60 x 10° 2.41 X 109 2.47 X 108 2.34 X 109

20.0 2.87 X 108 2.75 X 108 2.54 X 108 2.59 X 108 244 x 108

20.5 3.05 x 108 2.90 X 108 2.66 X 108 2.71 X 108 2.54 x 108
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Tube Isovolt® |sovolt® |sovolt® Isovolt® |sovolt®
nGy/mAsat 1 m 336.4 264.3 215.1 206.2 1775
EPPT (= 0.1 pm) 1.4 um 1.3 um 1.2 pm 1.15 pm 1.1 pm
keV 151.8 kVp 122.3 kVp 101.5 kVp 92.8 kVp 82.4 kVp
21.0 3.21 X 108 3.04 X 108 2.78 X 108 2.81 X 108 2.64 X 108
215 3.37 X 108 3.17 X 108 2.88 x 108 2.91 x 108 2.70 X 108
22.0 3.52 X 108 3.29 X 10° 2.97 X 109 3.00 X 109 2.76 X 10°¢
225 3.66 X 108 3.40 X 108 3.05 X 108 3.06 X 108 2.82 X 108
23.0 3.79 X 108 3.50 x 108 3.13 X 108 3.13 X 108 2.86 X 108
235 3.91 x 108 3.60 X 10° 3.19 x 108 3.19 X 108 2.89 x 108
24.0 4.02 X 108 3.67 X 108 3.24 X 108 3.23 X 108 2.92 X 108
245 413 X 10¢ 3.75 X 108 3.28 X 108 3.26 X 108 2.94 x 108
25.0 4,22 X 10° 3.81 X 10¢ 3.32 X 109 3.28 X 109 2.97 X 10¢
255 4.30 x 108 3.87 X 108 3.35 X 108 3.31 X 108 2.98 X 108
26.0 4.38 X 10¢ 3.91 x 108 3.38 x 108 3.33 X 108 2.98 x 108
26.5 4.45 X 10¢ 3.94 X 108 3.39 X 108 3.34 X 108 2.97 X 108
27.0 450 x 108 3.97 X 108 3.40 X 108 3.34 X 108 2.96 X 108
275 455 x 108 3.99 x 108 3.42 x 108 3.34 X 108 2.95 x 108
28.0 459 X 10° 4,01 X 10° 342 X 10¢ 3.33 X 10¢ 2.94 X 10°¢
285 4.64 x 10° 4,02 X 108 342 X 108 3.33 X 108 2.92 X 108
29.0 4.67 X 10¢ 4,03 X 108 3.41 x 108 3.30 X 108 2.91 X 108
295 4.70 X 10° 4.03 X 10° 341 X 108 3.29 X 109 2.88 X 10°¢
30.0 4,71 X 108 4,02 X 108 3.40 X 108 3.27 X 108 2.85 X 108
30.5 473 X 108 4,02 X 108 3.38 x 108 3.24 X 108 2.83 X 108
31.0 4.74 X 10° 4.00 X 108 3.35 X 10¢ 3.22 X 108 2.79 X 10¢
315 475 X 108 3.99 X 108 3.33 X 108 3.19 X 108 2.76 X 108
32.0 475 X 108 3.98 x 108 3.30 x 108 3.16 X 108 2.74 X 108
325 4,75 X 108 3.97 X 10¢ 3.28 X 10¢ 3.13 X 109 2.70 X 10¢
33.0 475 X 108 3.95 X 108 3.25 X 108 3.10 X 108 2.67 X 108
335 474 X 10° 3.91 x 108 3.22 X 108 3.07 X 108 2.63 X 108
34.0 471 X 10¢ 3.88 X 10° 3.20 X 108 3.03 X 108 2.59 x 108
345 4.69 x 108 3.85 X 108 3.17 X 108 2.99 X 108 2.55 X 108
