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BREMSSTRAHLUNG-INDUCED K

by

Ellery Storm

ABSTRACT

FLUORESCENCE

Bremsstrahlung radiation can be used to excite nearly monoenergetic x
rays in secondary targets, which are then used to study the energy response
of radiation detectors if the intensity and purity are known. A method is
suggested for calculating the spectral intensity of the secondary target
radiation, including K-fluorescent x rays, and the bremsstrahlung and
characteristic line radiation scattered from the target. Coherent and in-
coherent scatter are included in the calculation.— —.

_ !:” To test the theory, bremsstrahlung radiation t%oman x-ray unit operating
=m’ in the 100- to 300-kV potential range was used to excite K-fluorescent radia->——m%- tion in secondary targets that range in atomic number from 29 to 90. The

2=3;~ ~ )=- primary and secondary spectra were measured with NaI, silicon, and ger-
;==3=!z—~ manium detectors. The measured primary spectral intensities were used as
?eo’ input to the secondary spectral intensity calculation. Calculated secondary~~ o l!--- spectra
~-co were within 20?Z0 agreement with measurement.
$===m’mr Optimization of the secondary target intensity and purity is discussed as a
“===0’o— function of target thickness, potential, and selective filtration.“em~ ——L ..

I. INTRODUCTION

K-fluorescent x rays excited in a secondary target
by photons from the primary target of an x-ray tube
have been used to obtain monoenergetic sources in
the 1- to 100-keV energy range. 1-3 Fluorescent
sources, which have been used for microradiography
of histologic sectionsd and for metallurgical
microradiography, 5 have found widespread use in
energy response measurements of radiation

detectors6- 13 and as a method of elemental
analysis. 14The radiation emitted by the secondary
target consists not only of K-fluorescent x rays but
also includes the scattered bremsstrahlung contami-
nant,Consequently, in most applications, one is in-

terested in the purity of the beam as well as the ab-
solute intensity of the K-fluorescent x rays. Purity is

defined as the ratio of K photons to total number of
photons integrated over the energy spectrum. Purity
and intensity can be measured with a photon spec-
trometer, but it would be useful and of theoretical
interest to be able to calculate the spectrum and
learn how to adjust the variables to optimize purity
and intensity. However, one must first know the
primary target spectrum, including both the
bremsstrahlung continuum and the characteristic
line radiation, to calculate the secondary target
spectrum.

In this report, the primary target bremsstrahlung
and characteristic line radiation are measured, and a
method is suggested for calculating the secondary
target K fluorescence and scattered bremsstrahlung
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and characteristic line radiation. To test its validity,
the method was applied to a specific case. A com-
mercial x-ray unit with a tungsten-target tube was
used as the primary source. With the x-ray tube
operating in the 100- to 300-kV range, intensity as a
function of photon energy was measured with a
photon spectrometer. Secondary targets, varying in
atomic number from 29 to 90, were irradiated by the
primary source in a fixed geometry. Radiation from
the secondary target was also measured with a
photon spectrometer and the results were compared
with the calculated spectra.

Measurements of the primary target radiation
have been reported. 15 This report describes the
secondary target spectral measurements, discusses
the method of calculating the K fluorescence and
scattered bremsstrahlung and characteristic line
radiation, and compares the measurements with
calculations. Coherent and incoherent scattering are
included in the calculations. K-fluorescent intensity
and purity are studied as a function of excitation
potential, target thickness, and atomic number.

IL MEASUREMENT

A. Primary Target Radiation

The primary source was a constant-potential
North American Philips Company Norelco MG-300
industrial x-ray unit containing an oil-immersed
Muller Mo 301/10 tube. The tungsten target was at a
22° angle from the central ray and projected a 5-
mm-square focal spot. The accelerating potential
could be varied from 100 to 300 kV and the current
from 2 to 10 mA. The Muller tube had a relatively
large amount of inherent filtration, consisting of 0.44

dcm 2 beryllium, 0.65 g/cm 2 Pyrex, 1.4 g/cm 2 oil,
and 0.71 g/cmz Araldit plastic.

With the Norelco x-ray unit operating at 100, 150,
200, 250, and 300 kV, spectral measurements were
made with silicon and germanium semiconductors
and a NaI scintillator. lb Because each detector dis-
torts a spectrum differently, it was necessary to use
H. I. Israel’s program 16to obtain a representation of
the undistorted spectra. After estimating the un-
distorted spectrum, the program uses Monte Carlo
techniques to distort the spectrum in the same man-
ner as a detector of specified composition, geometry,
and resolution.

A first estimate of the undistorted spectra was ob-
tained from theoretical considerations. 17,18The first
estimate was distorted by the Israel program, com-
pared to measurement, then revised to bring it more
nearly into agreement with measurement. The
second estimate was distorted by the program and
then compared to measurement. Further revisions
were made, and the process was repeated until
satisfactory agreement with measurement was
achieved.

Figure 1 shows the final estimate of the undistor-
ted spectra, which agree within 10% with the spec-
tral measurements obtained with all three detector
types. Because the K-lines and K-edge discontinuity
were present in the first estimate derived from

theory, these same features appear in the undistor-
ted spectra. The spectra in Fig. 1 are free of detector
attenuation and distortion but are attenuated by in-
herent filtration. These spectral distributions are
taken to represent the true primary spectral dis-
tribution incident on the secondary fluorescent
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Fig. 1.
Undistorted ‘measured” spectra.
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B. Secondary Target Radiation

1. Experimental Arrangement and Procedure.
Figure 2 shows the arrangement for irradiating the
secondary targets to produce K-fluorescent radia-
tion. The primary source was the Norelco unit
described above. Except for the exit window, the
tube head was completely encased in a 2.5-cm-thick
lead shield mounted vertically on a turntable, A

beam-limiting lead diaphragm with a tapered con-
ical hole was attached to the exit window. Positioned
against the exit window diaphragm was a lead-lined
brass cylinder that served as a holder for the secon-
dary targets and also absorbed the transmitted
primary beam. The targets were placed in the
primary beam through a slit in the top of the cylin-
der. The secondary target, with its center 15 cm from
the primary target, was at a 45° angle to the central
ray of the primary beam. The K-fluorescent beam
passed through a 2.2-cm hole in the brass cylinder.
An electrically actuated shutter in front of the first
diaphragm permitted the fluorescent beam to be
stopped without turning off power to the x-ray tube.
A 3. O-cm-diam beam-limiting diaphragm was
located 8 cm from the first diaphragm. Aluminum
filters were placed over this second diaphragm to ab-
sorb L x rays produced in the targets.

w ind6w \
‘\\ \

,$ Rodlator holder

\.
Beam

I%!mory beom catcher

Ilmiting diaphragm

Fig. 2.

Arrangement for iwadiating seconda~

to produce K-fluorescent radiution.
targets

Table I lists the 10 targets and their thicknesses.

The targets were cut or pressed into 5-cm-diam
disks, Target thicknesses were at least 1 mfp thick
for their K x rays. K radiation was assumed to con-
sist of two lines with the combined weighted average
of K. plus Kp energies. The filters used to absorb. the
L lines produced in the target are also given in the
table. K lines produced in the lighter elements of the
compounds were <3 keV and were absorbed by the
aluminum filters.

Spectra from the secondary target were measured
with essentially the same arrangement used with the
primary target (Fig. 3). Detectors were located 49 m
from the targets with an evacuated Orangeburg pipe
between the source and detector. The ends of the

pipe were covered with 0.0105-g/cmz-thick Mylar
windows. Air between the secondary target and first
Mylar window, air in the pipe, and air between the
second Mylar window and detector totaled 0.047
glcmz in thickness. The silicon, germanium, and
NaI detectors used in the primary target measure-
ments were also used in the secondary target
measurements. Each of these detectors distorts an x-
ray spectrum differently, and each has its advan-
tages and limitations; these will be discussed when
the experimental results are presented.

TUSE

SHIELOING m
II

TARGET DETECTOR
APERTURE

H

APERTURE LINEAR

x-RAY EVACUATEO ORANGEBURG AMPLIFIER

TUBE PIPE (-50 m LONG)

h“ ~

~ . ‘::c”p

TARGET,

% ~~E& ~pcR

FILAMENT
TARGET (INHERENT a;ET[-:KIR
ANGLE FILTRATION) ASU!:LY

‘YLAR’“~, 1 ~

roll,

Fig. 3.

Experimental arrangement for the measure-
ment of x-ray spectra.
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TABLE I

K-LINE ENERGIES, THICKNESSES, AND L-LINE ABSORBERS

OF SECONDARY TARGETS

z

29
35
42
47
56
64
70

77

82

90

Target

Material

Cu
NaBr

Mo

Ag

BaS

Gd203

Yb.203

Ir

Pb

Th

Target

Thickness

(g/cm2)a

0.023
0.13
0.052
0.074

0.43

0.53

0.88

1.4

0.72

1.3

%
(!:e\7 )

8.041
11.907
17.443
22-1o3

32.062
42.750
52.014
64.303
74.159
92.050

K~

(keV)

8.907

13.300

19.648

25.008

36.535

48.918

59.652

73.919

85.370

106.169

I/’
(keV)

8.136

12.087

17.781

22.581

32.890

43.949

53.542

66.296

76.539

95.144

Al

L X-Ray

Absorber

(9/cm2 )

0.006
0.055

0.055

0.103

0.103

0.103

0.441

0.441

0.441

1.45

a
Includes mass of lighter elements in compounds.

b
Combined weighted average of Ka and K .

