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1.1 Introduction

This chapter deals with the production of X rays and their mechanisms of
interaction with materials. The emphasis is placed on X rays useful for diag-
nostic imaging, that is in the energy range between 10 and 140 keV. X-ray in-
teractions are discussed primarily from the standpoint of imaging, as opposed
to diffraction or spectroscopy. Brief coverage of important developments not
yet clinically utilized, such as synchrotron and plasma X-ray sources, is also
included. Because these sources produce radiation over a wide spectral range,
including intense soft X rays useful for biological X-ray microscopy, microto-
mography and spectroscopy, production and interaction of low-energy X rays
are discussed, though in considerably less depth. Though electron-impact
sources are still used to produce most X rays used in clinical applications and
for biomedical research, the unique properties of some of the newer devices,
most notably laser-produced plasma and synchrotron X-ray sources, have
made possible discoveries which never would have been made in their
absence. As these sources become ever cheaper and more efficient, they are
certain to have an important impact in basic research, and possibly in clinical
practice as well.

1.2 Production of X rays

This section describes the physics involved in and a few of the devices used
for the production of X rays. Most types of artificially-produced ionizing
photon beams arise from one of two basic mechanisms: Bremsstrahlung gen-
eration or characteristic emission. A description of these mechanisms will be
followed by sections on the three most important classes of devices used to
produce X rays for biomedical imaging: electron-impact X-ray tubes, syn-
chrotrons and laser-produced plasma X-ray sources. Less common and
recently proposed X-ray sources like special-purpose microfocal tubes, z-
pinch plasmas, and X-ray lasers will be discussed in less depth.

1.2.1 Bremsstrahlung and Characteristic Radiation

When high-energy electrons interact with matter, their kinetic energy is lost
to heat and radiative processes. Though nearly all the incident electron
energy is converted to heat, the radiative processes are significant enough to
be the source of most X rays used for imaging. The necessary parts of an X-
ray source of the type most commonly employed in the clinic are a cathode
(source of electrons) and an anode, housed in an evacuated enclosure to facil-
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itate the passage of electrons between them, and a high-voltage generator to

supply the potential difference between the cathode and anode which imparts

to the electrons their kinetic energy. X rays were in fact discovered when

Roentgen observed evidence of Bremsstrahlung emission upon discharging

high-voltage sparks in a low-pressure glass tube.

When energetic electrons, or other “swift” charged particles, interact with
matter, there are four types of interaction which result eventually in the loss
of all their kinetic energy:

1) Elastic collision with atomic electrons in the target. Significant only for
very-low-energy electrons (<100 eV), these interactions may be thought
of as taking place with the target atom as a whole. The incident electron is
deflected by the field of the atomic electrons, but the amount of energy
transferred to the target atom is less than the lowest ionization potential.

2) Elastic collision with a target nucleus. This interaction, which has a rela-
tively high probability of occurring, causes deflection of the incident elec-
tron, but is not accompanied by excitation of the target nucleus, nor by
radiation, resulting only in the loss of a sufficient (small) amount of kinetic
energy to conserve momentum between the interacting particles. The first
two types of interaction do not produce energetic photons and will not be
considered further.

3) Inelastic collision with bound atomic electrons in the target. Most of the
incident electron kinetic energy is lost by this mechanism. Bound electrons
may either be excited or ejected from the target atom (ionization). If the
energy of a colliding incident electron exceeds their binding energy and
inner-shell (K and L) electrons are ejected from target atoms, these vacan-
cies are filled by downward cascades from outer orbitals as shown in Fig-
ure 1.12, an event accompanied by emission of characteristic photons
which may contribute a significant though small fraction (10-25% for
tungsten in the diagnostic energy range) of the flux available for imaging.

4) Inelastic collision with a target nucleus. If incident electrons pass close to
a target nucleus but escape capture, they will be deflected in their path by
the electric field of the nucleus and may lose energy either to nuclear exci-
tation or, more commonly, to radiation as shown in Figure 1.2. It is this
radiation, termed “Bremsstrahlung” (German for “braking radiation”),
which constitutes the primary emission from clinical X-ray tubes. Al-
though highly unlikely at low incident electron energies, and relatively
rare at diagnostic energies, at extremely high energies (> 10 MeV) the
likelihood of these inelastic nuclear collisions may surpass that of ioniza-
tion. At all energies the ratio of these radiative to ionizational energy
losses is greater for high Z than for low. In the diagnostic range, even for
high-Z elements, it is less than 0.1. If an incident electron of kinetic energy
T experiences a direct hit with a target atom nucleus, losing all its energy
in a single interaction, a photon of energy hv = T will be produced. Such
photons are very rare, and possess the highest energy possible for elec-
tron-target interactions.
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Figure 1.1. Fluorescent X-ray emission. An inner-shell electron is ejected and the downward cas-
cade to fill the vacancy results in emission of photons of characteristic energies. (Adapted from

Bushberg et al., 1994%.)
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Figure 1.2. Bremsstrahlung emission. Incident electrons are accelerated in the nuclear field
emitting energetic photons to conserve energy and momentum. (Adapted from Bushberg et al.,

19942.)
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In a thick target, all of the kinetic energy of the incident electrons will
eventually be lost by a combination of these four types of interaction. Each
electron may undergo a large number of interactions before being stopped.
After inelastic interactions involving atomic electrons, the ejected electrons
may themselves have substantial kinetic energy. These ¢ rays are fast charged
particles which will also be stopped by a combination of the four interactions
above. A 100-keV electron may undergo 1000 such interactions before being
stopped 3.

From classical theory, if it is assumed that all target electrons are free elec-
trons (justified in the case where the target electron’s binding energy is negli-
gible compared with the kinetic energy it receives), interaction with atomic
electrons is reduced to the simple case of an elastic coulomb collision. For
such collisions, the probablility of transferring an energy Q to the target elec-
tron is inversely proportional to Q?, heavily favoring interactions resulting in
small energy losses over large-loss interactions. In fact, about half the kinetic
energy of incident electrons is lost in a large number of low-loss ionizational
collisions and the other half to a much smaller number of higher-loss interac-
tions in which J rays or Bremsstrahlung are produced. Limitations of the clas-
sical theory for inelastic scattering of electrons by atomic electrons are de-
tailed by Evans!.

As derived by Evans from Bethe’s original retardation law, for a non-relati-
vistic electron of velocity V, rest mass mg = 1027 g, and kinetic energy
T =% myV? interacting with a target of atomic number Z, the energy loss per
unit pathlength due to ionizational collisions is approximately given by!:

dr 4 p2
() =1.257 x107° —5— NZIn 0
ion myV 12 (1.1)

4 72
=6.28O><107eTNZIn[f J/em

where e = 4.80 x 1019 esu is the charge on the electron, N is Avogadro’s num-
ber (atoms/cm?) and [ is the geometric mean of the ionization and excitation
potentials of the target atom. [ is a nebulous quantity, difficult to determine
theoretically or experimentally, but it has been approximated by

I1=kZ (1.2)

where k is a constant decreasing from 18 eV for H to 10 eV for Pb'. The
inverse relationship between stopping power and electron energy is evident
from Eq. (1.1). In the diagnostic energy range, while most of the radiation is
produced by Bremsstrahlung, most of the incident electron energy is lost to
ionizational collisions. A different form for the above equation for electron
retardation by ionization and more complex relationships between / and Z are
reviewed by Rao-Sahib and Wittry4, who also show that reasonable agreement
with experiment is obtained when k is set to the popular value of 11.5 eV>.
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For inelastic nuclear interactions, classical theory holds that radiation will
be produced whenever charged particles are accelerated, and that the ampli-
tude of the emitted electromagnetic radiation will be proportional to the
acceleration undergone by the charge. The acceleration of a particle with

2
charge ze and mass M by a nucleus of charge Ze is proportional to Zze 1,

Since intensity is proportional to the square of the product of the charge and
7240
L Ze 7t

is seen that the Bremsstrahlung intensity varies as the square of the atomic
number of the target, a prediction confirmed for thin (but not thick, see
below) targets by experiment, and inversely as the square of the mass of the
incident particle, explaining why electrons produce about one million times
more Bremsstrahlung than protons or alpha particles of the same velocity.

Most of the quantum mechanical theory for Bremsstrahlung is posed in
terms of, for example, loss of kinetic energy per unit pathlength of the inci-
dent radiation. Since it is practically impossible to know anything about path-
lengths of electrons in solid targets, many experiments, which have been used
to successfully validate quantum mechanical theoretical findings, have been
carried out on extremely thin target foils in which, on average, one or zero
interactions would take place, making the foil thickness a reasonable approx-
imation for the pathlength traversed by emerging quanta. A plane wave
representing the incident electron enters the nuclear field of a target atom
and has a small probability of emitting a photon after being scattered. In the
diagnostic energy range, for nuclei of charge Ze and incident electrons of
kinetic energy 7T and total energy T + mgc?, the differential cross section for
emission of a photon of energy between Av and Av + d(hv) is:

the amplitude, the intensity of emitted radiation is proportional to

T +myec® d(hv) om2
do ,=0,BZ’ — 10— —"— CIn/rlucleus , (1.3)
T hv
1 & ’
__1 _ -2 cm?
where 00_137("10&) = 580x107em/ (1.4)

and B is a somewhat controversial coefficient which varies slowly with Z and
T. Results originally due to the nonrelativistic quantum theoretical approach
of Sommerfeld!-® suggest that, over the diagnostic energy range, B decreases
gradually from 10 to about 7 as the photon energy increases from zero to 7.
Compared to classical theory, which predicts a large number of low-loss inter-
actions, quantum mechanical theory predicts a smaller number of large-loss
events. Total energy-loss predictions are about equal, but the expected
emitted photon spectrum differs markedly between the two models. Experi-
ments confirm the correctness of the quantum mechanical approach.
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1.2.2 Electron-Impact X-ray Sources

By far the most common type of X-ray source is the electron-impact X-ray
tube. All clinical X-ray sources, including those used for standard radiogra-
phy, CT scanning and mammography, are of this type. A typical high-flux X-
ray tube for diagnostic radiology is shown in Figure 1.37. Electrons emitted
from a heated filament are accelerated through a large potential and made to
impinge upon a small area of a solid metallic target or anode. The “tech-
nique” or “technique factors” employed in making an X-ray exposure refer
to the voltage (kVp for “kilovolts, peak”) applied to the tube and the electron
current (mA) passing through it. The kVp primarily influences the energy of
photons in the beam, and therefore their penetrating capacity, while the mA
is linearly related to the total photon energy (flux) in the beam. Most of the
radiation produced in these tubes is the broadband Bremsstrahlung emitted
when the electrons are slowed to rest in the anode material. If the electron
accelerating voltage is high enough to impart to the electrons adequate
energy to eject inner-shell electrons from atoms in the target, a small fraction
of the emitted flux may consist of photons possessing energies characteristic
of electron shell transitions. This section describes the circuits and hardware
required for routine production of X rays by tubes, the design of tubes for
clinical imaging, the spectra they emit and methods of shaping them, and spe-
cialized sources for mammography and research applications.

Accelerating Electrons Glass Envelope
Cathode Assembly Copper Anode Block

=

Filament Tungsten Target

Focusing Cup

Figure 1.3. Schematic of a stationary-anode, clinical X-ray tube. (Reprinted with permission
from Wolbarst, 19937.)

1.2.2.1 Electrical Circuits for X-ray Tubes

All electron-impact X-ray tubes require a stable high voltage to be applied
between the cathode, from which the electrons are emitted, and the positive
anode upon which they impinge. The magnitude of this applied voltage deter-
mines the penetrating capacity of the X-ray beam produced by the tube. Since
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there is an optimum applied voltage for any particular imaging task, it is
important that the power supply provide a stable, constant direct current
(DC) voltage. Here we briefly consider the circuit elements required to
achieve this objective, and how they are combined in practical high-voltage
generators for clinical X-ray sources.

Transformers are used to increase or decrease the magnitude of the avail-
able line voltage. In order to acquire enough energy to produce X rays useful
for clinical imaging, electrons have to be accelerated through very high elec-
tric field gradients produced by applied potential differences of between
10000 and 140000 volts. Since the alternating current (AC) power supplied
by electrical utilities to consumer hospitals is usually either 110 or 220 volts, a
device is needed to step these voltages up many fold. Transformers in X-ray
generators change the amplitude or voltage of an alternating current by the
process of mutual electromagnetic induction®. In the simplest air core trans-
former, two adjacent, insultated coils of wire each set up in the other an
induced electromotive force. The input coil is called the primary, and the out-
put is referred to as the secondary. Alternating current flowing through the
primary causes a magnetic field to be set up in its vicinity. The oscillating
magnetic flux links with the secondary coil and induces an AC current (/) to
flow through it. The voltage (V) in each coil is proportional to the number of
turns (N), or windings:

v, _ ¥ 15
Np Ny’ ()

where the subscripts refer to the primary and secondary. Ignoring the slight
loss of energy, the output and input powers are equal:

W=V, (1.6)

If there were 500 turns on a 220-volt, 55-kilowatt primary, the output of a
250000-turn secondary would be 110000 volts at 500 milliamps. Step-up
transformers have more turns on the secondary and increase the voltage at
the output relative to the input, while step-down transformers are used to
decrease the output voltage.

Real transformers are not perfectly efficient, and energy losses — due to
resistance of the windings, eddy currents, and magnetic domain hysteresis —
are ultimately manifested as heat. Proper design should keep these losses to
less than five percent. Thicker copper windings, particularly on the high-cur-
rent primary, minimize resistance losses. The efficiency of the simple insu-
lated coils of the air core transformer can be improved by insertion of iron
cores into the windings as in the open core transformer depicted in Figure
1.48. Magnetization of the core markedly increases the intensity of the mag-
netic flux set up by the alternating current through the coil, but significant
losses persist due to leakage at the ends of the cores. Leakage is much lower
in closed core transformers, shown in Figure 1.5, since the magnetic flux
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passes through a continuous core from one coil to the other. The most effi-
cient and popular design is the shell-type transformer shown in Figure 1.6.
Both heavily-insulated coils are wound around the same central pole in the
core. The cores of closed core and shell-type transformers are made up of
laminated steel layers. Insulation between the layers minimizes losses due to
eddy currents induced by the AC in the windings.

