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CHAPTER 1

INTRODUCTION

Historically, radioactive isotopes have been used to study organ
circulation, function, and structure in vivo. Sophisticated radiation de-
tectors and data processing systems have been dé&éloped for these studies.
Advanced pharmaceutical techniques which permit higher selective uptake of
radioactive tracers by the organ or tissue being studied have also evolved.
Despite these advances, however, several limitations still exist. First,
the patient must be given a radioactive material that must concentrate in
the organ before measurements can begin, and second, after the measurements
are completed, the patient will continue to recelve a radiation dose until
the radioisotope decays or is eliminated from the body. Since only small
doses of radioactive material can be safely administered, the patient is
frequently required to remain stationary for a long period of time to obtain
statistically significant measureﬁents. Blurring, introduced by organ mo-
tion, cannot presently be eliminated and poor defect resolution is obtained

when the heart, lungs, etc. are studied.

Ideally, it would be desirable to eliminate the use of internally
administered radioactive materials for these studies and to obtain the re-
quired data in a short period of time. A technique that may satisfy these

idealistic objectives for some types of investigations involves the use of
fluorescent X-rays.

When an atom is excited by the removal of an electron from an inner
atomic orbit, it will subsequently undergo a transition to a lower energy
level. The excess energy assoclated with this transition is carried away
from the atom by either an "Auger' electron or a fluorescent X-ray photon.
All elements yield fluorescent X-rays when‘exposed to sufficiently ener-
getic sources of ionizing radiation and the energies of these X-rays are

directly related to the atomic number of the element in which they are pro-
duced.
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Several elements that could be used as nonradioactive tracers for
in vivo biological studies have fluorescent X-rays in the energy range from
about 17 keV (Mo) to 79 keV (Au). These energies are much higher than
those produced in the major constituents of soft tissue (less than 4 keV)
and are comparable to the gamma and X-ray energies of some radioisotopes,
suck as I-125 and Hg~197, that are normally used for these types of inves-
tigations. Thus, it should be possible to determine the concentration and
concentration distribution of a high-Z tracer element in a biological sys-
tem that is irradiated by a sufficiently energetic excitation source and

"viewed" by an energy sensitive X~ray detector.

This research program was initiated to examine theoretically and
experimentally the possibility of using fluorescent X-rays to study organ
circulation, function, and structure in vivo. To accomplish this objective,
several parameters associated with the biological system, the excitation
source, the fluorescent X-ray detector, and the geometrical configuration
of these components were investigated to determine their influence on con-
centration sensitivity and defect resolution as a function of radiation

dose.



SECTION 2
THEORETICAL CONSIDERATIONS

2.1 NARROW BEAM PRIMARY SOURCE - NARROW BEAM DETECTOR GEOMETRY

If fluorescent X-rays emitted by high-Z tracer elements are to be
useful for in vivo studies, several factors influencing concentration sen-
sitivity, resolution, and radiation absorbed dose must be investigated and,

where possible, optimized. These include the following:

1. The nature of the biological system including the size, shape,
composition and physiological characteristics of the organ (or
tissue) of interest; the size, shape and composition of any "de-
fects" in the organ and the composition and thickness of the
material surrounding the organ. Defect, as used in this context,
refers to a region containing a higher or lower concentration of

tracer element Z than the adjacent organ or tissue material.

2. The energy spectrum, intensity, cross-sectional area and shape

of the primary radiation beam.

3. The size, shape, efficiency, and energy discrimination of the

fluorescent X-ray detector.

4. The various geometrical factors associated with the experimental
configuration of the primary radiation source, the biological

system, and the X~ray detector.

5. The atomic properties of the constituent elements of the bio-

logical system.

The manner in which these factors influence concentration sensitivity,
resolution, and radiation absorbed dose can be determined from the thesretical
analysis of the generalized experimental configuration presented in Figure
2-1, The calculation procedures used in this section are similar to those
introduced by Compton (Ref. 1) and expanded by Blokhin (Ref. 2) and (Ref. 3).

3
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2.1.1 Fluorescent X-Ray Intensity

The biological system illustrated in Figure 2-1 is considered a
tissue slab containing an organ with a defect. It is assumed that the

organ is a plane-parallel slab of thickness X4 - Xl at a depth X1 in an

otherwise continuous slab of tissue of thickness Xsu The defect in the

organ is a slab of thickness X, - X, at a depth X

4 3 3°

the analysis will be limited to cases for which 05X15X2;X31X41X5° For con-

venience, the biological system has been divided into five regions design-

ated by T

Using the notation,

1? 01, D, 02, and TZ. It is further assumed that each region of
the biological system is composed of a mechanical mixture of a high-Z tracer

element, Z, and a tissue equivalent material W.

Referring to Figure 2-1, the biological system is irradiated by a
well colliminated-narrow beam of X-rays of intensity Il, area Al’ and energy
E1 incident on the tissue surface at an angle ¢. The fluorescent X-rays

emitted by tracer element Z are measured at an exit angle V.

As the primary X-ray beam passes through the biological system to
a depth x, it will be attenuated along the path x/sin ¢ in the overburden
material. In the differential segment dx at x, primary beam interactions
will excite some atoms of element Z to the K level and these atoms will sub-
sequently emit the entire K series fluorescent spectrum of element Z. Fluores-
cent X-rays with an exit angle y are attenuated in the overburden material

along the path x/sin V.

To limit the complexity of the calculations at this point, it will
be assumed that the fluorescent X-ray detector is located at a distance R
from dx which is large compared to the thickness of the biological system,
the diameter of the primary beam, and the diameter of the detector. This
restriction will be imposed to obtain the expression for the tracer element
K series fluorescent X-ray intensity at the detector surface, IE, which does
not involve exponential integrals. However, this restriction will be re-
moved in a subsequent section of this report for the analysis of a system
which uses a wide beam detector geometry.

At a depth x in region, T1 of the biological system, the intensity
of the primary X-ray beam, I{l (x), is:

T -uT x/sin ¢ 9
Ill (x) = I, e (photons/cm -sec) (2-1)



where: .
Il = primary radiation beam intensity at the tissue surface
(photons / cmz- sec)
by = linear attenuation coefficient of primary radiation in tissue

(cm-1)

In the incremental layer dx the primary X-ray beam intensity will
decrease by:

T T T
d111 x) = -Il Lo w 1 ——d}— (photons/cmz-sec) (2-2)
sin ¢
where dx/sin ¢ is the attenuation path length in dx. This decrease in inten-
sity will result from scattering as well as absorption. However, here we
are only interested in the absorption component, and the linear attenuation
coefficient pTl in Equation 2-2 can be replaced by the linear absorption

coefficient 'rlT. Scattering interactions will be treated in a subsequent
section.

2
Since I, is the number of photons per cm per sec in a beam of area
A}, the number of photons per sec incident on dx will be I'irl (x) Allsin(p

and the number of primary photons absorbed per sec by all atoms in the layer

dx, derrl (x), will be:

T I'fl (x) Al'r'f dx
dN 11 (x) = > (photons/sec) (2-3)
sin ¢

To obtain the number of tracer element K-level absorptions per sec

in dx, (szl" T1 (x))K, the tissue linear absorption coefficient, T 1 in

Equation 2-3 must be replaced by the element Z linear absorption coeffi-

cient + lZ’ and multiplied by (rK - l)/‘rlzé, where ré is the absorption jump

ratio of the K-absorption edge of element Z, With these substitutions,
Equation 2-3 can be rewritten as:

T
1

Z,T

I 1 ‘ r

Z, Ty (x) A1 T

(@ Tl =

A N

dx (photons/sec)

sin Zcb r (2-4)

=N



T
Substituting Equation 2-1 for I'1 1 (x) in Equation 2-4, we get:

T
- i Z,7T
M x/sin ¢ A 2 2
Z, T, _ 1 1 1 . K . dx (photons/sec)
(AN %)), = .
1 K . Z¢ Z
sin T (2-5)

Due to the Auger effect, all K-level absorptions in tracer element Z will
not result in the production of K series fluorescent X-rays. Therefore,
to obtain the number of element Z atoms per sec in dx emitting K-series

Z, T
fluorescent X-rays, (le 1(x)) K. f° equation 2-5 must be multiplied by
. 1
the K fluorescence yield, wy , or: '

Z, T 2 Z T .
]'.1 Al ™ O rK-l e T x/sin ¢
(AN 7
r
K

Z, Ty
1 (X))K, £ dx (photons/sec)

, 2
. . Z,T . . .
By considering (dNI (x))K gasa point source at a depth x in the bio-

logical system, the intensity of tracer element K X-rays at a detector

Z
distance R, dI '’ T , can be obtained from the equation:

K
Z, Ty
(dN7 77 (%)) .
Z K,f -
dl.’ T1 = 1 - e MK X/sml})(pho‘cons/cmz-sec) (2-7)
K 2
47R
where:
T
MK = linear attenuation coefficient of tracer element K X- rays
in tissue
Sin ¥ = attenuation path length in overburden tissue

The total tracer element K-series fluo:;fascent X-ray intensity at R from
region T) of the biological system, Z, 1, can now be determined by
zZ

substituting Equation 2-6 for (le ’ 1(x))K £ in Equation 2-7 and inte-

grating over x from x =0 to x = Xl.



wt b
X:
IA -rZ'TwZ rz-l 1 B si1n¢ siﬁtp
Z’Tl 11 1 K K g X
]_[{ = (2—8)
4-n'st' 2 Z 0
K
or: ] Z, T .
z,T 1 -
IK 1 = B—-—T——-— 1-e¢ ¢ X1 (photons/cm"-sec) (2-9)
a [,
where: LA 7 7 1
1™M% . Tk
B =753 z
4wR sin ¢ Ty
T T
. "1 P
@ " sing siny

A similar procedure can be used to determine the intensity of
tracer element K X-rays at R from regions O,, D, 02, and T,. However,

for these regions the primary and secondary X-rays will be attenuated by
overburden materials of different compositions.

An examination of Figure 2-1 and Equation 2-8 shows that the tracer
element K X-ray intensity at R from region O, of the biological system,

]IZ{’ O1, can be obtained from the following equation: " 0 " 0
u;r ug X2 ‘*—l— + .K x
1A -2:0 Z 7 | i - + — 'XISe in ¢ smlde
IZ,OI__+ ™11 Y . Tk- sin ¢ sin
K T, RZcin’ Z 1
R sin ¢ rg (2-10)
where:
z,0 . . - .  oes s
T = linear absorption coefficient of primary radiation in

tracer element Z in the organ

| = linear attenuation coefficient of primary radiation in
the organ
p.g = linear attenuation coefficient of tracer element K X-rays

in the organ.



When the integration over x is completed, Equation 2-10 becomes:

T .
Br 2 0@ %y 9%, - X.)
1. %9 = l-e 2 1 (2-11)
K - o B
[04
wh :
ere O O
o ™M kg
L -

T sinéd sin ¢

Similarly, the tracer element K X-ray intensities at R from regions D,
02, and T2 are:

Z,D T O D
2 D T -a X1 -a (Xz -Xl) -a (X3 - XZ)
IK = B -—-——D— e l-e
« (2-12)
T O D
Z,0  -a'X -a (X, -X)-a (X, - X)) XX,
T 1 2 1 3 2 4 3
I Z'OZ = B S SN e l-e
K - (@) A -
¢ (2-13)
z, T T 0] D T
- - - - - - - X - -
. Z, Ty _ . T e o X1 o (X2 Xl) o (X3 Xz) a (X4 L3 : o (X5 X
K - T -€
o
(2-14)
Z,D . . . . . .
where: T = linear absorption coefficient of primary radiation
in tracer element Z in the defect
M) = linear attenuation coefficient of primary radiation in
the defect
D . . .
By = linear attenuation coefficient of tracer element K

X-rays in the defect
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D D
K [
o o1 + K
siné siny

The tracer element K X-ray intensity at R from the entire biological
system IIZ{ is the sum of the contributions from the five regions, or

LT

-z 1

Ix = Byt
a

T T O D O
(l—e—a X1+ e-a Xl—a (XZ-XI)-a (X3-XZ)—0 (X4-X3£ e-a’li)(s—X4E]

2,0/ T o eTx o%x -x 1P i o N
e l-e +e l-e

0
D
- (ax3_x2):|

+

a )
: O

-rlZ,D -aTX1 -a (XZ-XI)

t—p— - e 1 -e

a

(2 -15)

. Z
To obtain the tﬁacer element K X-ray count rate,C__, from a detector
located at R, I_. must be multiplied by the detector efficiency for element

K -
Z K X-rays, € IZ(" and the detector area Aj.
VA Z 7z
= A
°x k €k ®2

2,1.2 Scattered Radiation Intensity
2.1,2,1 Single Compton Scattering

Since the Compton mass scattering coefficient is only slightly
dependent on the atomic number of the scattering material, varying approxi-
mately as z-0. 13, and relatively low concentrations of the high-Z tracer
element will be present in the biological system, the single Compton
scattered radiation intensity can be calculated by assuming that the
biological sysiem is a slab of tissue of thickness X5.

Referring to Figure 2-2, the intensity of the primary X-ray
beam, Il(x), at a depth x in the biological system will be:
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I'l(‘El) 1
¢ L\
- / ) Ti Surface
/7",// / o
X,

Tissue

Figure 2-2 Experimental Configuration for Scattered
Radiation Intensity Calculations
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T .
T -p 1:ic/smzb 2
Il(x) =1Ie (photons / cm -sec) (2-17)

and the primary X-ray beam intensity decrease in the layer dx, will be
given by the equation

T

T T dx 2
i, (x) = -I 1(x) v (photons / cm -sec) (2-18)

where the superscript T refers to tissue. Since I, is the number of
photons per cm® per sec in a primary beam of areaA), the number of
primary photons scattered per sec in the layer dx, (dN'f(x))S, is:

T T
T Il(x)Alcrldx

(dN 1(x))S = — (photons / sec) (2-19)
sin ¢

. . . T
where the linear attenuation coefficient i, has been replaced by the

linear scattering coefficient of the primary radiation in tissue, ¢ 1°

The number of photons per second scattered in dx through an
angle 9, (dN'I;(x))S o is given by:

T .
~U 1x/sm(l) T 2
IlAle o 3(1 + cos 6)

1
16w

T
(dN 1("))5, 0= dx (2-20)

2
sin ¢

where IT(x) has been replaced by Equation 2-17 and 3(1 + cos? 0)/16wis the
probability that a scattered photon will be deflected through an

angle 8. Compton scattered photons with an exit angle § will be
.attenuated along the path x/sin § and the single Compton scattered

radiation intensity, dIS, at a detector located a distance R from dx will
be:
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I‘T I-'-T
T 1 -8 2
LA, 3(1 + cosze) \sing ' sing | Xax (Photons/cm -sec)
dg = z . 2 16w
4mR sin ¢ (2-21)
where p.T = linear attenuation coefficient of scattered radiation in
tissue,

>> >>
R X5 A1

6 = J+y

The total single Compton scattered radiation intensity at the detector

can be obtained by integrating Equation 2-21 over x fromx =0to x= XS'

T S
[ = IlAlU 1 3(1 + cos ;]‘S smcb * simp} X d
S ™ Rlainle Tow (2-22)
or:
T
...B X
1. = Lo-T l-e 5 (photons / cmz-sec) (2-23)
S 1 T
B
where
T T
LA 3(1 + cos>0) T M Fs
L= 2 2 Ton o BT = Gt g
4wR sin ¢

From Compton's equation, the energy of a scattered photon that undergoes
a single diffusion through an angle 6 is:
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E

s = El (k.ev) (2 '24)
E +— (1 - cos Ga
510

E

where El and ES are given in kev.