B

The Technical Measurements Corporation (TMC)
photon spectroscopy system included a lithium-
drifted silicon detector, a cryogenic chamber, an ion
pump with power supply, anda 10-1 liquid nitrogen
reservoir. The silicon disk was 0.3cm thick and 1.27

cm in diameter with a 0.5-~ m-thick dead layer. A
0.025-cm-thick beryllium window was mounted in
the cryogenic chamber parallel to the plane of the
detector so that entering photons were normal to the
surface. The first stage of the TMC preamplifier was
inside the cryogenic chamber at liquid nitrogen tem-
perature, and its output signal was fed to an Ortec
model 410 amplifier.

The disk-shaped lithium-drifted germanium
detector, Ortec Company model 8047, was 0.75 cm
thick and 2.28 cm in diameter with an active area of
4 cmz. It was encapsulated in an aluminum cryostat
that rested vertically in a 25-1 Dewar of liquid

nitrogen. A 0.046 -g/cm z-thick beryllium window in

the cryostat was aligned with the side of the detec-
tor, i.e., photons were incident on the cylindrical
surface of the disk, rather than on one of the plane
surfaces. Consequently, the germanium dead layer

4

was <0.0025 cm. The detector was coupled to an un-
cooled Los Alamos Scientific Laboratory (LASL)
model 580 preamplifier and an Ortec model 410

linear amplifier.
The Harshaw Chemical Company model 12S12

detector was a 7.6-cm-diam by 7.6-cm-deep cylin-
drical thallium-activated NaI crystal, optically
coupled by a quartz light pipe to an RCA model 8054
photomultiplier tube; the entire unit was contained
in a 0.274 -g/cmz-thick aluminum can, Its output
signal was fed to a Victoreen Instrument Company
preamplifier model SPA-C and amplifier model SA-
1.

The detectors were completely shielded except for
their windows and rested against the detector aper-
ture. Alignment was made both optically and by in-
tensity measurements. Background was subtracted
with the x-ray unit on and with the shutter over the
fluorescent source.

Pulse height analysis of all spectra was performed
with a Victoreen Scipp 400-channel analyzer that
was housed with the amplifiers and output equip-
ment in a small trailer near the detector. The



analyzer gain was set so that one channel width

corresponded to a 1-keV interval. This setting was
checked daily before and after each run, and it was

seldom necessary to adjust the fine gain. Gamma-
ray emitting isotopes were used to calibrate the spec-
trometer. These included the 22-keV 10gCd line, the
60-keV zAIAm line, the 122-keV STCOline, and the
279-keV zOsHg line.

Spectral measurements were made with the x-ray
unit operating at 100, 200, and 300 kV. Because the
secondary target intensities were considerably
smaller than the primary target intensities, in-
creased tube currents, longer counting times, and
larger detector apertures were used to measure the

fluorescent spectra. Table II gives tube currents,
counting times, and detector aperture areas used
with each operating potential and detector.

2. Results. Fluorescent spectral measurements
are given in Figs. 4-12 in terms of counts per kiloelec-
tron volt for the conditions listed in Table II and
primary excitation potentials of 100, 200, and 300
kV. Measurement is shown by the actual data
points, and theoretical results (described later) are
shown by the solid line.

The spectra observed with the silicon detector are
shown in Fig. 4 for copper, NaBr, and molybdenum
targets. Of the three detectors, silicon had the best

resolution but Doorest efficiency. 16 The FWHM.
resolution was 1 and 2 keV at photon energies of 10
and 100 keV, respectively. As a result, the K lines
are relatively narrow. However, the silicon efficiency
curve falls rapidly above 20 keV, decreasing to 10%
at 60 keV and to 2°%at 100 keV. Thus, the contribu-
tion of the scattered spectrum to the total intensity
appears to be insignificant.

The thicker and denser germanium detector was
considerably more efficient than the silicon detector,
and gave truer representation of the importance of
the scattered spectrum. The germanium detector’s
efficiency was essentially 1.0 below 100 keV, and fell
off rapidly at the higher energies. The germanium

measurements are shown in Figs. 5-8. Resolution of
the germanium detector was poorer than that of the
silicon detector, being 2- and 3-keV FWHM at
photon energies of 10 and 100 keV, respectively. The
Km and K@ lines do not separate until Z = 64. Es-
cape peaks appear 10 keV below the K lines. As can
be seen from the measurements, the usefulness of
the germanium detector was limited to energies >20
keV because of large detector leakage currents.

The NaI detector had the best efficiency, the
poorest resolution, and the largest escape peaks of
the three detectors (see Figs. 9-12). Resolution of the
NaI detector was 4- and 10-keV FWHM at photon
energies of 10 and 100 keV, respectively. Separation
of the K. and Kd lines does not occur even at Z =

90, although the presence of the Ke line is apparent

TABLE II

CONDITIONS FOR

FLUORESCENT SPECTRAL MEASUREMENTS

Si_ and Ge Detectors
a

NaI Detector
a

Potential Current Area Time Area Time

(kV) (cm2 ) ( cm2 )(m) — —(s) (s)

100 15

200 10

300 10

a
Source-to-detector

0.114 3000 2.85 600

0.114 1800 2.85 360

0.114 1220 2.85 246

distance = 4900 cm.
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above Z = 56 from the non Gaussian distribution of

the photopeak. Above Z = 56 the escape peaks also
appear -30 keV below the K lines. Because the NaI
efficiency was 0.9 at 300 keV, the NaI spectra give
the clearest representation of the scattered spec-
trum.

In the spectral measurements shown in Figs. 4-12,
the target thicknesses (Table I) were held constant

and the primary potential varied. In the spectral
measurements, shown in Figs. 13 and 14, the poten-
tial was held constant at 250 kV and the target
tsicknesses were varied. Spectra obtained with three
different thicknesses of copper, molybdenum,
gadolinium, and lead foils using the various detec-
tors are shown in Figs. 13 and 14.
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Fig. 14.
NaI-measured gadolinium and lead spectra with
target thickness varied.

3. Previous Measurements. There have been
many papers 1-Is describing the use of a primary x-
ray source to excite fluorescent K radiation in secon-
dary targets. The geometry used for this report is

designed primarily for use in the calibration of radia-
tion detectors. For example, the equipment
described here has been used to measure the photon
energy response of instruments used in personnel
dosimetry, health physics surveys, radiation
laboratory measurements, x-ray astronomy, and
nuclear-device tests. Descriptions of similar calibra-
tion facilities at Battelle Memorial Institute, S,lo
Lawrence Livermore Laboratory, 6,7 and EG&G Las
Vegas Division 11have been reported.

The 200-kV Battelle facility was first described by
Larson et al. 10 without spectral measurements, but
later Kathren et al.s presented fluorescent spectral
measurements for six metallic targets with atomic
numbers from 40 to 92 and primary voltages of 60 to
140 kV. The measurements were in terms of relative
intensity and indicated more low-energy scatter
than was found in the present measurements,
probably because of the much thinner inherent
filtration in Battelle’s primary x-ray tube.

Livermore used three separate x-ray units with
maximum operating potentials of 75, 150, and 400
kV to obtain fluorescent x rays from 22 targets vary-
ing in atomic number from 29 to 92. Gaines et al. 6
presented a catalog of fluorescent spectral measure-
ments with and without prefilters (which reduce
low-energy scatter) and postfilters (which preferen-
tially attenuate K6 lines to obtain purer K= lines).
The spectra were presented in figures without
numerical values for either intensity or photon
energy.

The EG&G reports 11described a 75-kV x-ray unit
used to obtain fluorescent x rays. Spectral measure-
ments were given for 11 targets in terms of relative
intensity. The measurements made by Battelle and
EG&G indicated more low-energy scatter than the
present measurements because of thinner inherent
filtration.

In effect, there do not appear to be any measure-
ments that can be directly compared with the
secondary-target spectral measurements given here.
In addition, no attempt seems to have been made to
predict the secondary target spectra theoretically.

III. Theory

A. Geometry Assumed in the Calculation.

The geometry of the experimental arrangement is
shown in Fig. 15. Photons from the primary target
pass through the beam-limiting aperture and strike
the secondary target, which is inclined at a 45° angle
to the central ray of the primary beam. Distances
from the primary target to the beam-limiting aper-
ture and to the center of the secondary target are rt
and r,, respectively. The area of the beam-limiting
diaphragm and the area of the secondary target
irradiated by the primary beam are At and A,,
respective y.

11
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Fig. 15.
Geometry used in spectral measurements.

Because each point on the secondary target is not
the same distance from the primary target, the
target is irradiated nonuniformly. At the secondary
target position, the irradiated area is elliptical.
Along the major axis, the point closest to the
primary target is the most intense and the point
farthest is the least intense. However, because the
most intense point is farthest and the least intense
point closest to the fluorescent diaphragm of area Af,
the intensity is essentially uniform at the diaphragm
when the target is oriented 45° with respect to the
primary beam. In effect, the geometry results in a

uniform 2.2-cm-diam circular source located at the
fluorescent diaphragm.

Films placed at various distances from the fluores-
cent diaphragm showed that the intensity was un-
iform over a circular region and fell off gradually at
the edges. The diameter df of the central uniform
region was proportional to source-to-detector dis-
tance rd and was given by d~ = 0.08 rd for rd >15 cm.
Ionization chamber measurements demonstrated
that for distances > 15 cm, the inverse square law
was obeyed within 2’% if distances were measured
from the fluorescent diaphragm to the detector.