An autotransformer is a special type of transformer used to regulate the
voltage input to the primary of the high-voltage step-up transformer. In an X-
ray tube, the autotransformer provides the ability to select the kVp applied to
the tube. Although the same objective could be accomplished with a variable
resistor, autotransformers are selected for kVp control of X-ray tubes, since
energy losses are much less than those associated with resistors. As shown in
Figure 1.7, an autotransformer consists of a single winding. The taps on the
primary side span a fixed number of turns, usually somewhat less than the
total. One of the taps on the secondary side is variable, allowing the output to
span a selectable number of turns. The ratio of the autotransformer output to
the input voltage is determined by the number of turns spanned at the output

SECONDARY
WINDING

Figure 1.4. Open core transformer for X-ray
generator. Iron cores within the windings
improve efficiency of magnetic flux genera-
tion. (Adapted from Selman, 19948.)

PRIMARY WINDING

PRIMARY
SECOHDARY

Figure 1.5. Closed core transformer. Leak-
age is reduced and efficiency improved by
continuous conducting path between wind-
ings. (Adapted from Selman, 1994%.)

-
]

T0 | — FROM

PRIMARY >_</: \?VEH?J?)FND(? RY Figure 1.6. Shell-type transformer. Primary

WINDING :\ and secondary windings share the central

member of the core for maximum efficiency.
(Adapted from Selman, 19948.)
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Figure 1.7. Schematic of autotransformer for kVp slection. (Adapted from Selman, 1994%,)

relative to the number of turns spanned at the input. Autotransformers are
suitable for selection of output voltages which differ from the input voltage
by less than an order of magnitude.

Rectifiers permit the flow of electrons through X-ray tubes in one direction
only: from the cathode to the anode. If a high-voltage alternating current
were applied to the cathode-anode system of an X-ray tube, current would
only flow through the tube for that half of the AC cycle during which the
cathode was negative relative to the anode. Rectification, defined as changing
alternating to direct current, requires construction of a circuit through which
current can only flow in one direction. Since the heated filament is an effi-
cient souce of electrons separated by vacuum from the anode, normally a
very inefficient source of electrons, application of an alternating current to
the tube would result in generation of a pulsating X-ray beam which would
be on during only half of the cycle period: The tube would self-rectify. This is
undesirable since not only is the tube only producing X rays half the time, but
most of the time the potential applied to the tube will not be equal to the
optimal kVp for the imaging task at hand. Further, a self-half-rectified tube
will be able to withstand less heat loading than the optimal design because
the anode can never be allowed to reach temperatures so high that they pro-
mote electron emission from the target material. Such electrons would flow
to the filament during the half-cycle it was positively biased with respect to
the “anode”, damaging the filament and shortening its life. Anode damage
(melting, pitting and cracking) is minimized by bombarding the surface with
the steadiest possible stream of electrons over the required exposure time:
another motivation for stable, DC tube excitation.

An important design goal for the X-ray generator is to produce a stable
constant voltage for application to the tube. Rectification may be accom-
plished by the use of solid state diodes, which have largely replaced the vacu-
um diode tubes of older-generation X-ray apparatus. Diodes permit the flow
of current in only one direction. If a battery and load are connected in series
with a p-n junction semiconductor diode, the electrons from the n-type half of
the diode can only cross the “potential hill” at the junction when the negative
battery terminal is connected to the n-type side (the diode is in forward bias):
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If the connections are reversed (reverse bias), no current will flow. A large
number of solid state diodes (about 150) need to be packaged in series to pro-
duce a single rectifier (still referred to as a “diode”) for an X-ray tube
because a single semiconductor (doped silicon) diode element can only with-
stand a reverse bias of about 1000 volts or less before breakdown occurs by
the avalanche or Zener effect °.

For half-wave (“single-pulse”) rectification, a single diode in series
between the transformer secondary and anode, or two diodes, one on the
anode side and the other on the cathode side, will serve to allow passage of
electrons through the diode, and hence the tube, only during the half cycle
when the diode is forward biased. The tube will never be allowed to enter
reverse bias, but X rays will only be generated over less than half of the AC
cycle (Figure 1.8, top panel) 2. Full-wave (two-pulse) rectification is achieved
by arranging four diodes in a bridge circuit as shown in Figure 1.97. During
each AC half cycle, electrons will flow through two parallel diodes in the
direction opposite to the arrow of the diode symbol. The tube will never enter
reverse bias and current will flow through the tube during the entire cycle.
While more efficient than half-wave rectification and sometimes used in prac-
tice, especially on older systems, a single-phase, full-wave-rectified waveform
is not optimal for application to the X-ray tube since the kVp will still differ
from the optimal value during a significant portion of the cycle (Figure 1.8,
second panel).

Generator Waveform Ripple

Single-phase
Half-wave Voltage 100%
rectified
Time

Single-phase
Full-wave Voltage
rectified

100%

Time

Three-phase
Six-pulse, Voltage
Six-diode

15%

Time

-

Three-phase
Twelve-pulse, Voltage
Twelve-diode

5%

Time

Figure 1.8. Waveforms of the potential applied across the cathode-anode gap by various types of
X-ray generator. (Adapted from Bushberg et al., 1994%.)
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Electron Flow Electron Flow

Figure 1.9. The four-diode bridge circuit for full-wave rectification. (Reprinted with permission
from Wolbarst, 19937.)

A three-phase generator serves to maintain the potential across the tube at a
more constant value than a single-phase unit. The power supply to a three-
phase generator consists of three, single-phase power supplies which are 120
degrees out of phase with each other. Three transformers are required to step
up the voltage. The three primaries are connected in a “delta” or triangular
configuration; the secondaries may be configured either as a delta or a star
(or “wye”) as shown in Figure 1.10 and 1.117-%. The “six-pulse, six-diode” con-
figuration of Figure 1.10 supplies six pulses to the tube every 1/60th second.
A slight modification provides “12-pulse, 12-diode” excitation with the circuit
of Figure 1.11. The waveforms corresponding to these circuits are shown in
the third and fourth panels of Figure 1.8.

EE A

Primary

Delta

| Y
Three Phase
Transformer 2[S ZIS Z|S

Figure 1.10. The delta, wye, three-phase transformer for six-pulse, six-diode high-voltage excita-
tion. (Reprinted with permission from Wolbarst, 19937.)

Medium- and high-frequency X-ray generators represent the state of the art
in X-ray tube electronics. These devices incorporate circuits which full-wave
rectify, then smooth the (single- or three-phase) line voltage using capacitive
filtering. An inverter “chops” the nearly-constant DC voltage at between 5
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Figure 1.11. Simplified schematic of the generator circuit for twelve-pulse, twelve-diode tube
excitation. (Adapted from Selman, 19948.)

and 100 kHz, producing a high-frequency, low-voltage AC waveform which is
easily step-up transformed and stabilized. This high-frequency, high-voltage
AC is full-wave rectified and smoothed a second time, providing a nearly-con-
stant potential to the tube. In addition, transformer efficiency improves with
AC frequency, permitting smaller, lighter generator designs. High-frequency
generators (20 or 100 kHz) are frequently employed for mammography due
to dose reductions of approximately 25% 8.
Voltage ripple, expressed as a percent, is defined as:

Voo—V.
%Ripple = {‘“V}x 100. (1.7)

Half-wave and full-wave rectification both produce waveforms with 100%
ripple; three-phase, six-pulse and three-phase, twelve-pulse generators exhibit
about 15% and 5% ripple, respectively; and medium- and high-frequency
generators produce about the same voltage ripple as the best three-phase
units: 5% or less.

1.2.2.2 Cathodes and Anodes

The electrons accelerated to produce X rays in the tube are emitted from a
filament, similar to that in a light bulb. The filament is usually a fine, coiled
tungsten wire. A low-voltage (6-12 volts) current (3-5 amps) is passed
through the filament, heating it, lowering the work function of the metal, and
facilitating the release of electrons from the wire’s surface by thermionic
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emission. At white heat, electrons may be literally “boiled off” the surface of
the wire. The filament current is supplied by a low-voltage circuit. A rheostat
(variable resistor), saturable reactor, or high-frequency filament control cir-
cuit allows the current flowing through the filament, and therefore the tube
current (mA) to be varied. Small increases in temperature can lower the
work function of the filament material significantly and cause large increases
in tube current. Older equipment usually had an ammeter in series with the
filament circuit by which the filament current could be monitored. Modern
X-ray tubes are equipped with a high-frequency filament controller or a space
charge compensator which uses a feedback mechanism during exposure to
match the filament current with the chosen mA (tube current). A small
change in filament current causes a large change in the tube mA and there-
fore the X-ray flux emitted from the tube. The filament controller corrects
for temporal fluctuations in the supply line voltage so that changes of +/~10%
in line voltage result in only fractional percent changes in filament current.
Both ends of the filament wire are connected to the low-voltage filament cir-
cuit, and one of them is also connected to the negative terminal of the high-
voltage power supply across the tube.

The filament may be contained in a “cathode block” which includes a cup-
shaped surface, facing the anode, negatively biased with respect to the fila-
ment. This focusing cup repels the emitted electrons and serves to confine
them to a more tightly-focused beam. In the absence of an applied potential
between the cathode and the anode, electrons emitted from the filament clus-
ter in its vicinity. Their mutual repulsion limits the emission of additional
electrons from the wire, and actually forces some of the electrons back into
the filament. At equilibrium, a “space charge” or cloud of electrons, forms at
the filament tip. When a high voltage is applied to the tube, making the anode
positive with respect to the filament, electrons are drawn from the space
charge and accelerated toward the anode. The excited volume at the anode
surface in which the electrons are stopped is called the focal spot. Brems-
strahlung and possibly characteristic X rays are emitted in all directions from
the focal spot. Some tubes are provided with two filaments: a larger coil of
coarser wire for short, high-mA exposures (to minimize image degradation
due to patient motion, for example), and a shorter, finer coil for longer expo-
sures used for exams in which perception of fine image detail is important
and motion is less of a problem. The smaller filament produces a smaller focal
spot lessening image degradation due to penumbral blurring.

The essential requirements of the anode, or tube target, are that it emit X
rays efficiently in response to electron bombardment and that it withstand
without damage the high thermal loads imposed by the rapid deposition of
large amounts of energy. The first requirement favors a high-Z material; the
second, high melting point, good thermal conductivity, and toughness. A den-
ser target possesses the additional, lesser, advantage that electrons are
stopped in a smaller excitation volume from which the X rays are emitted. A
number of candidate anode materials and their important physical properties
are shown in Table 1.1. Most of them are not commonly used in conventional
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tubes for clinical imaging but may be employed in the special purpose
research and microfocal instrumentation described in Sections 1.2.2.8 and
1.2.4.2. Tungsten (W), with its very high melting point and reasonable thermal
conductivity and density provides a near-ideal combination of properties for
use as an anode material. Tungsten is the choice for almost all X-ray tube
anodes. (Its high melting point also explains its utilization as the filament
material.) A tungsten-rhenium alloy which is tougher, and therefore resists
cracking and tearing in response to thermal stresses set up by steep thermal
gradients, is employed in some tubes.

Table 1.1.
Target Atomic Atomic Thermal MP Density
Material Number Weight Conductivity  (C)

(W/em-K)
Be 4 9 2.18-1.68 1273 1.85
Al 13 27 2.36-2.40 660 2.70
Ti 22 48 0.224-0.207 1660 4.54
Cr 24 52 0.965-0.921 1857 7.18
Fe 26 56 0.865-0.720 1535 7.87
Co 27 59 1.05-0.890 1495 8.90
Ni 28 59 0.941-0.827 1453 8.90
Cu 29 64 4.03-3.95 1083 8.96
Mo 42 96 1.39-1.35 2617 10.22
Pd 46 106 0.716-0.730 1554 12.02
Ag 47 108 4.29-4.26 962 10.50
Sn 50 119 0.759-0.704 232 5.7-1.3

(Orientat.-

depend.)
Ta 73 181 0.574-0.577 2996 16.65
W 74 184 1.77-1.63 3410 19.30
Pt 78 195 0.717-0.717 1772 21.45
Au 79 197 3.19-3.13 1064 18.88

The separation from the filament to the anode is generally on the order of a
few centimeters. The polished surface of the anode which is bombarded with
electrons is inclined at a slight angle, generally in the 7-20° range, with
respect to a plane perpendicular to the filament-anode axis, as shown in Fig-
ure 1.128. Due to the line-focus principle, the apparent focal spot “seen” by
the film or detector is smaller than the bombarded area of the anode, a phe-
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nomenon known as foreshortening. This allows the thermal load on the target
to be distributed over a larger area for a given effective focal spot size. The
width of the focal spot (in the plane perpendicular to the page in Figure 1.12)
is the same as that of the excited volume on the target, but the apparent
height of the focal spot (H,), at the center of the field, is related to the real
height of the bombarded area (Hy) by H, = Hy, sin®, where @ is the angle of
the anode surface with respect to the vertical. The apparent height of the
focal spot toward the anode side of the tube is less than this value (as evident
from Figure 1.12), providing higher spatial resolution, while the focal spot
dimension toward the cathode side of the tube is larger.