35.0 4.66 X 10° 3.82 X 108 3.14 x 108 2.96 X 108 2.53 X 108
35.5 4.64 X 10° 3.78 X 10° 3.10 X 10¢ 2.92 X 109 248 X 10°0
36.0 4.61 x 108 3.75 X 108 3.07 X 108 2.88 X 108 245 X 108
36.5 459 x 108 3.73 X 108 3.04 x 108 2.84 X 108 242 X 108
37.0 456 x 10° 3.69 X 10° 3.01 X 108 2.81 X 108 2.38 X 108
375 454 x 108 3.66 X 10° 2.98 X 108 2.77 X 108 2.33 X 108
38.0 450 x 108 3.62 X 108 2.94 x 108 2.73 X 108 2.29 X 108
38.5 4.46 X 10° 3.59 X 10¢ 2.91 X 108 2.69 X 108 2.25 X 108
39.0 4.44 x 108 3.56 X 108 2.87 X 108 2.65 X 108 2.21 X 108
395 441 X 10¢ 3.53 x 108 2.83 X 108 2.62 X 108 2.17 X 108
40.0 4.38 X 10° 3.49 X 10° 2.79 X 109 2.58 x 109 2.14 X 108
40.5 4.34 X 10° 3.44 X 1090 2.75 X 108 2.55 X 108 2.11 x 108
41.0 430 x 108 3.41 x 108 2.71 X 108 2.50 x 108 2.07 X 108
415 4,28 X 10° 3.37 X 10¢ 2.67 X 10° 2.46 X 109 2.04 X 108
42.0 4.24 x 108 3.33 X 108 2.63 X 108 243 X 108 2.00 X 108
425 4.20 X 108 3.30 X 108 2.60 x 108 2.39 X 108 1.97 x 108
43.0 4,16 X 10° 3.27 X 10° 2.56 X 108 2.35 X 108 1.93 X 10°
435 413 X 108 3.22 X 108 2.53 X 108 2.31 X 108 1.90 X 108
44.0 4.09 x 108 3.18 x 108 249 x 108 2.27 X 108 1.87 x 108
445 4,06 X 10° 3.14 X 10¢ 2.45 X 109 2.23 X 109 1.84 X 10°
45.0 4.02 X 108 3.10 X 108 242 X 108 2.20 X 108 1.81 x 108
455 3.99 x 108 3.07 X 108 2.38 X 108 2.16 X 108 1.77 x 108
46.0 3.96 X 10° 3.04 X 10¢ 2.35 X 108 2.13 X 109 1.74 X 10
46.5 3.92 X 108 3.01 X 108 2.32 X 108 2.10 X 108 1.71 X 108
47.0 3.88 x 108 2.98 x 108 2.28 X 108 2.07 X 108 1.67 x 108
475 3.84 X 108 2.94 X 10°8 2.25 X 10° 2.04 x 109 1.64 X 10°
48.0 3.80 X 108 2.90 X 108 2.22 X 108 2.01 X 108 1.61 X 108
485 3.77 X 108 2.86 X 108 2.19 x 108 1.97 X 108 1.57 x 108
49.0 3.73 X 108 2.83 X 10¢ 2.15 X 10° 1.94 X 108 1.53 X 10°
495 3.70 X 108 2.80 X 108 2.12 X 108 1.90 X 108 1.50 x 108
50.0 3.66 X 108 2.77 X 108 2.09 x 108 1.87 X 108 1.47 x 108
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Tube |sovolt® |sovolt® Isovolt? |sovolt® |sovolt®
wGy/mAs at 1 m 336.4 264.3 215.1 206.2 1775
EPPT (= 0.1 pm) 1.4 pm 1.3 pm 1.2 um 1.15 pm 1.1 pm