Referring once more to Fig. 15, the primary beam
produces K-fluorescent radiation in the secondary
target, and scatters both incoherently and coheren-
tly from the target. The K and scattered photons
pass through the fluorescent diaphragm, area Af,

As mentioned earlier, the undistorted “measured”
spectra shown in Fig. 1, which include inherent
filtration, will be assumed in the following calcula-
tion to represent the primary spectral distributions,

referred to as Iprimary and given in units of photonsls-
mA-keV-sr.

From Fig. 15, the solid angle subtended by the
secondary target is At/rt 2. The total target area
irradiated at distance r, is A, = (At/sin 8) (r, 2/r t 2,.

Hence, the photon intensity per unit area incident
on the target is

I.
Incident = lprimary [+]~y:;]

sin 0
= lprimary —

(1)

rz ‘
r

where Ii.Ci&ntis in units of photons/s-mA-keV-cm 2.
The intensity of the incident beam at a point x in

the target is

Ix = I. exp { -pkx/sin 6 } ,incident (2)

where ~k is the total attenuation coefficient of the
incident photons with energy k, and xlsin O is the

distance traveled by the photons inside the target to

reach point x.

The decrease in incident beam intensity in passing
through an infinitesimal layer dx is, by differen-
tiating Eq. (2),

12



dIx = -I.
Incident

(llkx/sin e)

x exp {-PkX/Sin 0} dx . (3)

If dIinteraCtiO~= -dIx is the intensity of the photons

interacting in the layer dx, then from Eq. (1) the in-
teraction intensity in terms of I~~i~~~is

dI . = (r
@rna#rr2) ~kInteract ion

x exp {-VkX/Sin 0} dx . (4)

In the energy region of interest, 10< k S 300 keV,
the total attenuation coefficient is the sum of the
photoelectric (~k), coherent (UCOh), and incoherent
(~i~J coefficients, i.e.,

C. K Photons

K.- and K@-photon intensities can be calculated
from the first term in Eq. (6). The photoelectric coef-
ficient, ?k, represents the probability of a photon in-
teraction occurring in any of the atomic shells. If
UK/aT is the ratio of K shell to total shell interac-
tions, then (~k) (aK/ a’r) is the probability of a photon
interacting only with atomic K shells. Of the
photons interacting with atomic K shells, only a
fraction produce K. photons. ~ UK is the ratio of K

photons produced to K-shell interactions and K./KT
is the ratio of K. to total K photons produced, then
the probability of photons with energy k producing
K. photons iS (lk)(uK/uT) (wK)(ILJKT).

From the layer dx, K. photons travel a distance
x/cos Obefore leaving the target. Hence, they are at-
tenuated by a factor exp [-pKWx/cos f?], where #Kais
the total attenuation coefficient of a photon with
energy Ka.

Only the fraction of the photons leaving the target
and directed toward the detector are recorded.
Because the K. photons are emitted isotropically,
only 1/4 m reach the detector. The area seen by the
detector is Af/sin 0, where Af is the area of the
fluorescent diaphragm.

Thus the K.-photon intensity leaving the target in
the direction of the detector from the layer dx is

~k = ‘k + ‘Cob + ‘in= “ (5)

dIK = (IprimaV/rr2) (A#sin 0) ‘
Hence, the photon interaction intensity can be c1

written as the sum of three terms.

vb(~-ckdI. = (I ~rtiaw/rr2)
x ‘1’4n) , ~ ‘T

Interaction

[

x =p {-ukx/sin f3 -pK x/cos e }
x a‘k ‘q {-~kx/sin 6}

+(J exp {-ukx/sin 6}coh

+ 0. 1‘q{-~kx/sin 8} &.lnc (6)

)(CI.X. (7)

Integration over the total thickness t of the target
with o = 45° gives

13



lKa = 1
(Af/rr2)

primary

[1‘a‘K ‘K ‘k—— —

x “Iq 4. OT ~k + UK
0.

1K6 =

x

However, K. photons are produced only

photons in the incident spectrum with energies

by
be-

tween kK, the K-edge energy, and h = To, the max-
imum photon energy or the accelerating potential of
the primary x-ray tube. Thus, the K.-photon inten-
sity produced by photons with energy kK=k<~ and
emitted from the target is

lKa =

[1

‘a ‘K X (Af/rr2)——

1$ 4T CIT

/

k
o

I
‘k

x primary
~k + UK

‘K a

x dk . (9)

Similarly, the Ko-photon intensity emitted from the
target is

K6 UK OK
.— _

KT 4n CJT

/-k.

‘“Af’rr2)

J I
primary ‘k

‘K ~k “E ~K
6

r 11 - exp {-/i(uk + UK It}
‘L 6

x dk . (lo)

where IKaand I%are in units of photons/s-mA-sr.

The numerical values used in this calculation for

@K, a./a,, Ka~~, K@/K~, #Ka, and Y.p are listed in
Table III. Photoelectric ~~ and total p~ attenuation
coefficients are given in Tables IV and V, respec-
tively. The fluorescent diaphragm area ~ was 3.80
cmz and the primary to secondary target distance rr
was 15 cm.

D. Coherently Scattered Photons

The coherently scattered photon intensity can be
calculated from the second term in Eq. (6). The
coherent scattering coefficient ~COhrepresents the
probability of a coherent interaction occurring, sum-
med over all angles of photon emission. Figure 15
shows that only photons leaving the secondary target
at a 90° angle to the incident beam are recorded by
the detector. Therefore, UCOhmust be replaced by
dnCO~df2, which represents the probability that a
photon with energy k will interact coherently in the
layer dx and a scattered photon will emerge in the
direction of the detector within the solid angle d$l.

In Rayleigh or coherent scatter, a photon with
energy k interacts with atomic electrons and is
reradiated with the same energy k. Coherently scat-
tered photons, produced in the layer dx, travel a dis-
tance x/cos 6 in reaching the surface of the target and
are attenuated by a factor exp [ - #kx/cos O]. Thus
the coherently scattered photon intensity leaving the

target in the direction of the detector from layer dx is

14
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k

(keV)

8.98
13.47
20.00

25.51

30

37.44

40

50

50.24

60

61.33

70

76.11

80

88.00

90

100

109.65

110

120

130

140

150

160

170

180

190

200

210

220

230

240

250

260

270

280

290

TABLE IV

SECONDARY TARGET PHOTOELECTRIC COEFFICIENTS

Cu

(cm2\g)

283

33.0

10.3

4.48
2.31

1.35

0.853

0.561

0.393
0.284

0.211
0.163
0.128
0.102
0.0826
0.0682
0.0569
0.0479
0.0408
0.0345
0.0303
0.0263
0.0229
0.0203
0.0179
0.0160
0.0143
0.0128
0.0117

Br

(cm2\g)

148

51.6

16.9

7.54

3.96

2.33

1.51

0.995

0.701

0.509

0.381

0.292

0.226

0.181

0.148

0.122

0.103

0.0867

0.0739

0.0637

0.0550

0.0482

0.0421

0.0372

0.0329

0.0294

0.0264

0.0237

0.0216

Mo

(cm2\9)

81.0

27.3

12.4

6.59

3.94

2.54

1.71

1.19

0.891

0.672

0.515

0.408

0.330

0.272
0.222

0.187

0.158

0.135

0.117

0.100

0.0879

0.0766

0.0684

0.0603

0.0540

0.0486

0.0439

0.0395

Ag

(cmZ/g)

55.0

35.8

16.6

8.99

5.40

3.52

2.39

1.69

1.25

0.949

0.731

0.586

0.475

0.387

0.321

0.270

0.229

0.195

0.168

0.147

0.128

0.113

0.0999

0.0877

0.0787

0.0703

0.0636

0.0575

Ba

(cm2/g)

28.5

23.9

13.2

8.11

5.44

3.67

2.65

1.96

1.50

1.16

0.934

0.750

0.627

0.522

0.439

0.384

0.320

0.276

0.244

0.213

0.189

0.168

0.150

0.135

0.121

0.110

0.0995

(-Q

Gd

(cm2/g)

18.0

11.3

7.66

5.25

3.79

2.84

2.19

1.72

1.38

1.12

0.938

0.777

0.659

0.555

0.479

0.406

0.364

0.320

0.283

0.253

0.228

0.205

0.186

0.169

0.153

Yb

(cm2/g )

13.1
9.22

6.54

4.73
3.58

2.78
2.18
1.75
1.43
1.20
0.985

0.849
0.731

0.626

0.546

0.477

0.421

0.376

0.338

0.301

0.271

0.245

0.223

0.204
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TABLE IV (cent)

k

(keV)

8.98
13.47
20.00
25.51
30
37.44
40
50
50.24
60
61.33
70
76.11
80
88.00
90

100
109.65
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290

Ir

(cm2/g)

9.21
8.11

5.98
4.54

3.54
2.79
2.26
1.86
1.56
1.32
1.12
0.959
0.827
0.717
0.636
0.564
0.501
0.442
0.401
0.357
0.326
0.296
0.269

Pb

(cm2/g)

7.21

6.83

5.23

4.07

3.23

2.62

2.17

1.82

1.53

1.30

1.12

0.965

0.849

0.744

0.660

0.590

0.523

0.474

0.427

0.387

0.352

0.323

Th NaBr

(cm2/g) (cm2/g)