The single Compton scatter count rate, Cg from a detector
located at R is the product of I_, the detector efficiency for scattered
radiation €, and the detector area'AZ.

CS = IS €S A2 (counts/sec) (2 -25)

In a subsequent section of this paper, it will be shown that single Compton
scattered radiation provides a means of obtaining a tracer element
concentration measurement that is independent of the matrix composition
and density of the region of the biological system being examined.

2.1.2.2 Multiple Compton Scattering

The energy spectrum and the angular distribution of multiple
Compton scattered photons is best determined by Monte Carlo techniques.
Since these photons only contribute to the background radiation level and
do not contain information related directly to the concentration of the
tracer element in the biological system, calculations of their intensity
contribution at the detector have not been attempted. Instead, it has been
assumed that the background radiation intensity can be determined
experimentally and accounted for in the data reduction procedure.

2.1.2.3 Rayleigh Scattering

The total Rayleigh scattering cross-section is much smaller
than the total Compton cross-section per atom, the ratio between the
two being approximately (Ref. 4 ): *

- ,5/3
o Rayleigh -2 Z
o Compton L.1x10 Eo (226)

where E0 is given in kev.

¥References are listed in Section 6.
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Since the energies of interest in this application are greater
than 20 kev and the effective atomic number of tissue is about 7, the

Rayleigh to Compton scattering ratio per atom will have a maximum
value of about 0.014.

2.1,3 Radiation Dose Considerations

One of the primary considerations, in evaluating the usefulness
of high-Z tracer element fluorescent X-rays for in vivo studies, is the
radiation dose that must be delivered to the biological system to obtain
a statistically significant fluorescent X-ray count. This will depend
on the resolution required, the properties of the biological system, the
energy of the primary X-ray beam, the geometrical factors associated

with the experiment, and the characteristics of the fluorescent X-ray
detector.

An equation will be developed in this section, for determining the
number of photons per square cm required to produce a surface dose of
1 mrad (millirad) as a function of primary X-ray energy. This equation
will be used in subsequent sections for the analysis of some particular
source-biological system-detector configurations.

The energy absorbed per sec in one gram of tissue, E'lr.. abs,
from a primary X-ray beam of energy E1 kev and intensity I1
per cm” per sec is given by the equation:

photons

T

T .
E l-abs ~ Elll(“’m..abs) B ¢ (kev/g-sec) (2-27)

)'Il‘ = mass energy absorption coefficient for primary X-rays

in tissue

where (p,m _abs

-
i

incidence angle of primary X-ray beam on tissue
surface

By definition, 1 mrad is equal to an energy absorption of 0.1 ergs per
gram by any material, and since 1 kev is equal to 1.602 x 1079 ergs,
the radiation absorbed dose rate, D, is:

T 1.6 x 10-9

D = Elll(y. )] (-_6:_1—_) sin ¢ (mrads/sec). (2-28)

m-abs
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Solving Equation 2-28 for the ratio El_, we oObtain!
D

1 7
1 . 1 '
5 6.25 x 10 (photons/cmzlmrad) (2-29)

E (4 )T sin g

m-abs

Since IZ in Equation 2-15 is a linear function of I., we can solve
this equation for the ratio I2 /I, and obtain the tracer element K-series
fluorescent X -ray intensity at the detector per unit surface dose rate
11%/1), by combining 11%/11 with Equation 2-29.

| ]

Z

K I I1 2

$ =T - T (photons/cm /mrad) (2-30)
1 D

XN N

2.1.4 Detector Collimation

Equations 2 -15 and 2-23 indicate that primary X-ray beam
scattering and tracer element fluorescent X-ray production in the tissue
surrounding the organ will produce relatively high X-ray intensities at
the detector. This background radiation would significantly reduce the
sensitivity of the detector to tracer element concentration changes in the
organ or defect of interest.

A focused collimator of the type used for conventional radiosotope
scanning could be added to the detector to overcome this limitation. This
collimator, in conjunction with the primary X-ray beam, would define
the region of the biological system being examined. Some examples of

how this might be accomplished are presented in Figures 2-3, 2-4, and
2-5,

With the geometry illustrated in Figure 2-3, the horizontal
resolution is determined by the design of the detector collimator, and
the vertical resolution is determined by the diameter of the primary
radiation beam and the angle 6. Equation 2 -15 for I%( does not apply
directly in this case since the area associated with the incremental
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thickness dx at x is determined by the resolution radius of the

collimator, Ry, which is independent of 6. Under these conditions the
equation for I% is:

T Z,0 o o D o)
IZ . - X, ™ , -a (XZ-X1)+ - (}%-XB - (}(3--X2)|-:1 e-a (X4-X3{|
K- "1° 0 -¢ © -
a
O
. Z,D  -a)(X.-X.) ~aP(X_-X_)

1 2 1 372 2
+ 5 e l-e (photons/cm sec)

e (2-31)

where the fluorescent X-ray contribution from the tissue surrounding
the organ has been neglected and:

2 Z
Il(ﬂRI) ©

H
?&'N

w
!
i

41rR2 sin ¢

H
RN

Similarly, the single Compton scattered radiation intensity at
the detector for the geometry illustrated in Figure 2-3 can be determined
by noting that the resolution radius of the collimator defines the scattering
volume TTR,% dx, and by changing the limits of integration in Equation 2 -22

to x = Xy and x = X4. With these substitutions, the expression for I

S
becomes:

o, e -BT(X -X )
1 4 1 2
IS = L1 T 1 -e (photons/cm -sec)

(2 -32)

where the scattered radiation contribution from the tissue surrounding
the organ has been neglected and:

2
Lo I (vR,) 3(1 + cos>0)
1~ 2 léw

4wR"sind
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For the configuration shown in Figure 2-4, the horizontal
resolution is determined by the diameter of the primary radiation beam,
and the vertical resolution is determined by the design of the detector
collimator and the angle . Since the assumptions used in deriving
Equation 2-15 apply in this case, IK can be obtained by simply neglecting
the contribution to Ig from the tissae surrounding the organ.

T z,0 O O D O
7 - X1 T -a (XZ-XI) - (XZ-XI) -a (X3-X2) - (X4—X3)
I = Be 1 -e +e l-e
K O
a
VA
-rl’D - (X,-X.) -a (X3—X ) 2
+ ) e 1 -e (photons/cm -sec)
@

(2-33)

The single Compton scattered radiation intensity at the detector can also

be determined from Equation 2-22 by changing the limits of integration
to x=X1 andx=X4.

IS = L —F 1 -e (photons/cm -sec)
(2-34)

The two detector-collimator assemblies shown in Figure 2-5
illustrate one method by which tracer element concentration distributions
at several depths could be obtained simultaneously.

Although the source-detector configurations in Figures 2-3, 2-4,
and 2-5 are not optimum, they are relatively easy to establish using
commercially available equipment, and they could be quite useful for
some types of organ scanning and dynamic function studies. In practice,
a primary radiation source could simply be attached externally to the
detector-collimator assembly of a rectilinear scanner. However, some
modifications of the data processing electronics would be required for

background suppression. An X-ray machine or a radioisotope could be
used for the primary radiation source.



22

2.2 NARROW BEAM PRIMARY SOURCE - WIDE BEAM DETECTOR
GEOMETRY

As indicated by Equations 2-16, 2-30, and 2-33, the use of a small

- area fluorescent X-ray detector at a large distance from the biological
system will result in a much higher radiation dose to the biological system,
and a significantly longer data collection time than would be obtained by
using a large area fluorescent X-ray detector near the surface of the
biological system. An excitation source-fluorescent X-ray detector config-
uration of this type is illustrated in Figure 2-6.

The collimator is a depth-focusing type, such as the one designed by
Glass (Ref. 5),which has been modified to contain the primary radiation
source along the central axis. Adeguate shielding around the source would
be used to exclude direct primary radiation from the detector. This geo-
metry permits the use of a large area fluorescent X-ray detector located
at a minimum distance from the biological system while retaining the

depth-focusing characteristics of the systems illustrated in the previous
section.

The maximum response volume defined by the detector collimator
aperture and primary radiation beam is indicated in Figure 2-6 by a dotted
line. For calculation purposes, it will be assumed that only radiation
emitted or scattered in this volume can reach the detector, and that the
concentration of tracer element Z in this volume is uniform. It will also
be assumed that the depth-focusing collimator has an open area to total
area ratio of p.

If we let El’ Il, and A1 represent the primary radiation beam energy,
intensity, and cross sectional area respectively and assume that the
primary beam is well collimated, the tracer element K-series fluorescent
X-ray source term in dx at x is:

T O
Z,0 20 2Z ré—l s 1Xl-“l(x-x)
(dNj (D, t=01A] ™ ‘i” w g Z - e dx(photons/sec)
K (2-35)
T
-, X
where e is the attenuation of the primary radiation beam in an

overburden tissue thickness of X, and e L (x-Xl) is the attenuation of
the primary radiation beam in the overburden organ material.
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Referring to Figure 2-7 the flux of tracer element K-series
fluorescent X~rays through the open area on the front surface of the

collimator, dF IZ{’ is given in terms of the source in dx at depth x as
follows:

R
3 T 2 2
,O 2 -
aFZ(x) =(aN, %%y, - p. ( AIE o “Eg [T F X4 (2-36)
K 1 K, f 2 2
4m{r +x ) ‘
R
2
. O T
where it has been assumed that pKz g

The integration will first be completed over r from r =R, tor = R
and the total flux of tracer element K-series fluorescent X-rays through

the collimator open area, F I%’ will be obtained by integrating dFé (X)
over x from x = X] to x = X) .

If we let ”; ,/ r2 + x2 =y, Equation 2-36 becomes:

p-T x sec
Z (lez’o(x))K f P : e 2‘dy
dF 0 (%)= 5 * : 5 (2-37)
|J.Kx sec l.l.ll
or:
NG A CHN T T
dFK (x) = > 2 . E1 (e K= secq,:l) -El(p g X sec q;z) photons/sec)

(2-38)
T T <y
where El (p K X sec lJ,Jl) and E1 (1 g X sec 412) are exponential integrals

defined by the equation
o0
~y
e
E, (a) = ( S dy
a
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Since y; and ¢, are only slightly dependent on X over the range

X1 < x < X, the total flux of tracer element K-series fluorescent
X-rays through the collunator open area can be obtained by substituting

Equation 2-35 for (le (x))K ¢ in Equation 2-38 and integrating over
xfromx=xlt0x XZ

X X

2 o) 22 0
Z I { ™1 F
Fg = e E, (ax) dx - e El(bX) dx |(photons/sec)
X X , (2-39)
z T
rp 7! ’“‘1"‘3"1

h M=1A Z,sz'
where M=1 A 7, K

%] o]
o

a=p.IT<SECljJ1
b=p;r<sec¢z

By changing the limits of integration, Equation 2-39 can be written as
follows:

X, X X,
0] O
z Thy ¥ TH* TH*
FK =M e El (ax) dx - e E1 (ax)dx-[ e El(bx)dx
0 0 0
Xl
O
_p_lx
+ e El (bx)dx | (photons/sec) (2-40)
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Closed form solutions cannot be obtained for these integrals. How-
ever, they can be expressed in terms of exponential integrals for which
values have been tabulated (Ref. 6.) Polynominal equations have also been

reported (Ref. 7) for calculating approximate values of exponential
integrals.

Using the relationship:

Cc

[0 e-ptEl (at) dt =Ila- In (E t1) -e -pCEl(ac) tE) [ (2+P)c]

the solution of Equation 2-40 is:

O
) o o
FZ - :‘ e ! Y[E (X)) - E| (aX,)] + E, [ (atp) X,] -E [ (btu])X,]

1

'“%1 o o)

+ e [ E, (aXl) -E1 (le)] + El[ (b +p.1)Xl] - El[(aﬂxl)xl] (photons/
sec)
(2-41)

The tracer element K-series fluorescent X-ray count rate from the
detector,CI%, can now be determined by multiplying FIZ< by the detector

efficiency for these X-rays, € K .

Z Z
= 2-42
CK FK € K (counts/sec) (2-42)

2,3 X-RAY PHYSICS

In this section, measured values of the X~ray parameters that apply
to this problem are summarized and approximate equations are developed
that can be used for calculation purposes. The quantities of interest
include the K-series fluorescence yield of element Z, the K~-absorption
jump ratio of element Z, and the absorption, attenuation, and scattering
coefficients of the constituent elements of the biological system.
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2.3.1 K-Fluorescence Yield

12, have been

compiled for a number of elements from thirty-three references by Broyles,
Thomas, and Haynes (Ref. 8) and more recent measurements have been
reported by Heintze (Ref. 9) and by Davidson and Wyckoff (Ref. 1. Although
these data show some rather wide variations in the measured values of

Experimental values of the K fluorescence yield,w

' A
% for a single element, the general relationship between w_. and atomic

K
number can be established by taking unweighted average values of all the
measurements reported. These average values and the number of measure-
ments associated with each value are presented in Table 2-1. As suggested
by Burhop (Ref. 11), the measurements for elements with Z>42 by Berkey
(Ref.8,12) have been omitted since they have not been confirmed by other
workers and appear unlikely to be correct on theoretical grounds.

Also presented in Table 2-1 are values of wZ calculated from

Pincherle's (Ref. 13 ) theoretical equation: K
Z -4 -1
w  =[1+az""] (2-43)

using the value of a suggested by Blokhin (Ref. 1).

The results listed in Table 2-1 are illustrated graphically in Fig-
ure 2-8. It is apparent from this graph that the experimental data are in

good agreement with Equation 2-43 for elements with Z > 30 which would
be most useful for in vivo studies.

2.3.2 K-Absorption Jump Ratio

_ The K-absorption jump ratio of element Z, rz, is defined as the
ratio of the values of the mass absorption coefficient of element

Z, (‘rm)z, on the high and low energy sides of the K-absorption edge.