. 4—— Floectron Stream

Figure 1.12. An angled anode distributes the ther-
mal load over a larger area for a given focal spot
size seen by the film. Foreshortening causes the
S . . effective focal spot height to vary over the film as
A B c shown. (Adapted from Selman, 19943,)

An undesirable consequence of an angled anode is known as the “heel
effect”. Even though the range of electrons in a tungsten target at diagnostic
energies is on the order of microns, X rays emerging toward the anode side of
the focal spot have to escape, on average, from deeper depths in the target,
and undergo considerably more self absorption in the anode on their path
toward the film, than rays on the filament side of the beam. This increased
filtration preferentially removes lower-energy photons from the beam, caus-
ing the average and equivalent energies of the beam to be greater toward the
anode side of the exposed field.
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1.2.2.3 Sources for Diagnostic Radiology

In stationary anode tubes, the fixed anode assembly is often composed of a
copper bulk material with a polished tungsten button embedded into the sur-
face forming the actual target. The superior heat conduction properties of
copper aid in dissipating the extreme thermal loads encountered during
operation of the tube. In rotating anode tubes, a tungsten-rhenium-coated
molybdenum anode disk is mounted on the shaft of a high-speed motor. Dur-
ing exposures, the anode rotates and the energetic electrons impinge upon an
angled, annular strip around the anode called the focal track. This increases
the bombarded target area by several hundred fold compared to stationary
anode devices, and provides dramatically increased heat loading capacity.
Molybdenum, with its lower thermal conductivity, prevents transmission of
excessive heat to the motor bearings. Rotating anodes are generally either
three or five inches in diameter, and rotate at speeds between 3 000 and 10 000
rpm. Larger diameters and higher rotation speeds are associated with higher-
heat-load equipment like helical CT scanners which have adequate heat load-
ing capacity to provide continuous, multi-second exposures. While general-
purpose stationary anode tubes have focal spots in the 2-4 mm range, rotating
anode, dual filament tubes may have focal spots between 0.3 and 2 mm.

A complete circuit diagram of a generator for a full-wave rectified X-ray
tube is shown in Figure 1.138. The primary, or low-voltage circuit comprises
all the components upstream of the high-voltage, step-up transformer. The
kVp meter across the primary circuit is calibrated at the factory to establish
the precise relationship between the AC voltage at the secondary of the auto-
transformer and the DC potential across the tube. In general, the center of
the secondary of the step-up transformer is grounded: a large, positive poten-
tial is applied to the anode, while a negative potential of equal magnitude is
applied to the cathode. A milliammeter in series with the secondary circuit
indicates the tube current.

In operation, for a given filament current and no applied tube potential, a
space charge of magnitude proportional to the filament current will form on
the filament side of the cathode-anode gap. As the kVp across the tube is
increased from zero, at low kVp more and more electrons will be drawn from
the space charge and accelerated toward the anode, causing a rapid increase
in the tube current as shown in Figure 1.14%. Above a threshold kVp, all elec-
trons emitted from the filament will immediately be accelerated toward the
anode: The space charge will have been entirely depleted, and the tube cur-
rent will have reached the maximum value achievable with that particular fil-
ament current. In the low-kVp regime, the tube current and therefore the
emitted X-ray flux is said to be space-charge-limited. The tube current
depends on the rate at which the applied potential can pull electrons out of
the space charge. After the space charge is depleted, tube output is “emission
limited”, meaning that the filament temperature imposes the limit on the rate
of electron release. In the emission-limited regime, where X-ray tubes should
be operated, tube current can be controlled independently from accelerating
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Figure 1.13. Circuit diagram of a generator for a full-wave rectified X-ray tube. (Adapted from
Selman, 1994%.)
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Figure 1.14. Tube current as a function of
kVp for various filament temperatures.
Operation in the emission-limited output
regime permits independent control of
kVp and mA. (Adapted from Bushberg et
al., 1994%)

potential by varying the filament temperature. The space charge compensator
automatically controls the filament temperature to allow the kVp to be raised
while the selected mA is maintained.

The field-emission X-ray source is a specialized type of electron impact
source in which the filament is not heated. Field emission is an alternative to
thermionic emission which usually (in electron microscopes) exploits the fact
that a single crystal of tungsten or other metal, when correctly oriented with
respect to the applied field, has a much lower work function than rolled or
drawn material, allowing electrons to tunnel through the potential barrier at
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the surface under the influence of a strong electric field in the absence of
heating. The technology was originally reduced to routine practice in electron
microscopy!®!! because the very high current densities at the cathode (103-
107 A/cm? compared to 10 A/cm? for thermally-assisted tungsten) allowed
the formation of nm-order electron probes orders of magnitude brighter than
available in conventional instruments.

Use of the field-emission principle in microfocal X-ray tubes was advo-
cated in 1957 by Pattee!? and possibly earlier by others!3. Subsequently, use
of field emission sources for diagnostic radiology has been suggested!4,
though they have never come into routine use. In the larger-focal-spot, high-
flux design proposed for clinical use, the anode was a tungsten cone with axis
coincident with the beam axis. An array of sharp needle assemblies surround-
ing the cone served as the cathode. Though unclear from the literature, it is
likely that polycrystalline cathode needles were used, increasing the average
work function at the surface due to random grain orientation and compromis-
ing the available beam current. Pulsing the target briefly to voltages as high
as 350 kV resulted in the emission of a high-current stream of electrons from
the needle tips which produced a flash of X rays. A sequence of pulses at
1000 Hz was used to obtain the exposures required clinically. The advantages
of the design included the circular symmetry of the focal spot which avoided
the deleterious effects on image quality and exposure uniformity due to the
heel effect, the source size was independent of tube current, the spatial res-
olution at the image plane could be improved by a factor of two or more, and
the tubes could be very compact. The primary disadvantages were the diffi-
culty in obtaining adequate flux for imaging the torso and the very high vacu-
um (~10~? torr) required to avoid contamination of the cathode surface. Even
a few atoms on the crystal surface can raise the work function dramatically,
seriously reducing the available flux.

1.2.2.4 X-ray Tube Ratings

X-ray tubes are generally rated by manufacturers as to the permissible power
loading of the focal spot, the heat storage characteristics and cooling rate of
the anode, and the cooling rate of the housing. These ratings are supplied as
charts, which must be specific for each tube and combination of operating
conditions: generator type, focal spot size and anode rotation speed. For
example, a stationary-anode tube is far more susceptible to thermal damage
from excessive power loading than is a rotating-anode tube, which dissipates
heat over a larger surface area on the target. Similarly, three-phase units tol-
erate heat considerably better than single-phase tubes. Variations in focal
spot size and anode rotation speed are also important considerations.

Power loading limitations determine the maximum exposure time that can
be tolerated by the anode without damage for a single exposure at a partic-
ular combination of tube voltage and current. A typical single-exposure rat-
ing chart is shown in Figure 1.15. Either kVp or mA is plotted vs. exposure
time with each of the several curves corresponding to a discrete mA or kVp
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Figure 1.15. Rating charts for an X-ray tube under various operating conditions. (Adapted from
Bushberg et al., 1994%.)

value, respectively. The safe operating regions are below and to the left of the
curves. For a given exposure time, the product of kVp and mA on each of the
several curves will always be approximately constant and equal to the tube’s
power rating in kW.

Heating and cooling of the anode and tube housing is quantified in heat
units (HU). This convention evolved as a convenient way to calculate energy
deposition into the device from the parameters readily available to the opera-
tor: kVp, mA and exposure time. For a single-phase, full-wave rectified unit:

1HU=1kVp x ImA X Isecond = 0.75], (1.8)

since the average voltage is about 75% of the nominal setting?. For three-
phase generators (nearly constant voltage):

1kVp X 1mA X 1second = 1J = 1.35HU. (1.9)

A typical chart depicting anode thermal characteristics is shown in the left
panel of Figure 1.16. For the rising curves, if a tube is operated continuously
(fluoroscopic mode) for the length of time on the x axis at the heat input rate
associated with the curve, the number of heat units on the y axis will have
been deposited in the anode. The curves are nonlinear because as the anode
temperature rises heat escapes faster. At longer times the curves tend to level
out as the rate of heat dissipation almost equals the deposition rate. The des-
cending curve quantifies the cooling rate after operation is discontinued and
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Figure 1.16. Left panel shows anode heating characteristics for various heat input rates versus
operation duration and the time required for cooling. Right panel shows housing cooling curves
with and without air circulation. (Adapted from Johns and Cunningham, 1983°.)

is useful for determining the waiting time required before another continuous
exposure can be initiated. The right panel in Figure 1.16 shows a housing
cooling curve. The advantage of active cooling of the housing is evident.

1.2.2.5 X-ray Tube Spectra

In day-to-day clinical practice, it is generally not possible to accurately char-
acterize or measure the spectrum of photon energies present in the X-ray
beam. For research applications, for example to develop quantitative, multi-
spectral imaging techniques and verify their performance, it is highly desir-
able to know the X-ray spectrum accurately. Attempts have therefore been
made to measure and calculate it as discussed below. For routine purposes,
however, it generally suffices to know the values of a small number of param-
eters which affect the number of photons emitted from the tube and govern
the shape of the spectrum of photon energies.

The spectral distribution of the emitted photons is primarily influenced by
the kVp, the target material, and by beam filtration. The potential applied to
the tube governs the maximum energy of photons in the beam: higher kVp
produces higher-energy radiation. The energies at which characteristic emis-
sions occur are a function of the binding energies of anode atomic electrons
causing higher-Z targets to produce higher-energy characteristic peaks in the
emitted spectrum. Inherent filtration (attenuation by the glass envelope of
the tube and any other material layers through which the beam must pass)
and added filtration preferentially remove low-energy photons from the
beam (mostly by photoelectric absorption, as described in Section 1.3.3.1),
shifting the average energy of the beam to higher values.
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The important characteristics of the shape of the emitted spectrum are
embodied in the “quality” of the beam, as measured by the half-value layer.
“Harder” beams have “higher quality”, which means that they contain a high-
er proportion of high-energy photons, possess higher average and equivalent
energies, and can therefore penetrate greater material thicknesses. “Lower
quality” beams are beams which contain relatively more “soft”, or low-energy
photons. The half-value layer, or HVL, is defined as the thickness of any
material required to reduce the exposure rate of an X-ray beam to half its
incident value3813. Since X-ray attenuation is exponential (as discussed in
Section 1.3):

1 1 _ _—wHVL

70 = 5 = (110)
1
ln(zj:—,u~HVL (1.11)
0.693
HVL ZT (1.12)

where u is defined as the linear attenuation coefficient of the material used to
attenuate the beam. Definitions of HVL found in the literature are often
ambiguous as to whether the quantity being halved is exposure rate or inten-
sity as Eq. (1.10) would imply?!6-21. For monoenergetic beams, defining HVL
in terms of intensity or exposure would be equivalent, but for polyenergetic
beams this is not the case because exposure is defined in terms of liberated
charge per mass of air (see Section 1.4.4). Because the mass energy absorp-
tion coefficient of air exhibits a strong inverse energy dependence, the HVL
of a soft polychromatic beam would be found to be thinner using exposure
measurements than using intensity measurements. Energy-integrating detec-
tors suitable for intensity measurements do not lend themselves to routine
use in radiology, primarily due to count rate limitations. Since exposure is
nearly always the quantity measured in practice it seems reasonable to define
HVL in these terms, in spite of the apparent conflict with Eq. (1.10) and the
very definition of the linear attenuation coefficient (both of which apply
strictly for monoenergetic beams).

For a polyenergetic beam such as those employed in diagnostic imaging,
attenuation of the beam by any material will preferentially remove lower-
energy photons from the beam. The emergent beam will therefore be “har-
dened” or shifted to higher energies. If it is desired to determine the second
HVL of the beam, defined as the thickness of the material to again halve the
exposure, it will be necessary to insert more attenuating material to stop the
higher-energy photons: the second HVL will be thicker than the first. It is
possible to approximately reconstruct the spectrum by analysis of attenuation
data as described by Delgado and Ortiz??> and references 1-16 therein.
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Figure 1.17. Effect of tube potential waveform on output spectrum. (Adapted from Bushberg et
al., 1994%.)

The voltage waveform applied to the tube can also have an effect on beam
quality. Any drop of the applied voltage due to ripple will result in a reduc-
tion of the maximum photon energy in the beam, causing a spectral shift
toward lower energies as shown in Figure 1.17, and reducing beam intensity
and penetrating power?. In general this will result in higher dose to the
patient and greater heat loading of the anode.

The “equivalent energy” of the beam is defined as the energy of a mono-
chromatic beam which would produce the same results in terms of its pene-
trating capacity3. A broadband X-ray beam having an equivalent energy hv
has the same HVL as a monochromatic beam of energy hv. After measuring
the HVL in a practical situation, one can calculate the linear attenuation
coefficient according to u = 0.693/HVL, then refer to a table of linear
attenuation coefficients as a function of energy for the material used in the
HVL determination to find the equivalent energy of the beam.

Intensity, with units of energy per unit time per unit area (e. g. keV/sec -
cm?), is a measure of the energy in the beam. The beam intensity varies'® lin-
early with the product of the tube current and exposure time (mAs) and with
(kVp)?. As described earlier, classical theory predicts that the efficiency of
Bremsstrahlung production should vary as the square of the target atomic
number, a relationship which holds reasonably accurately for intensity
emitted from thin targets!. But quantum mechanics predicts, and most texts
state>>18, that for thick targets the intensity variation with Z is linear:

Intensity o< mAs xkVp® x Z (1.13)

anode
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Rao-Sahib and Wittry measured the X-ray intensity produced at discrete
kVp settings corresponding to characteristic emission lines using a curved
crystal, wavelength-dispersive spectrometer®. They investigated 23 elements
from Z = 6 to Z = 92 using polished flat targets in an X-ray microprobe with a
take-off angle of 53°. The experimental results did not confirm a linear varia-
tion with Z, but indicated that intensity depended on Z”, where n varied from
1.38 for aluminum (Z = 13) to 1.19 for gold (Z = 79). In many cases quantum
mechanical theory serves to provide correction factors or supplemental terms
to the classical results, inclusion of which often provides reasonable agree-
ment with experiment, especially for non-relativistic electrons.