4.98

4.02

3.27

2.70

2.27

1.92

1.63

1.41

1.23

1.07

0.942

0.838

0.747

0.667

0.602

0.545

0.496

0.452

0.413

116

40.5

13.2

5.90

3.10

1.82

1.18

0.777

0.547

0.397

0.297

0.228

0.176

0.141

0.116

0.0952

0.0804

0.0677

0.0577
(3-0497

0.0429

0.0376

0.0328

0.0290

0.0257

0.0229

0.0206

0.0185

0.0168

BaS

(cm2/g)

23.3

19.5

10.8

6.61

4.54

2.99

2.16

1.60

1.22

0.945

0.760

0.611

0.510

0.425

0.357

0.312

0.260

0.225

0.198

0.173

0.154

0.137

0.122

0.110

0.0984

0.0895

0.0809

Gd203

(cm2/g)

15.6

9.81

6.65

4.56

3.29

2.46

1.90

1.49

1.20

0.972

0.814

0.674

0.572

0.482

0.416

0.362

0.316

0.278

0.246

0.220

0.198

0.178

0.161

0.147

0.133

Yb203

(cm2/g)

11.5

8.10

5.74

4.15

3.14

2.44

1.91

1.54

1.26

1.05

0.865

0.746

0.642

0.550

0.480

0.419

0.370

0.330

0.297

0.264

0.238

0.215

0.196

0.179
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k

(keV)

8.98

13.47

15

20.00

25.51

30

37.44

40

50

50.24

60

61.33

70

76.11

80

88.00

90

100

109.65

110

120

130

140

150

160

170

180

190

200

210

220

230

240

250

260

270

280

290
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SECONDARY TARGET

Cu

(cmz/g )

285

73.9

33.7

10.8

4.82

2.59

1.58

1.07

0.756

0.573

0.453

0.375

0.319

0.276

0.244

0.220

0.201

0.186

0.173

0.163

0.154

0.147

0.140

0.135

0.130

0.126

0.122

0.118

0.116

0.113

Br

(cm2/g)

149

112

52.5

17.4

7.91

4.28

2.41

1.70

1.20

0.889

0.684

0.554

0.456

0.383

0.329

0.286

0.256

0.230

0.211

0.194

0.182

0.170

0.161

0.152

0.145

0.139

0.133

0.130

0.124

0.122

TABLE V

TOTAL ATTENUATION COEFFICIENTS (uk)

Mo

(cm2/g)

28.1

13.1

82.2

28.0

12.9

6.97

4.25

2.86

1.95

1.43

1.09

0.860

0.697

0.577

0.490

0.417

0.364

0.322

0.289

0.261

0.240

0.220

0.204

0.1.90

0.180

0.170

0.161

0.154

0.148

0.143

Ag

(cm2\g)

39.4

18.1

9.60

55.8

36.6

17.1

9.38

5.75

3.88

2.64

1.93

1.46

1.14

0.921

0.759

0.636

0.539

0.469

0.413

0.366

0.328

0.295

0.270

0.246

0.229

0.213

0.200

0.188

0.179

0.169

0.161

Ba

(cm2/g)

63.1

29.0

9.73

5.48

29.1

24.0

13.7

7.54

5.70

3.95

2.89

2.18

1.71

1.36

1.11

0.921

0.781

0.667

0.574

0.504

0.443

0.401

0.362

0.329

0.300

0.274

0.256

0.238

0.222

0.210

0.197

Gd

(cm2/g)

92.3

42.9

14.6

6.82

3.80

18.5

11.2

7.81

5.55

4.06

3.08

2.41

1.93

1.59

1.31

1.10

0.942

0.812

0.709

0.620

0.548

0.494

0.444

0.402

0.370

0.339

0.314

0.291

0.274

0.257

Yb

(cm2/g)

118

56.0

19.1

8.98

5.05

2.95

13.5

9.74

6.89

5.05

3.83

3.01

2.42

1.98

1.63

1.38

1.17

1.01

0.870

0.766

0.682

0.609

0.543

0.494

0.452

0.414

0.379

0.348

0.327

0.303



TABLE V (Cent)

k

(keV)

Ir

(cm2/g )

Pb

(cm2/g)

Th NaBr BaS Gd203 Yb203

(cm2/g) (cm2/g ) (cm2/g ) (cm2/g ) (cm2/g)

8.98

13.47

15

20.00

25.51

30

37.44

117

88.0 54.0 80.3 104

41.2 24.8 37.3 49.3

152

72.4 85.2

29.925.2 38.4 13.7 8.28 12.7 16.8

4.66

23.8

18.4 6.23 20.1 5.95 7.92

10.3 3.39 11.2 4.46

3.32

16.1
6.49 1.92 7.70 10.2 2.77

2.61

11.9

4.54 1.36 4.79 6.80 8.57

40

50

50.24

11.9

6.64

14.2

7.88

60

61.3

4.17 4.94

70

76.11

2.79

2.26

9.62

8.49

3.40

80

88.0

2.37

1.88

7.56

7.18

5.52

3.11 0.972 3.25 4.84 6.07

90

100

109.65

6.36

4.82

2.34

1.76

1.42

5.27

0.727

0.566

2.38

1.81

3.54

2.69

4.45

3.38

110
120

130

140

150

160

170

180

190

200

210

220

230

240

250

260

270

280

290

3.79

3.07

2.51

2.07

1.74

1.47

1.27

1.10
0.971

0.858

0.768

0.689

0.627

0.570

0.517

0.476

0.439

0.407

0.376

4.30
3.49
2.86
2.38
2.01
1.69
1.46
1.28
1.09
0.994
0.890
0.799
0.721
0.660
0.602
0.549
0.503
0.471
0.430

0.464

0.387

0.329

0.286

0.252

0.228

0.207

0.192

0.178

0.168

0.159

0.151

0.144

0.138

0.133

0.128

0.125

0.120

0.118

1.42

1.14

0.923

0.776

0.662

0.568

0.492

0.434

0.384

0.350

0.317

0.290

0.266

0.245

0.230

0.215

0.201

0.191

0.181

2.11

1.69

1.40

1.15

0.972

0.835

0.722

0.632

0.555

0.492

0.445

0.401

0.364

0.336

0.309

0.287

0.267

0.252

0.237

2.66

2.14

1.76

1.45

1.23

1.04

0.903

0.780

0.688

0.614

0.550

0.491

0.448

0.411

0.377

0.347

0.319

0.301

0.279

4.20

3.45

2.88

2.47

2.08

1.80

1.56

1.38

1.22

1.09

0.976

0.882

0.802

0.727

0.667

0.615

0.568

0.527

19



dI
coh

= (I
primarylrr’)

where rOis the classical electron radium and @ k the
scattering angle. The term (r02/2) (1 + cos2 #J)is the
Thomson scattering cross section from one electron.

x (Af/sin e) (d~coh/dQ) F is a form factor representing the probability that
the recoil momentum q is transferred to the Z
electrons of an atom without energy absorption. We

x
used Cromer’s Is form factors in this calculation.

exp {- Ukx/sin 0
The daCOh/dfl values for @ = 90° are given in Table
VI for the targets used.

-llkx/cos 6}
E. Incoherently Scattered Photons

x (lx . (11) In Compton or incoherent scatter, a photon with
energy k interacts with the atomic electrons in the
layer dx and is reradiated with lower energy k’. For

Integration over the total thickness t of the target, 90° scatter

with O = 45°, gives
k, = k

1 + (k/rno C2) ‘ (14)

I I
coh = primary (A~/rr2)

where k/mOc2 is the incident photon energy in elec-

dcs coh/dQ tron rest-mass units. Solving Eq. (14) for k and dif-

X ferentiating gives the incident energy interval dk in

2~k terms of the scattered energy interval dk’ so that

dk ‘

[ 1
dk= . (15)

xl- exp {-zfivkt} , (12) {1 - (k’/moc2)}2

Incoherently scattered photon intensities can be
calculated from the third term in Eq. (6). The in-

where ICOh is in units of photons/s-mA-keV-sr. coherent scattering coefficient uinc, which represents

The probability of coherent interaction is given by the probability of an incoherent interaction occurr-

the Thomson scattering equation with corrections ing summed over all angles of photon emission, must

for electron binding be replaced by duiJdf2, which represents the
probability that a photon with energy k will interact
incoherently in the layer dx and that a scattered
photon with energy k’ will emerge in the direction of

the detector within the solid angle dfl.
In traveling from dx to the target surface, the scat-

tered photon is attenuated by exp [-pk x/cos 0],
where ~k’ is the total attenuation coefficient of the
scattered photon with energy k‘.

Thus the incoherently scattered photon intensity
(13) leaving the target in the direction of the detector

from layer dx is

da
2

coh . ‘O
--j- (1 + Cos $)

d.Q

x p%>z]2‘
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dI.
lnc

= (I
primary/rr’)

x (Af-sin e) (doinc/dQ)

1
x

{1 - (k’/moc2)}2

x exp {-~kxlsin e

-lJk,x/cosEl}

x dx . (16)

The term 1/(1 - k’/moc 2,2 corrects for the change in
the incident energy interval to the corresponding
scattered energy interval and is obtained from Eq.
(15). Integration of Eq. (16) over the total target
thickness t with O = 45° gives

I. =1
Inc primary (Af/rr2)

x
1

{1 - (k’/moc2)}2

dcs,nc/dG?
x

~k + ~kl

do. Zro2
lnc .