Average values of ré compiled by Blokhin (Ref. 1) from the data of

various authors are given in Table 2-2.
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TABLE 2-~1

MEASURED AND CALCULATED VALUES
OF K-FLUORESCENCE YIELD Z/K

Experimental Theoretical
Atomic Number of Z 7
Number 2 Element Measurements wR wg
6 c 1 0.0009 0.00120
7 N 1 0.0015 0.00223
8 0 2 0.0421 0.00380
9 F 0 0.00607
10 Ne 3 0.0364 0.00922
11 Na 0 0.0134
12 Mg 2 0.016 0.0189
13 Al 1 0.027 0.0259
14 Si 2 0.041 0.0345
15 P 0 0.0450
16 3 0.102 0.575
17 c1 2 0.074 0.721
18 Ar 6 0.101 0.0890
19 K 0 0.108
20 Ca 2 0.179 0.130
21 Sc 0 0.153
22 Ti 1 0.160 0.0179
23 \ 1 0.190 0.207
24 Cr 4 0.262 0.236
25 Mn 1 0.220 0.267
26 Fe 7 0.323 0.298
27 Co 1 0.380 0.331
28 Ni 9 0.404 0. 364
29 Cu 8 0.454 0.397
30 Zn 8 0.496 0.430
31 Ga 0 0.462
32 Ge 0 0.494
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TABLE 2-1 (Continued)

Experimental Theoretical
Atomic Number of Z z
Number Z Element Measurements W W
33 As 1 0.530 0.525
34 Se 7 0.581 0.554
35 Br 4 0.594 0.583
36 Kr 3 0.570 0.610
37 Rb 0 0.635
38 Sr 2 0.682 0.660
39 Y 0 0.683
40 Zr 1 0.690 0.704
41 Nb 0 0.724
42 Mo 7 0.787 0.743
43 Te 0 0.761
44 Ru 0 0.777
45 Rh 2 0.786 0.792
46 Pd 1 0.835 0.806
47 Ag 6 0.847 0.819
48 cd 3 0.822 0.832
49 In 0 0.843
50 Sn 3 0.830 0.853
51 Sb 1 0.862 0.863
52 Te 1 0.872 0.872
53 I 1 0.880 0.880
54 Xe 3 0.763 0.888
55 Cs 1 0.890 0.895
56 Ba 2 0.885 0.901
57 La 0 0.908
58 Ce 0 0.913
59 Pr 1 0.880 0.919
60 Nd 0 0.923
61 Pm 0 0.928
62 Sm 0 0.932
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TABLE 2-1 (Continued)

Experimental Theoretical
Atomic Number of Z Z
Number Z Element Measurements “r “K
63 Eu 0 6.936
64 Gd 0 0.940
65 Tb 0 0.943
66 Dy 0 0.946
67 Ho 0 0.949
68 Er 0 0.952
69 Tm 0 0.955
70 Yo 0 0.957
71 Lu 0 0.959
72 Hf 0 0.962
73 Ta 0 0.964
74 W 0 0.965
75 Re 0 0.967
76 Os 0 0.969
77 Ir 0 0.970
78 Pt 1 0.942 0.972
79 Au 0 0.973
80 Hg 1 0.946 0.974
81 71 0 0.976
82 Pb 1 0.890 0.977
83 Bi 2 0.955 0.978
84 Po 1 0.894 0.979
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TABLE 2-2

MEASURED AND CALCULATED VALUES

OF K-ABSORPTION JUMP RATIO ri
Expertmental  , Cy z _ _5.88
Atcmic 1:Z rK = E——:—;— 1:'K = —Q_Z - 1.2
Number Z Element K L,-abs (1- =)
13 AL 12.6 17.9
14 51 15.6
15 P 14.0 15.9
16 X 11.0 12.8 14.5
17 c1 10.4 11.83 13.4
18 Ar 10.0 11.2 12.5
19 K 10.6 11.8
20 Ca 10.1 11.2
21 Sc 9.73 10.6
22 T1 9.37 10.2
23 v 9.04 9.82
24 Cr 8.82 9.49
25 Mn 8.58 9.20
26 Fe 8.8 8.38 8.94
27 Co 8.30 8.71
28 Ni 8.3 8.21 8.50
29 Cu 8.3 8.16 . 8.31
30 Zn 7.9 8.05 8.14
31 Ga 7.98 7.99
32 Ge 6.3 7.82 7.85
33 As 7.76 7.72
34 Se 7.66 7.60
35 Br 7.3 7.51 7.48
36 Kr 7.42 7.38
37 Rb 7.35 7.29

38 Sr 7.4 7.25 7.20
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TABLE 2~2 (Continued)

Experimental 2 Eg_abs z 5.88
z ro = ——aos T, = —=t—— - 1.2
Number Z Element X K PL)-abs * a- §i292
39 Y 7.19 7.11
40 Zr 7.07 7.04
41 Nb 7.02 ) 6.96
42 Mo 7.5 6.94 6.89
43 Tc 6.89 6.83
44 Ru 6.83 6.77
45 Rh 6.79 6.71
46 Pd 6.8 6.73 6.66
47 Ag 7.0 6.70 6.60
48 cd 6.65 6.55
49 In 6.59 6.51
50 Sn 6.6 6.54 6.46
51 Sb 6.49 6.42
52 Te 6.44 6.38
53 I 5.5 6.39 6.34
54 Xe 6.34 6.30
55 Cs 6.29 6.27
56 Ba 5.2 6.24 6.24
57 La 6.20 6.20
58 Ce 6.17 6.17
59 Pr 6.13 6.14
60 Nd 6.10 6.11
61 Pm 6.07 6.09
62 Sm 6.04 6.06
63 Eu 6.01 6.03
64 Gd 5.98 6.01
65 Tb 5.96 5.99
66 Dy 5.92 5.96
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TABLE 2-2 (Continued)

Experimental rZ - EK—abs rZ - —2.88
Atomic rZ K Ej -abs K (1- 9;292
Number Z Element K 1 4
67 Ho 5.91 5.94
68 Er 5.88 5.92
69 Tm 5.85 5.90
70 Yb 5.85 5.88
71 Lu 5.83 5.86
72 Hf 5.80 5.84
73 Ta 4,2 5.77 5.82
74 1} 5.65 5.75 5.81
75 Re 5.72 5.79
76 Os 5.70 5.77
77 Ir 5.67 5.76
78 Pt 6.0 5.65 5.74
79 Au 5.65 5.62 5.72
80 Hg 5.60 5.71
81 T1 5.57 5.70
82 Pb 5.4 5.55 5.68
83 Bi 5.52 5.67
84 Po 5.50 5.66
85 At 5.47 5.64
86 Rn 5.45 5.63
87 Fr 5.43 5.62
88 Ra 5.40 5.61
89 Ac 5.38 5.59
90 Th 5.36 5.58
91 Pa 5.34 5.57
92 U 2.9 5.31 5.56
93 Np 5.29 5.55

94 Pu 5.27 5.54
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From an analysis of experimental data, it has been suggested
(Ref. 14 ) that the K-absorption jump ratio can be found from the

following formula:

Z

E
rZ - _K-abs (2-44)
K Z
E
Ll-abs

Z Z

where EK—abs and ELl—abs are the energies of the K and Ll absorption
edges of element Z. - .

It would be desirable, for calculation purposes, to have an ex-
pression for ré which depends only on the atomic number of the element
Z. However, exact values for the atomic X-ray levels EK—abs and ELl-abs
are difficult to calculate. Several attempts were therefore made to fit
a form of Mosely's approximate law for the atomic energy levels to the

data obtained from Equation 2-44. They resulted in the expression:
Z 5.88

re = —2222-— .12 (2-45)

Values of ré calculated from Equation 2-44 using Blokhin's data for

Z
Eg_abs 3 ELj-abs and values of rg obtained from Equation 2-45 are

presented in Table 2-2,

The measured and calculated values of rﬁ listed in Table 2-2 are
presented graphically in Figure 2~9. It is apparent from this graph
that Equation 2-45 is in good agreement with the experimental data for

elements with Z > 30 which are of primary concern in this application.
2.3.3 Absorption, Attenuation, and Scattering Coefficients

It will be assumed in subsequent sections of this paper that each

region of the biological system is composed of a mixture of water, which
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is a '"tissue equivalent material, ' with a concentration by weight of C,,
and tracer element Z with a concentration by weight of C_,. Since, by
definition, (CW =1 - CZ), the linear absorption, attenuation, and scat-

tering coefficients in any region i of the biological system can be expressed

in terms of the corresponding mass absorption, attenuation, and scattering
coefficients as follows:

-Z,i _ Z i i
T '(Tm)l P CZ (2-46)
i Z i i W 1 i
My =(p_)yep G tr ) e (1-C) (2-47)
i Z i i Wi i
= - 2~
P (b dgp Cptlp )pp(l-Co) (2-48)
i Z i i W oi i w
= - = 2-
o) (¢ ) P Chtle ) p (1-Co)=(o )  (2-49)
where
Z,i . . . . T
T = linear absorption coefficient of primary radiation in element Z
in region i
By = linear attenuation coefficient of primary radiation in region i
v ;{ = linear attenuation coefficient of element Z K X-rays in region i
c = linear scattering coefficient of primary radiation in region i =
mass scattering coefficient of primary radiation in water=
w
()
C i =

7z concentration by weight of element Z in region i
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1 APZ PW
[ = density of region i = W Z i

Z
pt(p -p)C,

7 : :
P = density of tracer element Z

' 3

pw = density of water =1 g/cm

(1) | =mass absorption coefficient of primary radiation in element Z
(p.l,n)lZ = mass attenuation coefficient of primary radiation in element Z

() | =mass attenuation coefficient of primary radiation in water

(p.m) g = mass attenuation coefficient of element Z K X~rays in element Z
w . . . .

(pm) K= mass attenuation coefficient of element Z K X-rays in water

This list indicates that values of the mass absorption and attenuation
coefficients of tracer element Z and the mass attenuation and scattering

. Z,i i
coefficients of water must be obtained to determine values of 75" y B i,

. . 1
;.L;{, and 0'11 . Also, from Equation 2-29, the mass energy absorption
coefficient of water ( pm-abs)w’ is needed for radiation dose and dose

rate calculations.

2.3.3.1 Mass Absorption and Attenuation Coefficients for High-Z Elements

A tabulation of narrow-beam absorption and attenuation coefficients
of X- and gamma rays from 0. 01 to 100 Mev for 29 materials has been pre-
pared by Grodstein (Ref. 15) and similar data have been presented by other
authors (Ref. 16, 17, 18). These data were derived primarily from theoret-
ical calculations with experimental results being used as a check and to
provide empirical corrections.
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Although theoretical methods for calculating mass absorption and
attenuation coefficients are well establigshed, it is very difficult to
calculate accurate values of these parameters for all elements over a
wide energy range. A considerable effort was therefore devoted to the
development of approximate equations that could be applied to elements
with atomic numbers greater than 30 for energies below 150 keV for this
reason. The selection of these atomic number and energy limits will be

discussed in subsequent sections of this paper.

Bloklin (Ref. 1 ) has suggested that a semiempirical equation of
the form:

2.65
Z G 2 2
o} = g (eall) 2-50

where G is a constant, can be used to determine the mass absorption co-

efficient of element Z under the following condition§:

0.4 <§-< 8.1

EK < E < 125 keV

Normalizing this equation to Grodstein's values for (rm)g on the high

energy side of the K-absorption edge, it was noted that the calculated
values of (Tm)g for G = 16.5 agree with Grodstein's results within 8

per cent and in most cases the error is less then 5 per cent if EK<E<150 keV.
Since this error is less than the estimated uncertainty in these wvalues (Ref.

15), the use of Equation 2-50 is justified in this application.

Since the total mass absorption coefficient is the sum of the par-
tial mass absorption coefficients, the mass absorption coefficient of
element Z for K-series X-rays of element Z, (Tm)i can be obtained by

dividing Equation 2-50 by the K-absorption jump ratio rz:

2.65 :
(1 )% = 1832 (en?/p) (2-51)

b
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zZ . . .
where T is given by Equation 2-45.
To determine the total mass attenuation coefficient of element Z,

(b )m=(7 )p+ (o

Z
e (2-52)

. . V4 .
an expression for the mass scattering coefficient, (crm) as a function of

E)
atomic number and energy is required. The classical expression for (o-m)z
is:

1 1
z K Z K 2
(o _).= = (cm /g) (2-53)
m’'E A 1. 42‘0. 13
1. . . . 1.13
where K™ is a constant and the empirical relationship A= 1.4 Z has

been substituted for atomic weight. However, Equation 2-53 is only
applicable to the lighter elements for energies less than about 50 kev. When
these conditions do not obtain, more complicated equations which include
energy-dependent terms must be used.

: Z
An examination of tabulated values of (o'm)E for energies within

the range Eip < E < 150 kev and for elements with atomic numbers greater
than 30, indicates that good agreement with experimental data will result
if Equation 2-53 is modified to include an energy dependence as follows:

Z 0. 387 2
(¢ )= ———— (cm /g) (2~-54)
m'E (EZ)O' 13

where Grodstein's values of (crm)é on the high energy side of the K

absorption edge have been used for normalization.

s . Z Z
Substituting Equations 2-50 and 2-54 for ( Tm) E and ( O'm)E
in Equation 2-52 we obtain:
2. 65 '
Z 16.5 2 0. 387 2
(ke = 2,78 t 1 (e e (2-53)

E (EZ)
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Similarly, from Equations 2-51 and 2-54, an approximate

Z
equation for (p.m) is:

K
2.65
z 16.5 Z 0. 387 2
(bwlx = Tz 278 T o.13 (om /el (2-56)
T E (EZ)
K
Z Z . -~ .
Calculated values of ( Tm)E and (}Lm)E from Equations 2-50 and

2-55 for iodine are presented in Table 2-3 along with the corresponding
values reported by Grodstein. Additional values of mass absorption and
attenuation coefficients for elements with atomic numbers in the range
42 < Z < 82 can be calculated from these approximate equations.

2.3.3.2 Mass Scattering and Attenuation Coefficients for Water

It would appear, from Equation 2-55, that the mass absorption
and attenuation coefficients for water could be determined from an
equation of the form:

K K

2
(b ) =(T )N 4o _)p= —==+ —575 (om’le)
; .

where the constants K1 and KZ are obtained from experimental data.

This equation provides fairly good agreement with tabulated values of

w W, _ _ .
(pm) E and (crm)E if K1 = 2,110 and K2 = 0. 20. However, for this low

atomic number material, a better description of the experimental data is
obtained from the equation:

W 8,750 0. 304 2
(kg = “3.28 ¥ —o.13 (em /el (2-57)
E E
where:
0.304 _ w2 i

E



TABLE 2-3

MASS ABSORPTION AND ATTENUATION COEFFICIENTS FOR IODINE (Z=53)

Reference 15 Equation (2. 50) Reference 15 Equation (2. 55)
Mass Absorption Mass Absorption Mass Absorpiion Mass Absorption
Energy Coefficient Coefficient Coefficient Coefficient
(kev) (cm®/g) (cm?/g) (cm2/g) (cm2/g)
34,0 35.7 36.3 35. 8 36. 4
40 21.3 21.5 21.5 21.5
50 11.7 11. 6 11.9 11. 7
60 7.12 6.98 7.26 7.11
70 4. 54 4. 68
80 3.21 3.13 3.34 3.27
90 2.26 2.39
100 1.71 1.69 1.83 1. 81
110 1. 29 1.42
120 1.02 1.14
130 0.813 0.936
140 0. 662 0.783
150 .536 0. 546 0. 648 0. 667

1%
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Mass attenuation and scattering coefficients for water from
Equations 2-57 and 2-58 as well as those reported by Grodstein (Ref. 15)
are presented in Table 2-4 for comparison. Again, the error resulting
from the use of these approximate equations is less than the estimated
uncertainty in these values.

2.3.3.3 Mass Energy Absorption Coefficients for Water

As indicated in Section 2. 1. 3, the tissue mass energy absorption
coefficient ("Lm—abs)T , in Equation 2-29 can be replaced by the water
mass energy absorption coefficient (F‘m-abs)va for dosimetry calculations.

~ "It was determined from a graphical analysis of Evans' data

(Ref 19 ) that the mass energy absorption coefficient of water can be ap-
proximated by the equation:

| W 7650 -3 . 0.6, 2
(pm_abs) e +1.45x10"° E " ° (em  /g) (2-59)

for energies less than 150 kev. Values of ( )" obtained from this
g ®m-abs E

equation and those reported by Evans for several energies are listed in
Table 2-5. These values agree within 7% over the energy range of interest
with the largest error occurring at the highest energy.

When Equation 2-59 for ("Lm-abs

)V;:’: is substituted in Equation 2-29
for (“m-abs);r » we obtain an equation for calculating the number of photons

per cm? required to produce a surface dose of one millirad as a function of
incident photon energy.

