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Depth-ionization measurements have been obtained with an air-filled Nordic Association of
Clinical Physicists (NACP) design parallel-plate ionization chamber in a water phantom for ten
foil-scattered electron beams from two different machines with nominal energies between 6 and
20 MeV and field sizes from 6 X 6 to 25X 25 cm?. Depths of 50% ionization and practical range
have been determined from least-squares fits to both the raw data and values corrected to parallel-
beam geometry using measured virtual source distances. Depths of 50% dose have also been
obtained from fits to divergence-corrected depth-dose measurements performed under identical
conditions using, a p-type silicon diode detector. Utilizing accepted conversion factors between
mean incident energy ( E,) and depth of 50% dose for parallel incident beams, and taking
advantage of the fact that p-type silicon diode detector readings are nearly directly indicative of
relative dose, conversion factors between E, and depth of 50% ionization for divergence-
corrected and raw, uncorrected finite source-surface distance depth-ionization data are
empirically determined. Those values, obtained using the results of both ETRAN and EGS4 dose
calculations as base lines, are compared to values currently recommended for use in clinical

dosimetry.

I. INTRODUCTION

The recent AAPM protocol for calibration of electron
beams (TG-21) has made many recommendations to stan-
dardize electron dosimetry in the United States.' Similar
protocols have been adopted by other national and interna-
tional bodies.”™ A basic component of each is the adoption
of water as the dosimetry medium of choice. For determina-
tion of dose-to-water from air ionization chamber measure-
ments, one needs to correct the ionization reading at each
depth by the proper ratio of water and air restricted stopping
powers. Those water/air stopping-power ratio valugs de-
crease significantly with the average energy of the electron
fluence; thus, care must be exercised in their use. In the TG-
21 protocol, the stopping-power ratio used to correct an indi-
vidual measurement is obtained from values presented in
tables generated by Berger for plane-parallel, infinitely wide
beams of monoenergetic electrons.'> The mean energy at the

phantom surface ( E,) and the depth of the effective point
of measurement (Z) are used as input data for interpolation

among the table values. Here, ( E, ) is generally determined
from analysis of measured depth-dose or depth-ionization
data.

An average constant of proportionality (2.33 MeV/cm)

between E, and the depth of 50% relative dose, ds,(dose)
has been noted from analyses of depth-dose curves comput-
ed by Berger and Seltzer using forms of the Monte Carlo
code ETRAN?® for plane-parallel, infinitely wide beams of
monoenergetic electrons incident upon a semi-infinite water
phantom."” That average conversion factor value is in agree-
ment with the results of an earlier assessment of depth-dose
curves of broad beams from medical accelerators by Brahme
and Svensson.*®* More recently, Rogers and Bielajew have
made similar calculations using a different electron—-photon
Monte Carlo code EGS4° and compared them to experimen-
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tal data.'® The results of those calculations yield conversion

factors between E, and d, (dose) for parallel incidence
electron beams that differ from the ETRAN results.

However, the method of E, determination recommended
by TG-21,"""is to apply the value 2.33 MeV/cm to the depth
of 50% reading obtained from raw ionization (not dose)
data, without correction to parallel-beam geometry. The
clear deviation of that procedure from use of divergence-
corrected dose data was discussed by Wu ez al.'? They com-

puted ratios of E, to ds,(ion) expected for divergence-cor-
rected depth-ionization curves using Berger and Seltzer’s
data. Those values range from 2.46 to 2.29 for electrons with
mean incident energies between 6 and 50 MeV. They pro-
pose the use of their median value (2.38 + 0.08 MeV/cm)
for use with divergence-corrected ionization data. For deter-
minations from raw ionization data, where the divergence
dependence also has not been removed, one expects yet an-
other average value (if appropriate) to apply.