In research settings, when it is required to have precise knowledge of the
X-ray spectrum, a histogram of photon energies can be obtained using a sol-
id-state, energy-dispersive X-ray detector such as a high-purity germanium
(HPGe) or a lithium-drifted silicon (Si:Li) crystal interfaced to a multichan-
nel analyzer'. If the count rate is low enough, these detectors can register
(detect and count) individual photons and determine their energies to sub-
keV accuracy by pulse height analysis. In practice, the count rates (photon flu-
ence) from clinical X-ray tubes are much too high for this type of detector
and, if nothing were done to reduce them, pulse pile-up would result. Multi-
ple low-energy depositions in the crystal might be erroneously summed to
yield spurious high-energy counts and inaccurate spectral measurement. To
remedy this, either a pinhole aperture may be placed in front of the detector
or the detector positioned at a great distance from the source?3. In the former
case, the spectral intensity would have to be normalized (scaled up) using a
separate measurement, perhaps with an ionization chamber, since the true
energy fluence at the detector would not be known; in the latter, air absorp-
tion becomes a factor. Detector systems of this type normally require cooling
of the crystal to cryogenic temperatures, are rather expensive, and are not
readily available to many imaging researchers. Less expensive, room-temper-
ature detectors based on silicon photodiodes have been used to characterize
diagnostic X-ray spectra®4, but the inferior energy resolution of these devices
and the necessity of correcting the data for photoelectron escape and scat-
tered counts make these methods of spectral measurement unreliable.

Most direct measurements of X-ray spectra have been obtained for studies
of electron-probe X-ray microanalysis, but the results can be compared to the
same theories relevant for diagnostic X-ray tubes. Green and Cosslett used a
crystal wavelength-dispersive spectrometer in conjunction with a flow propor-
tional counter to measure the X-ray spectrum from a germanium target and
to estimate the efficiencies of characteristic X-ray production from ten ele-
mental targets spanning the periodic table from carbon to gold>>-?°. X rays
were detected at a 45° takeoff angle from polished flat solid targets mounted
in a special-purpose microfocal X-ray tube. For all elements the efficiencies
ranged between 10-° and 103 characteristic X rays per steradian per incident
electron, depending primarily upon the ratio of the incident electron energy
to the relevant shell ionization energy. At a fixed kVp, the characteristic
production efficiency was found to be a rapidly decreasing function of Z.
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These experimental results showed good agreement with their theoretical
prediction of the efficiencies for K, L and M shell characteristic X-ray
production, accounting for ionization by both electron bombardment and
photoelectric absorption of the Bremsstrahlung (see Section 1.3)?”. The high-
er fraction of characteristic radiation produced by low-Z (compared to the
ubiquitous tungsten) targets explains their suitability for studies benefitting
from quasimonochromatic, low-energy x-radiation.

Because of the difficulties associated with accurate spectral measurements,
a number of investigators have attempted to derive analytical methods to pre-
dict the spectral output of X-ray sources. The earliest analytical result for the
intensity emitted from a thick target may be due to Kulenkampff and Kra-
mers?82%:

I =kZ(E,— hv), (1.14)

where [, is the emitted intensity of photons of energy hv, k is a constant, Z is
the atomic number of the target, and E is the energy of the incident elec-
trons. If I, E and hv are in keV and the energy interval unit is 1 keV, then the
constant k is equal to* 2.2 x 107, The units of Kramers’s result as presented
are:

keV
electron - 4msteradians - keVinterval

Conversion using:

electrons 1—cosa
0'® X

I, x6.2422 x1
sec 2

keV,
© /photon

where [, is the tube current in amps, yields the photon flux per keV interval
onto a circular detector subtending a cone of half-angle .

Kramers’s equation gives the triangular intensity distribution predicted by
quantum mechanics and provides reasonably accurate, if fortuitiously so, esti-
mates of X-ray intensity production in thick targets. Fortuitious, some have
claimed, because two simplifying assumptions in Kramers’s approach may
have cancelled each other out’: He assumed that the coefficient B in the
equation for the differential radiative cross section of the target nucleus (Eq.
1.3) is constant, when in fact it is a slowly decreasing function of energy, and
he neglected self-absorption in the target. Assuming B to be constant would
cause the predicted spectrum to be too hard, but neglecting the beam-harden-
ing effect of self-filtration in the anode compensated in part for this error.

Soole®, Birch and Marshall®’, and Tucker, Barnes and Chakraborty3! all
used similar approaches to derive analytical expressions for the spectra
emitted from thick metallic targets bombarded by electrons of constant
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kinetic energy. Tucker, et al. have shown that the number of photons with
energy between Av and hv + dhv produced per incident electron (before self-
filtration by the target material) can be derived from Eq. (1.3) to be:

0, 2% dhw (1 BT +myc)( 1dr)"
N(w)dh =—~——| ——| ——| dT> (1.15)
()i == [, = o dx

where the symbols have the same meaning as in Eq. (1.3), and p and A are
the target density and atomic mass. Taking attenuation by the target material
into account, this becomes:

0,2% dhv (1 BT +m,c?) 1ar )’
N(hv)dhv :(’77'[ ———F(,T) —— | dT; (1.16)
hv I T p dx
where
U (V) (T = T
F(hv,T):exp{ g )( ° )} (1.17)
pcsind

gives the attenuation due to filtration by the anode according to the Thom-
son-Whiddington relation'. The depth, x, in the anode at which X rays are
produced, and the distance, d, through which the exiting beam must penetrate
are related by d = x/sinf, where 0 is the anode angle, and the depth at which
electrons with initial energy 7, have residual energy T is given by:

I, -T
XZOT, (1.18)

where c is the Thomson-Whiddington (T-W) “constant”. Variability between
the results for calculated Bremsstrahlung spectra obtained by various
researchers is due in part to the values, shown in Table 1.2, assumed for the T-
W constant, which increases slowly with electron energy. Soole used values
derived from the works of Green and Cosslett?’ and Tothill, while Birch and
Marshall and Tucker, ef al. used values derived from Bichsel and the empiri-
cal relationship of Katz and Penfold3°.

Because of multiple scattering in the target (large number of small energy
losses), the depth to which electrons penetrate in the anode will be consider-
ably smaller than their pathlength. A number of practical difficulties, includ-
ing straggling, make it difficult to experimentally determine the range of elec-
trons in metals. Katz and Penfold gave an early review of the electron
energy-range data and proposed a formula for the range (Ry) of electrons
with incident energies (E in MeV) between .01 and 3.0 Me V!

m, .265-0.
Ro( %m2)=412E(1265 0.0954InE) (1.19)
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Table 1.2.

Incident T-W constant

Electron (10°%ke V?m?/kg)

Energy (keV) Soole Birch and Marshall
20 29 -
25 - .39
50 44 .54
75 - .625
100 .54 .70
150 57 .84
200 .59 1.0
250 .61 -

This relationship yields shallower depths of penetration than Eq. (1.18)
above. For example, for 100-keV electrons in tungsten, the Katz-Penfold
equation gives a range of 6.9 microns, while the T-W equation using Birch
and Marshall’s value for the constant predicts that electrons will have lost all
their energy at a depth of 7.4 microns, and Soole’s assumed value of the con-
stant yields 9.6 microns.

An important contribution of Tucker’s group was to parameterize B as’!:

hv h Y 'Y Y
B= [AO+A1TO]|:1+Bl[T)+BZ(Tj +B3(T) +B4(Tjj| . hv ST, (120)

0 , hv>T

where hv is X-ray photon energy, 7 is the incident electron energy, 7 is the
electron energy, and the coefficients A and B are parameters determined by
least-squares fitting of the model’s results to a large number of spectra deter-
mined experimentally by another group®?. The coefficients A determine
radiation output and were found to be Ay = 3.685 x 102 photons/electron and
Aj =2.9 x 107 photons/(electron - keV). The coefficients B govern the spec-
tral shape and were —5.049, 10.847, -10.516 and 3.842.

For spectral modeling purposes, the characteristic contribution can simply
be superimposed on the Bremsstrahlung component. The intensity of produc-
tion of characteristic radiation has been found by many investigators to fol-
low the relationship?6-33:

T 1.63
I = 70_1 5 1.21
42 12
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where C is a constant, T is the incident electron energy, and Ey is the K-shell
binding energy. Most experiments have placed the value of the exponent
within the range 1.0-1.7, depending upon the value of C. For tungsten, a value
between 1.63 and 1.65 is often used. C, and therefore efficiency of character-
istic X-ray production for a given Ty, increases rapidly with decreasing target
atomic number. Because of this, attempts to produce quasimonochromatic
beams from electron-bombarded targets for biomedical applications have
often employed copper, aluminum and silver anodes. For fixed ratios of To/Ey
(>1), C increases with Z. Characteristic X-ray production initially increases
with depth into the target, then decreases as the electrons lose energy. Tucker
modeled the production efficiency with depth as a parabolic function which
reaches zero at the depth where the average electron energy equals the K-
shell binding energy?':

_ Iy k : P(x) (b, e 1.22
Nw) Ak(Ek 1j N exp( ) N, (122)
where N(hv;) is the number of hv; characteristic X rays per incident electron
emerging from the target, Ay and ny are parameters adjusted to fit model
results to experimental data, f(Av;) is the fractional emission for the various
characteristic X rays (K, , K, , Kg, etc.), R is the distance at which the average
electron kinetic energy equals the binding energy, and x is depth within the
target. The parabolic production efficiency function used was:

RG] -

For 90% tungsten/10% rhenium targets, very good fits to the data were
obtained with A, = 1.349 x 103 photons/electron and n, = 1.648.

In general, probably because of the large numbers of adjustable parameters
(in particular the parameterization of B), Tucker’s results seem to provide the
best fit to experimental data, while Kramers’s result produces a spectrum of
the same shape shifted about 5 keV toward lower energies and lacking the
characteristic contribution. Birch and Marshall’s publication shows a similar
comparison to Kramers’s model (though Tucker’s implementation of Birch
and Marshall produced a badly-skewed spectrum). Considering its extreme
simplicity, the accuracy of Kramers’s result remains remarkable.

1.2.2.6 Beam Filtration

The X-ray spectrum produced in the anode has the triangular energy distribu-
tion predicted by Kramers’s rule. There is a preponderance of low-energy
photons and very few photons with energies close to Ty. In general the beam
must pass through several layers of material before emerging from the X-ray
tube: the target material itself, the glass envelope surrounding the tube and/
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or a vacuum window, usually composed of aluminum or beryllium. In addi-
tion it may pass through thin layers of oil and plastic. These unavoidable
attenuating layers are referred to as inherent filtration, and serve to remove
almost all the X rays below about 10 or 15 keV from the beam. Inherent fil-
tration is usually specified in terms of equivalent millimeters of aluminum.
Clinical X-ray tubes will typically have several millimeters inherent alumi-
num filtration (with a minimum imposed by regulations designed to reduce
patient dose), while special purpose microfocal tubes may have a few hun-
dred microns of beryllium (Z = 4) or less. As the tube ages and the anode and
filament materials vaporize in the imperfect vacuum, the inherent filtration
increases due to deposition on the output window. For most purposes, even
further filtration of the beam is warranted, since low-energy photons have a
reduced likelihood of reaching the image receptor and contributing to the
image signal but do increase the dose to the patient. The most common prac-
tice is to add additional aluminum filtration. Some manufacturers provide the
choice of using either a thin copper or aluminum filter.

For research purposes in which narrow-band or quasimonochromatic ratia-
tion is useful, it is possible to employ anode/filter material combinations
which enhance the production and transmission to the specimen of a selected
energy band of radiation. Figure 1.18 shows the K-absorption edges of ele-
ments which occur between about 15 and 52 keV3%. Since the fluorescent X
rays are emitted with energy equal to the difference in binding energy
between the two shells involved (usually the K and L shells), they will have
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Figure 1.18. Energies of K absorption edges. (Data from Weast>*.)
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an energy slightly below the K-edge and the target material itself will be rela-
tively transparent to its own characteristic radiation. For example34, a plati-
num target, with its K-edge at about 78.4 keV, emits K, and K, fluorescent
X rays at about 66.8 and 65.1 keV, respectively, with a K K, emission prob-
ability ratio of 0.583. Pt itself could be used as a filter to pr0V1de transmission
of the radiation between 65.1 and 78.4 keV, while providing increased filtra-
tion of lower-energy photons. Enhanced removal of flux just below the char-
acteristic emissions could be achieved by use of an ytterbium filter (K-edge at
61.3 keV), and narrow-band illumination achieved with the combination of
either ytterbium and tungsten (K-edge = 69.5 keV) or ytterbium and tanta-
lum (K-edge = 67.4 keV). A serious problem with absorption filtering to tai-
lor the spectrum is that flux is severely reduced, particularly if filters with K-
edges below the band of interest (like the ytterbium in this example) are used
since, with increasing energy, absorption decreases exponentially below a K-
edge, makes a step function up at the edge, then decreases exponentially
again. Ytterbium would still absorb quite strongly between 65 and 67 keV.

Another application of beam filters is to equalize the exposure at the image
receptor. Equalization or compensation filters present varied thicknesses
over the image field to compensate for large variations in body thickness,
such as occur between the neck and shoulders or the lungs and mediastinum
for chest imaging, or for varied ray path lengths across the field?. Tapered
wedge filters or hollowed-out trough filters are used for beam equalization in
these applications. There is currently research underway to develop equaliza-
tion methods for mammography where large density variations and the
requirements to image the more attenuating areas in the center and and near
the chest wall are in conflict with the desirability of visualizing the skin line,
which tends to get overexposed. Bowtie filters are used in computed tomo-
graphy to compensate for the ray path lengths at the periphery of the field
being shorter than those in the center.