11 6.25 x 10-7

2
_— = (photons/cm ™ /mrad)
D [7650 +1.45x 107> N éjsm ¢

EZI 25

(2-60)

The quantity II/D as a function of E for ¢ = 90° is presented
graphically in Figure 2-10.
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TABLE 2-4

MASS SCATTERING AND ATTENUATION COEFFICIENTS FOR WATER

Reference 15 Equation 2-58 Reference 15 Equat_ion 2-57
Mass Scattering Mass Scattering Mass Scattering Mass Scattering
Energy Coeffizcient Coeffizc-.ient Coeffizcient Coeffizcient
(kev) (cm”/g) (cm™/g) (cm™/g) (cm™/g)
20 0.207 0.206 0.722 0. 723
-30 0.200 0.195 0.336 0.334
40 0.193 0.188 0. 245 0.243
50 0.187 0.183 0.212 0.2Q9
60 0.183 0.179 0.196 0.193
70 . 0.175 0.184
80 0.173 0.172 0.178 0.178
90 0.169 0.173
100 0.165 0.167 0.167 0.170
110 0.165 ‘ 0.167
120 0.163 0.165
130 0.161 0.163
140 0.160 0.161

150 0.148 0.158 0. 149 0.159
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TABLE 2-5

MASS ENERGY ABSORPTION COEFFICIENTS FOR WATER

Reference 19 Equation 2-59
Mass Energy Mass Energy
Energy Absorption 2Coefficient AbsorptionZCoefficient
_{kev) (cm/g) (cm™/g)
10 4.2 | 4.31
20 0. 48 0. 46
30 0. 14 0.13
40 0. 064 0.061
50 0.038 0.038
60 0.030 0.030
70 ' 0.0265 0.0263
80 0. 0250 0.0251
90 0.0250 0. 0250
100 0.0255 0.0254
110 0.0261
120 0.0270
130 | 0.0279
140 o 0.0289

150 0.028 0.0300
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2.4 DEPENDENCE OF FLUORESCENT X-RAY INTENSITY ON EXCITATION
SOURCE - BIOLOGICAL SYSTEM - AND FLUORESCENT X-RAY
DETECTOR PARAMETERS

In this section, the source-- biological system - detector geometry
illustrated in Figure 2-4 will be used to determine the dependence of K-
series fluorescent X-ray intensity on the various parameters associated
with the excitation source, the biological system and the fluorescent X-ray
detector. It should be noted that this same general dependence will apply
to all of the source-detector configurations illustrated in Section 2.1.4
for large angles ¢ and .

Determining the fluorescent X-ray intensity for all possible values of
the variable parameters would be an extensive undertaking and would re-
quire a detailed knowledge of physiology and biochemistry. For this
reason, the parameter values selected for the example calculations in
this section illustrate the variation of fluorescent X-ray intensity that will
occur under certain conditions, and do not imply that these values can be
obtained in a biological system that is functioning normally,

Iodine, in many of the calculatlons, has been assumed for the tracer
element since several gram quant1t1es of this element are administered
routinely for radiological diagnostic purposes, and a variety of iodinated
compounds have been developed for X-ray visualization of kidney, gall

bladder, and gastrointestinal tract, as well as delineation of heart and
peripheral blood vessels.

From Equation 2-33 it is apparent that IIZ{ is a rather complicated
function of the following:

1. Organ depth

2. Organ thickness

3. Defect depth

4, Defect thickness

5. Primary X-ray beam energy
6. Tracer element atomic number

7. Tracer element concentration,
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However, we are primarily interested in the general dependence of tracer
element fluorescent X-ray intensity on these parameters, and several
simplifying assumptions can be made without loss of generality.

First, it will be assumed that the organ does not contain a defect, in
which case Equation 2-33 reduces to:

aTX1
Be v.2,0 O
z - - X
17 = L 1- e @ X4 1) (2-61)
K O
a .
or: T
Z - Xl n, Z
7 IlAImKe TIZ,O rK- 1 —aO(X4- X1)
I = . l1-e (2-52A)
K 20 Z
4R & rK

To determine the fluorescent X-ray intensity at the detector per unit
surface dose rate, Equations 2-29 and 2-62A can then be combined to give:

z 7 z zZ 0 -ot o
g _oe2x100A e gl BT M a0 Xy - X))
D w,. 2 Z O

E1 (e -abs) 4R T o

1
2
(photons/cm ™~ - sec/mrad/sec) (2-62B)

Similarly, the fluorescent X-ray detector count rate per unit surface dose
rate can be obtained from the equation:

Sk x4
D " p ¢k - AZ . P (counts/sec/mrad/sec) (2-62C)
where: .

z . .

EK = detector efficiency

P = collimator open area to total area ratio

A2 = detector cross-sectional area
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The following quantities will be determined for each set of parameter
values, in an effort to make the calculated results more useful:

IZ (41rR2)
1 K
L !
Z
IK

2. —B—-(photons/cmz - sec/mrad/sec) or (photons/cmzlmrad)

3. D (counts/sec/mrad/sec) or (counts/mrad)

The quantity II%{ (4'rrR2)/Il A1 is useful because it is independent of the

excitation beam intensity and cross sectional area as well as the X-ray
detector characteristics. It can then be used as a starting point for
making specific source-detector system calculations.

By making additional assumptions about the excitation beam cross-
sectional area and the detector-organ separation distance, we can calculate
V4 .. - .
the quantity IK/D which is independent of the type of X-ray detector being

used. The fluorescent X-ray detector characteristics can then be incor-
porated to determine the fluorescent X-ray count per unit surface dose,

z
CK/D.

The following assumptions have been made for the example calculations
presented in this section:

. . . 2
1. A1 = excitation beam cross-sectional area = 1l cm

(38
)
]

Organ - detector separation = 20 cm

w
-
H

fluorescent X-ray exit angle = 60°
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4. elz< = detector efficiency = 100%

2
5. A2 = detector cross sectional area = 45.6 cm (3 in, diameter)
6. p = collimator open area to total area ratio = 0.5.

Since most pharmaceuticals that have been developed for tracer studies
have relatively high uptake ratios for the organ or tissue of interest, it

. T w ; . )
will also be assumed thata™ = @ , or that X-ray attenuation in the over-
burden tissue is the same as would be obtained for water. Under these
conditions:

pEW
T w K
@ = py + ain 4 (2-63)
P—O
O 0] K
@ = py +sin " (2-64)
and, from Equations 2-46, 2-47, and 2-48,
w ww W
wy o= e )ie = (b ) (2-65)
w W W w
O Z O, 0 Ao} (0]
ky = )y PGy tlp ) e (1-C0) (2-67)
o _ Z0,.0 w O 0o
z,0 _ Zo_. O
] = (7 )1 p CZ (2-69)

The approximate equations developed in Section 2. 3 can now be used to

examine the dependence of IEZ§ (41rRZ) . IIZ{ ., and Ci on the source,
1. A D D

1 1
biological system and detector parameters,
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2.4.1 Dependence of Fluorescent X-Ray Intensity on Tracer Element
Atomic Number

RN

z
iK . (41TRZ) 1
Figures 2-11 through 2-13 illustrate the variations of )

1 A D
CZ 1 1
and K with tracer element atomic number, under the experimental
D

conditions listed on each figure.

The dependence of these quantities on tracer element atomic number
is illustrated in Figure 2-11, for an organ depth of 2 cm, an organ thickness
(or detector collimator aperture) of 2 cm, a tracer element concentration
of 0.01, and an excitation energy of 100 kev. A rather sharp increase in

CIZ</D is noted with increasing tracer element atomic number for this fixed

excitation energy. There are two reasons for this: (1) the K-absorption
edge energy is approaching the excitation energy as the atomic number
increases, which results in a higher fluorescent X-ray production ef-
ficiency, and (2) the fluorescent X-rays from the higher atomic number
elements undergo less attenuation in the overburden tissue.

A much different effect is noted if the excitation energy just exceeds
-the K-absorption edge energy of each element as shown in Figures 2-12

and 2-13., In Figure 2-12, the quantity IIZ< (41rR2)/IlA1 is found to have

a maximum value at Z = 56, Below the maximum, this quantity increases
with increasing atomic number because the fluorescent X-ray penetration
of overburden tissue is increasing more rapidly than the photoelectric
absorption cross section is decreasing. Above the maximum, the opposite
condition will obtain. This same type of dependence is observed when we
plot IIZ</D and CIZ{/D versus Z for Elz EK-abs as shown in Fig-

ure 2-13. However, in this case the maximum is shifted to a higher

atomic number as a result of the increase in Il/ D with E_. in this

energy range (see Figure 2-10).

It should be noted that the variation of CIZ{/D with tracer element

atomic number will also depend on organ depth, organ thickness, and tracer
element concentration.
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2.4.2 Dependence of Fluorescent X-Ray Intensity on Tracer Element Con-
centration

The dependence of IIZ< (41rR2)/IlA I;/D, and Ci/D on tracer

1’
element concentration can be determined from Equations 2-62A, 2-62B
and 2-62C when o©, o7 and T IZ,O are expressed in terms of

C; by Equations 2-63 through 2-69. Results of some example calculations

. ‘s . 0
which illustrate the variation of these quantities with CZ are presented

in Figures 2-14 through 2-17.
) Z 2 . L
The quantity IK (4mR )/IIAI is plotted versus concentration in
Figure 2-14 for five somewhat randomly selected tracer elements for an
organ depth of 2.0 cm, an organ thickness (or detector collimator aperture)
of 2.0 cm and an excitation energy that just exceeds the K-absorption edge

energy for each element. Under these conditions Ilz< (41rR2)/IIAl increases

almost linearly with tracer element concentration for CZ less than about

5, 000 ppm, but for higher concentrations the increase is less than linear.

Similar curves are obtained when IIZ(/D and CIZ{/D are plotted

versus Cg as illustrated in Figure 2-15. These curves illustrate the

importance of tracer element selection. Curves of this type would be
quite useful for comparing several tracer elements which have different
maximum permissible concentrations in a given biological system.

Figures 2-16 and 2-17 illustrate the dependence of IIZ{(41rRZ)/

IlAl’ IIZ{/D, and CIZ{/D on tracer element (iodine) concentration for

several values of organ depth and organ thickness, The decrease in these
quantities with organ depth shown in Figure 2-16 results from the attenu-
ation of primary and secondary radiation in the overburden tissue. The
slopes of these curves will then depend on excitation beam energy and
tracer element atomic number.

It can be seen from Figure 2-17 that for a given tracer element

Z
concentration, the value of CK,’D will approach a maximum value as the
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organ thickness increases. This is a result of excitation beam and fluorescent
. Z .
X-ray attenuation in the organ, and the maximum value of CK/D will depend

on the excitation beam energy as well as the tracer element atomic number
and concentration.

Whenever low energy gamma emitters or high-Z tracer element
fluorescent X-rays are used for in vivo biological studies, the radiation
attenuation along the path from the organ to the detector will be fairly
high. However, with fluorescent X-rays the radiation production rate will
also decrease as depth in the organ increases. With radioactive traces,
the specific activity will be fairly independent of depth. It is important
therefore, to examine the dependence of the fluorescent X-ray production
rate on depth in the organ and to compensate for this effect if necessary.
One method of achieving this will be described in Section 2. 9.

It is apparent from Equation 2-61 and Figures 2- 14 through 2-17
that '"thin organ'' and 'thick organ'' approximations can be made to simplify
the calculation of fluorescent X-ray intensity for some application. This
same approximation procedure has been applied to X-ray spectroscopy (Ref. 3).

Thin Organ Approximation

' O
If the organ is "thin", or the term o (X, - Xl) is small, the

@ (X, - X)) 4
exponential term e in Equation 2-61 can be approximated by:
O
- (X, - X
e Ky Xy l-aO(X4-X1) (2-70)

The error resulting from this substitution will be less than 10 percent if

the value of ao(x4 - Xl) is less than 0.4, or if:

0. 4
4~ X <7o
[0

(9:4
o . . .
where o is a function of tracer element atomic number, tracer element
concentration, and X-ray energy. In this case, Equation 2-61 reduces to:

T
z - "a xl Z, O
1% = Be T X, X)) (2-71)
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or:
Z . 0O
T p C, (X -X.)
- X Z V4 4 1
2-

o (2-172)
Z

Z Z
1 p +(1-p)C

where T IZ,o has been replaced by Equation 2-69. Equation 2-72 illustrates

that for a '"thin organ', IIZ{ is linearly dependent on organ thickness

(X4 - Xl) and the dependence of IIZ< on tracer element concentration Cg,

is given by equation:

0
Z C
IKoc Z

(2-73)
Z Z. .0
p t(l-p7)C,

If the tracer element concentration in the organ is less than about 50, 000 ppm,

the term (1 - pz) Cg in the denominator of Equation 2-73 can be neglected
and IIZ< is directly proportional to Cg‘.

Thick Organ Approximation

If the organ is ''thick', or the term aro(X4 - Xl) is large, the
a0 (X,-X
exponential term e a” (Xgq Y in Equation 2-61 can be neglected. This

approximation will result in an error of less than 10 percent if the value

of aO(X4-X1) is larger than 2.3, or if:

2.3
(Xq - X)) > ==
(o4

(2-74)
Under these conditions Equation 2-~61 becomes:

T
7 Be o Xl_rl Z,0

K ; (2-75)
o
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or:
X zZ 0
Be © “l(r )] C,
IZ =
- Z

K w m) g . W (Bm) g - )R (O
mly + g+ (Bmdy - ep) sin “
(2-76)

O O 0
where -rlz’ and @ have been expressed in terms of CZ by using

Equations 2~-69, 2-64, 2-67, and 2-68. As expected, II% is independent of

organ thickness and, for very low concentrations of tracer element Z in the

Z . .. . 0
organ, IK is directly proportional to CZ.
Equation 2-74 has particular significance if one is interested in

looking for defects in a relatively thick organ. If the detection system being

used requires a 10% change in II% for positive identification, then

(X4 - Xl) described in Equation 2-74 is essentially an infinite thickness.
Thus, small defects at a depth approaching X, would not be expected to

Z
produce an identifiable change in Ig. Equation 2-74, from this standpoint,
can be used as a rough indication of the maximum organ thickness for

which small defects in the organ can be suitably delineated. This point will
be discussed in more detail in Section 2.9,

2.4.3 Dependence of Fluorescent X-Ray Intensity on Excitation Energy

In this section, two types of excitation sources will be considered:
(1) monoenergetic sources such as gamma emitting radioisotopes, internal
conversion radioisotopes that emit fluorescent X~rays, and X-ray machines
fitted with secondary radiators (Ref. 20, 21) and (5) mixed radiation sources
such as X-ray machines and beta excited X-ray sources (Ref. 22-32 ),

2.4.3.1 Monoenergetic Excitation Source

Since a monoenergetic excitation source was assumed in the
development of Equations 2-62A, 2‘~62B, and 2-62C, the dependence of

IIZ< (41rR2)/I1 Al’ Ii/ D, and C;/D can be determined from these equations
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by making use of the assumptions and calculation procedures described in the
introduction of this section. The results-of some example calculations using
different assumed values of the variable parameters are presented graphically
in Figures 2-18 through 2-23.

In Figure 2-18, the dependence of Ii(AﬂRZ)/IlAl on the ratio of exci-
tation energy to K-absorption edge energy is illustrated for several elements
with an assumed organ depth of 2.0 cm, an organ thickness of 2.0 cm, and a
tracer element concentration of 104 ppm. Similar curves for 1Z2/D and Cé/D

under these same conditions are presented in Figure 2-19. It is apparent

that a rather rapid decrease in fluorescent X~ray production efficiency oc-~
curs as the ratio El/EK-abs increases. However, it should not be assumed

from these results that under all conditions, the most suitable excitation
energy is just above the K-absorption edge energy of the tracer element.

The fact that this is not always true can be seen from Figure 2-20 where

Iodine K X-ray intensity has been plotted versus El/EK— for several organ

abs
depths. TIodine, in this example, is the tracer element with a concentration
of 1.56 x 103 ppm in a 2.0 cm thick organ. We see here, that for an organ

depth of 8.0 cm, the highest fluorescent X-ray count per unit surface dose
is obtained for Ej/Eg_gpg *1.5 which results from the increased excitation
beam penetration at this energy. The most suitable monoenergetic source

must therefore be determined from a detailed examination of the biological

system parameters involved in any given experiment.