keVv 151.8 kVp 122.3 kVp 101.5 kVp 92.8 kVp 82.4 kVp

50.5 3.62 X 108 2.74 X 108 2.06 X 108 1.84 X 108 1.44 x 108

51.0 3.58 x 108 2.71 X 108 2.03 X 108 1.81 x 108 1.42 X 108

515 3.56 X 10° 2.68 X 10¢ 2.00 x 109 1.77 X 108 1.39 X 108

52.0 3.52 X 108 2.64 X 108 1.97 X 108 1.73 X 108 1.37 X 108

525 3.49 x 108 2.62 X 108 1.94 X 108 1.70 x 108 1.34 X 108

53.0 3.46 X 10¢ 2.59 x 108 1.91 X 108 1.67 x 108 1.31 X 10°

535 3.44 x 10° 2.56 X 108 1.88 X 108 1.64 X 108 1.28 X 108

54.0 3.40 X 108 2.53 x 108 1.85 X 108 1.61 x 108 1.26 X 108

545 3.37 X 10¢ 2.50 x 108 1.82 X 108 1.58 x 108 1.23 X 108

55.0 3.34 X 109 2.47 X 108 1.79 x 108 1.55 X 10° 1.21 X 10¢

55.5 3.30 X 108 244 x 108 1.76 X 108 1.52 x 108 1.18 X 108

56.0 3.27 X 10° 2.41 X 109 1.74 X 10¢ 1.50 X 10° 1.16 X 10¢

56.5 3.24 X 10° 2.37 X 108 1.71 x 108 1.47 X 10° 1.14 x 10¢

57.0 3.20 X 108 2.34 X 108 1.68 X 108 1.45 x 108 1.12 X 108

575 3.17 X 10¢ 2.31 X 108 1.66 X 106 1.42 X 10 1.09 X 108

58.0 2.01 X 107 1.11 X 107 5.85 X 108 4,02 X 108 2.06 x 108

58.5 3.10 X 108 2.25 X 108 1.60 X 108 1.38 x 10° 1.05 X 108

59.0 3.07 X 10° 2.22 X 109 1.58 x 10¢ 1.35 X 10° 1.03 X 108

59.5 3.26 X 107 1.75 X 107 8.89 X 108 5.88 X 10° 2.73 x 108

60.0 3.01 X 108 2.17 X 108 1.54 x 108 1.31 x 10° 9.85 X 10°

60.5 2.97 X 10° 2.14 X 109 1.52 X 108 1.29 X 10¢ 9.63 X 10°

61.0 2.94 X 108 2.11 X 108 1.50 X 108 1.26 X 108 941 X 10°

61.5 2.91 X 108 2.08 x 108 1.47 X 108 1.24 x 108 9.19 X 10°

62.0 2.88 X 10¢ 2.06 X 108 1.45 X 108 1.22 X 10 8.97 X 10°

62.5 2.85 X 108 2.03 X 108 1.43 X 108 1.20 X 108 8.75 X 10°

63.0 2.81 X 108 2.00 x 108 1.41 X 108 1.18 x 10° 8.53 X 10°

63.5 2.78 X 10¢ 1.97 X 108 1.39 X 108 1.16 X 10° 8.31 X 10°

64.0 2.75 X 108 1.94 X 108 1.36 X 108 1.14 X 108 8.09 X 10°

64.5 2.72 X 108 1.92 X 108 1.34 X 108 1.12 x 108 7.87 X 10°

65.0 2.68 x 10¢ 1.89 X 10¢ 1.32 X 108 1.10 X 10¢ 7.65 X 10°

65.5 2.65 X 108 1.86 X 108 1.30 X 108 1.08 x 108 7.43 X 10°