We have attempted here to measure the relationships
among the depths of 50% reading for divergence-corrected
ionization data, raw uncorrected ionization data, and diver-
gence-corrected dose data; all for purposes of mean incident

energy determination. Direct determination of the E,
would require knowledge of the complete electron energy
spectrum at the phantom surface. This is obviously quite
difficult to do in a clinical setting and was not attempted.
Instead, E,/ds,conversion factors appropriate for use with
ionization data were indirectly determined assuming: (a)
that conversion factors between divergence-corrected dose
data and mean incident energy are known, and (b) that rela-
tive measurements made with a p-type silicon diode detector
may be interpreted nearly directly as readings of relative
dose. Thus, for a given E,,, the ratio between the depth of
50% reading for a given divergence-corrected depth-ioniza-
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tion curve, ds,(ion), and the corresponding value from a
divergence-corrected depth-dose curve, ds,(dose), will be
inversely proportional to the ratio of the conversion factors
(CF’s):

known dose CF
d50(ion)/d50(dose) )
The relationship in Eq. (1) also applies to determination of a

(new CF) = (H

conversion factor, E,/d ’, (ion), for uncorrected ionization
data, where, as throughout the paper, primed (') symbols
refer to quantities not corrected for beam divergence.

We have also investigated how the depth defined as being
representative of the practical range,* R,,, changes with data
type. All measurements will be described in detail, along
with a presentation of the data reduction required to quanti-
tatively define the specific depth parameters. Analysis and
discussion will follow.

Il. MATERIALS AND METHODS

Measurements were made at SSD = 100 cm for the single-
foil scattered and dual-foil scattered electron beams genera-
ted by Varian Clinac 18 and Clinac 1800 linear accelerators,
respectively.'? Data were obtained using square field sizes of
66, 10X 10, 15 15, 20X 20, and 25X 25 cm? for energies
of 6,9, 12, 15, and 18 MeV on the Clinac 18 and energies of 6,
9,12, 16, and 20 MeV on the Clinac 1800. Although the field
sizes and some nominal energies are the same on both ma-
chines, the beams themselves are considered to be different
due to the use of different scattering systems and transmis-
sion monitor chambers. Most of the relationships referenced
toin Sec. I, are strictly valid for field sizes of diameter greater
than a beam’s practical range. Thus, our measurements were
limited to those situations.

Ionization chamber and diode detector data were ob-
tained in a Therados RFA3-50 water phantom using the
RFA-3 positioner.'* Its control unit has a stated resolution
of 0.1 mm in position and 0.1% in normalized reading. At
least 15 cm of water was always presented behind each detec-
tor to ensure that the electron beams were fully stopped in
the water. Measurements were always performed in the
same manner, with detectors moved from deeper to shal-
lower depths along the beam central axis, in order to elimi-
nate backlash. The positioner was routinely checked for lin-
earity and reproducibility of position by comparison to a
precision steel ruler. These precautions result in better than
0.2-mm precision for reproducibly positioning the chamber.
Temperature and pressure were monitored throughout the
course of measurements, and normalization runs at nominal
depths of maximum dose were obtained at periodic intervals,
to insure the consistency of the data. Bias polarity effects and
ion collection efficiencies were checked for each detector.
Corrections applied to the raw readings were found to be
either very small or negligible for the detectors, biases, and
dose rates employed.

The ionization chamber measurements were obtained us-
ing a Nordic Association of Clinical Physicists (NACP) de-
sign parallel-plate chamber.'* The chamber, as described by
Mattsson et al.'® was designed specifically for electron beam
measurements. It is a well-guarded chamber featuring a 0.5-
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mm graphite front wall and a 2-mm air gap. Perturbation
effects are minimized and it exhibits a negligible polarity
effect. For measurements in the water phantom, it was en-
cased in a Lucite holder with a thin (0.1 mm) Mylar en-
trance window. Thus, use of this small volume parallel-plate
chamber in a water phantom for central axis relative ioniza-
tion measurements minimizes the need for corrections to the
raw readings, provides a well understood and reproducible
geometry, and follows the spirit of protocols such as TG-21
as closely as possible. The complete detector assembly was
attached to the scanning arm of the RFA -3 positioner, and it
was irradiated perpendicular to its flat surface. For each
depth-ionization measurement, the chamber’s effective mea-
surement point (center of proximal surface of air cavity, 0.6
mm from front surface of Mylar) was placed at a depth ap-
proximately 3 X the estimated practical range, and measure-
ments were obtained at decreasing depths to within a few
millimeters of the water surface. A second, small-volume-
thimble ionization chamber was positioned at the periphery
of the radiation field and used as a monitor chamber for each
set of measurements. Both chambers were placed at a bias of
300 V and ionization measurements were obtained using the
standard RFA-3 preamplifier—electrometer system.