2.4.3.2 Mixed Radiation Excitation Source

The radiation spectrum from an X-ray machine or a beta excited X-ray
source is determined by the energy distribution of the electrons that are
incident on the target, the target composition, and various geometry factors.
The following discussion will be restricted to D.C. X-ray machines for
which the electrons striking the tube target can be considered monoenergetic
for simplicity. However, this type of énalysis can be extended with some

‘difficulty, to include full-wave and half-wave rectified X-ray machines as

well as beta excited X-ray sources.
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The radiation produced by a D.C. X-ray machine is composed of
the fluorescent X-ray line spectrum of the target material superimposed
on a continuous bremsstrahlung spectrum. The intensities of these two
radiation components can be expressed in terms of the D. C. voltage ap-
plied to the X-ray tube by the approximate equations (Ref. 1):

2 2 :
= K - E - 2~
IlK' 1(V K'»«a.bs) (photons/cm -sec) (2-77)
I = K (VE2 E3) ( hotons/cmz-sec) (2-78)
1ic - T2t ) P
where IlK’ = intensity of target material K' - series fluorescent X-rays
- s ial ial K'- .
EK'-abs excitation potential of target materia series

fluorescent X-rays

V = X-ray tube voltage (V < 31"‘K'-abs)

Ilc = intensity of continuous spectrum at energy E1

Kl and K2 are constants

If the K'-series fluorescent X-rays from the X-ray tube target
have energies greater than the K-absorption edge energy of the tracer

. . V4
element in the biological system, IK can be expressed as the sum of two
terms:

Z

AN z
I = I (IK) + I (1C) (2-79)

V4
where IK (1K') represents the tracer element K-series fluorescent X-ray
intensity at the detector produced by K'-series fluorescent X-rays from the

r

tube target and IK (1C) represents the intensity resulting from bremsstrahlung

excitation.
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According to Equation 2-61, IIZ{ is directly proportional to Il.

Thus, from Equation 2-77 for IlK' we can write the variation of I; (1K')
with V as:

Z 2
LK) (V-E ) (2-80)

V4
The development of an expression for IK (1C) is slightly more
complicated. In this case IIZ{' and I1 in Equation 2-61 must be replaced
by dIIZ< (1C) and dIlC, to determine the intensity of tracer element

fluorescent X-rays produced by bremsstrahlung photons in the incremental
energy range dE1 at energy El. Or:

§ VA Z 1 eaTXI_?n 0 0
0

1 'K 1 o~ (X4 - Xl)

® i 1- dl
2 ' rZ ’ 0 1C
K

Z
dIK (1C)

4R o

(2-81)

where aT, aO and T IZ 0 depend on the primary X-ray eneigy El'
From Equation 2-78, dIlc can be expressed in terms of V and E1

by the equation:

2
dl, . = K, (2VE, - 3E %) dE (2-82)

and dIIZ< (C1) can now be determined as a function of X-ray tube voltage

. T O Z,0 . . .
by replacing o« , @ , and T 1 in Equation 2-81 by the corresponding
mass absorption and attenuation coefficients according to Equation 2-63
through 2-69 and using the approximate equations developed in Section 2. 3,

which relate these coefficients to primary X-ray energy, E The expression

1
= E

Z
3 E
for dIK (Cl) must then be integrated over E1 from \ K-abs

to E. =V:
° =y
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T
z z V -a (E))X;_ 2,0
z KAk Tt~ ! © T, (B -aO(El)[X4 - X]
I (Cl) = . l1-e :
K 2 Z 0
4R T a (E.)
E 1
K-abs
2VE. - 3VE.°]dE (2-83)
[ 1 - 1 ] 1 )

which results in a rather complicated polynominal expression for IIZ{' (C1)

in terms of V and EK-abs.

The dependence of the intensity of the K line of the secondary
a

spectrum of copper excited by the continuous spectrum of an X-ray tube
with a silver anode was studies by Bloklin (Reference 1). The curve of
the data could be fit by an empirical formula:

1.79

V4
IK (Cl)ec (V - EK ) abs) (2-84)

where EK abs is the excitation potential of the K.level of copper. This
same variation of IK (C1) with V has been observed when iodine K-series

X-rays are excited by the continuous radiation from an X-ray tube with a
tungsten target. These results will be discussed in the experimental
verification section of this thesis.

From a practical standpoint, it can be seen from Figures 2-19 and
2- 20 that mixed radiation sources are inferior to monoenergetic sources
for exciting high-Z tracer element fluorescent X-rays in a biological sys-
tem. This results from the fact that primary X-rays below the K-absorption
edge energy of the tracer element will not excite K-series fluorescent
X-rays and the efficiency for fluorescent X-ray production decreases
rapidly above this energy. However, all primary X-rays will contribute
to the radiation dose delivered to the biological system. This problem
can be minimized by selective filtration but it cannot be completely
eliminated. The use of a mixed primary X-ray beam can also result in
an excessive scattered radiation component at the detector. These
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considerations will be discussed in more detail in subsequent sections of
this paper and are introduced at this time only to illustrate the limitations
associated with this type of excitation scurce.

2. 4.“4 Defect Localization

Medical radioisotopic scanning is a well established technique for
locating organ defects, such as brain, thyroid, liver, and bone tumors
in vivo. Depending on the physiological characteristics of the biological
system and the radiopharmaceutical involved, the defect will have a higher
or lower radioactive tracer concentration than the surrounding organ or

tissue. Such regions are conventionally designated as '"hot spots'' and
"cold spots''.

Through the development of suitable primary X-ray sources and
fluorescent X-ray detectors, it is quite possible that fluorescent X-rays
produced in nonradioactive high-Z tracer elements can be used to conduct
these same types of investigations. One must first determine the change
in fluorescent X-ray intensity that will occur when a defect is present in
the biological system being examined to evaluate this possibility.

From Figure 2-4 and Equation 2-33, the fractional change, F.C,
in tracer element fluorescent X-ray intensity at the detector as the source-

detector assembly passes over a region of the biological system that con-
tains a defect is given by the equation:

1Z (0 + D) - 12 (0)
K K
FC = Z =
0
0 0 D -[ (X4 -X
@ (X=X e (Xp-Xp)_,, e (Xg-X3)[1-e [ (X4 -X3)]
TZ,DQO [: D (2-85)
"1 2 | e (x3-X )]g
+ 7 0D l-e 2
T a 3

0
[1-e7 g~ %0

where IZ (0 + D) is the fluorescent X-ray intensity from the region of

the organ which contains a defect and I% (0) is the fluorescent X-ray
intensity from the adjacent organ material. The usefulness of this equation
can be demonstrated by calculating values of F. C. for the following special
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cases: (1) a 3.0 cm thick organ containing a 1. 0 cm thick defect at its
center, and (2) a 1. 0 cm thick organ containing a 1. 0 cm thick defect.

It will be assumed that the tracer element is iodine and that the primary
X-ray energy is 50 kev for these calculations.

Equation 2-85 in the first case, reduces to:

o . Z,DaO
-« -2a -aD ( -aD 1 )
e e -1 +(1-e Ne +—_—Z,OD
T a
_300 (2-86)
1-c¢
and for the second case we obtain:
Z,D O
1 a - e-aD
(F.C.)2 = —Z 0D o !l- 1 (2-87)
T a l1-e
1
Z, D Z D
where: T = (T‘m)l p CZ
D D + D /si
@ = p, tup [siny
D Z D W D D
by, = (Mm)1 p C, +(um)1 p (1-C))
D Z D_D W D D
Mg —(um)K p C, o g P (l-Cz)

Values of (F. C. ) calculated from Equation 2-86 for '"hot spot"
defects with defect-to-organ concentration ratios of 10 and 100 are
presented in Figure 2-21 as a function of tracer element (iodine) concen-
tration in the organ. These changes are quite large compared to the
fraction changes in fluorescent X-ray intensity for '"cold spot' defects
under these same conditions. For ''cold spot' defects, (F.C.) varies
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from about -0.26 to -0.30 (26 to 30%) for Cg < 0.1 Cg, and is essentially
independent of the ratio cglcg (for Cg 2 0.1 C)) over tracer element con-

centration range illustrated in Figure 2-21,

"Hot spot" defect fractional changes in fluorescent X-ray intensity
for defect-to-organ concentration ratios of 10 and 100 are shown in Figure
2~22 for a 1.0 cm thick organ containing a defect of the same thickness.
Again, the fractional change in fluorescent X-ray intensity for "hot spot"
defects is quite large and approaches the value of cg/cg at low organ
concentrations. Under these same conditions, the value of (FQC.;)2 for

"cold spot" defects can be approximated by the equation:

Cg - Cg
(F.C.), * " (2-88)
2 0
A
D 0
which is essentially - 1.0(100%) for C, < 0.1 C,-

2.5 FLUORESCENT X-RAY TO SINGLE COMPTON SCATTER X-RAY INTENSITY RATIO

When a monoenergetic excitation source with an energy that just
exceeds the K-absorption edge energy of the tracer element is used, two
high intensity X-ray peaks are recorded by the X-ray detector. One of
these peaks corresponds to the K-series fluorescent X-rays from the
tracer element and the other to single Compton scattered primary X-rays.
If we consider an organ that does not contain a defect, the intensity
ratio of these two peaks Ii/ls for the geometry illustrated in Figure
2~4 can be obtained from Equations 2-34 and 2-61.

T
Be~® XlT z,0

0
L (1o (R - XD

2
T _ o0 (2-89)
1 T
S -B7X, T
Le 1o T
T (1 - e (e X,

B
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However, since it has been assiuned that Elz EK abs and, to a first
K= EK-abs = ES for large angle scattering at low

. T
energies, we can assume that g = aoz B . Equation 2-89 then reduces

approximation, E

to the approximate expression:

IIZ< B 'rlz’0
T T (2-90)

S Lcl

If the linear absorption and scattering coefficients in this equation are re-

placed by the corresponding mass absorption and scattering coefficients,
we obtain:

IZ
K
— = G C0 (2-91)
I Z
S
where: Z
B(t_)
G =—__{I' = constant
L(c )
1

Under these conditions, the intensity ratio IIZ{/IS depends primarily on

the concentration of tracer element and is essentially independent of the
densities and absorption coefficients of the biological system, including
the overburden material. This type of relationship has already been
used effectively for the analysis of ores by radioisotope X-ray spec-
trometry (Ref. 33) and could be quite useful for in vivo fluorescent

X-ray studies when the region being examined includes a bone, void, or
other discontinuities,

2.6 COMPARISON WITH CONVENTIONAL RADIOISOTOPE STUDIES

In this section, a brief attempt will be made to illustrate some of
the basic similarities and differences between the techniques of using
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gamma rays emitted by radioactive materials and fluorescent X-rays emitted
by externally excited high-Z tracer elements for studying organ circulation,
function, and structure in vivo. To develop the fluorescent X-ray technique
described in this report to a level at which meaningful in vivo studies

can be conducted will require close collaboration between physicians,
physicist, engineers, and pharmaceutical chemists over an extended

period of time. However, it is possible at this time to examine the types

of investigations that are presently being conducted with radioactive

tracers and to discuss some of the advantages and limitations of using
externally excited fluorescent X-rays for these applications. The following

discussion will be separated into the two general categories of dynamic
function studies and scanning for convenience.

2.6.1 Dynamic Function Studies .

Dynamic function studies are concerned primarily with the rate of
uptake, total accumulation, and subsequent release of a tracer element
from an organ or other biological structure. This can be accomplished
in either of two ways; the circulating blood can be examined to determine
the change of concentration with time of a material that is selectively re-
moved from the blood by the organ of interest, or the organ can be examined
directly to determine the three basic parameters listed above. (Ref. 34).

The examination of the circulating blood can be achieved by an
arterial puncture to divert the flow of blood to an external detector, by
the extraction of a blood sample, or by monitoring in vivo the concen-
tration of the tracer element in a large artery or blood pool such as the
heart or brain. The later method has been applied to the measurement
of hepatic blood flow based on the rate of removal of colloidal particles
from the peripheral blood by the reticuloendothetial cells. Since the
primary sites of retinculoendothetial cells are the liver and spleen, the
rate of clearance of collodial material must depend mainly on the blood
flow to these organs (Ref. 34). Collodial radio-gold has been-
utilized for studies of this type with the gamma-ray detector being placed
laterally over the temporal region of the head. (Ref. 35- 36).

A similar technique has been developed to study renal blood flow
following the administration of I1131_tagged 0-iodohippurate (Hippuran).
(Ref. 37).
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When an organ is examined in vivo to determine the rate of uptake,
total accumulation, and rate of disappearance of a tracer element from
the organ, two types of tracer materials can be employed: (1) tracer
materials that can be injected into the organ without being metabolized,
and (2) tracer materials that are removed from circulation by the organ.
This first group of materials includes noble gases such as Xel33 and
Kr85, which can be used for coronary, (Reference 38) hepatic, and brain
cortical blood-flow (Reference 5) investigations, as well as various radio-
active tracers that have been used to measure cardiac output (Reference 39 - 43),
Included in the second group are bromsulfalein and radioiodine-tagged
rose bengal which have been used for liver function tests (Reference 44)

(hepatogram) and Hippuran, a material used in kidney function studies
(renogram),

In each of the examples given above, a fixed-position external
gamma-ray detector is used to monitor the concentration of radioactive
material either in a large blood pool or in the organ being investigated.

Typically, collimators are added to the detector to define the region of
maximum response.

The use of radioactive tracers for these studies, though widely
-used and providing several excellent diagnostic procedures, has some
basic limitations. For example, when the required information must be
obtained in a short period of time, such as for cardiac output calculations,
a relatively large tracer dose must be administered to obtain a statistically
acceptable count rate at the detector. As a result, the patient will con-
tinue to receive a high radiation dose rate after the investigation has been
completed. The accumulated dose and depth dose distribution will depend

on the gamma ray energy as well as the physical and physiological properties
of the radiopharmaceutical being used.

Interference can result from the accumulation of tracer material
in adjacent tissues. This effect can be minimized by proper collimator
design and the development of tracer materials that have high uptake

ratios for the organ being examined, but it is still troublesome in many
applications.

In the event that suitable instruments, pharmaceutical materials,
and clinical techniques can be developed for conducting dynamic function
studies with fluorescent X-rays emitted by externally excited high-Z
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tracers, several unique advantages over some of the existing procedures
can be realized. Most important is the possibility of reducing the radiation
dose to the biological system. This can be accomplished by confining the
primary X-ray beam to the immediate region under investigation, termi-
nating the radiation exposure at the conclusion of the study, and using a
low duty cycle on the primary X-ray beam when the tracer element con-
centration must be monitored over a long time interval. Although it is
impossible to predict the radiation dose reduction that can be realized in
any particular application until the necessary instruments and pharma-
ceutical techniques have been developed, it is apparent from the calculations
in the preceeding section that it could be substantial. Another advantage

of this technique would be the ability to control the region of the biological
system from which radiation that will subsequently reach the detector is
emitted. Presently, this is being accomplished by the use of radioactive
tracers that have high uptake ratios for the organ or tissue of interest and
by detector collimation. However, if externally excited fluorescent X-rays
are used, the primary X-ray beam in conjunction with the aperture of the
detector collimator, will define precisely the region of the biological sys-
tem that is being examined. In some cases, this technique could be used
to reduce the interference that frequently results from the accumulation

of the tracer material in adjacent tissues. Also, since the tracer material
is not radioactive, the study could be repeated if the radiation dose is not
excessing, or a number of studies involving various organs could be con-
ducted simultaneously by administering one or more tracer materials and
using multiple source-detector assemblies.