66.0 2.62 X 108 1.83 x 108 1.28 X 108 1.06 x 108 7.21 X 10°

66.5 2.59 X 10¢ 1.80 X 10¢ 1.25 X 108 1.04 X 10° 6.99 X 10°

67.0 2.55 x 108 1.77 X 10¢ 1.23 x 108 1.02 X 10¢° 6.77 X 10°

67.5 1.30 x 108 7.33 X 108 3.90 x 108 2.68 X 108 1.29 x 108

68.0 249 X 10°0 1.72 X 108 1.19 X 108 9.83 X 10° 6.33 X 10°

68.5 2.46 X 10° 1.69 X 108 1.16 X 108 9.63 X 10° 6.11 X 10°

69.0 242 X 108 1.66 X 108 1.14 X 108 9.44 x 105 5.89 X 10°

69.5 5.34 X 10° 3.21 X 108 1.88 x 10¢ 1.40 X 10° 7.48 X 10°

70.0 2.10 x 108 1.47 X 10¢ 941 X 10° 8.14 X 10° 458 X 10°

70.5 2.07 X 108 1.45 X 108 9.24 X 10° 7.96 X 10° 439 X 10°

71.0 2.05 X 10¢ 1.43 X 10¢ 9.08 x 10° 777 X 10° 4.20 X 10°

715 2.03 x 108 1.41 X 10¢ 8.92 X 10° 7.59 x 10° 4.01 X 10°

72.0 2.00 X 108 1.39 X 108 8.76 X 10° 7.41 X 105 3.82 X 10°

725 1.98 X 10° 1.37 X 108 8.59 X 10° 7.22 X 10° 3.63 X 10°

73.0 1.95 X 108 1.35 X 108 8.43 X 10° 7.04 X 105 3.44 x 10°

735 1.93 x 108 1.33 X 108 8.27 X 10° 6.85 X 10° 3.25 X 10°

74.0 1.91 X 10° 1.31 X 10¢ 8.10 X 10 6.67 X 10° 3.06 X 10°

745 1.88 X 108 1.30 X 108 7.94 X 10° 6.49 X 10° 2.87 X 10°

75.0 1.86 x 108 1.28 X 108 7.78 X 10° 6.30 X 10° 2.68 X 10°

75.5 1.84 X 10° 1.26 X 10¢ 7.62 X 10° 6.12 X 10° 2.49 X 10°

76.0 1.81 X 10¢° 1.24 x 10¢ 7.45 X 10° 5.93 X 10° 2.31 X 10°

76.5 1.79 x 108 1.22 X 108 7.29 X 10° 5.75 X 10° 2.12 X 10°

77.0 1.77 X 10° 1.20 X 108 7.13 X 10° 557 X 10° 1.93 X 10°

775 1.74 X 10° 1.18 X 10¢ 6.96 X 10° 5.38 X 10° 1.74 X 10°

78.0 1.72 x 108 1.16 X 108 6.80 X 10° 5.20 X 10° 1.55 x 10°

78.5 1.70 X 10¢ 1.14 X 10¢ 6.64 X 10° 5.02 X 10° 1.36 X 10°

79.0 1.67 X 10° 1.12 X 10¢ 6.46 X 10° 484 X 10° 1.17 x 10°

79.5 1.65 x 108 1.10 X 108 6.30 X 10° 465 X 10° 9.77 X 10¢
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Tube Isovolt® |sovolt® |sovolt® Isovolt® |sovolt®
nGy/mAsat 1 m 336.4 264.3 215.1 206.2 1775
EPPT (= 0.1 pm) 1.4 um 1.3 um 1.2 pm 1.15 pm 1.1 pm