1.2.2.7 Sources for Mammography

Mammography is currently an area of intensive research for several reasons,
including the challenging nature of the imaging task, the increased emphasis
on women’s health and early detection of cancer, the availability of funding,
and the imposition of new regulations intended to improve the consistency of
quality control nationwide. Being composed entirely of soft tissue — fat,
glandular tissue and parenchyma — there is very little object contrast available
for transmission X-ray imaging. The difficulty lies in maximizing image con-
trast while keeping dose to the acceptable, low level required of any screening
procedure. In general, dose and contrast both decrease with increasing kVp.
Since subject contrast (see Section 1.3.6 for a discussion of object, subject
and image contrast) in this instance is improved by use of low-energy X rays,
mammography tubes are optimized to produce radiation in the 17- to 25-keV
range. Though efforts are underway to produce monochromatic beams for
breast imaging with electron impact tubes using graphite mosaic crystal
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monochromators3>3 and the possibility of mammography using synchro-
tron37-38 and Compton backscattered (see Section 1.2.5) radiation is being
investigated34°, it is currently impractical to obtain narrow-band radiation in
the desired range for mammography. Breast imaging is therefore the most
common application of beam filtering to tailor the spectrum from an elec-
tron-impact tube. A number of modeling studies have been carried out to
determine the optimal spectrum for mammography*!#>, Most mammography
tubes are operated between 22 and 30 kVp and employ molybdenum anodes
and filters. Mo has the K-edge at 20.01 keV, K, , K, and K lines at 17.48,
17.37 and 19.61 keV, respectively, and K, /K, and K4/K, emission probability
ratios of 0.525 and 0.197. The production and transmission of radiation with
energies between 17 and 20 keV is enhanced with a Mo-Mo anode-filter com-
bination, which increases the photoelectric-to-Compton interaction ratio and
improves image contrast for the soft tissues of the breast. Recently some
mammography tubes have been provided with both molybdenum and rho-
dium anodes and filters. Rh has the K-edge at 23.26 keV and K, , K, and Ky,
lines at 20.22, 20.07 and 22.72 keV, respectively. Mo-Mo, Mo-Rh, and Rh-Rh
target-filter combinations are possible. (One manufacturer also supplies an
aluminum filter.) Studies have indicated that Mo-Rh and Rh-Rh combina-
tions provide some dose reduction relative to Mo-Mo for all breasts at the
expense of contrast in the case of small or fatty breasts, both effects due to
the higher average energy of the rhodium-filtered beam*3. For thick or dense
breasts, however, the dose reduction is not accompanied by contrast degrada-
tion, suggesting that perhaps both target-filter combinations have their place,
depending on patient characteristics.

One requirement of a mammography tube is that it produce a small focal
spot for full-breast studies (approximately 300 microns) and even smaller
spots for spot magnification studies (about 100 microns). This is achieved by
use of a single fine wire filament and a focusing cup which is activated (nega-
tively biased with respect to the filament) for the small-spot mode. The anode
is always of the rotating variety with either a molybdenum track or selectable
molybdenum and rhodium tracks. The exit window must be thinner than in
conventional tubes, and in modern equipment is made of beryllium instead of
aluminum or glass, in order to transmit the low-energy radiation. The anode
angle is usually smaller than in conventional tubes, which is acceptable
because the smaller resulting focal spot is achieved without the problem of
restricting the field size. The adverse consequences of the heel effect are
minimized by positioning the filament nearer the patient’s head than the tar-
get so the more intense side of the beam is toward the chest wall.

The Mammography Quality Standards Act (MQSA) of 1992 (interim
guidelines currently in effect; final rule expected by 1998) attempts to
improve the quality of mammographic imaging nationwide by regulating the
facilities performing imaging studies**. Among the requirements are annual
surveys of the equipment by qualified medical physicists. The focal spot size
may be measured by either of the two methods described in the Mammogra-
phy Quality Control Manual of the American College of Radiology. The
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older method involves characterizing the focal spot size using a fine slit to
measure the line spread function of the system® if a preliminary star pattern
measurement falls out of specification. The newer method characterizes the
high-contrast spatial resolution of the system in line pairs per millimeter by
use of a bar (line pair) pattern*. A complete description of modern mammo-
graphy equipment, including the tube and generator, and the performance
characteristics to be satisfied can be found in the recommended specification
by Jaffe er al.¥’.

1.2.2.8 Specialized Sources for Research

Besides tubes for clinical use, a wide variety of electron-impact sources have
been developed for research and other purposes*®. One of the most common
reasons for this is that standard tubes are designed to produce optimal images
from a single type of object: the human body. The attenuation characteristics
of individuals in the population and of the various intact body tissues all fall
within a relatively narrow range requiring X rays between about 20 and 140
keV. In the research setting it is common to study objects either much more
attenuating (usually in nondestructive testing) or much less attenuating, as is
usually the case in basic biological research, than the human body. These
studies require more versatile instrumentation. For biological research the
most common requirement is for low voltage. X-ray apparatus for low-volt-
age applications must have very thin aluminum or beryllium windows to
transmit the low-energy photons. Another parameter of electron-impact
sources which has been optimized for high-resolution imaging and chemical
analysis applications is the focal spot size.

The extreme case is X-ray microscopy of thin or ultrathin soft tissue sec-
tions. Today, most of this type of research is carried out on synchrotrons or
with laser-produced plasma X-ray sources, to be described briefly later, but in
the 1930’s through the 1960’s there was a great deal of activity in X-ray mi-
croscopy using electron-impact instrumentation. The interest started with
Uspenski in 19144 who was the first to appreciate the potential of point-pro-
jection magnification, and Ardenne in 1939°°, who may have been the first to
construct a functional instrument for the purpose. In the 1950’s, Cosslett and
Nixon revitalized the field by producing highly-functional instruments and
valuable new results’'=7. Several manufacturers produced commercial instru-
ments in the 1950’s and 1960’s, but interest dwindled thereafter, and no dedi-
cated versions are available today.

The two common ways to obtain high-resolution images of biological
objects are contact microradiography and point-projection microscopy. For
contact imaging, the specimen is placed in intimate contact with a film or
photoresist for exposure. The size of the focal spot is not important, since res-
olution is limited by the film or resist. The developed image is then magnified
in the light or electron microscope for viewing. Point-projection magnifica-
tion is achieved by placing the specimen very close to the source and the
detector some distance away. In this geometry, the focal spot size limits the
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resolution. Most of the older X-ray microscopes employed sources of the
semi-thin, transmission anode variety, which means that the electron beam
was focused onto the vacuum side of a thin metal foil target (which either
served to terminate the vacuum or was adhered to a beryllium window),
through which the X-ray beam emerged into the specimen chamber, usually
at atmospheric pressure.

Henke describes an instrument of this type built for contact imaging with
large focal spots and very large (up to 1000 mA) tube currents’®. Excitation
voltages and target foils were chosen to provide illumination suitable for
chemically-specific imaging of biological constituents. For example the alumi-
num K-line provided 1.49-keV, the copper L-line 0.93-keV, the iron L-line
0.70-keV, the chromium L-line 0.57-keV, the titanium L-line 0.45-keV and the
carbon K-line 0.28-keV radiation. Filters of the same material as the anode
were used to attenuate the lower energy photons. Accelerating voltages
between 0.3 and a few keV were used which necessitated keeping the target
free from all carbon and tungsten contamination from the vacuum system
and filament, otherwise the low-voltage electron beam would be prevented
from reaching the target and exciting the fluorescent radiation. This was
accomplished in part by an inverted design in which the large, coiled tungsten
filament was positioned below the anode.

Cosslett and Nixon’s instrument shared this inverted design feature, as did
commercial versions by General Electric and Philips. Saunders used a Coss-
lett-Nixon projection X-ray microscope, which produced focal spots as small
as 0.1 micron by the use of sophisticated electron optics®®, to produce beauti-
ful micrographs of a wide variety of biological specimens>-2. Bellman used
a hot-cathode, solid-anode diffraction tube with thin beryllium windows to
perform what he called microarteriography on 120- to 450-micron sections®3.
The use of capillary optics to focus broadband X-ray beams to small spots has
opened up still another method to improve the flux available in a given size
spot®*77. Imaging and X-ray fluorescence analysis instruments employing
either single, conical focusing capillaries or arrays thereof have started to be
developed and applied to biomedical research.

A number of groups have modified scanning electron microscopes to pro-
duce micron-order focal spots for biological investigations’®84. Preferably
the specimen chamber is removed and replaced with one having a hole in the
roof to which the target foil is mounted on a beryllium window; alternatively,
the target and specimen are both accommodated in the vacuum. The lens sys-
tems on these instruments are designed to focus the electron beam to tens of
nanometers, and very low tube currents are obtained (fractions of a micro-
amp) even with the largest apertures and lowest lens currents, necessitating
exposure times of tens of seconds or even minutes.

There are two or three manufacturers that currently market microfocal (1- to
20-micron focal spots) X-ray sources, primarily to the nondestructive testing
and microelectronics communities. In a few instances, these instruments, which
incorporate sophisticated electron lenses and either solid or transmission-type
anodes, have been employed for biomedical research®-1. A system currently
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in use for microtomography of pulmonary microvasculature employs a com-
mercial solid-anode tube which operates over the 5-100 keV range with tens of
microamps beam current’?. The anode is cooled by circulating fluid, allowing
operation at 300 watts. The tube is demountable with turbo and backing pumps
continually replenishing the vacuum, allowing periodic polishing of the anode
and rapid interchange of target materials, and simplifying filament replace-
ment. The anode is a 6-mm diameter rod which can be rotated under vacuum to
present fresh surface to the electron beam. Focal spots as small as three microns
are available; the beam emerges through a 500-micron beryllium window.

1.2.3 Synchrotron X-ray Sources

For many imaging and spectroscopy applications in biomedical research, it
would be desirable to have a source of X rays which provides far higher flux
than conventional electron-impact tubes do. When narrow spectral bands of
radiation provide the desired signal and information, attempts to filter or tai-
lor the beam from broadband Bremsstrahlung sources using thin-foil filters
generally result in reduction of the available flux to such low levels that data
collection times become unacceptably long or the acquired photon statistics
become unfavorable with respect to signal-to-noise. Because of the kVp?
dependence of flux available from electron-impact tubes, they are not well-
suited for generation of X rays with energies below about 5 keV bright
enough to image even very small soft-tissue samples. Synchrotrons are cur-
rently the best available sources for fulfilling requirements of high flux and
tunable monochromaticity over a spectral range which extends from the
infrared to hard X rays. Synchrotron radiation is also highly polarized and
collimated, pulsed, and partially coherent, which can be advantageous prop-
erties for certain applications. Though exhorbitant in cost and inaccessible to
the majority of biomedical researchers, synchrotrons fill an important niche
in X-ray imaging and spectroscopy science, and have facilitated discoveries
which never would have been possible in their absence.

A number of excellent reviews and comprehensive works devoted to the
application of synchrotron radiation to biomedical research exist®>-%7, as do
introductory and advanced texts and papers in the field*®-197. This section dis-
cusses the salient features of synchrotrons as sources of radiation for biome-
dical research and summarizes some of the important applications and dis-
coveries these sources have made possible.

1.2.3.1 Storage Rings

Synchrotron radiation is emitted when charged particles are accelerated. In
particular, when positrons or electrons traveling at near relativistic velocities
are curved in their trajectories, they emit radiation in a direction tangent to
their paths as a result of the centripetal acceleration imposed by applied mag-
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netic fields. (Storage rings can be used to accelerate either positrons or elec-
trons. In this section “electron” is used to mean either positive or negative
electrons.) By application of an rf potential, a synchrotron accelerates elec-
trons around a circular path. The electrons are held to the fixed path by appli-
cation of a time-varying magnetic field. First described in 1944 by Ivanenko
and Pomeranchuk!%3, who noted that betatron operation could be halted due
to high energy losses by electrons to radiation, synchrotron radiation was first
observed experimentally by Elder, Gurewitch, Langmuir and Pollock at GE’s
Schenectady Research Laboratory, where a 70-MeV cyclic electron accelera-
tor was in operation!®®19° This device, called an electro-synchrotron, gave
the radiation its name. (Technically, a synchrotron accelerates charged parti-
cles to high energies for a short time span, whereas a storage ring maintains a
beam of charged particles circulating for hours or days, but radiation emitted
from storage rings has also come to be known as “synchrotron radiation”.)

From the 1940’s through most of the 1970’s, large synchrotrons were built
for high-energy physics research, for example as electron-positron colliders,
and scientists interested in exploiting the unique properties of the radiation
produced were relegated to the role of “parasitic users”. A 1965 National
Academy of Sciences report on uses of synchrotron radiation prompted
Ednor Rowe and Fred Mills to convert the 240-MeV storage ring Tantalus, at
the Synchrotron Radiation Center (SRC) at the University of Wisconsin in
Madison, into the first dedicated synchrotron light source, coming on-line in
1968. By the late ‘70’s, the broad array of applications for synchrotron radia-
tion had assumed sufficient importance to merit the design and construction
of storage rings, like the 1-GeV Aladdin at the Wisconsin SRC, dedicated to
beam production. Since then, important light sources including the Photon
Factory in Tsukuba and Spring-8 in Nishi-Harima, Japan, the National Syn-
chrotron Light Source (NSLS) at Brookhaven National Laboratory on Long
Island, the European Synchrotron Radiation Facility (ESRF) in Grenoble,
the Advanced Light Source in Berkeley and the Advanced Photon Source at
Argonne, have come on-line and fostered rapid progress in synchrotron
radiation science by thousands of facility and visiting scientists. Smaller,
“compact synchrotron” sources, costing a few instead of hundreds of millions
of dollars, are now being routinely delivered for X-ray lithography!04110-112,
and can also be used for imaging and other research.