2.6.2 Radioisotope Scanning

Medical radioisotope scanning has developed into an important
diagnostic technique. Through the delineation of tracer material distri-
bution in a biological system, it is possible to determine organ structure
in vivo from a two-dimensional scan made with an external gamma-ray
detector. Some examples of organs that are examined by scanning and the
radiopharmaceuticals frequently used are presented in Table 2-6 (Ref. 45).
This list 'is continually expanding with the major emphasis in radiopharma-
ceuticals being placed on medium energy isotopes with short half-lives.

Two basic constraints are imposed, in conventional radioisotope
scanning, on the concentration of radioactive material that can be used to
scan a given organ with a particular scanning device. First, to obtain a
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TABLE 2-6

GAMMA-RAY EMITTING RADIOPHARMACEUTICALS
USED FOR SCANNING

Organ Radiopharmaceutical
Brain Chlormerodrin - 2O3Hg
1
Chlormerodrin - 97Hg
Pertechnetate - 99mTc
13
Serum albumin - 11
. . 85
Bone Strontium nitrate - ~~Sr
203
Kidney Chlormerodrin - 0 Hg
1
Chlormerodrin - 97Hg
31
Liver Rose bengal - ! I
1
Colloidal gold - 98Au
. 131
Aggregated albumin - I
Technetium sulfide - 99mTc
. 131
Lung Macro-aggregated serum albumin - I

5
Macro-aggregated serum albumin - lCr

Pancreas Selenomethionine - 75Se
Placenta Serum albumin - 99mTc
131

Serum albumin - I



Pericardinal
effusion

Spleen

Thyroid

82
TABLE 2-6 (CONT.)

Cholografin - 1311

Serum albumin - 9c)mTc

Heated red cells - 51Cr

BMHP - 197Hg

Sodium iodide - 1311

Sodium iodide - 1251
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statistically acceptable representation of the tracer element distribu-
tion in a reasonable period of time, the concentration of radioactive
material in the organ must be high. Second, the makimum permissible con-
centration is limited by the radiation absorbed dose which depends on the
physical and physiological properties of the radiopharmaceutical being
used. Thus, in a fixed scanning time, one can obtain a high resolution
scan of a small area or a low resolution scan of a somewhat larger area.
It is entirely possible that this situation can be improved in some

cases through the use of fluorescent X-rays emitted by high-Z tracer ma-

terials.

In theory, the advantages that can be realized by using fluores-
cent X-rays for medical scanning include those described above for
dynamic function studies. For example, by using source collimation, the
primary X-ray beam can be confined to the region of the biological sys-~
tem being "viewed'" by the detector. The radiation dose to the biological
system is limited to the minimum level required to record a statistically
acceptable fluorescent X-ray count from each resolution element of the
scan in this manner. The time available to complete a scan will there-
fore not be a primary consideration if the primary X-ray beam has suf-
ficient intensity. Or, stated another way, for a fixed resolution and
statistical accuracy, the radiation absorbed dose is independent of the
scanning speed and the total scanning time. Since the radiation dose is
confined to the immediate vicinity of the scan, a number of organs could

be examined in sequence if the dose per scan 1s not excessive.

Proper alignment of the primary X-ray beam and detector collimator
can also minimize the interference resulting from the accumulation of

tracer material in adjacent tissue.

Another advantage might be realized if the source-detector geometry
is such that horizontal resolution is determined by the diameter of the
primary X-ray beam (see Figure 2-4). The resolution element size in this
case, can be decreased by source collimation until the radiation dose,
which varies as the inverse square of resolution for a given statistical
accuracy, increases to the maximum permissible level. This is an approxi-

mation since the area of the primary X-ray beam will increase with
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depth of penetration in the biological system as the result of Compton and
coherent scattering. However, the effective beam broadening can be
minimized by using a primary X-ray energy that just exceeds the K-absorp-
tion edge energy of the tracer elemert. Many of the Compton scattered

photons will then have energies that are too low to excite tracer element
K-series fluorescent X-rays.

One limitation of using fluorescent X-rays for organ scanning
is the inability to delineate small defects near the back surface of a thick
organ. A similar limitation, resulting from attenuation, is also encountered
in radioisotope scanning when low energy X- and gamma ray emitters are
used. However, since the local rate of fluorescent X-ray production is
determined by the intensity of the primary X-ray beam, a unique scheme
can be employed to produce a concentration sensitivity that is independent
of depth as illustrated in Figure 2-23. Here, the primary X-ray beam
intensity is graduated to create a fluorescent X-ray production rate that
increases with depth in the organ to compensate for the attenuation of prim-
ary and secondary X-rays in the overburden organ and tissue. This, in
practice, could be accomplished by passing a primary X-ray beam of
uniform intensity through a tapered wedge filter. It is interesting to specu-
late about the possibility of developing a technique for making three
dimensional scans with the source-detector geometry illustrated in Fig-
ure 2-5. This would require a considerable development effort, but the
results obtained could improve diagnostic procedures.

2.7 PRIMARY RADIATION SOURCE CONSIDERATIONS

The selection of a suitable X~-ray source for high-Z tracer element
excitation will depend on the following factors:

1. Type of investigation being conducted

a. dynamic function study

b. scan
2. Permissible radiation dose
3. Tracer element atomic number

4. Tracer element concentration
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5. X-ray detector characteristics

a. size
b. efficiency
C. energy resolution
d. resolving time
6. Source-detector geometry
7. Organ depth
8. Organ thickness
9. Time available for the investigation

The most important consideration for any in vivo study involving the
use of radiation is the dose that must be delivered to the biological system
to obtain the required information. It is mandatory that the primary X-ray
source be selected with this point in mind.

It is apparent, from the calculations presented in preceeding sections,
that if the region of the biological system being examined is not too deep
(less than 8 centimeters for iodine), the primary X-ray energy should just
exceed the K~absorption edge energy of the high~-Z tracer element to obtain
the maximum fluorescent X-ray count for a given surface dose. For
deeper regions, the excitation energy should be increased somewhat to
compensate for the attenuation of primary X-rays in overburden tissue.

Another consideration in selecting a suitable primary X-ray source
is the energy distribution of scattered radiation that will be seen by the
detector. The energy of single Compton scattered primary X-ray can be
determined from Equation 2-24. However, primary X-rays that are
coherently scattered as well as those that undergo multiple Compton diffu-
sions will also reach the detector. Since background radiation can limit
concentration sensitivity, it is important to select a primary X-ray energy
and source-detector geometry that will result in a low scattered radiation
intensity near the tracer element fluorescent X-ray energy.
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For a monoenergetic excitation source, coherently scattered primary
X-rays will always be more energetic than the tracer element K-series
fluorescent X-rays. Compton scattered primary X-rays, on the other hand,
will cover a wide energy range. The tracer element atomic number and
scattering angle can be adjusted so that all Compton scattered photons
will have lower energies than the tracer element K X-rays under certain
conditions. This can be accomplished, for example, if the tracer element
atomic number is greater than about 58 and the scattering angle is between
150 and 180 degrees. However, for lower tracer element atomic numbers or
smaller scattering angles, some Compton scattered photons will be suffic-~
iently energetic to create unwanted background counts in the fluorescent
X-ray detector. This background interference can be minimized by selecting
the primary X-ray energy and source-detector geometry so that the single
Compton scattered photon and tracer element K-series X-ray energies can be
resolved by the detector.

When the primary X-ray beam is mixed or continuous, scattered radia-
tion will always be a major problem and will place a lower limit on the
tracer element concentration that can be used.

The intensity of the primary X~ray source will determine the fluor-
escent X-ray intensity at the detector. It is therefore important for dy-
namic function studies to select a source with sufficient intemsity to pro-
vide a statistically acceptable fluorescent X-ray count in a sampling per-
iod that is short compared to the accumulation and release constants of the
tracer element in the region being examined. An analysis of radioactive
tracer studies indicates that the sampling period could vary from a few
seconds up to several minutes.

The selection of a primary X-ray source for a medical scanning sys-
tem must be based on all the considerations outlined above. It should be
noted however, that at conventional scanning speeds (20 to 400 cm/min) a
high source intensity is required since the effective sampling time is very
short. To obtain a concentration sensitivity that is essentially independent
of depth for the examination of thick organs, it will be necessary to filter
the primary X-ray beam as indicated in Figure 2-23. Any filtering of this

type will necessitate the use of a more intense primary X-ray source.
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The maximum source intensity that can be used will depend on the
area, efficiency, and resolving time of the fluorescent X-ray detector
as well as the radiation dose delivered to the biological system.

Based on these general source selection guide lines, we can now
compare several primary radiation sources that could be used for this
application. Some example sources are listed in Table 2-7 with the prin-
cipal radiations emitted. Of these four types of sources, only gamma ray
emitters and X-ray machines with secondary radiator targets can supply
the nearly monoenergetic excitation beams required to obtain a maximum

signal-to-background ratio at the detector, and minimize the radiation dose
delivered to the biological system.

Unfortunately, suitable gamma emitting radioisotopes are not pres-
ently available for many of the high-Z tracer elements that could be used
for in vivo studies. However, uunder experimental conditions for which
gamma emitting radioisotopes of suitable energy and intensity can be
obtained at a reasonable cost, they offer many unique advantages. In ad-
ditionto the above advantages, sources of this type are easily shielded

and collimated and do not require elaborate high voltage power supplies
and control systems.

The most versatile excitation source is obtained by fitting a conven-
tional X -ray machine with interchangeable external secondary radiator
targets. The output from this source consists primarily of the radiator
element K-series X-rays with a very weak continuous spectrum background
(Ref. 20). In most cases, a secondary radiator with an atomic number
slightly higher than that of the tracer element can be obtained at a reason-
able cost. This source can be used to excite a wide range of tracer

elements by simply changing the secondary radiator and the X-ray intensity
is readily adjustable.

The secondary radiator can be mounted inside the X-ray tube
envelope to obtain a somewhat higher beam intensity (Ref. 21), However,

the inability to rapidly change the secondary radiator limits the usefulness
of this configuration.

While mixed excitation sources do not provide all of the advantages of
monoenergetic sources for this application, they do have relatively high
intensities and can provide fairly efficient fluorescent X-ray excitation.

In fact, X-ray machines are used extensively as excitation sources for
X-ray fluorescence analysis and special beta excited X-ray sources have
also been developed for this purpose (Ref. 22 -32).
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TABLE 2-7

X-RAY AND GAMMA-RAY SOURCES

Source Typical Principal
Type Isotopes Radiations
' Emitted
. 109
Gamma Emitter Cd 88 kev y-ray
1125 35 kev y-ray
Te K X~ray
4
Arn2 ! 59. 6 kev y-ray
Am and Np L X-rays
' ) 147
Beta Emitter Pm 10-50 kev bremsstrahlung
with
Conversion
Target
Sr90 + Y90 70-150 kev bremsstrahlung
Target K X-rays
85
Kr 30-80 kev bremsstrahlung
Target K X-rays
X-ray Machine : 10-300 kev bremsstrahlung
Target K X-rays
X=-ray Machine Secondary Radiator K X-rays
with Secondary
Radiator

Target
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Beta excited X-ray sources are attractive for this application because
B-emitting radioisotopes are relatively inexpensive, the X-ray intensity is -
very stable, no additional excitation equipment is required, and the beta
emitter and target material can be selected to provide a high X-ray intensity
at an energy that just exceeds the tracer element K-absorption edge. Filters
can also beemployed to suppress the low energy region of the continuous
X-ray spectrum and minimize the radiation absorbed dose.

These same considerations apply to X-ray machine sources but the

target selection is limited to a few elements in commercially available
sealed X-ray tubes.

Using demountable X-ray tubes, however, the anode material can be
chosen to provide a suitable excitation source for many of the tracer elements
that might be considered for this application.

2.8 RADIATION DETECTOR CONSIDERATIONS

A's with the selection of the primary X-ray source; a number of

factors will influence the selection of the fluorescent X-ray detector. These
include:

1. Type of investigation being conducted

a. dynamic function study

b. scan
2. Tracer element atomic number
3. Tracer element concentration

4. Excitation source characteristics
a. energy spectrum
b. intensity

5. Source - detector geometry

6. Time available for experiment
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The detector parameters of interest for this application are size,
detection efficiency, energy resolution, and resolving time.

Detector size is important because a large detection solid angle will
provide a high fluorescent X-ray count per unit surface dose. The maxi-
mum detector size will depend on the efficiency and resolving time of the

detector, as well as physical limitation imposed by the experimental -
geometry.

The efficiency of the radiation detector should be nearly 100 percent
at the tracer element K X-ray energy to ensure that the available fluorescent
X-ray intensity is fully utilized. At other energies, the detection efficiency
need not, and preferably should not be very high to provide some discrim-
ination against background and scattered radiation.

Since the fluorescent X~-rays to be measured are accompanied by
scattered primary radiation, the detector must have good energy resolution
to provide a maximum signal-to-background detection ratio. Some improve-
ment in energy dispersion can be obtained by using a detector filter that
has a K-absorption edge that just exceeds the tracer element K X-ray

energy and in many instances, balanced filters (Ref. 18, 46, 47) can be
used for energy selection.

To accurately determine the concentration of a high~Z tracer element
in a biological system in a short period of time, a high intensity excitation
source and a large area fluorescent X-ray detector must be used. It is
important therefore to select a radiation detector with a short resolving
time to minimize counting losses which would reduce concentration sensitivity.

The radiation detectors that should be considered for this application
include those that have received wide spread use in fluorescent X-ray

analysis; namely, gas proportional, scintillation, and semiconductor
detectors.

The high-Z tracer elements that would be most useful for in vivo
studies have K X-ray energies of about 15 to 75 kev. This will restrict
the use of gas proportional detectors for this application because of the
low detection efficiencies at these energies. Space charge effects which
result in a decreased output pulse height can also occur at high X-ray
intensities. In spite of these limitations, gas proportional counters have
very good resolution (Ref. 48) (6 - 12 percent FWHM) over the energy
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range of interest and can be used for some in vivo studies if suitable pre-
cautions are observed.

Scintillation detectors, usually with NAI(TL) crystals, have been used
for several years in X-ray fluorescence analysis with excellent results.
Crystals with a wide variety of sizes and shapes are available and a modest
crystal thickness will absorb essentially all of the fluorescent X-rays that
strike the detector. These detectors have fairly good resolution (Ref. 49)
(= 15to 30 percent FWHM) from 15 to 75 kev and, with suitable electronics
can be used at counting rates in excess of 10° counts per second. In
addition to these advantages, scintillation detectors will operate satisfac-
torily at room temperature.

Semiconductor detectors, both silicon and germanium, have recently
been applied to the measurement of fluorescent X-rays and X-ray spectro-
meters using these detectors are commercially available. Resolutions of
less than 1. 4 percent FWHM have been reported (Ref. 50) for the energy
range from 15 to 75 kev and very high counting rates (> 10° cps) can be
recorded with suitable electronics. These detectors must be operated
at low temperatures to realize their maximum performance but this is not
a restrictive requirement for laboratory applications. An important
consideration is the fact that large area semiconductor detectors are not
commercially available at the present time. Continued research in
fabrication technology and new semiconductor materials could eliminate
this restriction in the future but, until this occurs, the large solid angle
detection geometry required to minimize the dose to the biological system
can only be achieved by using an array of these devices.
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SECTION 3
EXPERIMENTAL VERIFICATION

The theoretical equations and example calculations presented in
Section 2 of this report indicate that externally excited high-Z tracer
element fluorescent X-rays have potential use for in vivo biological and
medical studies. To verify these theoretical equations, and subsequently
this hypothesis, a number of experiments must be conducted to determine
the concentration sensitivity and resolution that can be obtained as a func-
tion of the radiation dose delivered to the biological system. Obviously,
many of the preliminary experiments can be conducted with biological
"phantoms'' using standard laboratory equipment. However, the full
potential of this technique must ultimately be established by actually per-
forming in vivo biological studies with an instrumentation system that is
designed specifically for this application.