keV 151.8 kVp 122.3 kVp 101.5 kVp 92.8 kVp 82.4 kVp

80.0 1.62 X 108 1.08 x 108 6.14 X 10° 4.47 X 10° 7.88 x 10¢

80.5 1.60 X 108 1.06 x 108 5.97 X 10° 429 X 10° 5.98 x 10¢

81.0 1.58 x 10¢ 1.04 X 10 581 X 10° 411 X 10° 4.08 x 10*

815 1.56 X 108 1.03 x 108 5.66 X 10° 3.95 X 10° 251 x 10¢

82.0 1.54 X 108 1.01 x 108 551 X 10° 3.77 X 10° 1.31 x 10¢

825 1.52 X 108 9.89 X 10° 5.36 X 10° 3.61 X 10° 494 X 102

83.0 1.51 X 108 9.71 X 10° 5.25 X 10° 342 X 10° 0.00

835 1.49 X 108 9.54 x 105 5.12 X 10° 3.25 X 10° 0.00

84.0 1.47 X 108 9.33 X 10° 499 X 10° 3.07 X 10°

84.5 1.45 X 108 9.16 X 10° 4.88 x 10° 2.89 X 10°

85.0 1.43 X 108 9.02 X 10° 475 X 10° 2.72 X 10°

85.5 1.41 X 108 8.86 X 10° 4.61 X 10° 2.56 X 10°

86.0 1.39 X 108 8.70 X 10° 448 x 10° 2.38 X 10°

86.5 1.37 X 108 8.54 x 105 436 X 10° 2.22 X 10°

87.0 1.36 X 10¢ 8.36 X 10° 421 X 10° 2.03 X 10°

875 1.34 X 108 8.21 X 10° 4,08 x 10° 1.86 X 10°

88.0 1.32 X 108 8.07 X 105 3.93 X 10° 1.68 x 10°

88.5 1.30 X 108 7.95 X 10° 3.77 X 10° 152 x 10°

89.0 1.28 X 108 7.79 X 105 3.64 X 10° 1.35 x 10°

89.5 1.27 X 108 7.68 X 10° 3.48 x 10° 1.18 x 10°

90.0 1.26 X 10¢ 757 X 10° 3.34 X 10° 1.01 x 10°

90.5 1.25 X 108 7.43 X 10° 3.20 X 10° 8.40 x 10¢

91.0 1.23 X 108 7.26 X 105 3.07 X 10° 6.77 X 10¢

915 1.22 X 108 7.13 X 10° 2.94 X 10° 541 x 10#

92.0 1.20 X 108 6.97 X 10° 2.79 X 10° 414 X 10¢

925 1.18 X 108 6.82 X 10° 2.66 X 10° 1.65 x 10¢

93.0 1.17 X 108 6.70 X 10° 2.52 X 10° 8.62 X 10

935 1.16 X 108 6.59 X 10° 240 X 10° 0.00

94.0 1.14 X 108 6.43 X 10° 2.26 X 10°

94.5 1.13 X 108 6.32 X 10° 212 X 10°

95.0 1.12 X 108 6.19 X 10° 1.99 x 10°

95.5 1.11 X 108 6.06 X 10° 1.84 x 10°

96.0 1.09 x 108 5.95 X 10 1.69 x 10°

96.5 1.08 X 108 5.83 X 10° 156 x 10°

97.0 1.06 X 108 5.69 X 105 141 x 10°

975 1.05 X 108 561 X 10° 1.27 X 10°

98.0 1.04 x 108 5,53 X 10° 1.14 x 10°

98.5 1.03 X 108 5.40 x 105 9.90 x 10¢

99.0 1.02 X 108 5.27 X 10° 8.47 x 10#

99.5 1.00 X 108 5.18 X 10° 6.94 x 10¢

100.0 9.93 X 10° 5.05 X 105 544 x 10¢

100.5 9.78 X 10° 493 X 10° 4,01 X 104

101.0 9.65 X 10° 482 X 105 281 x 10¢

101.5 9.54 x 105 470 X 105 1.80 x 10¢

102.0 9.40 X 10° 459 x 10° 1.05 x 10¢

102.5 9.36 X 10° 452 x 105 5.99 x 103

103.0 9.26 X 10° 437 X 105 2.90 x 10°

1035 9.17 X 10° 424 X 10° 0.00

104.0 9.05 X 10° 413 X 10° 0.00

104.5 8.95 X 10° 4,02 X 105

105.0 8.84 X 10° 3.91 x 10°

105.5 8.75 X 10° 3.79 X 10°

106 8.64 X 10° 3.70 X 105

106.5 8.52 X 105 3.58 X 10°

107 8.41 X 10° 3.46 X 10°

107.5 8.30 X 10° 3.37 X 105

108 8.20 X 10 3.24 X 10°

108.5 8.11 X 10° 3.14 X 10°

109 8.01 x 10° 3.02 X 105
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Tube |sovolt® |sovolt® Isovolt? |sovolt® |sovolt®
wGy/mAs at 1 m 336.4 264.3 215.1 206.2 1775
EPPT (= 0.1 pm) 1.4 pm 1.3 pm 1.2 um 1.15 pm 1.1 pm