As shown in Figure 1.19%°, a storage ring consists of an evacuated pipe
through which the electrons are made to orbit by means of two basic types of
magnet which comprise the “magnet lattice” of the ring. Focusing sextupole
and quadrupole magnets act as lenses, confining the electrons to a tight pencil
beam by application of a nonuniform magnetic field, whereas bending mag-
nets usually deflect electrons in their trajectory by application of a uniform
magnetic field perpendicular to the electrons’ trajectory. The storage ring
consists of curved sections of pipe, around which the bending magnets are
arranged, and straight sections, capable of accommodating insertion devices
(wiggler and undulator in Figure 1.19, see Section 1.2.3.2), which connect the
circular bending arcs. Beamlines are straight sections of evacuated pipe emer-
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Figure 1.19. Schematic illustrating the important components of a synchrotron light source.
(Reprinted with permission from Winick, 1987%.)

ging tangentially from the storage ring, which serve as conduits to channel
radiation from the electrons to experiment stations arranged around the ring.
A large synchrotron with kilometer-order circumference can accommodate
tens of beamlines. The beams exit through vacuum-tight, radiolucent win-
dows and are generally incident upon a variety of optical elements which
divert the radiation and tailor its properties for particular experiments. Crys-
tal (focusing and non-focusing) monochromators, grazing-incidence and mul-
tilayer mirrors, diffraction gratings and zone plates are common examples of
synchrotron radiation optical elements!!3-115,

For the nonrelativistic case (ff = v/c<<1, where v is particle velocity and c is
the speed of light), the power P radiated by an accelerating particle of charge
e was given by Larmor as!04+116.117;



38 1 Production and Interaction of X rays

pzzez(fw)z 2¢ (dl’)z, (1.24)

3¢ \dr :3mzc3 dt

where p is the charged particle’s momentum. For the particular case of an
electron traversing a circular orbit of radius R with constant velocity:

28
3¢’R°
Under these conditions, the radiation emission is in a dipole pattern, with
the maximum intensity in a plane perpendicular to the orbit plane as shown

in Figure 1.20°, top panel.
In the relativistic case (f = 1), the radiated power is:

p (1.25)

2e’c 4( E ]4 196
P 3R’ p mc’ ( )

The ratio of the total to the rest energy of the particle, E/mc?, is denoted by
y and, for an electron, is equal to 1957F, where E is in GeV. It can be seen
that the radiated power for a proton would be about 20004, or 10'3, less than
for an electron, which explains why electrons and positrons are used in stor-
age rings, and protons are not. In the relativistic case, the radiation emission
pattern is markedly peaked in the forward direction of electron motion (tan-
gent to the orbital trajectory) as shown in Figure 1.20, second panel.

The energy lost by an electron in the course of a single orbit is:

_dnepy’

AE ) 1.27
IR (1.27)
which, in practical units, amounts to:
88.47E* 88.47E*I .
AE = R and P = T = 26.54BE’], since R % , (1.28)

where AE is in keV, E is the accelerator energy in GeV, R is the storage ring
radius in meters, P is the radiated power in kilowatts, [ is the beam current in
amps, and B is the field strength in Tesla (1 7= 10* Gauss). Considering mod-
est ring parameters like 1 GeV, 500 mA, and 1 7, the enormity of the power
radiated from synchrotrons becomes evident (the Spring-8 is an 8-GeV facil-
ity). Appropriate adjustments to the foregoing equation provide the power
available per unit horizontal angle. The energy lost to radiation has to be
replaced if the particles are to be kept in orbit, which is the function of rf
cavities inserted into the storage ring (Figure 1.19).

The instantaneous power radiated per unit wavelength /, and per unit (ver-
tical angle ) radian is:
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Figure 1.20. Emission envelopes and spectra for various synchrotron components. (Reprinted
with permission from Winick, 1987%°.)
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PQ.y ,0)=(2.72x10” )%C(i_j y* [1+(W)2]2

et .29

3
where gz[;i‘)[1+(yw)2]/z, Ky and K53 are modified Bessel functions of

the second kind, and /. is the critical wavelength:

_ 4TtR

A , 1.30
c 3}/3 ( )
or the critical energy is:
3
g =NY” (1.31)
2R
In practical units:
5.59R 18.64 2.218E°
Ae==pa =gz ande = =0.67E°B, (1.32)

where /. is in Angstroms and ¢, is in keV. Half the total power is radiated at
energies above, and half at energies below, the critical energy. In a typical
first-generation 1-GeV storage ring with 1-T bending magnets, the critical
energy is 0.665 keV. High-field insertion devices, such as wigglers described
later, are used to raise the critical energy to considerably higher levels. Since
the critical energy varies with )3, storage rings operating at higher accelerat-
ing energies (up to 8 GeV) also produce much higher-energy radiation, even
from bending magnets: well into the diagnostic energy range (10 to 100+
keV).

Integrated over all emission angles, the radiated power spectral distribution
is:

P(l,t)=(9.87><109)i;(:(l“j y7j;/ K%(g)dg ! (1.33)

b
A sec -cm

while integrated over all energies (wavelengths), the radiated power angular
distribution is:

P(y,1)=(4375x107) cy5[1+(yw)2]_%[1+5 (rw) } ! (1.34)

2
e
R’ 7 1+()/1/))2 sec-rad
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Winick!'¢ reproduces a number of useful equations for distribution func-
tions originally derived by Green!!8. Particularly handy for calculating the
available flux in a given spectral band are the notations:

Gy ()= [ Ky €)et, (135)

G,()=1'G, (), (1.36)
and the equation:

photons

N, (2)=1.256x10"kyG,(») (67) sec.mA (mradd)

forally | (1.37)

where y ))—C >
L c

which gives the flux, per second, per mA, per mrad horizontal angle, inte-
grated over vertical angular emission range ¥y and within the fractional band-
width £ = AA/. For example, using these equations and the appropriate table
of Bessel functions and integrals, the flux available in a 10% bandwidth at the
critical wavelength can be shown to be!04116;

photons
sec -mA - (mradf) ’

For photon energies corresponding to wavelengths above and below /., the
flux, integrated over the vertical angular emission range , can be approxi-
mated by:

A
V(1) =(935x10%) 1| = AL _photons s (1.39)
A A ) sec-mradf

c

N,,(A,)=1.601x10"E forally . (1.38)

%o,
and by: N(l)z(3.08><10”’)1EG") e /’(M) _photons_

7 , for A<<1_,(1.40)

sec -mrad 6

where [ is the beam current in amps, R is the ring radius in meters, and E is
the beam energy in GeV. The flux peaks at a wavelength about three times
A, falls off very rapidly at energies above the critical energy due to the factor
e*/*, and falls off more slowly at lower energies.

For energies close to the critical energy, the vertical emission angle i varies
with y~1 and, for accelerating energies in excess of 1 GeV, is less than about 1
mrad. While this remarkable collimation accounts for the extremely high
available fluxes, it can cause practical problems with alignment of experimen-
tal components, particularly if the beam is unstable and moves around.
Sophisticated beam monitoring equipment is therefore essential for synchro-
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tron radiation experiments, as is flexibility in experiment station positioning.
Beam monitors can be incorporated into closed-loop systems which perturb
the electron orbit to keep the beam position stable. At energies other than
the critical energy:

w:;3/%c ,forA>>1. (1.41)
and 1,,:%2/%0 for A << 4, . (1.42)

In general, synchrotron radiation is polarized, with the electric vector par-
allel to the acceleration vector. In the electron’s instantaneous direction of
motion, polarization is complete, with the electric vector in the orbital plane.
The degree to which the radiation is polarized depends on the emission angle
and wavelength: polarization decreases as these increase. Polarization is also
decreased due to incoherent betatron oscillations of the many electrons pro-
ducing the radiation at any instant.

Synchrotron radiation is emitted in very short, high-frequency pulses
because electrons are injected into and accelerated by rf cavities around the
ring in bunches or buckets'!®. The frequency of radiation emission pulses
depends on the orbital frequency of the electrons and the rf frequency, which
must be an integral multiple, or harmonic, of the orbital frequency. Typical rf
frequencies are in the 50- to 500-MHz range. For example, if the orbital fre-
quency were 1 MHz, an rf freqency of 300 MHz would represent the 300-th
harmonic of the orbital frequency, and a maximum of 300 bunches of elec-
trons could be accelerated if all the buckets were full. The total beam current
is directly related to the number of filled buckets. Often, only a few buckets
are full: only one in the case of collider experiments, in which case the beam
current is very low. The duration of each radiation pulse is usually between a
few and a few hundred nanoseconds, but may be in the picosecond range. The
pulsed nature of the radiation emission is beneficial for some experiments
and detrimental to others.

While the radiation intensity produced by synchrotron sources surpasses
that of almost all point sources of X rays, their brightness advantage is far
greater still due to the low emittance, or angular divergence, of the beam.
Low emittance of the electron beam is a requirement for optimal undulator
performance. Beam emittance is a tradeoff between betatron oscillations
caused when electrons recoil as a result of emitting radiation in direction
transverse to their motion, and the damping action of rf cavities which impart
momentum to the electrons only in their direction of motion. The emittance
of the electron beam can be controlled by varying the field strength of the
focusing quadrupole magnets of the storage ring. For transmission imaging of
small objects and for X-ray diffraction the extremely high brightness of syn-
chrotron X-ray beams is an important advantage of these sources. On the
other hand, the extremely low beam divergence, particularly in the vertical
direction, can be a drawback for transmission imaging and tomography of
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larger specimens. For such applications, either the beam must be spread in
the vertical direction or in both directions by the use of optics such as curved
crystals, or the specimen may be scanned vertically through the beam with
the transmitted intensity recorded as a succession of linear projections which
are then combined in software to form a two-dimensional image. It is difficult
to achieve uniform illumination intensity using beam-spreading optics, which
also impose a significant flux penalty.

1.2.3.2 Insertion Devices

The properties of the radiation emitted from storage rings (bending-magnet
radiation) can be improved for many biomedical applications by the use of
insertion devices. These are electromagnetic devices inserted into the straight
sections of the storage ring. There are three types of insertion device com-
monly used to produce radiation beams with the desired qualities: wavelength
shifters, wigglers and undulators. All three types impart to the orbiting elec-
trons or positrons additional motions, or deflections from their circular path.
These deflections are produced by the periodic magnetic structure of the
device: A periodic, linear array of alternating north-south pairs of magnets
are arranged outside the evacuated tube of the storage ring causing the orbi-
tal electrons to oscillate in their paths. The accelerations accompanying these
perturbations imposed on the circular particle trajectory cause more electro-
magnetic radiation to be given off. Figure 1.21 shows the brightness emitted
by various X-ray sources, including tubes, bending magnets, wigglers and
undulators®. Vertical magnetic fields cause electron oscillations in the hori-
zontal (orbital) plane. Most insertion devices are of the vertical-field type,
since the horizontal acceptance aperture of the beam is larger than the verti-
cal'’®. The three types of insertion device differ in terms of the spectrum and
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electron-impact sources. (Adapted from Winick, 1987%.)
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intensity of the radiation they produce. Ideally, all three types of insertion
device are designed in such a way that the trajectories of electrons emerging
from the device are unaffected: They are the same as they would have been
in the absence of the insertion device, and the particles continue on along
their approximately circular orbit in the storage ring. The three types of
device exert their various effects on the emitted spectrum according to the
strength of the imposed magnetic fields and the number of poles or pairs of
magnets.

The simplest type of insertion device, the wavelength shifter, has three poles:
a strong central pole and entrance and exit poles with half the field strength
and reverse polarity of the central pole. (A wavelength shifter is, in fact, just
the simplest possible wiggler.) The sum of the fields in the longitudinal orbital
direction is zero, with the peripheral poles serving to compensate for the
deflection of the strong central pole, allowing the net electron trajectory to
remain unaffected. The spectrum produced by a wavelength shifter is qualita-
tively very similar to that of a bending magnet with a field strength equal to
the central pole. Since the field of a wavelength shifter can be made much
higher than that of large-radius bending magnets, the main effect of a wave-
length shifter is to up-shift the emitted energy spectrum.

Wigglers and undulators are the most common insertion devices. Wig-
glers'1°-122 have a relatively smaller number of relatively higher-field poles
compared to undulators, and therefore cause a smaller number of larger
deflections in the electrons’ trajectories. The spectrum emitted by a wiggler
or undulator depends on the amount of deflection and on the ratio of the
deflection angle « to the radiation cone opening angle 1/y, as shown in Figure
1.22194, This ratio is called the deflection parameter, k = ay. In a wiggler, the
deflection angle is large compared to the radiation emission angle, and the
emitted spectrum is similar to that from a bending magnet of equivalent field
strength, but with much higher flux as shown in Figure 1.20, third panel.
Higher wiggler field strengths may be used to extend the range of available
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photon energies into the tens of keV. The factor by which the flux provided
by a wiggler is increased relative to a (large-radius) bending magnet of com-
parable field strength is proportional to the number of poles in the wiggler.
Undulators generally provide high-flux radiation in the UV or soft-X-ray
spectral region'?3-126, An undulator produces a large number of small oscilla-
tions in the electrons’ trajectories. The deflection angle is small compared to
the emission angle (or of the same order), and the flux gain compared to
bending magnets is proportional to the square of the number of poles. Undu-
lator radiation from multiple electrons can constructively or destructively
interfere, producing an energy spectrum characterized by a large number of
narrow-band peaks as shown in Figure 1.20, bottom panel. The gap between
the poles may be varied to tune the spectral peaks to the desired energy.

1.2.3.3 Applications of Synchrotron Sources

Synchrotron X-ray sources have been exploited for a broad range of applica-
tions in biomedical research including X-ray microscopy!'?>127-147 micro-
tomography!#8-162/ protein crystallography?*2>163-171 " extended X-ray
absorbtion fine structure analysis (EXAFS)?>172 holography'’3-178 angiogra-
phy!'68179-200 and mammography3>-37-38201. The tunable monochromaticity
and high flux available were the motivations to utilize synchrotron radiation
for almost all of these applications. Coherence and polarizability of the radia-
tion were essential for others.