[ 11+ao(l-Cos($)-2

d~ 2

x -(1 + COS2($ + CX02(1-COS$)2

[
1 + ao(l - Cos $) -11

x ]!

x S@ 9 (18)

wh~re ao=k/mOc2, the incident photon energy. The
differential form ofthe Klein-Nishina equation gives
the cross section for photon deflection at a given
angle @ and transferor momentum tothe electron as

‘ though it were free. S is the incoherent scattering
function or probability that an atom will rise to an
excited or 4onized state when the photon imparts a
recoil momentum q to any of the atomic electrons.
Incoherent scattering functions used in the calcula-
tion were those of Cromer and Mann 20 and
Cromer. 21 Values of duinC/dQ for @ = 90° are given in
Table VII for the targets used. Table VIII gives the
total attenuation coefficients ~k! of the scattered
photons. 22The coherently scattered K edge and in-
coherently scattered K’ -edge energies are listed in
Table 111for the secondary targets, together with the
tungsten coherently and incoherently scattered K-
edge and K-line energies.

F. Total Photons at the Detector

The solid angle subtended at the detector is
Ad/rd 2, where Ad is the detector aperture area and rd

x
[

1 - exp {-~~k
1

is the distance from the fluorescent diaphragm to the
+ p k 1) t } Jdetector aperture. Thus, the total photon intensity

incident on the detector is
(17)

where Ii~Cis in units of photons/s-mA-keV-sr.
The cross section for photons interacting in-

coherently is given by the Klein-Nishina equation
with corrections for electron binding

23
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k’

(keV)

15

19.25

20

24.30

30

34.88

40

45.74

50

54.76

61.20

66.24

69.52

75.07

80

90.28

100

110

120

130

140

150

160

170

180

189

Cu

(cm2/g )

89.1

30.3

9.10

3.90

1.50

1.07

0.741

0.512

0.379

0.294

0.244

0.206

0.180

0.161

0.145

0.134

0.124

0.116

0.111

SECONDARY

TABLE VIII

TARGET TOTAL ATTENUATION COEFFICIENTS

FOR SCATTERED PHOTONS (lJk,)

13r

( cmL\g )

105

47.5

14.7

6.48

3.24

1.70

1.18

0.776

0.565

0.418

0.328

0.264

0.222

0.188

0.166

0.149

0.136

0.126

0.118

Mo

(cm2\g)

25.9

13.1

82.2

75.3

23.6

10.4

5.24

2.86

1.91

1.87

0.879

0.634

0.489

0.380

0.311

0.254

0.213

0.188

0.166

0.149

0.137

Ag

(cm2/g )

47.2

16.6

9.60

55.8

31.0

14.0

7.03

3.88

2.64

1.67

1.17

0.837

0.642

0.491

0.394

0.318

0.262

0.223

0.195

0.170

0.155

Ba

(cm2/g)

57.9

26.3

8.33

5.48

29.1

20.2

10.7

5-79

3.90

2.52

1.75

1.23

0.921

0.702

0.548

0.434

0.351

0.292

0.247

0.213

0.189

Gd

(cm2\g)

84.3

38.3

12.4

5.67

3.80

18.5

14.3

7.93

5.49

3.15

2.45

1.75

1.31

0.996

0.766

0.594
0.475

0.394

0.326

0.276

0.241

Yb

(cm2/g)

108

50.1

16.2

7.24

3.83

2.95

13.5

9.57

6.79

4.45

3.06

2.18

1.64

1.24

0.957

0.741
0.592

0.480

0.393

0.320

“0.285
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TABLE VIII (c:ont)

k’ Ir

(cm2ig)

139

65.8

21.5

Pb

(cm2/g)

Th

(cm2/g)

NaBr BaS

(cm2/g )

C?203

(cm2/g )

Yb203

(cm2/g)(cm2/g)(keV)

15

19.25

20

24.30

30

34.88

84.5 49.6 73.3 95.0

77.9

25.6

37.3

11.6

22.4 33.3 44.1

32.7 7.08

4.66

23.8

16.5

10.8 - 14.3

40
45.74

9.87 11.6 15.1 5.11 4.95

3.32

16.1

12.4

6.39

50

54.76

5.23 5.96 7.91 2.57 8.76 3.39

2.61

11.9

8.4361.20

66.24

2.82

2.26

9.62

8.30

3.40 4.54 1.36 4.75 6.90

69.52

75.07

2.36

1.88

7.56

6.34

4.74

3.09 0.956 3.21 4.78 5.99

80

90.28

5.55

3.92

2.04

1.42

5.27

3.81

2.88

2.18

1.70

1.32

1.06

0.856

0.698

0.571

0.485

0.639

0.473

2.08

1.45

3.06

2.15

3.93

100

110

120
130
140
150
160
170
180
189

2.76

2.07

1.54

1.21

0.934

0.736

0.605

0.498

0.414

0.351

3.14

2.37

1.79

1.38

1.08

0.860

0.701

0.576

0.477

0.398

0.357
0.285
0.235
0.201
0.173
0.155
0.141
0.130
0.122
0.115

1.03
0.776
0.597
0.470
0.377
0.308
0.259
0.222
0.194
0.174

1.54

1.15

0.882

0.682

0.532

0.428

0.357

0.298

0.254

0.223

1.93

1.46

1.11

0.856

0.666

0.535

0.436

0.359

0.294

0.263
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I
detector

= (Ad/rd2)

x
[

lKa + lKB + lcoh + linc
1

- (~t)A~ 1- ‘(@det,x exp

(19)

where p is the appropriate total attenuation coef-

ficient for the fluorescent and scattered photon
energy. The exponential correct for the aluminum
L-line filter and the intervening Mylar, air, and
detector window attenuation. IWI

%
~.h, and rim

are given by Eqs. (9), (10), (12), an (17), respec-
tively.

IV. COMPARISON OF MEASUREMENT AND
THEORY

A. Undistorted Scattered Spectra

Typical undistorted scattered spectra calculated
for secondary targets of Z = 42, 64, and 82 are shown
in Fig. 16 for a 250-kV potential. The coherent con-
tinuum calculated from Eq. (12), the incoherent
cent inuum calculated from Eq. (17), the total con-
tinuum, and the tungsten K lines are shown, but the
fluorescent K lines excited in the secondary targets
have been omitted. There are four K edges and four
K lines. The coherently scattered primary and
secondary K edges and the primary K. and 1$
lines appear, as well as the incoherently scattered
primary and secondary K’ edges and the primary
K.’ and K@’ lines. The location of the tungsten K

edges and K lines, together with the secondary K
edges, are listed in Table III.

For purposes of discussion, the scattered spectra
in Fig. 16 may be divided into three energy regions: a
lower region k < K lines, a middle region K lines <k
< k’ o, and an upper region k > k’O. In the lower
region, the coherent and incoherent interactions con-
tribute to the intensity, with the former tending to
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Fig. 16.
Calculated coherent and incoherent spectra for
Z=42, 64, and 82. Secondary K lines are not in-
cluded.

dominate. In the middle region, the incoherent in-
teraction is responsible for most of the scattered in-
tensity. In the upper region, only coherent scattering
occurs. Thus, the calculated total 90° scattered
spectra possess the complicated structured shape
shown in Fig. 16. The incoherent cutoff energy k’O
given by Eq. (14) varies with operating potential,
having values of 84, 116, 144, 168, and 189 keV for
potentials of 100, 150, 200, 250, and 300 kV, respec-
tively.

B. Comparison of Spectral Distributions

The spectral distribution at the detector is given
by Eq. (19). As with the primary beam, the spectra
are distorted by the detectors, and the measure-
ments show that each of the three detectors distorts
the spectra differently. To compare theory with
measurement, the calculated spectra were distorted
using the Monte Carlo program developed by
Israel. 16 As described above, the geometry and
resolution of the detector are input data, and the

program distorts the calculated spectrum so that it
can be compared directly with measurement.
Results are shown in Figs. 4-14, where the solid lines
are the distorted calculated spectra. The structured
shapes appearing in the calculated spectra of Fig. 16
are for the most part obscured by detector distor-
tions.

Figure 4 gives the silicon detector results for Z =

29, 35, and 42 and potentials of 100, 200, and 300
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keV. The measured and calculated K-photon inten-
sities tend to agree, but the poor silicon detector ef-
ficiency causes the counting rate to be low and the
measured points to scatter appreciably, making it
difficult to compare the results of the 90° scattered
spectra. Figures 5-8 give the germanium detector
results for 42 < Z s 90, and the measured and
calculated K-photon intensities tend to agree.
Counting rates are higher and measurements of the
90° scattered spectra are in better agreement with
calculation; the points tend to scatter about the
calculated line. The largest discrepancies occur at
<20 keV, caused in part by large detector leakage
currents. Figures 9-12 give the NaI detector results
for 42 s Z <90, and the agreement is quite good.

Again, poorest agreement occurs at <20 keV, where
measured Compton scatter is larger than calculated.
Figures 13 and 14 give the spectra obtained with
three different target thicknesses instead of three
different potentials. For a potential of 250 kV, cop-
per, molybdenum, gadolinium, and lead spectra
measured with the three different detectors are
shown. For these measurements, metallic
gadolinium was used instead of the oxide powder.
Measured and calculated spectra show the same
trend when the target thickness is varied. The dis-
crepancies are similar to those described above and
appear to be associated with the type of detector.

In summary, although there are regions where
large discrepancies occur, particularly at <20 keV,
the overall agreement between measured and
calculated spectra is good and tends to be within
20%.