Measurements were also obtained for the same energies
and field sizes using a p-type silicon diode field detector in
the short circuit mode.' It is a p—» junction detector made
on p-type silicon (which overcomes nonlinearity problems
due to radiation damage-induced traps associated with pre-
vious n-type silicon diodes).'®"'® It has an effective detector
volume of approximately 0.5 mm?® and an effective thickness
of about 0.05 mm in the beam direction. The diode itself is
encapsulated in an epoxy cylinder such that the sensitive
volume is located less than 0.5 mm below the front face of the
detector assembly. The epoxy cylinder is in turn attached to
a thin shaft which was attached to the same RFA-3 posi-
tioner used for the ionization chamber measurements. A sec-
ond, reference detector assembly consisting of four diode
detector elements connected in parallel was situated at the
corner of the radiation field and used as a monitor detector,
in a fashion similar to the ionization chamber measurements
described above. Readings were obtained as a function of
depth in the water phantom using the same RFA-3 elec-
trometer as above.

All relative ionization versus depth data were obtained
under the control of a microcomputer.'® A field detector was
moved from its starting position, stopped, and held fixed at
each data point, where readings of field current normalized
to the monitor detector current were averaged until they
showed a variance of less than 0.2%. The detector was then
slowly and automatically scanned until reaching either (1) a
location 1 cm shallower in depth, or (2) a point receiving a
test relative current reading with a 0.5% change from the
previous data point, whichever occurred first. At that loca-
tion, readings were again averaged and defined as another
data point. This automatic system of obtaining data insures
both accurate and reproducible positioning of the chambers,
as well as fairly precise, noise-free measurements of relative
current. Also, the data are automatically stored in digital
fashion for subsequent analysis, eliminating uncertainties in-
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troduced into normal scanning processes where ink pen
plots of relative current versus depth are traditionally ob-
tained for a continuously moving field detector.

I1l. DATA REDUCTION

Data files containing readings of relative ionization I '(Z)
vs depth (Z) were used as input for an interactive computer
program written specifically for analysis of electron depth-
dose/ionization data in the spirit of recent dosimetry proto-
cols.'™ Separate data files of divergence-corrected ioniza-
tion were also generated by applying corrections to the raw
data,

I(Z) =1'(Z)[(VSD + Z)/VSDJ?, (2)

using measured virtual-source distances, VSD’s.* The
VSD’s were independently measured for each cone and ener-
gy by backprojection of the 50% beam widths measured at
various distances in air with a small p-type silicon diode.
This method yields consistent results with a fairly constant
virtual point source position, as are appropriate for the
strictly geometric corrections desired here.”**'

Comparison of representative samples of the original rela-
tive ionization versus depth data for the NACP parallel-
plate ionization chamber, the same data corrected for diver-
gence to infinite SSD, and the divergence-corrected diode
detector dose data (Fig. 1) reveal slight, noticeable differ-
ences among the data types. To facilitate a more quantitative
analysis, linear least-squares fits of straight lines were made
to the data in the 60% to 30% falloff region and to the
bremsstrahlung tail of each curve (Fig. 2). To estimate ran-
dom uncertainties in the measured quantities due to stop-
ping the detectors for readings, electron beam fluctuations,
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F1G. 1. Representative raw, uncorrected (triangles) and divergence-cor-
rected (circles) NACP chamber depth-ionization data compared to diver-
gence-corrected diode detector depth-dose data (squares). 15X 15 cone at
100-cm SSD; 20-MeV nominal incident energy.
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F1G. 2. Sample divergence-corrected percentage depth-ionization data (+)
for nominal 20-MeV electron beam in water. Here, @ indicates endpoints
used for straight-line fits to data in the falloff region. Depth of 50% ioniza-
tion calculated from average slope and intercept of the nine possible fits to
those two sets of three endpoints each. Also indicated is straight-line fit to
data in the bremsstrahlung region. Depth at which that line intercepts aver-
age line from falloff region is the practical range.