High flux at low energy is particularly important for X-ray microscopy of
thin specimens, one of the earliest applications of synchroton radiation to bio-
medical research!?7-129202-206 X _ray microscopy in the “water window” pre-
sents attractive possibilities for studies of biological specimens with nano-
meter resolution. In this spectral region, between the oxygen K-edge at about
23 A and the carbon K-edge at 44 A, water, which makes up the bulk of cellu-
lar matter, is almost transparent and nucleic acids and proteins absorb
strongly. This offers the opportunity to image unstained, wet tissues at atmo-
spheric pressure with a radiation which, though lethal, should cause less
radiation damage than electron microscopy in the overlapping portion of the
resolution regimes of the techniques??+-206,

X-ray microscopy can be performed using four basic modes or imaging
geometries: contact, scanning, imaging and holographic®”’. Early studies uti-
lized contact microscopy, in which the specimen is placed in intimate contact
with the detector, usually a high-resolution X-ray photoresist of the type used
in X-ray lithography!33.175.202.207-216 ' The chemical structure of the resist is
altered by absorption of x radiation transmitted through the specimen. After
exposure the specimen is removed from the surface and the resist is chemi-
cally developed, yielding a relief map in which the height is either propor-
tional to (positive resist) or inversely proportional to (negative resist) X-ray
exposure. The theoretical resolution of the resist, usually polymethylmetha-
crylate (PMMA) or a copolymer thereof, is on the order of ten nanometers
for soft X rays, and resolution as high as thirty nanometers has been obtained.
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Until recently, the relief map in the developed resist had to be replicated by
deposition of a metal or polymer film. After dissolving away the resist, the
replica was viewed in the scanning or transmission electron microscope. The
necessity to produce a replica contributed to the tedious nature of this tech-
nique. With the advent of scanned-probe microscopes in the 1980’s, an
improved, direct method for viewing the developed resist became avail-
able!”.

Scanning X-ray microscopy is another possibility using synchrotron radia-
tion!27:131.218-223 "Tn this geometry, the beam is focused to a small pencil or
point, using a zone plate or reflective optical element (usually augmented by
an aperture upstream from the sample), the specimen is scanned through the
X-ray beam in a raster or boustrophedonic manner, and the image acquired
point-by-point by a single-element detector. The diameter of the beam at the
specimen and the accuracy of the scanning mechanism determine the spatial
resolution, which may be on the order of nanometers, the highest obtained by
any mode of X-ray imaging. Though the apparatus is rather expensive and
the possibility of “flash” or realtime imaging is precluded by long imaging
times, scanning has been the most productive mode of synchrotron X-ray mi-
croscopy due to the high spatial resolution and relatively modest optical
requirements.

Imaging microscopy utilizes a condenser zone plate to simultaneously illu-
minate the entire area of the thin specimen to be imaged and a zone plate
objective to form the transmitted image on the detector. Although the state
of the art is advancing, it remains challenging to fabricate the zone plates
which limit the performance of this method!#?144.224-227  The resolution
attainable is roughly equal to the width of the outermost annular ring, gener-
ally limited to several tens of nanometers.

X-ray holography has long been proposed as a possible method to obtain
ultra-high-resolution, three-dimensional information from biological
objects!73-178228-230 byt has remained an ellusive goal. This is in part due to
the lack of adequate technology to present the image formed by the recom-
bined reference and sample beams to the human viewer in an acceptable or
even useful way. Until practical X-ray lasers in the appropriate wavelength
range are developed (see Section 1.2.5), coherent beams from undulators
present the best candidate sources for holographic application.

Synchrotron X-ray microtomography has been applied or suggested for
application to a number of biological investigations!'48-150.152,154.158,160.162,
231-236 Compared to microscopy of thin sections, microtomography of real
specimens provides more modest spatial resolution in the tens of microns
range, though the possibility of higher spatial resolution has been demonstrat-
ed on test objects?3”. The most impressive biological results to date have been
obtained on cancellous bone'®!. One of the problems with synchrotrons as
sources for 3D microtomography is the almost planar nature of the beam,
necessitating vertical translation of the specimen through the beam and con-
fining volumetric imaging to the stacking of serially-reconstructed slices in
software. There has recently been an interesting demonstration of the feasi-
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bility of phase contrast>*® synchrotron X-ray tomography!6%:162239 which
exploits the larger differential in “phase retardation cross sections” (Vs.
attenuation cross sections) of various healthy and malignant soft tissues and
the partial coherence of synchrotron radiation.

In the 1980’s, there was a flurry of activity in synchrotron coronary angio-
graphy, which was even advocated as a mass-screening technique!79-184
186-188,190,191,240 Tt was the markedly-improved signal-to-noise ratio, relative
to broad-band illumination, at a given (preferably low) dose afforded by the
tunable monochromatic beam applied to iodine-enhanced subtraction angio-
graphy that prompted these efforts. It is unlikely that a screening method
requiring such elaborate instrumentation as synchrotron sources will ever
become economically viable, but some recent studies have shown excellent
potential for similar, much higher resolution, techniques in a basic-research
context!?8:199, With the current emphasis on women’s health issues in general
and breast cancer detection in particular, it has been suggested that synchro-
tron X-ray sources be applied to mammography37-38201 Again, it seems unli-
kely that sychrotron mammography will become accessible to the general
population, but characterization of the X-ray absorption properties of benign
and diseased breast tissues of various types and precancerous and malignant
stages could be a valuable contribution to the practice of X-ray mammo-
graphic cancer screening.

1.2.4 Plasma X-ray Sources

Plasmas, which have been referred to as the fourth state of matter, are de-
scribed by the physics of highly-ionized matter. While a plasma is a collection
of electrons, ions, neutral atoms and molecules which, taken as a whole, is
electrically neutral, the degree of ionization is very high!!5. The interparticle
spacing within a plasma is relatively high, and the particles’ motion is domi-
nated by interactions of their electric and magnetic fields. High-temperature
plasmas can emit both Bremsstrahlung and characteristic line radiation. Typi-
cally, the radiation is emitted in short bursts, ranging from microseconds for
some glow-discharge plasmas to femtoseconds for modern laser-produced
sources. Plasmas are characterized by the temperature, density, and oscilla-
tion frequency of their electrons, which dominate in the X-ray emission pro-
cesses. A diagram showing the ranges of these parameters for various plasmas
is shown in Figure 1.23'15. The parameter ranges characteristic of pinch and
laser plasmas useful for X-ray production fall in the upper right corner of the
diagram.

There are a number of methods to produce plasmas energetic enough to
emit hard and soft X rays, including focusing an electron or ion beam onto a
plasma?*1-242, producing a micropinch of high-Z electrode material by vacu-
um spark discharge®*3, imploding thin wire arrays by passage of tremendous
electrical currents®*, tokamaks?*>-246, and focusing an intense optical laser
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(Reprinted with permission from Michette and Buckley'!?.)

pulse onto a solid or liquid target. Z-pinch and laser-produced plasmas
(LPP’s) are the most popular for laboratory production of X rays for imaging,
spectroscopy and lithography.

This section briefly describes gas and laser-produced plasma X-ray sources.
Both types have found increasing application in microscopy and imaging in
recent years, and the laser-produced variety seems to hold realistic promise
for offering a viable, high-flux, compact alternative to the electron-impact X-
ray source for clinical use?*7->48, While electron-impact sources have evolved
to a highly-mature technological state in which their properties and emission
spectra are quite well understood, this is not true of plasma sources. Efforts
to understand the basic physics describing the emission processes, to improve
the efficiency of energy conversion and reliability, and to characterize the
time course and spectral content of the complex emissions, especially from
laser-produced plasmas, constitute an area of intensely feverish research in
the 1990’s. This introduction is intended to convey the basic principles on
which these devices operate, to present a few of the imaging applications to
which the sources have been applied, and to serve as a gateway into the vast
literature documenting the work and progress in the field. Detailed discus-
sion, derivations and equations relevant to the physics of plasma X-ray
sources are available in a number of sources!!3:249-264,
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1.2.4.1 Gas Plasma Sources

In a gas jet plasma or Z-pinch source, a high current is rapidly passed through
a cylindrical annular gas jet, for example by discharging a bank of capaci-
tors?93-268 Typically, atoms of an inert gas such as argon, krypton or xenon
are stripped into a highly-ionized charge state. Nitrogen has also served as
the working gas?%®. The high self-magnetic fields generated by the current
confine the plasma and compress it “into a pinch”, causing implosion of the
cylinder and producing the high electron temperatures required for emission
of a burst of X rays. Typically, a few hundred joules of X-ray energy are
emitted in a 50- to several-hundred-nanosecond FWHM pulse?®- 26, though
the Proto-II diode system at Sandia has been reported to produce many kilo-
joules of radiation?®” and even more energetic plasmas undergoing develop-
ment at Sandia threaten to rival the National Ignition Facility?**. Several tens
of millijoules per square cm may be available at the specimen surface.

The spectrum consists of characteristic lines superimposed on a white,
Bremsstrahlung background, usually spanning the VUV to soft-X-ray range
(20 to several hundred angstrom wavelengths), but possibly extending down
into the sub-angstrom range2®’. If the wavelengths above 44 A are not
desired, they may be attenuated, for example by a thin aluminum layer at the
specimen or by another gas puffed into the beamline. For water-window mi-
croscopy, carbon dioxide or nitrogen used as the working gas produce intense
emission lines in the 33- to 41-A and 24- to 29-A ranges, respectively. It is
possible to use one “discharge gas”, such as argon or helium, optimized for
initiation of plasma discharge by the high current, and a separate “emitting
gas”, such as nitrogen or carbon dioxide, optimized with respect to its spectral
emission properties?’?. In X-ray microscopes which use zone plate objectives,
AZ/4 must be very small for efficient focusing, and narrow spectral lines are
isolated from the continuum with condenser zone plate/monochromator com-
binations?°%-271-273 A’ commercial z-pinch source was manufactured in the
1980’s, and incorporated into several X-ray microscopes for biological
research?!1212,

1.2.4.2 Laser-produced Plasma Sources

When an optical laser beam is focused onto the surface of a solid target,
plasma formation can occur if the breakdown threshold is exceeded. The
breakdown threshold, defined as the lowest optical power density required to
ionize atoms in the target medium and produce a plasma, varies for different
targets, but is easily exceeded with many modern lasers. If the focused beam
intensity is in excess of 10'® W/cm?, formation of a highly-ionized, solid-den-
sity plasma results. Rapid recombination and other processes in the high-tem-
perature plasma give rise to emissions spanning the spectrum from visible to
hard X-ray. High-intensity irradiation of target atoms ionizes them by multi-
photon excitation: Many photons are absorbed simultaneously allowing
photons of energy much lower than electrons’ binding energy to strip elec-
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trons from their atomic orbits. Irradiation of a target atom with intense laser
light causes it to develop a time-dependent dipole moment and produce emis-
sion of photons at odd multiples of the laser light frequency?’4. This genera-
tion of odd harmonics of the incident frequency is called optical harmonic
generation. Shortening the pulse length and increasing the intensity has made
possible the observation of harmonics up to the 109th for 811-nm irradiation
and the 143rd for 1053-nm laser light>>!. These harmonic emissions and other
line emissions resulting from electron transitions (bound-bound transitions in
ions) are superimposed on the continuum emission from radiative recombina-
tion (free-bound transitions of electrons and ions) and Bremsstrahlung (free-
free transitions of electrons)?>2. The total conversion efficiency of light to X-
ray energy is less than 1% at 10'® W/cm?, but could exceed 10%2°? at intensi-
ties over 10'® W/cm?. For low-Z targets like carbon, mylar tape, or liquid
droplets the plasma consists mostly of hydrogen-like and helium-like ions giv-
ing a relatively small continuum background and strong K-shell emission in
the water window?75-277. For medium-Z targets, the continuum contribution
is increased overlaid with a denser line spectrum from L-shell emission from
neon-like and other ions. High-Z targets produce the largest continuum.

Since the invention of the laser in 1960, optical power output has increased
by twelve orders of magnitude?’8. Q-switching in the 1960’s followed by
mode locking around 1970 increased the available power to about 10° and 10°
watts, respectively, providing intensities (also called power densities or
focused irradiance) of 10!? and 106 watts/cm?. But well into the 1980’s, rather
large and very expensive laser systems, like the VULCAN and SPRITE at
Rutherford Appleton Labs?73279-284 the GDL at Rochester’s Laboratory for
Laser Energetics?®>, or the NOVA at Lawrence Livermore?802%7  were
required to obtain the very high intensities in what were relatively large focal
spots (100 to 300 microns compared to the 40 to 100 microns which are com-
monplace today) required for production of adequate X-ray flux for single-
shot imaging. The invention of chirped-pulse amplification in the late 1980’s
made feasible relatively-inexpensive ($100000 to $160000), compact, bench-
top terawatt (102 watt; “t3”, or “t-cubed”, for table-top terawatt>’8) lasers,
capable of delivering a joule per pulse in sub-picosecond pulses and providing
intensities?*%->31 of 108 to 101 W/cm?.

Chirped-pulse amplification achieves this high irradiance in compact
devices by shortening the pulse length after amplification, avoiding the non-
linear optical responses (Kerr effect) which degrade the beam in almost all
high-gain, broadband materials at powers in the terawatt range?3!. An ultra-
short (femtosecond), low-power (nanojoule) pulse is first chirped, or length-
ened by factors as large as 10%, by one optical grating, amplified by factors
between 10° and 10! while in the dispersed, low-power state, then condensed
to its original duration again, or reconstructed, by a second optical grating. A
chirped pulse possesses a time-dependent frequency because the pulse
stretcher has a frequency-dependent phase function. The pulse compressor
must then possess the conjugate phase function to perfectly reconstruct the
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pulse. Probably the most popular amplification systems are Nd:glass?88-289
and Ti:sapphire?62-264.290-294 A Ti:sapphire system can produce pulses under
10 femtoseconds in duration.