keVv 151.8 kVp 122.3 kVp 101.5 kVp 92.8 kVp 82.4 kVp

109.5 7.89 X 10° 2.90 X 10°

110 7.81 X 105 2.80 X 10°

110.5 7.68 X 10° 2.68 X 10°

111 757 X 10° 2.58 x 10°

1115 7.45 X 10° 247 X 10°

112 7.36 X 10° 2.35 X 10°

1125 7.26 X 10° 2.22 X 10°

113 7.18 X 105 2.09 X 10°

1135 7.07 X 10° 1.98 X 10°

114 6.91 X 10° 1.87 X 10°

1145 6.79 X 10° 1.75 X 10°

115 6.67 X 10° 1.64 X 10°

115.5 6.56 X 10° 1.50 x 10°

116 6.48 X 10° 1.38 x 10°

116.5 6.35 X 10° 1.25 X 10°

117 6.27 X 10° 1.12 x 10°

1175 6.18 X 10° 9.95 x 10¢

118 6.10 X 10° 8.77 x 10#

118.5 5.99 X 10° 7.61 x 10*

119 5.88 x 105 6.40 x 10¢

119.5 580 X 10° 532 x 10#

120 573 X 10° 3.76 x 10¢

120.5 5.66 X 10° 2.83 x 10¢

121 556 X 10° 1.93 x 10¢

121.5 546 X 10° 142 x 10¢

122 5.40 x 10° 9.12 x 10°

1225 5.33 X 10° 5.63 x 10°

123 5.25 X 10° 0.00

1235 5.14 x 105 0.00

124 5.03 X 10°

124.5 493 X 10°

125 487 X 105

125.5 4,76 X 10°

126 4,68 X 10°

126.5 458 x 105

127 452 X 10°

127.5 445 X 10°

128 434 X 105

128.5 4.24 X 10°

129 414 X 10°

129.5 4,06 X 105

130 4,00 X 10°

130.5 391 X 105

131 3.82 X 105

131.5 3.74 X 10°

132 3.68 X 10°

1325 3.59 X 105

133 3.46 x 10°

1335 3.37 X 10°

134 3.29 X 105

134.5 3.24 X 10°

135 3.19 X 105

1355 3.11 X 105

136 2.99 X 10°

136.5 291 X 105

137 2.82 X 105

137.5 272 X 10°

138 259 X 105

138.5 2.52 X 105
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Tube Isovolt® |sovolt® |sovolt® Isovolt® |sovolt®
nGy/mAsat 1 m 336.4 264.3 215.1 206.2 1775
EPPT (+ 0.1 um) 14 pm 1.3 pm 1.2 pm 1.15 pm 1.1 pm
keV 151.8 kVp 122.3 kVp 101.5 kVp 92.8 kVp 82.4 kVp
139 243 X 10°
139.5 2.31 X 10°
140 2.20 X 10°
140.5 2.08 x 10°
141 1.99 x 10°
1415 1.93 x 10°
142 1.82 x 10°
1425 1.72 X 10°
143 1.62 x 10°
1435 1.55 x 10°
144 1.45 x 10°
1445 1.35 x 10°
145 1.25 x 10°
1455 1.14 X 10°
146 1.03 x 10°
146.5 9.13 x 10¢
147 7.95 x 10*
1475 6.84 x 10*
148 546 x 10¢
1485 451 x 10*
149 3.47 x 10¢
149.5 2.30 x 10¢
150 1.61 x 10¢
150.5 1.11 x 10¢
151 6.02 x 10¢
1515 415 x 10*
152.0 3.01 x 10
1525 0.00
153.0 0.00
Tube Heliodente |sovolt® Heliodente Isovolt® Isovolt?
wGy/mAsa 1 m 64.3 121.1 46.7 88 3
EPPT (+ 0.1 wm) 1= 05 pm 0.9 um 1+ 05pum 0.8 um 0.6 um
kev 70 kVp 61.2 kVp 60 kVp 50.8 kVp 30.8 kVp
5.0 0.00 0.00 0.00 0.00 0.00
55 0.00 0.00 0.00 0.00 0.00
6.0 0.00 0.00 0.00 0.00 0.00
6.5 0.00 0.00 0.00 0.00 6.26
7.0 0.00 0.00 0.00 0.00 578 x 10t
75 0.00 272 X 10t 0.00 0.00 3.13 X 102
8.0 0.00 2.90 x 102 0.00 0.00 1.17 X 10°
85 0.00 142 X 10° 0.00 1.25 x 10?2 3.37 X 10°
9.0 0.00 470 x 10° 0.00 152 x 103 791 x 108
9.5 0.00 1.38 X 10° 0.00 6.73 X 10* 6.62 x 10*
10.0 0.00 2.62 x 10¢ 0.00 142 x 10¢ 2.82 x 10*
10.5 0.00 495 x 10# 0.00 2.98 x 10¢ 460 x 10¢
11.0 0.00 8.44 x 10# 0.00 546 x 10* 6.96 x 10*
115 0.00 248 X 10° 0.00 1.39 x 10° 142 X 10°
12.0 0.00 195 x 10° 1.65 x 103 1.38 x 10° 1.34 X 10°
125 0.00 272 X 10° 5.09 x 10° 1.98 x 10° 1.74 x 10°
13.0 0.00 3.64 X 10° 1.06 x 10¢ 2.72 X 10° 2.19 x 10°
135 9.38 X 10° 469 X 10° 1.93 x 10¢ 3.58 x 10° 2.69 x 10°
14.0 2.14 x 10* 5.88 X 10° 321 x 10¢ 456 X 10° 3.22 X 10°
145 3.64 x 10* 7.20 X 10° 477 X 10# 564 X 10° 3.76 X 10°
15.0 551 x 10¢ 8.58 X 10° 6.65 x 10* 6.83 X 10° 427 X 10°
155 7.98 x 10* 1.01 X 10° 9.02 x 10¢ 8.10 X 10° 476 X 10°
16.0 1.03 x 10° 1.14 X 10° 1.18 X 10° 9.21 X 10° 519 X 10°
16.5 1.31 x 10° 1.27 X 10° 151 X 10° 1.03 x 108 552 x 10°
17.0 1.64 x 10° 1.39 X 10° 1.89 x 10° 1.13 X 10° 577 X 10°
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Tube Heliodente |sovolt® Heliodente |sovolt® |sovolt®
wGy/mAs at 1 m 64.3 121.1 46.7 88 3
EPPT (= 0.1 pm) 1 %= 0.5 pum 0.9 pm 1+ 05um 0.8 um 0.6 pm