small changes in detector response, and the statistics of
charge collection, data points immediately on either side of
original 60% and 30% end points were also identified and
used as end points for subsequent fits. Thus, an average slope
and an average intercept, along with corresponding statisti-
cal standard errors, were determined for each curve. Depths
of 50% reading and their statistical errors were computed
using the average fit parameters. The bremsstrahlung tails
were approximated by fits to all points more than 3 cm be-
yond the estimated practical range (Enom/2). The depth
where that line intersected the average line above was de-
fined as the practical range.*

IV. ANALYSIS

The intent here is a determination of multiplicative factors
by which the depth of 50% ionization obtained with an air-
filled ionization chamber may be related to the mean energy

of the electron beam incident on a water phantom ( E)
such that mass stopping-power ratio data computed assum-
ing a parallel beam of electrons incident on a phantom may
be more correctly implemented. We assume that correct in-
dividual or average conversion factors between the depths of

50% dose and E, are known for those same conditions of
parallel incidence.

The mass collision stopping-power ratios between water
and silicon vary much more slowly with energy than the
corresponding water/air ratios.**?* Thus, relative readings
obtained with the p-type silicon diode detector are expected
to correspond more directly, without need for correction, to
measurements of relative absorbed dose in water than would
corresponding air ionization chamber measurements. This
has been investigated in great detail for electron beams of
nominal energy greater than 6 MeV by Rikner and Gru-
sell.?>** We have performed similar measurements that
agree with their findings.>* However, for completeness, we
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TaBLE]L Cor@rison of divergence-corrected (infinite SSD) air-ionization chamber ionization data and divergence-corrected (infinite SSD) diode detector
dose data to E;/ds,(dose) conversion factors from ETRAN and EGS4 (S.E. = standard error).

(1) (2) (3) N C)) (9 (& (7)

dsg(dose) (cm) dsolion)/ds,(dose) E,/ds,(dose) Eq/ds,(ion) E,/ds(dose) E,/ds,(ion)

E-nom SSD infinity Data average SSD infinity Derived from SSD infinity Derived from
(MeV)/machine data average (+S.E) ETRAN calc* (4)/(3) EGS4 calc® (6)/(3)

6/CL18 2.26(0.01) 1.002(0.014) 2.43 2.425(0.035) 2.54 2.535(0.035)
6/1800 2.34(0.01) 0.989(0.015) 2.425 2.45 (0.035) 2.53 2.56 (0.04)
9/CL18 3.45(0.01) 0.989(0.008) 2.355 2.38 (0.02) 2.445 2.475(0.02)
9/1800 3.57(0.01) 0.987(0.006) 2.355 2.385(0.015) 2.44 2.47 (0.015)
12/CL18 4.81(0.02) 0.991(0.004) 2.315 2.335(0.015) 2.405 2.425(0.015)
12/1800 4.98(0.01) 0.988(0.007) 2.31 2.34 (0.015) 2.40 2.43 (0.015)
15/CL18 6.09(0.01) 0.987(0.004) 2.29 2.325¢0.01) 2.375 2.41 (0.0
16/1800 6.69(0.02) 0.985(0.004) 2.29 2.325(0.01) 2.37 2.405(0.01)
18/CL18 7.59(0.01) 0.985(0.004) 2.285 2.32 (0.01) 2.37 2.405(0.01)
20/1800 8.53(0.01) 0.983(0.004) 2.28 2.32 (0.01) 2.37 2.41 (0.0D)

*Obtained from plots in Ref. 10, rounded to nearest 0.005.