To provide experimental verification of some of the concepts and
theoretical equations developed in Section 2, a number of preliminary ex-
periments were performed using specially designed biological phantoms
and the equipment available in this laboratory. Specifically, the fluores-
cent X-ray intensity per unit surface dose rate was measured as a function
of excitation beam energy, tracer element concentration in the organ of
interest, and organ depth for a given tracer element atomic number and
organ thickness. Additional experiments were conducted to investigate
the possibility of using excitation beam collimation in defining horizontal
resolution for the delineation of tracer element concentration distribution.

One of the primary considerations in deciding on the tracer element
for these investigations was the desirability of using an element for which
extensive clinical data had been obtained from other types of diagnostic
procedures. It was also important to select a high atomic number element
that could be administered in fairly large quantities without producing harm-
ful effects. As mentioned previously, iodine compounds have been used ex-
tensively in radioisotope scanning and for radiological diagnostic purposes.
In addition, the normal thyroid gland contains a high concentration of io-
dine, and abnormal thyroid iodine concentrations and concentration distri-
butions are associated with certain disease states. For these reasons,
iodine was chosen as the tracer element for these preliminary experiments.

93
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3.1 EXPERIMENTAL EQUIPMENT

3.1.1 Excitation Source

The excitation source for the experiments described in this re-
port was a portable radiographic and fluoroscopic X-ray machine manu-
factured by the Picker X-Ray Corporation (Cat. No. F-12). A photograph
of the assembled X-ray unit is shown in Figure 3-1. The table and tube
stand were used to support and align the X-ray tube head, biological
phantom, and detector assembly.

The X-ray tube has a tungsten target and the inherent filtration of
the tube window is 0.5 mm aluminum equivalent. A cone mounting as-
sembly attached to the X-ray tube head provides a fixed filtration of 0.5 mm
aluminum equivalent and contains a slide for adding additional filters.

_ Controls for the X-ray machine include a mode change-~-over switch
(radiography-fluoroscopy), a KV selector switch, and a filament current

control potentiometer. Meters on the control console monitor the X-ray
. tube voltage and current.

With the mode switch in the radiography position, the X-ray tube
current is fixed at 15 MA and the tube voltage can be set at approximately
5-KV intervals from 40 to 85 KV. For fluoroscopy, the X-ray tube cur-
rent is variable from 1 to 5 MA and the tube voltage can be adjusted in
discrete steps (approximately 5 KV/step) from about 50 to 85 KV.

Unfortunately, this X-ray machine does not have many of the
features that would be desirable for the proposed application, The X-ray
tube voltage and current are not well regulated and were found to fluctuate
with line voltage and X-ray tube temperature. It was also noted that an
increase in tube current was accompanied by a slight decrease in tube
voltage for a fixed KV setting. The influence of these factors can be mini-
mized by taking suitable precautions, such as letting the X-ray tube tem-
perature stabilize before starting the experiment and making the neces-
sary measurements at a fixed current. However, it is apparent from the
data presented in this thesis as well as the published literature on X-
ray fluorescence analysis that a well regulated X-ray source is required
to obtain satisfactory results for low tracer element concentrations.
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Forthese experiments, the X-ray machine was operated at a maxi-
mum power level of 78 KV-3MA with a total beam filtration of 1. 75 mm
aluminum equivalent. The selection of these operating conditions was
based on X-ray tube heating considerations and the data presented in
Figure 3-2. Here, it has been assumed that the X-ray tube voltage is

78 KV and that an effective electron energy, Eg o¢f for half-wave recti-
fication is: ‘

e, eff ® Vrms = 0.7V

where V.., . is the rms voltage for the conducting half-cycle and V is the
maximum tube voltage, 78 KV. This is only a rough approximation of
course, since the true electron energy will vary from E_o = 0to E, =V
during each cycle.

To define the cross-sectional area of the primary X-ray beam,
two 0. 093-in. thick lead annular rings spaced 1. 6 in. apart were mounted

in a lead-lined brass housing that attached to the X-ray tube head in place
of the cone.

3.1.2 Biological Phantoms

Three biological phantoms were constructed for investigating con-
centration sensitivity and defect localization. Figure 3-3 is a photograph
of the phantom used for the concentration sensitivity studies.

Tissue simulation was provided by 15.2 x 15.2 x 0. 635 cm lucite
sheets stacked on aluminum support rods. Six of these sheets had match-
drilled center holes to accept small polyethylene containers that were
used for organ simulation. '"Organ depth' variations were accomplished
by simply rearranging the stacking order of the lucite sheets.

The organ simulation containers were cylindrical with an inside
diameter of 1. 65 cm and length of 3.3 cm. These were filled with potas-
sium iodied solutions with iodine concentrations ranging from 783 to
100, 000 ppm. Each container was completely filled and covered with a

layer of parafilm '""M'" before capping to eliminate air bubbles and prevent
evaporation.
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Figure 3-3
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“Construction of the ""hot spot! defect phantom is illustrated in
Figure 3-4. Here, four holes with diameters ranging from 0. 10 to
0.33 cm were drilled radially into the edge of a 0. 635-cm thick lucite
sheet on the midline. Each hole was then filled with an iodine solution
of 25,000 ppm I and sealed with lucite cement.

"Cold spot' defect simulation was provided by the phantom illus-
trated in Figure 3-5. The defect is a rectangular lucite rod mounted at

one end of a cylindrical plastic container filled with a 25, 000 ppm I solu-
tion.

Several 0. 635-cm thick lucite sheets were used to establish defect
depth.

3.1.3 X-Ray Detector

X-ray intensity was measured with a scintillation detector mounted
in a multihole focused collimator which also shielded the detector from
direct excitation source radiation.

The detector was fabricated by coupling a Harshaw type 6D2-1. 75 in,
dia. x 0.5 in. Nal (T1) crystal to an RCA 6655A photomultiplier tube having
a base-mounted TMC Model DS-11 preamplifier. This assembly was placed
in a modified Tracerlab, Inc., Model P-20 D scintillation detector housing.
Bias for the photomultiplier tube and preamplifier was provided by a Fluke
Model 412B high voltage power supply.

The multihole focused collimator was made of steel and contained
nineteen 0.063-in. diameter straight bore holes focused at 10.5 in. as
illustrated in Figure 3-6. To a first approximation, the lateral response

to a point source located at the collimator focal plane can be determined
from the equation (Ref. 51).

Relative Response = ] - 2 sin—l - -

™ R (3-1)

where:

L]
1

lateral displacement of point source

R = resolution radius.
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Relative response values calculated from Equation 3-1 for the
detector collimator shown in Figure 3-6 are presented graphically in
Figure 3-7. At the focal plane, the 50% response width is 0.3 in. and this
value will remain nearly constant for vertical displacements of +1 in.

3.1.4 Scanner

Single trace "hot spot' and '"cold spot' defect scans were made
with a modified Atomic Accessories, Inc., Model RSC-5A chromatogram
scanner. Since the scanner originally had a variable speed rotating drum
synchronized through a gear train to drive a strip chart recorder, the only
modification required was the attachment of a phantom-mounting platform
to the rotating drum spindle. This arrangement permitted curvilinear
scanning of the defect phantoms while the excitation source~detector as-
sembly remained in a fixed position. Normally, the source-detector
assembly would scan over a stationary biological system. With the equip-
ment used for this experimental program, however such an arrangement

was impractical and not really necessary since the results in either case
will be the same.

Gear ratios for the motor drive can be changed to vary the scan-
ning speed at the chromatogram strip mounting radius in fixed increments
from 0.0318 to 30.5 cm/min, and other scanning speeds can be obtained
by selecting the proper radius and gear combination.

Figure 3-8 is a photograph of the modified chromatogram scanner
used for these experiments.

3.1.5 Signal Processing and Readout

Voltage signals from the preamplifier were fed into a Technical
Measurements Corporation (TMC) "Gammascope' Model 101 multichannel
analyzer operated in the single channel-fast summation mode. In this
mode, input voltage pulses are analyzed without being stored in the mem-
ory, and each pulse in the selected energy window generates a +4-V out-
put pulse. These output pulses were processed through an inverting
amplifier and counted with a Baird-Atomic Model 134 high speed scaler
or a Baird-Atomic Model 432 ratemeter—depending on the type of experi-
ment being conducted.
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The TMC Gammascope provides a very rapid and convenient method
for determining the intensity under a photopeak, because the single channel
window base and wi#tth are easily adjusted to bracket the peak. Also, since
the pulses are analyzed without storage, the dead time is very low. X-ray
intensities measured with the comple te detector and electronics system
.indicated a negligible counting loss for count rates up to 2.5 x 10” cpm.

3.2 EXPERIMENTAL PROCEDURE

3.2.1 Concentration Sensitivity Measurements

Figure 3-9 is a dimensional layout of the source-biological phantom-
detector geometry that was used to measure the dependence of fluorescent
X-ray intensity on excitation energy, tracer element concentration, and
organ depth. A functional block diagram of the complete experimental
system is presented in Figure 3-10.

To establish the proper geometry, the X-ray tube head was set for
a 60° incidence angle on the horizontal surface of the phantom and posi-
tioned vertically so that the distance from the X-ray tube focal spot to the
midpoint of the organ simulator (sample) would be 14 in, Source colli-
mators were fabricated to limit the primary X-ray beam dimensions to
the cross-sectional area of the sample in an effort to reduce the scattered
radiation component from the surrounding lucite. A fluorescent screen
was then placed on top of the phantom to locate visually the area being
irradiated, and the phantom was moved horizontally to center the sample
in the primary X-ray beam.

To align the detector collimator, the detector was replaced by a
diffuse light source and light passing through the collimator holes and re-
flecting from the phantom was used to position the collimator on the verti-
cal axis of the sample., The height of the collimator was adjusted to place
the focal plane at the mean depth of the sample.

Various organ depths were simulated by simply rearranging the
stacking order of the lucite sheets and raising the phantom with a jack
to return the sample to its original position.

Correct single-channel window settings (base and width) on the
TMC Gammascope were selected by first operating the analyzer in the
multichannel mode and exposing the scintillation detector to a 0.92. Ci
Am source (E)\ = 59.6 kev). The gain of the amplifier was then adjusted
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so that channel 60 corresponded to 60 kev (approx 1 kev/channel). With
this approximate energy calibration established, a sample containing a
high concentration of iodine was placed in the phantom and irradiated by
the X-ray machine to accumulate a fluorescent X-ray and scattered radia-
tion spectrum in the analyzer. The scattered radiation component was
then subtracted by irradiating a water sample for the same period of time
with the analyzer in the subtract mode. With the analyzer display switch
in the dynamic display position, the residual iodine K X-ray spectrum was
presented on the CRT readout, with the window location being defined by
the intensified channels, and the window selector controls were set to
bracket the iodine K X-ray peak.

The system was ready for data accumulation after returning the
analyzer to the single channel-fast summation mode and connecting the
pulse inverter, high speed scaler, and external timer.

Photographs of the assembled experimental system are presented
in Figures 3-11 and 3-12. Figure 3-11 shows the experimental area and
illustrates the source-biological phantom-detector geometry used for
these experiments. The X-ray machine control and data acquisition area

shown in Figure 3-12 was separated from the experimental area by a thick
wall for radiation safety purposes.

The sequence of events for measuring the dependence of fluorescent
X-ray intensity on tracer element concentration and sample depth for a
given excitation energy was as follows:

1. A water sample was placed in the phantom and the X-ray

controls were set at 78 KV - 3 MA and stabilized for
approximately 1 min,

2. Ten l-min counts of the scattered X -ray intensity in the
single-channel window were recorded with the high speed
scaler using an external timer.

3. The water sample was then replaced by a sample containing a
known concentration of iodine and ten 1 -min counts of the

scattered X-ray and fluorescent X-ray intensity in the window
were recorded.
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Figure 3-12 Photograph of X-Ray Machine Control and Data Acquisition Area

U S MILITARY UNITY
RS




112

This procedure was repeated for samples having iodine concentra-
tions that differed by a factor of 2 from 783 to 50, 000 ppm at mean sample
depths of 1. 75, 3.02, 4.29, 5.56, 6. 83, and 8.10 cm.

The dependence of fluorescent X-ray intensity on excitation energy

(X-ray machine KV setting) for a given tracer element concentration and
organ depth was measured as follows:

1. A water sample was placed in the phantom, and the X-ray

controls were set at approximately 49 KV-3 MA and stabilized
for 1 min.

2. Five l-min counts of the scattered X-ray intensity in the

single -channel window were recorded with the high speed
scaler using an external timer.

3. The water sample was then replaced by a sample containing
25, C00 ppm I and five l1-min counts of the scattered X-ray
and fluorescent X-ray intensity in the window were recorded.

This procecure was repeated for seven KV settings from about
49 to 78 KV at 3 MA for mean sample depths of 1. 75, 4.29, and 6. 83 cm.

By collecting the data in this manner, the iodine K X-ray intensity
could be determined by simply subtracting the water sample count rate

from the corresponding iodine sample count rate and multiplying the
difference by the appropriate constants.

3.2.2 Defect Localization

The geometry illustrated in Figure 3-13 was used to make a pre-
liminary investigation of '"hot spot'" and '"cold spot' defect localization

using fluorescent X-rays. A functional block diagram of the complete
system is presented in Figure 3-14,

The diameter of the primary X-ray beam for these experiments
was restricted by source collimation to about 3 mm at the defect location.
This combination of excitation source and detector collimation uniquely
defined the region of the biological phantom under investigation and pro-
vided a high signal-to-background intensity ratio at the detector.
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Proper alignment of the system was accomplished by the procedure
.described in the preceding section. The gear ratio of the chromatogram

scanner was selected to provide a scanning speed of 1. 27 cm/ sec at the
beam trace radius of 6. 05 cm.

The single-channel output of the TMC Gammascope was fed through
the pulse inverting amplifier to a count rate meter which provided the de-
flection voltage for the strip chart recorder on the chromatogram scanner.
As with the concentration sensitivity measurements, defect depth was
simulated by using overburden layers of 0. 635-cm-thick lucite sheet.

To complete a single trace scan of the "hot spot'" defect phantom,
the phantom was mounted on the chromatogram support cone so that the
linear defects formed a radial pattern from the center of the spindle. With
the chromatogram scanner turned on and the X-ray machine set at 78 KvV-
3 MA, the scan was initiated with a lead-in time of about 90 sec to record
background signal intensity before the first defect entered the excitation
beam. After all four defects passed through the excitation beam, the scan
was terminated and a 0. 635-cm-thick sheet of lucite was added to the over-
burden to establish a new defect depth. This procedure was repeated until

the defect signal could no longer be distinguished from variations in the
background count rate.

The same scanning procedure was used for the '"cold spot' defect
phantom.