C. Comparison of Total Intensities

The total number of K. plus Kti photons emitted
from the target can be estimated from the spec-
trometer measurements by summing the total num-
ber of counts under the photo and escape peaks and
subtracting the continuum. This procedure was ap-
plied to spectral measurements obtained at poten-
tials of 100, 200, and 300 kV (Figs. 4-12) and to spec-
tral measurements obtained at 150 and 250 kV (not
shown). The total number of K photons emitted
from the target, as estimated from the spectrometer
measurements, with corrections for aluminum and
detector filtration, is plotted as a function of primary
potential TO in Fig. 17 for each of the 10 secondary

I I I I
‘Z_

— Calculated
A

A

100 150 200 250 300

To (kV)

Fig. 17.
Calculated total intefiity in photons compared
to spectral measurements.

targets. The total K., K@ intensity was also
calculated from Eqs. (9) and (10), and the results are
given by the solid curves in Fig. 17. In all cases, the
measured points are within 15% of the calculated
curves.

As an additional check on the theory, the intensity
from the targets was measured in roentgens with a
free-air ionization chamber. In Fig. 18, the measured
intensities 15 cm from the secondary target are plot-
ted as a function of primary potential for each of the
10 secondary targets. The total calculated K., KB,
coherent, and incoherent photon intensity, with
corrections for aluminum and air attenuation, is also
given in Fig. 18 by the solid curves for a secondary
target-to-detector distance of 15 cm. Because the
free-air chamber measured the scattered radiation
and the K-line radiation, the scattered contribution
was included in the calculation. For the higher Z

materials, the measured points tend to fall above the
calculated curves at the higher potentials, but in all
cases, the points are within 20% of the calculated
curves.
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Fig. 18.
Calculated total intensity in roentgens com-
pared with free-air chamber measurements.

V. OPTIMIZATION OF K-PHOTON INTEN-
SITY AND PURITY

A. Target Thickness

The target thickness appears in the (l-e -I It)terms
of the K-photon equations, Eqs. (9) and (10), and
the scatter equations, Eqs. (12) and (17). The K
photon and scatter intensities increase with
thickness, approaching a maximum value exponen-
tially. Because 1- e ‘~t = 1 when t = ~, maximum in-
tensities are obtained with infinitely thick targets.
Intensities were calculated for thicknesses in the
range 0.01 s t < 10 g/cm 2 and were compared with
the intensities obtained with infinitely thick targets.
Figure 19 gives the ratio of the K-photon intensity
obtained with a finite target to the intensity ob-
tained with an infinitely thick target as a function of
target thickness for excitation potentials of 150 and
250 kV. The ratio represents the fraction of the max-
imum K-photon intensity attainable with a given

t (g/cmz)

Fig. 19.
Fraction of the maximum attainable K-
intensity as a function of target thickness. The
ordimzte is the ratio of K intensity at a given
target thickness to that obtained with an in-
finitely thick target.

target thickness with all other variables held cons-
tant. A similar plot giving the fraction of the max-
imum scattered intensity as a function of thickness
is shown in Fig. 20. Because the dependence on Z is
of interest here, these and all other calculations per-
formed in the remainder of this report were for the 10
elemental targets only. Values of Tk, ~k, du~~hIdfl,

duinC/dQ, and pk! are given in Tables IV-VIII; ~Kaand
~ are listed in Table III.

% he K-photon curves in Fig. 19 behave differently
with atomic number than do the scatter curves in
Fig. 20. For a given target thickness, the fraction of
the maximum K-photon intensity is largest for the
lowest Z and decreases as Z increases, whereas the
fraction of the maximum scattered intensity is
largest for the highest Z and decreases as Z
decreases.

The K-photon behavior with Z is explained by
considering that K-photon energies increase with Z,
and attenuation coefficients are large at low
energies, tending to decrease as energy increases. For
example, the K. energy for Z = 29 is 8 keV and ~Ka=

50.2 (Table III), whereas the K. energy for Z = 90 is
92 keV and u%= 2.21. Hence, the 8-keV photon is
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Fig. 20.
Fraction of the maximum attainable scattered
intensity as a function of target thickness. The
ordinute is the ratio of scattered intensity at a
given target thickness to that obtained with an
infinitely thick target.

strongly attenuated in leaving the target, and only
those photons produced near the surface can escape.
On the other hand, the 92-keV photons suffer far less
attenuation and can escape from a much greater
target depth. Thus, to obtain a given fraction of the
maximum K-photon intensity, much thicker targets
are required for Z = 90 than for Z = 29. This is
shown in Fig. 21, where the thickness required to
achieve fractions of 0.5, 0.75, 0.9, and 0.99 of the
maximum attainable K-photon intensity are given
as a function of Z for potentials of 150 and 250 kV.
The curves increase rapidly with Z, but are weakly
dependent on the primary potential. The discon-
tinuities are caused by the tungsten K.-(58.8 keV)
and KO-(67.6 keV) lines in the primary beam which
can excite K photons only above the Z = 68 K edge
(57.5 keV) and the Z = 73 K edge (67.4 keV), respec-
tively.

The behavior of scattered radiation with Z is more
difficult to explain. The scattered primary photon
energy distribution is similar in each target. Tables
V and VIII, which give y~ and ~~, as a function of
energy, show that for a given energy the total at-
tenuation coefficient tends to increase as Z in-
creases. Hence, for the same target thicknesses, the
scattered photons leaving the targets suffer greater
attenuation in the higher Z materials. This trend is
affected to some extent by the target K-edge discon-
tinuities when they occur near the tungsten K-line

‘E 10-’

<
0
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,~o.99

— 150 kV /

o 20 40 60 00 100

z

Fig. 21.
Target thicknesses required to obtain fractions
of 0.5, 0.75, 0.9, and 0.99 of the maximum at-
tainable K intensity.

and K-edge energies. As a result, the fraction of
maximum scattered intensity curves are only weakly
dependent on atomic numbers of Z >60. This can be
seen more clearly in Fig. 22, where the thicknesses
required to obtain fractions of 0.25, 0.5, 0.75, 0.9,
and 0.99 of the maximum attainable scattered inten-
sity are given as a fraction of Z for potentials of 150
and 250 kV. The curves at first decrease rapidly with
Z, but level off and remain relatively constant above
Z = 60. Also, the scattered intensity is more strongly
dependent on the potential than on the K-photon in-
tensity.
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Target thicknesses required to obtain fractions
of 0.25, 0.5, 0.75, 0.9, and 0.99 of the maximum
attainable scattered intensity.

In most applications, target thicknesses are re-
quired that maximize either the K-photon intensity
or the purity. Purity is plotted in Fig. 23 for the 10
elements as a function of target thickness for poten-
tials of 150 and 250 kV. Over the thickness range
studied, the purity of the low-Z targets (29, 35, 42) is
highest at smallest thicknesses and decreases as
thickness increases. Purity is relatively constant
with thickness for Z = 47, 56, 64, and 70. For the
high-Z targets (77, 82, 90), purity is lowest for the
thinnest targets and increases as thickness increases,

tending to level off at large thicknesses.
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Fig. 23.
Purity as a function of target thickness.

The purity of those target thicknesses giving 0.5,
0.75, 0.9, and 0.99 of the maximum attainable K-
photon intensity is shown in Fig. 24 as a function of
Z for potentials of 150 and 250 kV. For Z <50, purity
decreases as the fraction of the maximum attainable
K-photon intensity increases. For Z >50, purity in-
creases as the fraction increases. Hence, for Z <50
one must choose between intensity and purity. For Z
> 50, thicker targets give higher intensity and

purity.
In summary, maximum K-photon intensity with

the minimum scatter and maximum purity is ob-
tained with target thicknesses labeled 0.99 in Fig. 21.
Thicknesses larger than these will significantly in-
crease the scatter but not the K-photon intensity.
For Z <50, purity can be improved by using thinner
targets and sacrificing K-photon intensity. For ex-
ample, at Z = 29 and To = 250 kV, a target thickness
of 0.01 instead of 0.06 g/cm 2 increases the purity
from 0.62 to 0.90, but decreases the K-photon inten-

sity by one-half.
Target thicknesses labeled 0.99 in Fig. 21 for TO =

250 kV were used in the remainder of the calcula-
tions discussed in this report.
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Fig. 24.
Purity as a function of Z for target thicknesses
that give 0.5, 0.75, 0.9, and 0.99 of the max-
imum K intensity.

B. Primary Potential

The units in which an instrument is calibrated de-
pend upon the intended application. In general,
radiation laboratory instruments are calibrated in
photons, x-ray astronomy and nuclear test detectors
in ergs, and personnel dosimeters and health physics
instruments in roentgens. Because the intensity of
each unit is of interest, and purity varies with the
unit of measurement, calculations were performed
for each of these units.

The potential appears in the K photon and scatter

equations in the Iprimary term, which represents the

spectral distribution of the primary beam (Fig. 1).
Total K-photon intensities were calculated from
Eqs. (9) and (10), and total scattering intensities by
summing Eqs. (12) and (17) over the photon energy
range.

In Fig. 25, K-photon and scattered intensities are
plotted in units of photons, ergs, and roentgens as a
function of Z for each of the five potentials. The K-
photon curves are strongly dependent on Z, varying
in intensity by one to two orders of magnitude. The
curves tend to be bell-shaped, with the intensity
peaking near Z = 50-60. At higher potentials, the
curves tend to rise in the upper Z region. The shape

of the scatter curves is similar for a fixed potential,
being relatively flat at low Z, rising between Z = 60-
70 before leveling off again. Scatter varies by no
more than a factor of 2 to 3 over the range 29< Z s
90.