have also made water/silicon stopping-power ratio correc-
tions to all the diode data that follow. For the relative quanti-
ties and experimental conditions of interest here, resulting
values of depths of 50% relative dose or practical range
change by less than 0.1 mm from values obtained from diode
data where no stopping-power ratio corrections have been
made. Hence, given the assumption stated in the previous
paragraph, ratios of dso(ion) obtained with the NACP
chamber to dsy(dose) from the diode measurements should

be related to their corresponding E,/ds, conversion factors
[Eq- (D]

Weighted average values of the ratios of depths of 50%
reading were taken over various field sizes for each beam,
with individual ratios being weighted by the inverse square
of their uncertainties in the average (Tables I and I1, column
3). As mentioned earlier, only field sizes with average diam-
eters greater than a beam’s practical range were examined.
The average depths of 50% ionization obtained from the
raw, uncorrected ionization data are less than the depths of
50% ionization obtained with the same relative data correct-
ed for beam divergence, which are in turn less than the
depths of 50% dose obtained from the divergence-corrected
diode-dose data. The ratios show no strong trend with ener-

gy or field size for the divergence-corrected ionization data
comparison (Table I). A trend toward ratio values of lower
magnitude with increase in energy is observed for the uncor-
rected ionization comparison (Table II). This may simply
reflect the larger influence of the divergence correction itself
on data from beams of higher energy, with their larger
depths of 50% ionization and shallower gradients in the fall-
off region.

The currently used E,/ds, conversion factors for broad
parallel monoenergetic beams in water are summarized as a
function of depth of 50% dose in a recent paper by Rogers
and Bielajew.'® The values computed using versions of the
ETRAN code®’ with recent stopping-power ratios’ and
their approximate average of 2.33 MeV/cm form the basis of
current practice.'™ The more recent EGS4 calculations dif-
fer from those results.'® Here, values of the E,/ds,(dose)
conversion factors for the ETRAN calculations (Tables 1
and II column 4) were taken from Fig. 13 of Ref. 10 using
average depths of 50% dose for the divergence-corrected
diode-dose data (Tables I and I1 column 2). Accepting those
ETRAN values as a basis, E,/ds,(ion) and E,/d %, (ion)
values were derived [Eq. (1) ] for each beam for both diver-
gence-corrected and raw, uncorrected ionization data, re-

TaBLE I1. Comparison of raw, uncorrected (finite VSD) air-ionization chamber ionization data and divergence-corrected (infinite SSD) diode detector dose
data to E,/dsy(dose) conversion factors from ETRAN and EGS4 (S. E. = standard error).

(1) (2) (3)

(4)

(5) (6) (7)

dspfdose) (cm)  d i, (ion)/dse(dose) E/dsy(dose) E,/d % (ion) E,/ds,(dose) E,/d §,{ion)

E-nom SSD infinity Data average SSD infinity Derived from SSD infinity Derived from
(MeV)/machine data average (+S.E) ETRAN calc? (4)/(3) EGS4 calc® 6) /(3

6/CL18 2.26(0.01) 0.996(0.014) 2.43 2.44 (0.035) 2.54 2.55 (0.035)
6/1800 2.34(0.01) 0.981(0.013) 2.425 2.47 (0.035) 2.53 2.58 (0.035)
9/CL18 3.49(0.01) 0.982(0.006) 2.355 2.40 (0.015) 2.445 2.49 (0.015)
9/1800 3.57(0.01) 0.979(0.006) 2.355 2.40 (0.015) 2.44 2.49 (0.015)
12/CL18 4.81(0.02) 0.979(0.004) 2.315 2.365(0.015) 2.405 2.455(0.015)
12/1800 4.98(0.01) 0.980(0.006) 2.31 2.36 (0.015) 2.40 2.45 (0.015)
15/CL18 6.09(0.01) 0.968(0.004) 2.29 2.37 (0.01) 2.375 2.455(0.01)
16/1800 6.69(0.02) 0.967(0.004) 2.29 2.365(0.01) 2.37 2.45 (0.01)
18/CL18 7.59(0.01) 0.957(0.004) 2.285 2.385(0.01) 2.37 2.475(0.01)
20/1800 8.53¢(0.01) 0.956(0.004) 2.28 2.385(0.01) 2.37 2.475(0.01)