keVv 70 kVp 61.2 kVp 60 kVp 50.8 kVp 30.8 kVp

175 2.02 X 10° 1.50 X 108 2.34 X 10° 1.22 X 108 5.99 X 10°

18.0 244 X 105 1.60 x 108 2.84 X 10° 1.30 x 108 6.13 X 10°

185 291 X 10° 1.69 X 10 3.39 X 10° 1.36 X 10°¢ 6.24 X 10°

19.0 342 X 10° 1.76 X 108 3.98 X 10° 1.42 X 108 6.29 X 10°

195 3.96 X 105 1.83 x 108 461 X 10° 1.48 x 108 6.32 X 10°

20.0 454 X 10° 1.89 X 10¢ 522 X 10° 1.52 X 108 6.30 X 10°

20.5 5.16 X 10° 1.94 x 10¢ 5.85 X 10° 1.55 X 10° 6.29 X 10°

21.0 5.80 X 105 1.98 x 108 6.47 X 10° 1.59 x 108 6.23 X 10°

215 6.68 X 10° 2.03 X 108 7.07 X 10° 1.62 X 10°¢ 6.14 X 10°

22.0 7.58 X 10° 2.06 X 108 7.62 X 10° 1.63 X 108 6.00 X 10°

225 8.49 x 105 2.08 x 108 8.15 X 10° 1.65 x 108 5.79 X 10°

23.0 941 X 10° 2.10 x 10° 8.63 X 10° 1.65 X 10° 557 X 10°

235 1.03 X 108 2.11 X 108 9.06 X 10° 1.65 X 108 5.31 X 10°

24.0 1.10 x 108 2.11 x 108 9.44 x 10° 1.64 x 108 5.03 X 10°

24.5 1.17 X 10° 2.10 x 10° 9.79 X 10° 1.63 X 10°¢ 4,71 X 10°

25.0 1.23 X 108 2.10 X 108 1.01 X 108 1.62 x 108 442 x 10°

255 1.29 x 108 2.09 x 108 1.04 X 108 1.60 x 108 4,09 X 10°

26.0 1.34 X 10° 2.08 X 108 1.07 X 108 1.58 X 10° 3.75 X 10°

26.5 1.39 X 108 2.06 X 108 1.09 X 108 1.56 X 108 342 X 10°

27.0 1.43 x 108 2.04 x 108 1.11 X 108 154 x 108 3.03 X 10°

275 1.47 X 10° 2.02 X 109 1.13 X 108 1.51 X 10 2.62 X 10°

28.0 151 X 108 2.00 X 108 1.15 X 108 1.48 X 108 221 X 10°

285 1.54 x 108 1.97 X 108 1.16 X 108 1.46 x 108 1.77 x 10°

29.0 1.57 X 10° 1.94 X 108 1.17 X 108 1.43 X 10° 1.28 X 10°

295 1.60 X 108 1.91 x 108 1.17 X 108 1.39 X 108 8.48 x 10¢

30.0 1.63 x 108 1.87 x 108 1.17 X 108 1.36 x 108 464 x 10¢

30.5 1.65 X 10° 1.83 X 10¢ 1.18 X 108 1.33 X 10° 2.06 x 10*

31.0 1.67 X 10° 1.80 x 10¢ 1.18 x 108 1.29 X 10° 745 X 108

315 1.68 x 108 1.77 X 108 1.18 X 108 1.26 x 108 0.00

32.0 1.69 X 10° 1.75 X 108 1.18 X 108 1.22 X 10 0.00

325 1.70 X 10¢ 1.71 X 10¢ 1.17 x 108 1.19 X 10¢°

33.0 1.71 x 108 1.68 x 108 1.17 X 108 1.16 x 108

335 1.72 X 10° 1.64 X 106 1.16 X 108 1.13 X 10°

34.0 1.72 X 10° 1.61 X 10¢ 1.15 x 108 1.09 X 10°

345 1.72 x 108 1.57 X 108 1.14 X 108 1.06 x 108

35.0 1.71 X 10° 1.53 X 10¢ 1.13 X 108 1.02 X 10¢

355 1.70 X 10¢ 1.50 x 10¢ 1.11 x 108 9.95 X 10°

36.0 1.69 x 108 1.47 X 108 1.10 X 108 9.38 X 10°

36.5 1.68 X 10°¢ 1.44 X 10¢ 1.08 x 10¢ 9.19 X 10°

37.0 1.66 X 108 1.40 X 108 1.07 X 108 8.96 X 10°

375 1.64 x 108 1.37 X 108 1.05 X 108 8.50 x 105

38.0 1.63 X 10° 1.33 X 10¢ 1.04 X 108 8.12 X 10°

385 1.61 X 108 1.30 X 108 1.03 X 108 7.90 X 105

39.0 1.60 x 108 1.27 X 108 1.01 X 108 7.41 X 105

395 1.58 X 10°¢ 1.24 X 108 9.97 X 10° 7.05 X 10°

40.0 1.57 X 10¢° 1.20 X 10¢ 9.81 X 10° 6.71 X 10°

40.5 1.55 x 108 1.16 X 108 9.64 X 10° 6.48 X 10°

41.0 1.53 X 10¢ 1.12 X 108 9.46 X 10° 6.29 X 10°

41.5 1.52 X 10° 1.09 x 10¢ 9.26 X 10° 571 X 10°

42.0 1.50 x 108 1.06 X 108 9.05 X 10° 554 x 105

425 1.48 X 10° 1.04 X 10 8.83 X 10° 513 X 10°

43.0 1.46 X 108 1.00 X 108 8.60 X 10° 486 X 10°