Purity is plotted in Fig. 26 as a function of Z for
the five potentials. Although purity is a dimensio-
nless ratio, it varies with the intensity units. The
photon curves peak at Z = 50-60 and decrease at low
and high Z. Thus intensity and purity curves peak in
the middle-Z region and fall off at both ends.
Although similar trends are observed for ergs, purity
is considerably less at low Z. For example, for Z = 29
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Purity as a function of Z.

and TO = 100 kV, purity is 0.73 in photons and only
0.34 in ergs. In roentgens, purity is relatively cons-

tant in the range 29 S Z < 64, but decreases at
higher Z.

Figure 27 shows intensity variation with potential
for fixed Z, with K photon and scatter intensity in

photons, ergs, and roentgens plotted as a function of
T. for the 10 targets. The K photon and scatter in-
tensit y curves increase with increasing TO, the rise
being more rapid between 100 and 200 kV than bet-
ween 200 and 300 kV. Evidently, the curves would
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continue to level off at still higher potentials. When
the potential is increased from 100 to 300 kV, about a
factor of 5 increase for Z <50 and a factor of 10 in-
crease for Z > 50 is obtained in the K-photon inten-
sity, whereas an order of magnitude increase in scat-
ter intensity is obtained at all Z.

It is evident from Fig. 27 that in the 100-to 300-kV
potential range the x-ray tube should be operated at
the highest potential to maximize K-photon inten-
sity. However, because scatter also increases with
potential, purity of the radiation must be con-
sidered. Purity is plotted in Fig. 28 in roentgens and
photons and in Fig. 29 in ergs as a function of over-
voltage UO = T,-JTK, where TK is the secondary
target K-edge energy. For UO < 1, K-photon inten-
sity and purity are zero. Because the photoelectric
coefficient is a maximum at the upper K edge, for a

given Z, the purity curve rises rapidly for U. >1, In
roentgens, purity increases, reaches a maximum
near UO = 3, and remains relatively constant out to
UO= 30. In photons, the curves reach a maximum in
the range 3 < UO < 5 and then decrease. In ergs,

10 – ,2!
~

64~ 47 42 35

70~
0.9 –

F

- r

‘ 90

08.
.-
>
4.

0.7

11S2
/

0.6
Roentgen

o.5~~

Uo= To/TK

10
64{

1 I ! ,
-561

1 (

0.9 – 7>~~<’+2
\

‘of-7’7~ \35
z ~(1,,59

0.7 -

’82
Photon

0.6.-
,,,l\

I 10
Uo=To/TK

Fig. 28.
Purity in terms of roentgens and photons as a
function of overvoltage.
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maximum purity is reached more rapidly, but the
region of constancy is in the narrower range 2< UO <
3 and purity decreases more rapidly.

Ln summary, maximum K-photon intensity is ob-
tained at maximum potential. In roentgens, max-
imum purity also occurs at the highest potential.
Hence, a 300-kV potential will give maximum inten-
sity and purity for all 10 targets. At 300 kV, purity is
>0.95 for 29 S Z 5 64, but gradually decreases for
higher Z, and reaches a low of 0.87 for Z = 90.

In photons, for Z = 29, purity improves from 0.56
at 300 kV to 0.73 at 100 kV. Similarly, for Z = 35,
purity improves from 0.78 at 300 kV to 0.89 at 100
kV. If the K-photon intensity at 300 kV is taken as
1.0, the fraction obtained at 100, 150, 200, and 250
kV is about 0.16, 0.3, 0.5, and 0.75, respectively, for
Z <50. Hence, purity improvement for Z = 29 and
35 is achieved at the expense of a factor of 6 in inten-
sity. For targets 42< Z <90, purities of 0.88-0.96 are
obtained at 300 kV.

In ergs, satisfactory purity for the lowest Z targets
cannot be obtained even with low potentials. For ex-
ample, with a 100-kV potential, purities of only 0.30

and 0.65 are obtained with Z = 29 and 35, respec-
tively. As Z increases, purities improve so that
higher potentials can be used. A 200-kV potential
provides purities of 0.74 and 0.85 for Z = 42 and 47,
respectively. With a 300-kV potential, purities of
0.89 to 0.93 are obtained for targets of 56 S Z S 90.

C. Kp Filter

Table IX lists the K= and K8 energies of the 10
targets. The K. and KO lines are separated by <4
keV and for Z < 50. However, the separation in-
creases with Z and is 14 keV at Z = 90. A more
monoenergetic source is required in calibration, if
the instrument response is changing rapidly or K-
edge structure is to be resolved. The K8 contribution
can be ;educed, with minimum reduction in the K.-
line, by using a filter with a K-edge energy between
the K. and K@ energies. A list of K@ filters which
can be used with the 10 targets is given in Table IX.
The table lists the Kd-filter atomic number, K-edge
energy, and thickness that reduces the K@-to-K=
ratio to 0.02. Also, the fraction of the K. intensity
transmitted by the K@ filter is given.

To demonstrate how the K@ filter alters the secon-
dary target spectrum, calculated spectra are given
for a low-Z (42) target in Fig. 30 and a high-Z (82)
target in Fig. 31, with and without a K6 filter. With
a Z = 42 target, the KB filter (Z =41) reduces the
KP-to-K. ratio to 0.02, decreases the K. intensity to
one-half, and has little effect on the scatter inten-
sity. With a Z = 82 target, the KB filter (Z = 78)
reduces the K6-to-K. ratio to 0.02, decreases the K.
intensity to one-fourth, and appreciably reduces the
scatter intensity.

K purity has been defined by the ratio (IK= +

IW)/(IKa+ IKP+ Is), where I% I% and Is are the L,
K6 , and scatter intensities, respectively. If the ~
line is considered a contaminant, the K. purity is
defined by the ratio (IQ/(IKa+ IKP+ Is).

Tables X-XII list calculated values of 1% IW IS,

K purity, and K. purity in photons, ergs, and
roentgens, respectively for the 10 secondary targets
29 < Z s 90. Intensities were calculated for target

thicknesses labeled 0.99 in Fig. 21.
Ln roentgens the scatter intensity Is is so small

that the reduction of the K@ line resulta in signifi-
cant improvement in K. purity for all 10 targets. In
photons and ergs, however, the scatter intensity is
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TABLE IX

SECONDARY TARGET K -FILTERS
B

Secondary
Target Z

29

35

42

47

56

64

70

77

82

90

109r

100.

107-
:

3
&
~ ,.6 —
<
2

E0.
lo~.—

lo~-—

c

K-
(Y

Energy

(keV)

8.041

11.907

17.443

22.103

32.062

42.750

52.014

64.303

74.159

92.050

‘6-
Energy

(kev)

8.907
13.300
19.648
25.008
36.535
48.918
59.652
73.919
85.370

106.169

‘f3-
Filter

(z)

28

34

41

45

53

60

66

72

78

84

103 I I I I \l
0 50 ico 150 m

Pho!on Enef9Y (keVl

Fig. 30.
Calculated Z=42 secondary target spectrum
with and without a Z=41 Ku filter. Molyb-
denum K= (17.4 keV) and Kfl (19.6 keV) lines
are shown superimposed on W“ scattered spec-
trum. The coherently scattered molybdenum
K edge (20 keV), tungsten K edge (69 keV),
and tungsten K lines (59 and 68 keV) appear,
as well as the incoherently scattered molyb-
denum K edge (19 keV), tungsten K edge (61
keV), and tungsten K lines (53 and 60 keV).
Horizontal lines on line spectra indicate inten-
sity peaks with KP filter.
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Filter

K-Edge

Energy

(keV)

8.332

12.658

18.986

23.220

33.170

43.569

53.788

65.345

78.395

93.105

Ka/K
B

= 0.02

Filter

(g/cm2)

0.0085

0.022

0.037

0.060

0.12

0.21

0.30

0.46

0.54

0.84

109 1

Transmitted
Ka-Intensity

0.663

0.544

0.519

0.478

0.422

0.367

0.315

0.271

0.268

0.217

7
+

-----

1
,/ ‘\

/ \
\/’ \

/’ \\/fIf
/

Ixid I / ‘..
o 50 m 150 2CXI

Photon Energy (keV)

Fig. 31.
Calculated Z=82 secondmy target spectrum
with and without a Z= 78 Kfl filter. Lead K=-(74
keV) and Kfl (85 keV) lines are shown superim-
posed on 90° scattered spectrum. The coheren-
tly scattered lead K edge (88 keV), tungsten K
edge (69 keV), and tungsten K lines (59 and 68
keV) appear, as well as the incoherently scat-
tered lead K edge (75 keV), tungsten K edge
(61 keV), and tungsten K lines (53 and 60
keV). Horizontal lines on line spectm indicate
intensity peaks with K8 filter.



x3gij

r4o

-3m
m

cQ
-!m

.40
I-I

I-!
J4a

‘iJ+
O

c
n

ln
u

-l-l
m

-lo
.+

m
O

fir-m
m

m
m

m
m

m
.

.
.

.
.

.
.

.
.

.
0

0
0

0
0

0
0

0
0

0

I

*-
al

M
m

rn
co

a
al

al
0

0
0

0
0

0
0

0
0

0
.-l,+

A
A

.+
,-!

.+
4

,+
A

O
m

m
-rd

vm
m

m
m

m
m

m
m

a
m

m
m

a
a

W
I=

F
I-W

F
I-Q

O
U

Y
.

.
.

.
.

.
.

.
.

.
0

0
0

0
0

0
0

0
0

0

X
a

H+
d

E
l

x
8

H

H

U
I

H

f

J4a

w
a

m
m

m
a

t-
w

.a
w

0402
.m

m
u

itn
m

0
c

m
-

*al
030

m
m

m
a

c
o

m
.