2Obtained from plots in Ref. 10, rounded to nearest 0.005.
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FIG. 3. Comparison of E,/ds,(reading) conversion factors as a function of
ds,(reading). ETRAN curve represents E,/ds,(dose) calculations for
monoenergetic, broad, parallel incident beams extracted from Ref. 10. Data
points represent E,/ds,(ion) factors [Eq. (1)] from Tables I and I, re-
spectively, for divergence-corrected (triangles) and raw, uncorrected (cir-
cles) air ionization chamber measurements using the ETRAN curve as a
base line. Error bars represent standard errors. Smooth curves through data
[Eq. (3)] use the least-squares fit coeflicients in Table II1.

spectively (Tables I and Il column 5 and Fig. 3). Also, as per
Rogers and Bielajew, ' fits of the function

Ey/dso=A + Bln (ds,) + C [In(ds) 1%, (3)

where A, B, and C are coefficients to be determined, were
made to the data (smooth curves, Fig. 3) using a least-
squares fitting routine with each individual point weighted
by the inverse square of its uncertainty in the fit. The com-
puted coefficients (Table III) are only valid for the nominal
6-20 MeV incident energy range studied here. A similar
analysis was performed using the EGS4 monoenergetic par-
allel incidence dose calculations from Fig. 14 of Ref. 10 as a
basis (columns 6 and 7, and Table III).

The uncertainties quoted in the average values (Tables I
and IT) are, as mentioned, standard errors in those average
values. As such, they incorporate random uncertainties in
the determination of the sample mean values only. One stan-
dard deviation in the distribution of individual readings

TABLE. III. Coefficients for fits of Eq. (3) to E,/ds,(ion) and E,/d
(ion) data.

Data Coefficients
Table Column A B C
1 5 2.658 —0.3158 0.07368
i 5 2.723 —0.4126 0.1194
1 7 2.829 —0.4139 0.1013
11 7 2.890 —0.5048 0.1458
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about those means will be larger by an amount approximate-
ly equal to the square root of the number of samples used in
forming each average (up to five fields). Additional system-
atic errors on the order of a few tenths of a millimeter may be
associated with the initial positioning of the detectors. Those
systematic errors, if present, would be constant overall dis-
placements of unknown sign in the depths of 50% reading
and practical range. However, their magnitude would be no
larger than the statistical uncertainties quoted above. Hence,
the uncertainty of values quoted above would at most in-
crease by approximately the square root of two with inclu-
sion of possible systematic sources.

Asmentioned earlier, practical ranges were also measured
using uncorrected ionization data, divergence-corrected ion-
ization data and dose data. It is expected, and has been point-
ed out by others,**’ that the practical ranges are much less
sensitive parameters than are the depths of 50% reading.
This was borne out here. Ratios similar to those taken above
were obtained for the practical range values and weighted
averages over all energies and field sizes again obtained. The
ratio of practical ranges determined from the NACP ioniza-
tion data with divergence correction to the divergence-cor-
rected diode data averaged over all energies and field sizes
was 0.998 + 0.002 and the ratio of practical ranges deter-
mined from the raw uncorrected NACP ionization chamber
data to the divergence-corrected diode data was 0.997

+ 0.003.

V. DISCUSSION

The current status of E,/ds,(reading) conversion fac-
torsis summarized in Fig. 4. The ETRAN curve and the 2.33
MeV/cm AAPM average (solid line) are strictly appropri-
ate for depth-dose curves from monoenergetic beams of
plane-parallel incident electrons. The calculations of Wu et
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FIG. 4. Comparison of current recommended E,/ds,(reading) conversion
factors relative to the ETRAN base line. ETRAN curve plus AAPM rec-
ommended average (solid lines) are from Ref. 10, and are strictly valid for
monoenergetic, parallel incident depth-dose curves. Wu er al. curve plus
average (dashed lines) are computations recommended for corresponding
depth-ionization curves.'?> The dotted (divergence corrected) and dot—
dashed (finite VSD) curves are fits to the data obtained here for ionization
measurements in clinical beams from Fig. 3 via Eq. (1) and Tables I-II1.