3.2.3 Dosimetry

The experimental geometries illustrated in Figures 3-15a, b, and
c were used to establish the dependence of primary X-ray dose rate on
X-ray machine KV setting, distance from the X-ray tube focal spot, and
lucite overburden thickness, respectively. In each of these experiments,
a Victoreen Instrument Co. Model 326 condenser r-meter was used to
measure exposure dose during a time interval that was controlled by the
X-ray machine on-off switch. This chamber is designed so that the thick-
ness and composition of the wall and electrode materials produce air-
equivalent energy response from 30 to 400 kev (effective energy) with a
rated accuracy of 1:10%. Radiation dosimetry data were required to calcu-
late the iodine K-series fluorescent X-ray intensity per unit surface dose
rate under various experimental conditions and to estimate the effective
energy of the excitation beam. The lucite attenuation measurements also

provided an indication of the depth dose rate distribution in the biological
phantom.
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SECTION 4

DATA REDUCTION AND EXPERIMENTAL RESULTS

4,1 DEPENDENCE OF FLUORESCENT X-RAY INTENSITY ON TRACER ELEMENT CONCEN-
TRATION AND ORGAN DEPTH

The results from both the concentration sensitivity and dosimetry ex—

periments were used to calculate the fluorescent X-ray intensity per unit
surface dose rate as a function of tracer element concentration and organ depth.

The experimental data for each fluorescent X-ray intensity measurement

consisted of ten l-min scattered radiation counts from a water sample and ten
l1-min counts, under the same experimental conditions, from a sample containing
a known concentration of iodine. Since a large number of such measurements

were made, a program was written for the University of Oklahoma IBM 360/40
computer to calculate the average count rate from each sample, the difference
count rate between each set of samples, and the experimental standard devia-
tions. The results of these calculations are presented graphically in Figure
4-1, and example data for a single point on this graph are listed in Table 4-~1.

Smooth curves drawn through the experimental data points in Figure 4-1
were obtained by first calculating the quantity Ié (41TR2)/IlAl from Equation

2-62A for several assumed monoenergetic excitation source energies. Those
curves which provided the best agreement with the experimental results were

then normalized to the experimental data points for an iodine concentration
of 50,000 ppm. Since a heavily filtered continuous radiation spectrum from
an X-ray tube operating at 78 KVP will have a peak intensity at about 52 keV

these values do not seem unreasonable.

It is apparent from Figure 4~1 and Table 4-1 that instabilities in the
primary X~ray source and detector electronics and a high scattered radia-
tion intensity resulted in large experimental standard deviations at low
iodine concentratons. The importance of this is clearly demonstrated by

the iodine K X-ray count rate data in Table 4-1 which show an experimental
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TABLE 4-1

EXAMPLE IODINE K X-RAY INTENSITY DATA

Sample Mean Depth: 4.29 cm

Iodine Concentration: 3, 125 ppm

Count No Water Sam?le Iodine Sample
= Count (1 min) Count (1 min)
1 €9, 005 73,112
2 68,716 72,523
3 69, 108 72,636
4 69,026 72, 680
5 68, 958 72,922
6 68,415 73,488
7 68,267 72,615
8 68,302 72,575
9 68,500 72,649
10 69, 047 72,236
Average Count Rate and
Experimental Standard Deviation 68, 734 £ 335 cpm 72,745 * 350 cpm

Difference Count Rate
and Experimental Standard Deviation: 4,001 + 485 cpm

Total Water Sample Count: 687, 340 counts
Total Iodine Sample Count: 727,450 counts

Difference Count Rate and VN: 4, 001 +63.5 cpm
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standard deviation that is over four times greater than would be ob-

tained (V/N) if the instrumentation were perfect, and the scattered
X~ray intensity negllgible

Since the distance between the X-ray tube target and the biological
phantom was changed for each sample depth, the air dose rate at the
phantom surface in each position was determined by first measuring the
variation in air dose with distance from the X-ray tube target. The
results of these measurements are presented in Figure 4-2 and are
considered accurate to about £ 10%. To facilitate extrapolation, a 1/r
dependence was assumed and the experimental data were found to be
suitably described by:

1,710

2
r

(r/min) (4-1)

where r is in inches.

The iodine K X-ray intensity measurements from Figure 4-1 were
divided by the appropriate air dose rates at the phantom surface to
construct the curves shown in Figure 4-3., It should be noted that the
ordinate in Figure 4-3 is labeled as the indine K X-ray intensity per
unit surface dose rate, whereas only air dose rates at the surface were
actually measured. This direct conversion of units is justified in this
case, since the uncertainty in the air dose rate measurements (x 10%)
was greater than the difference between the absorbed dose per rdntgen
and the absorbed dose per rad in lucite (= 7%).

Since the experimental geometry used for these measurements is
quite similar to that shown in Figure 2-3, Equations 2-16, 2-29, and
2-31 can be combined to obtain the following expression for the iodine
fluorescent X-ray count rate per unit surface dose rate:

_QTX
Z 2 zZ Z 1 z2,0 o
CK,—6Z5X10 (’ITR )A K K . rK-l. e Ty : e—a (X4-—X
D ~ . Z o -
E 1 m m—-abs)E (4 R ) sin ¢ rK a

1
(4-2)
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In this case, approximate values of the energy-independent terms
are:

rrR1 = effective collimator resolution area = 0.954 cm2
A2 = detector open area = 0.376 cmZ
Z . .
€x = detector efficiency = 100 % cm
4 .o .
Wi = iodine fluorescence yield = 0. 88
Z . 1 . . .
rK = iodine absorption jump ratio = 6. 34
¢ = primary X-ray incidence angle = 60°
X1 = sample depth + 0.0, 1.27, 2.54, 3.81, 5.08, 6.35 cm
X4 - Xl = sample thickness = 3.3 cm
R = sample-detector distance = 26.7 cm

The effective collimator resolution area (wa), was determined from
Figure 3-7 using the integration scherne illustrated in Figure 4-4. This
was accoemplished by multiplying the incremental area dA at a radius r
from the focal point in the focal plane by the relative response at this
radius, 7 (r), and integrating the product over r from r = 0 to r = R, the
resolution radius. *

R
r

-rrRi: g n(r): 2xnrdr (4-3)
0

For simplicity, it was assumed that n (r) could be described by the straight
line -

n(r) =1-3.33r (4-4)

for which the effective collimator resolution area is 0. 607 cm?.
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Evans (Ref. 51) has shown that if the source is spherical instead of planar,
the effective collimator resolution area should be increased by the ratio
0.107 R,./0.0625. Since the cylindrical sample holders for these experi-

ments were more nearly spherical than planar, the effective collimator
resolution area was taken as 0.954 cm?.

If Equation 4-2 is correct one should be able to calculate the fluores-

cent X-ray count per unit surface dose from the energy spectrum of the
excitation source.

To substantiate this line of reasoning and in turn to varify the theo-
retical calculations presented in Section 2, the energy spectrum of the
excitation source used in these experiments was measured by placing the
scintillation detector 250 cm from the X-ray tube focal spot and covering
all holes, except the center hole, of the detector collimator with 0.094-in.-
thick lead sheet. The measured energy spectrum divided into 5-kev energy
intervals is presented in Figure 4-5. For calculation purposes, all of the
primary photons in each energy interval were assumed to have the mean
energy of that interval and the spectrum was corrected to an air attenua-
tion path length of 35 cm as indicated by the dotted lines in Figure 4-5.

It should be noted at this point that Equation 4-2 is only applicable for
primary X-rays with energies greater than the K-absorption edge energy
of the tracer element. A calculation procedure must therefore be devised
which properly accounts for the radiation dose delivered to the biological
system by low energy primary X-rays (E; < Eg_,p5).- In equation form,
a suitable procedure can be defined as follows:

!
E1 max CZ
Z K]. D,
L D i 1
cZ E-=FE '
K _ El K-abs 1 (counts /mrad) (4-5)
D Il max
N D,y
L L He
E.=E, 1
1 1 min

' .
Here, I denotes the fractional intensity of primary X-rays with energy

E;, and (CIZ</D)' is the fluorescent X-ray intensity per unit surface dose
rate calculated from Equation 4-2 for excitation energy E;. For this

analysis, a computer program was written to calculate values of (CIZ</D)',
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and appropriate values for D/I1 and I1 were obtained from Figures 2-10

and 4-5, respectively. Values of CIZ{/D calculated by use of this technique

for mean sample depths of 1.75, 4.29, and 6. 83 cm are shown as dotted
lines in Figure 4-3.

The close agreement between the experimental and theoretical results
is fortuitous in view of the numerous assumptions involved in the calcula-
tions and the errors associated with the experiment. Important sources of
error in the theoretical calculations are the assumptions that were made
concerning the detector collimator resolution area, the energy spectrum
of the primary X-ray beam, the experimental geometry, and the atomic
properties of the biological phantom. Errors in the experimental values

of CZ/D could result from geometrical misalignment of the system com-
ponents, instabilities in the X-ray machine and detector electronics, the

statistical nature of the accumulated data, as well as uncertainties in the
dose rate measurements.

Z
It should be noted that the values of CK/D presented in Figure 4-3

are 15 to 20 times smaller than the values calculated from Equation 4-2
for a 35-kev monoenergetic excitation source under these same experi-
mental conditions.

4.2 DEPENDENCE OF FLUORESCENT X-RAY INTENSITY ON
EXCITATION ENERGY

In this series of experiments, the dependence of the iodine fluorescent
X-ray count rate on X-ray machine KV setting at 3 MA was measured for
a sample containing 2.5 x 104 ppm I at mean sample depths of 1. 75, 4.29,
and 6.83 cm. The results of these measurements are presented graphi-
cally in Figure 4-6. The calculated experimental standard deviations are
indicated by vertical bars through each data point, and horizontal bars
indicate the estimated uncertainty in reading the KV meter (+ 1 kev). The

dotted curves on this graph were obtained by normalizing Blokhin's (Ref. 1)
empirical equatiom

ya 1.79
I a(V-FEg e
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to the experimental data points at (V - Eg_,. ) = 36 kev. This energy
was selected for normalization because, theoretically, the dotted curves

should fall below the measured values of IIZ{‘ as the X-ray tube voltage is

increased beyond the tungsten target K excitation level (69.5 1 kev). Above
this energy level, the iodine K-series fluorescent X-ray excitation by the

continuous spectrum is supplemented by tungsten target K X-ray excitation
which is described by the dependence:

2

I o (V-E

z )
K K-abs

Such an effect is noticeable on the two lower curves where the continuous
spectrum is heavily filtered by overburden lucite, but at these voltage

levels only a small fraction of the excitation is provided by tungsten tar-
get K X-rays.

The experimental data presented in Figure 4-1 indicate that the effec-
tive excitation energy increased from about 40 to 50 kev as the sample
mean depth increased from 1.75 to 6.83 cm. One would therefore expect
reasonably good agreement between the iodine K X-ray count rate and the
intensity of 45-kev X-rays in the continuous spectrum which can be calcu-
lated from Equation 2-78. This dependence is indicated by the solid curves
in Figure 4-6 where the theoretical calculations were again normalized to
the data points at (V - EK-abs) = 36 kev.

Both of the calculation procedures described above provide results

that are in good agreement with the experimental data over the KV range
used in these experiments.

To determine the iodine K-series fluorescent X-ray intensity per unit
surface dose rate as a function of X-ray machine KV setting, air dose rates
were measured for several KV settings at 3 MA using the geometry illus-
trated in Figure 3-15. The results of these measurements are shown in

Figure 4-7. The smooth curve through the data points was obtained by
normalizing the equation

M
D= KV (4-6)

to the dose rate measurements at 49 and 69 KV. Assuming that this dose
rate dependence on voltage does not change appreciably with distance over
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the short range of interest in this application, one can use the results
presented in Figures 4-2, 4-6, and 4-7 to calculate the dependence of the

ratio Ci/D on X-ray tube voltage. The results of these calculations are

presented in Figure 4-8. The smooth curves on this graph were calcu-
lated from the equation

Z
Ck L Vs’ - (45)° 4-7)
D V2'47
normalized to the experiment’al data points at (V - EK-abs) = 36 kev.

These results show a general increase in C

/D with increasing X-ray
tube voltage.

K

4.3 DEFECT LOCALIZATION

Preliminary experiments were conducted to examine ''hot spot' and
""cold spot'' defect localization using combined excitation source and X-ray
detector collimation with the geometry illustrated in Figure 3-13. The
results of these experiments are presented in Figures 4-9 and 4-10.

The 'hot spot'' defect phantom scans in Figure 4-9 show that the
0.25-cm-diameter defect can be suitably defined at a depth of 3.49 cm
and that the 0. 18-cm-diameter defect is clearly visible at a depth of
1.59 cm. Results of subsequent experiments using this same equipment
with a new detector collimator show that the 0.25-cm-diameter defect
can still be resolved at a depth of 5.4 cm (Ref. 52 ).

It can be seen in Figure 4-10 that the ''cold spot' defect produced
a significant decrease in count rate for defect depths up to 3.35 cm.
However, at greater depths the change in count rate at the defect could
not be distinguished from baékground count rate variations,

The results presented here are only preliminary, and several
changes in experimental equipment and techniques could be made to
improve the delineation of tracer element distributions in a biological
system. For example, a substantial improvement would result from
the use of a monoenergetic excitation source with an energy that just
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exceeds the K-absorption edge energy of the tracer element. Such a
source would provide an increase in the signal-to-background intensity
ratio at the detector with a lower dose rate to the biological system.

In addition, with an excitation source of this type many of the Compton-
scattered primary photons would not have sufficient energy to excite
K-series fluorescent X-rays in the tracer element. This would limit

the effective diameter of the excitation beam and improve resolution.
Other refinements include the use of a radiation detector with better
energy resolution and a source-detector configuration that would maximize
the fluorescent X-ray count per unit surface dose.

In spite of the limitations of the equipment used for these
experiments, the results are very encouraging and indicate the need for
continued experimental work in this area,.



SECTION 5

SUMMARY

The application of fluorescent X-ray techniques to biological studies
is not new. A number of investigations have been reported (Ref. 21, 53 -66)
in which bone, tissue, and blood samples were chemically analyzed using
X -ray fluorescence spectroscopy. However, in each case, the samples were
extracted from the biological system prior to analysis and in many
instances, the samples were chemically processed to increase the
concentration of the trace elements being studied.

The results obtained in this preliminary experimental program
verify a number of the theoretical concepts and semiempirical equations
presented in Section 2, and indicate that externally excited high-Z
tracer element fluorescent X-rays could be useful for some types of
in vivo biological and medical investigations that are presently being
conducted with radiocactive tracers, An extensive research effort,
however, involving close cooperation between physicians, physicists,
engineers, and pharmaceutical chemists will be required to fully
evaluate the usefulness of this technique.

Three major objectives in designing a fluorescent X-ray

instrumentation system for conducting in vivo biological and medical
studies are:

1. To obtain a fluorescent X-ray signal of suitable intensity from

a localized region of the biological system with a minimum
radiation dose rate

2. To separate the fluorescent X-ray signal from background
"noise"

3. To process and display the information obtained in such a
manner that it is easy to understand and interpret.
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These objectives can only be accomplished by ensuring that the excita-
tion source, tﬁe fluorescent X-ray detector, and the source-detector geo-
metry are selected to achieve optimum performance under the constraints
imposed by the biological system. It is possiblebtherefore that a number
of instrumentation systems or modifications of a particular system will

be needed to perform different types of investigations.

Fortunately, much of the technology required for the application
described in this report has been established for fluorescent X-ray
chemical analysis, nuclear medical studies, and radiological diagnostics.
A wide variety of excitation sources and fluorescent X~ray detectors, as
well as the techniques for using these devices to maximum advantage, have
been developed through several years of research in the field of fluores-
cent X-ray chemical analysis. Medical radioactive tracer studies with
both stationary and scanning detection systems have provided an excellent
understanding of the problems associated with data acquisition and inter-
pretation. In addition, high-Z elements (e.g. iodine and barium) have
been used extensively to improve contrast for radiological diagnostic
procedures. By combining the basic technologies that exist in these
three separate disciplines and making the ﬁecessary modifications in ex-
perimental equipment and techniques, it is felt that a new and useful

method of studying organ circulation, function, and structure in vivo can
be developed.
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