435 1.44 x 108 9.75 X 10° 8.36 X 10° 440 X 105

44.0 141 X 10° 9.46 X 10° 8.11 X 10° 4,15 X 10°

44.5 1.39 X 10° 9.11 X 10° 7.87 X 10° 3.72 X 10°

45.0 1.36 x 108 8.80 X 10° 7.62 X 10° 3.55 x 105

455 1.34 X 10° 8.48 X 10° 7.38 X 10° 3.15 X 10°

46.0 1.31 X 108 8.23 X 10° 7.14 X 10° 2.89 X 10°

46,5 1.28 x 108 7.94 X 10° 6.89 X 10° 245 x 105
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Tube Heliodente |sovolt® Heliodente Isovolt® |sovolt®
pGy/mAsat 1 m 64.3 1211 46.7 88 3
EPPT (= 0.1 pm) 1+ 0.5pum 0.9 pm 1+ 05um 0.8 pm 0.6 pum

keV 70 kVp 60 kVp 60 kVp 50.8 kVp 30.8 kVp

47.0 1.25 X 108 7.68 X 10° 6.65 X 10° 213 X 10°

475 1.22 X 108 7.41 X 105 6.40 X 10° 1.82 x 10°

48.0 1.19 X 108 7.15 X 10° 6.15 X 10° 1.34 x 10°

485 1.16 X 108 6.84 X 10° 5.89 X 10° 9.60 x 10¢

49.0 1.12 X 108 6.59 X 10° 5.62 X 10° 5.61 x 10¢

49.5 1.09 x 108 6.29 X 10° 5.36 X 10° 3.18 x 10¢

50.0 1.06 X 108 5.98 X 10° 5.09 X 10° 151 x 10¢

50.5 1.03 X 108 5.72 X 105 482 X 10° 9.68 x 108

51.0 9.99 X 10° 543 X 10° 454 x 10° 9.69 x 10°

515 9.69 X 10° 5.08 x 10° 4.27 X 10° 7.75 X 108

52.0 9.39 X 10° 480 X 105 401 X 10° 5.82 x 10°

525 9.09 X 10° 456 X 10° 3.74 X 10° 0.00

53.0 8.78 X 10° 4,29 X 105 347 X 10° 0.00

535 8.47 X 10° 4,03 X 105 3.21 X 10°

54.0 8.16 X 10° 3.77 X 10° 2.95 X 10°

54,5 7.85 X 10° 3.48 X 10° 2.69 X 10°

55.0 7.54 x 105 3.20 X 105 243 X 10°

55.5 7.24 X 10° 2.95 X 10° 2.18 x 10°

56.0 6.93 X 10° 2.64 X 10° 1.92 x 10°

56.5 6.61 X 10° 2.38 X 105 1.67 X 10°

57.0 6.29 X 10° 2.14 X 10° 1.44 X 10°

575 598 X 10° 1.82 X 10° 1.19 X 10°

58.0 5.68 X 10° 1.50 x 10° 9.81 x 10¢

58.5 538 X 10° 1.16 X 10° 7.78 x 10#

59.0 5.08 X 10° 8.87 x 10¢ 6.10 x 10¢

59.5 478 X 10° 5.80 x 10¢ 458 x 10¢

60.0 4.49 X 10° 3.01 x 10¢ 3.25 x 10¢

60.5 422 X 10° 1.03 x 10¢ 5.88 x 10°

61.0 3.93 X 10° 8.72 x 10° 2.15 x 10°

61.5 3.68 X 10° 6.00 x 103 0.00

62.0 341 X 10° 0.00 0.00

62.5 3.14 X 10° 0.00

63.0 291 X 10°

63.5 2.67 X 10°

64.0 245 x 10°

64.5 2.21 X 10

65.0 1.98 X 10°

65.5 1.78 X 10°

66.0 1.58 X 10°

66.5 1.39 X 10°

67.0 9.78 X 10¢

67.5 8.39 X 10¢

68.0 6.94 x 10¢

68.5 5.66 x 10¢

69.0 429 x 104

69.5 3.25 x 10¢

70.0 1.66 x 10¢

70.5 1.66 x 104

71.0 6.19 x 10°

715 0.00

72.0 0.00

a Format: absolute fluence primary spectra (X raymAs-cm? a 1 m in 0.5-keV energy bins). Data with standard
font indicate =3% error. Data in italics indicate =10% error. Data in boldface indicate 5% error.

b Seifert Isovolt tube: constant potential, 20° pure tungsten anode. Total filtration: inherent filtration (7 mm beryl-
lium) + effective pitting and plating thickness (listed in wm) + 0.5 mm aluminum.

¢ Siemens Heliodent tube: constant potential, 12° pure tungsten anode. Total filtration: inherent filtration (0.8 mm
pyrex glass, 15 mm insulating oil, 1.3 mm auminum) + effective pitting and plating thickness.
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