990 R. K. Ten Haken and B. A. Fraass: Electron beam energy determinations from d,, (ionization) vaiues 990

al. and the average they computed (dashed lines) are pro-
posed for use with depth-ionization curves obtained under
similar conditions. The fits of Eq. (3) to the data obtained
here (Table III) from measurements of depth-ionization
curves in clinical beams, with and without correction to par-
allel-beam geometry, are represented by the dotted and dot—
dash curves, respectively. Deviations from the ETRAN
curve are fairly systematic for the divergence-corrected ioni-
zation measurements (approximately 1.5% in column 3 of
Table I), but increase with increases in beam energy for the
raw, finite VSD ionization data (up to 4.5% for 20 MeV).
The average values of Eq. (3) (using the parameters in Table
III) over the limited energy range studied here are 2.365 and
2.395 MeV/cm, respectively. The divergence-corrected
clinical beam ionization results here follow the trend of the
Wu et al. curve, although they are displaced slightly in mag-
nitude due, perhaps, to the finite energy and angular spread
present in clinical beams.

The relationships of the ionization data to the EGS4 base
line dose data are qualitatively similar (Fig. 5). That is, Eq.
(1) is again used with the same corrections (columns 3, Ta-
bles I and II), and only the “known” base line has changed.
Displacements of the ionization data from the dose curve are
still seen, and they are of the same relative magnitude. How-
ever, deviations from the AAPM value have now in-

creased.'® The SSD = 80 cm values of E,/d %, (dose) com-
puted using EGS4 also differ markedly from the EGS4 dose
values for parallel incidence; pointing out the importance of
the correction for beam divergence, especially at higher inci-
dent energies.”'” The shape of the finite VSD dose curve is
qualitatively similar to the fit to the raw, uncorrected ioniza-
tion data here (VSD’s approximately 80-90 cm), although
displaced in magnitude due to inclusion of stopping-power
ratios.
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FIG. 5. Comparison of E,/ds,(reading) conversion factors relative to the
EGS4 base line. EGS4 curves (solid lines) are from Ref. 10, and are strictly
valid for monoenergetic, parallel incident and SSD = 80-cm depth-dose
curves. The dotted (divergence corrected) and dot-dashed (finite VSD)
curves are fits to the data obtained here for ionization measurements in
clinical beams [Eq. (1) and Tables I-II1].
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It has been pointed out*'*?® that E, may not always be
accurately specified by d,(reading) regardless of base line
(ETRAN or EGS4), due to differences in the energy spread
of incident electron spectra, changes of those spectra with
depth, straggling, etc. Also, for clinical beams, the appropri-
ateness of using monoenergetic stopping-power ratios, espe-
cially at larger depths, must always be called to question.
The measurements performed here were for foil-scattered
broad-field clinical electron beams only. Certainly, addi-
tional measurements at higher energies, on machines by oth-
er manufacturers, and especially on accelerators with scan-
ning beams and narrower energy spreads would provide
additional useful information.

We support the contention that, for more precise determi-
nations of mean incident energies from depth-ionization

data, values of E,/ds,(dose) obtained from divergence-
corrected dose data do not strictly apply. It is argued''”’
that the errors introduced through use of the constant 2.33
MeV/cm for even uncorrected ionization data are small.

That is, the differences in the values of E, obtained are
greater than the differences in values of dose resulting from
their use in determining stopping-power ratios. However, as
stated by Wu er al.,'? it would seem appropriate that any
protocol in use should be as free of “ambiguities and incon-
sistencies” as possible. We also concur with Rogers and Bie-

lajew that values of E,/ds,(reading) are appropriately ob-
tained from curves or parameterizations as a function of
ds,(reading).'® The results of the measurements presented
here provide a basis for the more correct use of depth-ioniza-
tion data. Clearly, correction of raw ionization data to infi-
nite SSD and use of calculated or empirically determined
divergence-corrected ionization relationships will yield
more consistent results for all energies.
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