.
.

.
.

.
.

.
.

.
0

0
0

0
0

0
0

0
0

0

I-b
w

a
’n

f’r3
J

a
J

a
Y

m
0

0
0

0
0

0
0

0
00

A
I+

d.+
.+

,+
r-id

r.!.-!
X

x
x

x
x

x
%

x
x

x

-1
O

=
$m

m
l-

w
m

!9C
J

m
m

cncncnm
*m

m
*

.
.

.
.

.
.

.
.

d
“d

”d
A

.+
,+

N
C

-4C
4

N

W
c

-
a

ala
m

aul
al

m

0000000000
riddd.+

,+
d,+

d,+
x

x
x

x
x

x
x

x
x

x

t-w
!O

Inqm
m

al
w

m
a

,.a
m

o
m

o
m

~
m

m
,...,.

.
.

.
-fI+

m
tnfn.+

r-ulm
e

+
.23

m
m

m
m

m
m

m
m

0
0

0
0

0
0

0
0

0
0

A
.-1

.+
d

,+
.+

,-4
)+

.+
d

x
x

x
x

x
x

x
x

x
x

a
m

c-l(w
d

U
Iw

0
O

*
o

0
m

dq
t-

.s2
m

>
m

,s
.

.
.

.
.

.

m
“d

’d
c

-i
m

m
c.4.+

.+
d

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

A
d

m
m

m
m

m
m

n
m

1:~

3
7



E
-1

onzm

r%WH1
4

Hy“
a

M

HW
I*

Z
lz

C
ilfx

H
n

Z
z

H
O

uwu-l

u
-l

H

m
d

m
m

m
o

m
+

o
m

O
C

O
a

l-l
m

m
-m

m
d

m
e

m
F

t=
C

O
m

a)
m

m
●

0..0
,.0.0

00
0

0
0

0
00

0
0

m
m

om
F

F
cn

0!+
al

e
O

cn
C

O
O

O
F

●
0.0.

.0..0

u
-l

H

.,.0.
●

0.0

0“0
o

0
00

00
0

0

m
m

w
a

-l
O

F
O

a-1
m

t-l
o~

@
-3

0
cm

I-4C
n

(n
m

m
a

F
cn

m
(n

m
cn

a)
co

..,,,
,.,0,

00
0

0
0000

0
0

Lnm
m

o
O

N
o

-l
m

m
e

O
F

o
0

..,.0
.

.
.

.

A
*A

co
m

m
U

I
A

C
N

m
m

m
N

m
m

m
m

u
-l

R
S

U
30

●
000

00
0

0
0

0
00

00
00

0
0

00
0

0
0

0
A

A
m

m
m

m
m

m
m

m
#+

~
m

cxm
om

m
-

m
r+

o
0

+
A

LV
C

N
m

=
r

m
~

.
.

.
.

.
..0.0

F
00

0
0

00
00

00
I

+

38



(n
H

?5
d

~x
~
Hm

H

H
o5

N
Fe

-l
m

m
(=4

m
C

o
m

w
Q

U
2q

m
m

N
c

o
LnF

l-l
C

n
c
n
c
n
o
-lm

c
n
a
c
o
c
o

o
-l

.,.,.
,s.,0

000000000
0

9+m
m

-a
em

-3
0

m
m

%
I.nI.nalulrflr-lw

l=
rbr=

o
O

w
am

@
~

m
l-l

o
0

00
00

0
0

00
0

0
0

0
00

00
00

0
.,..0

..*.O
o

00
00

00
00

0

s.H
(n

C
D

-w
2

:s:
2

m
m

hm
o

to
m

A
A

+
o

0!+
l-l!+

o
0

00
0

.0,...
.0.0

0
0

0
00

0
0

00
0

c
o
m

~
l-lo

o
d
f~

c
n

l-l
b

urn
m

o
F

m
ue

m
a

m
al

m
a)

P
P

@
w

w
..0.0

.,..0
0

0
0

00
0

0
00

0

F
f+

rlc
n

A
u-l

r+
w

m
m

co
m

m
F
F

m
N

F
F

w
O

-l(n
a
o
lc

n
(n

fm
a
c
n

co
..0.0

.
.

0“0”0”000000
o

ii
ii

m
--

co
w

w
0

w
olf-l

m
‘am

0
0

O
F

C
nC

O
m

l-l
+

!+
o

0
0

0
00

0
r!

l+
+

l-l
0

00
00

0
0

00
0

.0..00
.0..

0
00

00
00

00
0

6
bw

om
m

o
C

=
JW

m
m

co
m

m
o

m
m

m
m

m
o

0
u-l

m
m

m
m

+
+

A
o

0
0

00
0

0
00

0
,...0

,,0.,
000000000

0

I-iC
o

m
bo

l-i
O

w
w

l=
w

m
I-lw

N
v

m
e

m
=

r
w

o
w

m
m

o
0

m
m

m
+

+
o

0
0

.0,0.
.0,.,

0000000000

0
0

0
00

0
0

00
0

0
0

0
00

0
0

00
0

a
d

m
m

m
m

m
m

m
m

U
lo-lcw

m
ouloJP

m
1=

oo+
dm

rw
m

em
w

●
..0.

●
..00

o
0000

0
0

00
0

++11E
+

H

d

3
9



large. For low-Z targets, the K@ filter does not
significantly reduce the scatter intensity (Fig. 30),
and K. purity is actually poorer with the K@ filter
because of the K.-1ine attenuation. For high-Z
targets, the Kb filter reduces the scatter intensity
(Fig. 31), and K. purity is improved by the K8
filter.

When monochromaticity of the K lines is not im-
portant, the K@ filter need not be used, because K
purity is better than K. purity for all targets except
Z =82 and 90. The small improvement in purity of
these targets is achieved at the expense of K.
intensity, which is reduced by about a factor of 4.

D. Discussion

Because theory and measurement agreed within
20%, it was assumed that theory could be used to es-
timate target thicknesses, potentials, and K@ filters
which would optimize K-photon intensity and
purity. Tables X-XII summarize these estimates.

The intensity and purity of the lowest and highest
Z targets leave something to be desired. Limitations
on the achievable intensity and purity were imposed
by the primary source used in the measurements and
were assumed in the calculations. This can be seen
more clearly in Fig. 32, where conversion efficiency
in photons, ergs, and roentgens is plotted as a func-
tion of Z for five potentials in the 100- to 300-kV
range. Conversion efficiency is defined as the ratio of
K-photon intensity emitted by the secondary target
to the primary photon intensity incident on the
target. As with purity, the efficiency depends on the
intensity units being most efficient for roentgens and
least efficient for ergs. Maximum efficiencies of 2, 3,
and 7% are obtained for the middle-Z targets in ergs,
photons, and roentgens, respectively. Efficiency
decreases for both low- and high-Z targets.

It is informative to inquire into the bell-shaped
appearance of the conversion efficiency curves. If we

examine Eq. (9), which describes the Ka intensity,
the principal terms of interest are WK, Iprimav, and
r- 7k/(pk + #K ). The exponential term and its in-

fluence on int~nsity and purity were discussed in
Sec. V.A. The CK/a’l. term is approximately 0.8 for all
Z. The fluorescent yield, @K, is >0.9 and roughly
constant for Z >56 but decreases at lower Z to a low
of 0.455 for Z = 29. Hence, the decrease in efficiency
for Z <50 can be attributed in part to the decrease
in UKwith lower Z.

40
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/
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Fig. 32.
Conversion efficiency as a function of Z. The
ordinute is the ratio of K intensity emitted by
target-to-primary intensity incident on target.

But the shape of the efficiency curves is influenced
primarily by ~, I~ri~~V,and the location of the target
K edge. For example, r for Z = 29 is about 0.8 at the
9-keV K edge, but falls to 0.08 at 40 keV and to 0.008
at 90 keV. Because there are relatively few photons
below 40 keV in Ipri~~V,the K-photon yield is low for
Z = 29. This implies that the yield can be increased
by using a primary beam with more photons in the 9-
to 40-keV region, e.g., one operating at a potential of
50 kV. For Z = 42, T is 0.8 at the 20-keV K edge and
falls to 0.08 at 80 keV. Because there are more
primary photons in the 20- to 80-keV region than in
the 9- to 40-keV region, the Z = 42 photon yield is

considerably larger than the Z = 29 yield. Thus, as Z
increases, r remains significant over a longer photon
region and the K-photon efficiency increases. For Z

= 64, ~ = 0.8 at the 50-keV K edge and 0.08 at 180
keV, giving a maximum yield for the Iprimary used in

these calculations. As Z is increased further, 7
remains significant over a longer photon region, but
the K-edge location is increasing with energy, reduc-
ing the number of usable primary photons. For Z =
90, T is 0.8 at the 110-keV K edge and decreases to
0.1 at 290 keV. But only photons above the K edge
can produce K photons, so that all the primary
photons below 110 keV are lost. Thus, the efficiency
decreases. To improve the high-Z efficiency would
require primary potentials >300 kV.



Therefore, the assumed primary source for the
calculations imposed limitations on the intensity
and purity that could be achieved and resulted in
the bell-shaped efficiency curve. Calculations in-
dicate that order of magnitude increases in ef-
ficiency could be achieved with lower Z targets if the
primary source had a bremsstrahlung continuum
wit h light-inherent filtration and operating poten-
tials of 30-60 kV. Similarly, the efficiency of high-Z
targets could be improved by a factor of 2 if a
primary source with a 500-kV potential were used.
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