There are several advantages to high-power, short pulse systems: hydrody-
namic motion in a plasma is almost neglibible for a 100 fs pulse; very high
energy densities can be achieved; the electric field due to the light pulse is
many times stronger than the Coulomb field binding even the innermost elec-
trons of high-Z elements; and very high oscillatory energies (also called qui-
ver or ponderomotive energy) are achieved by the stripped free electrons.
These attributes of short pulses from t-cubed lasers make them attractive for
plasma generation in LPP X-ray sources. The high energy densities result in
high output X-ray flux which scales as laser intensity raised to powers
between 1.9 and 2.8, depending on the target material?*>. The highly-ionizing
nature of the irradiation broadens the array of suitable target materials and
enhances plasma electron temperature and X-ray output. The high quiver
energies of the free electrons is accompanied by the emission of harder X
rays. This is because the quiver energy is rapidly thermalized after short-pulse
irradiation, producing quasi-Maxwellian plasmas with many hot electrons
which emit high-energy X rays (and electrons): MeV X rays are emitted>!
from plasmas generated by irradiation with 10'® W/cm?. Intensities in the 1014
to 107 watts/cm? range are associated with high-brightness, soft-X-ray
sources (low fluxes of hard X rays are also produced at these intensities),
whereas intensities approaching the petawatt range, on the order of 107 to
10?2 watts/cm? are required to produce hard X-ray beams with flux high
enough to be useful for clinical imaging. The properties of the plasma and of
the X-ray emission can be controlled in large measure by the intensity, polar-
ization, and wavelength of the incident laser pulse and by choice of target
material?34-257-278.29 Tt has also been demonstrated that X-ray emission from
solid targets can be enhanced by use of a relatively long, less-intense prepulse
before the high-intensity main pulse (e.g. 30- to 200-ps, 103 to 10'* W/cm?
prepulse followed by 1-ps main pulse)?3#233297-300_1n this case, the main laser
pulse is interacting not with a solid but with a pre-plasma. The prepulse may
be either of the same, or a different wavelength than the main pulse.

A slight variant on the LPP X-ray source theme, which apparently has the
potential to produce even brighter beams of coherent, multi-keV radiation, is
being proposed and investigated by Rhodes and colleagues®?1-3%3, “Hollow
atoms”, of xenon, for example, are produced when clusters of atoms from a
pulsed supersonic gas jet are exposed to 300-fs pulses of UV laser light at 1018
W/ecm?. The quiver energy of stripped, outer-shell electrons is transferred
through energetic collisions to inner-shell electrons, ejecting them from the
atom. The orbit-filling cascade results in intense X-ray emission. One pro-
posed use for the radiation is Fourier transform holographic microimaging of
biological specimens!”8.

The radiation in the 1- to 10-keV range from LPP’s, though in general inco-
herent, can be orders of magnitude brighter than that available from synchro-
tron sources?’8. The source size, though larger than the best microfocal elec-
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tron-impact tubes and larger than synchrotron beams at the source, is typical-
ly on the order of 40 to 100 microns, allowing for high-magnification imaging.
Each pulse from an LPP is much longer than an individual pulse from a syn-
chrotron; the repetition rate of LPP’s is far lower than that of synchrotrons®!,
ranging from about 1073 to 10° Hz. Thus, the peak power of LPP X-ray
sources is higher than synchrotrons and much higher than conventional tubes,
but the average power is much lower. Efforts are underway to increase the
repetition rate of chirped-pulse amplified lasers, which is often only a few Hz
or less, since imaging of thick objects, and certainly clinical imaging, currently
would take hundreds or thousands or pulses?#7248, For 100-fs pulses at a typi-
cal repetition rate of 10 Hz, a continuous imaging time of minutes would
result in a true exposure time of less than a nanosecond. For this reason, the
best argument for LPP X-ray imaging that can be made at present is for small
specimens which can be imaged in a single shot.

1.2.4.3 Applications of Plasma Sources

Intensive research on short-pulse LPP’s is underway, partly because of their
potential as X-ray sources and as the gain medium for X-ray lasers, but
mostly because of their potential use for indirect approaches to inertial con-
finement fusion?>1-232.286.298 'T PP’s as X-ray sources have been used for time-
resolved absorption experiments and X-ray diffraction, for X-ray lithography
at the 13- to 14-nm wavelength for which high-efficiency multilayer reflective
optics are available?65304316 " and for X-ray microscopy!3%143211.212,
217.,266,275,289,304,317-330 " Compared to synchrotron sources, LPP X-ray sources
have the advantages of low cost, not requiring an ultra-high vacuum, emitting
very high brightness beams in short bursts, high spatial stability and reprodu-
cibility, and small source size (smaller than z-pinch and plasma focus
sources).

The simplest arrangement for X-ray imaging with plasma sources is shown
in Figure 1.24%31. A short focal-length lens focuses the laser beam through a
vacuum window onto a solid (or tape, or droplet) target mounted in the ima-
ging chamber. X rays are emitted into 2w, passing through the vacuum to the
specimen and film. The minimum source-to-specimen distance, which is
decreased in the interest of increasing the flux on the sample, is limited by
physical constraints to at least a few millimeters3?!. Another problem with
the arrangement, and with LPP sources in general, is the production of debris,
including “hot rocks” up to several microns in size, which can be ablated
from the target surface. This leads to fouling of the specimen chamber as well
as contamination of the image. Often, silicon nitride windows (SizNy4) are
placed in front of the specimen to protect it from debris and allow it to be
kept at atmospheric pressure. An environmental sample cell for resist-based
imaging is shown in Figure 1.25332,

Normal-incidence, reflective optical systems have been proposed and
implemented to shield the specimen from debris and to increase the flux on
the specimen/detector assembly. Examples are the multilayer spherical mirror
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and the Schwarzschild objective, used in conjunction with a thin, transmissive
target, shown in Figure 1.26322. Historically, the problem with optics has been
low efficiency, though reflectivities as high as 60% have been reported for
multilayer mirrors optimized for particular (multinanometer) spectral
bands**3. Any conceivable optical scheme is likely to suffer from debris
deposition, and fast shutters or gas backing pressures are difficult to imple-
ment or only partial solutions. The most promising approaches to avoid deb-
ris contamination appear to be reducing its production by use of thin targets
(e.g. mylar tape?73-312:319.331 " or metal-doped glass targets®'©) with the speci-
men and any optical components on the opposite side from the plasma, or
using droplet (alcohol or water) targets produced by a vibrating ink-jet
nozzle313-334 or commercial vibrating orifice droplet generator33>, With drop-
let targets, the source size can be carefully controlled and exactly known,
since it is equal to the droplet dimension for small droplets, and debris depos-
tion is reduced by more than three orders of magnitude compared to thin
tape targets.

filter _

Schwarzschild
focused microscope
laser

beam

Hela cells

Au target

Figure 1.26. Laser-produced plasma based X-ray microscope incorporating Schwartzschild
objective for magnification imaging. (Reprinted with permission from Richardson et al.3?2.)

In 1979, researchers at Rochester’s Laboratory for Laser Energetics reported
on nanosecond biological X-ray diffraction using an LPP?%. They showed dif-
fraction patterns of cholesterol and rat spinal roots. Panessa used a pulsed-
plasma source and resists to record contact micrographs of proteoglycans33°
and myosin filaments®37, while Feder et al. imaged red blood cells with a z-
pinch source as early as 1982295, Widespread attention was focused on the
potential for high-resolution X-ray imaging of biological specimens using
plasma X-ray sources when Feder and colleagues published micrographs,
obtained using a gas jet plasma and photoresist detector, of live human plate-
lets on the cover of Science in 1985317, Other groups were contemplating the

possibility of biological imaging using LPP sources at about the same
time279-280.318
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In the 1980’s, Michette imaged epidermal hairs, as well as flagellates and
human fibroblasts, using very high-energy (30 to 80 joule) pulses from the
VULCAN and SPRITE lasers focussed onto mylar tape targets?’>. More
recently, his group has been involved in development of scanning X-ray micro-
scopes using LPP sources. Either the specimen?'? or the source®? may be
scanned. Scanning permits the use of a single-element silicon diode detector,
but incurs other practical problems, particularly when the source is scanned.
Rosser, et al., used a 2-J laboratory Nd:glass-amplified laser beam focused onto
gold targets to produce water-window radiation for imaging cultured fibro-
blasts and other objects3%4. A group at Stanford used an LPP source, consisting
of an Nd:YAG focused onto a solid copper target, and the Schwarzschild
arrangement of Figure 1.26 to obtain pictures of test patterns in 1989338339,
Artyukov built a similar optical setup and used it with an Nd:glass laser and
rhenium target to image mesh standards at micron-order resolution4°. Hori-
kawa used an Nd:YAG laser, iron-target LPP source, grazing incidence con-
denser, multilayer Schwarzschild objective, and scintillator/microchannel plate
detector to image unstained myofibrils at sub-micron resolution329-341,

Tomie and a team at the Electrotechnical Laboratory in Tsukuba showed
detailed images (up to 40-nm resolution) of sea urchin and barnacle sperm,
algae, and chinese hamster cells, recorded on resist using water-window LPP
source radiation, mostly from yttruim targets?!7-321330, They state that the
requirement for X-ray intensity increases as the fourth power of resolving
power and that a few tens of millijoules per square centimeter are required
when the resist detection efficiency is 10%. To approach the practical res-
olution limit of 30 nm imposed by the resist, a dose of 5 x 10° Gray is
required, about 10° higher than the threshold for biological damage. If mani-
festation of morphological damage is to be avoided in the recorded image,
the exposure time has to be less than 1 ns, a compelling argument for devel-
opment of LPP sources. Solem has calculated that 30-ps exposures are
required for 10-nm resolution3*?, the theoretical resolution limit for X-ray
photoresists?9>-343,

Shinohara and Kinjo have imaged human chromosomes using very soft,
second-harmonic (527-nm) radiation from gold targets irradiated with
300-ps, 26-joule pulses focused into 100-micron focal spots (105 W/
cm?)136:289,322,327,344-349 They estimated that the flux at the specimen (2 cm
from the source, protected by a SiN window) was about 1.4 x 10'> photons/
cm?, with photon energies of 250-1250 eV. This would translate to approxi-
mately 0.17 J/cm?, in agreement with the exposure requirements calculated
by others!”. Stead and colleagues investigated the effects of electron micros-
copy fixatives on biological materials using X-ray microscopy of plant epider-
mal hair cells®?6. The X-ray images, demonstrating 150-nm resolution on
weakly-attenuating carbonaceous material, were acquired on photoresists
using a Rutherford Appleton Nd:glass laser and thin-foil gold targets. Resists
were read out with scanning and transmission electron and atomic force
microscopes. This group had previously demonstrated 50-nm resolution on
dense, particulate and diatom structures>’.
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Although still technically challenging to perform and scant on results, X-
ray microscopy with LPP sources appears to hold promise for very high-res-
olution, one-shot imaging of biological objects. Whether this type of source
will evolve to compete in the clinic with rotating-anode, electron-impact
tubes?¥7248 depends upon whether the debris-deposition problem can be
solved, either by the use of appropriate, efficient optics or innovative target
materials and geometries, and whether the repetition rates (and thereby aver-
age power output) can be increased to the level required for sub-second total
exposure times.

1.2.5 X-ray Lasers and Free Electron Lasers

Most lasers produce bright, coherent, visible or UV light by amplification
occuring over multiple passes through a Fabry-Perot reflecting cavity or res-
onator containing the pumped gain medium3>!. There currently exist no suit-
able, efficient mirrors for X-ray beams which can be used to produce multiple
passes through the gain medium (energetic plasma)3>2, but because of wide-
spread interest in the desirable properties X-ray laser light would possess for
a variety of applications including biological microscopy and holography,
research on X-ray lasers has persisted. In fact, efforts to exploit, in a practical
and cost-effective way, the various schemes proposed for the production of
X-ray lasers have increased since the first demonstrations of X-ray lasing in
1985333:3%4_ Since no suitable X-ray mirrors exist (and even if they did they
would likely be destroyed by energy deposition from optical and x-radiation
of the proximal plasma gain medium), amplification must be achieved on a
single pass of photons through the gain medium, usually a plasma formed by
an intense optical laser focused onto a line along which lasing occurs. When
gain is achieved in an energetic plasma, the lasing is said to occur by amplifi-
cation of spontaneous emission or ASE. Until recently, X-ray lasers remained
exotic and expensive propositions, primarily because of the requirement for
extremely high-intensity visible lasers to produce the plasmas used to pump
X-ray lasers. But with the emergence of chirped-pulse amplified>**-3>> and
other less expensive optical lasers with intensities in the terawatt to petawatt
range, and with the demonstration of X-ray lasing in capillary discharge plas-
mas3>%-3%7 it appears that low-cost, “personal”?*® X-ray lasers may soon
become a reality>”. Partly because of their complexity and partly because the
shortest-wavelength lasing demonstrated to date is at the long-wavelenth end
of the spectrum useful for biological imaging research, a thorough discussion
of X-ray lasers is beyond the scope of this chapter. The interested reader
should consult other excellent sources?06-282.283,303,352-354,358,360-386,

Both of the successful approaches to lasing at X-ray wavelengths use high-
power optical lasers to create the high-temperature plasmas required as
pump sources. In their most-investigated incarnations, these two alternative
methods use electron-collisional recombination pumping®? (also called
recombination pumping) with H-like or Li-like ions334358,372,385,387-389 " and
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electron-collisional excitation pumping (often called collisional pumpmg)
with Ne-like or Ni-like ions3>3-368.378-382.386 (Qther pumping mechanisms, in-
cluding photoionization, photoexcitation and charge transfer, have been pro-
posed on theoretical grounds, but have not proven themselves experimen-
tally>32.) Although a number of other laboratories are contributing to the
rapid developments in the X-ray laser field, perhaps mainly because of their
places of discovery these two approaches to X-ray lasing are often identified
with groups at Princeton and Lawrence Livermore (LLNL), respectively.

In the recombination scheme, a laser-produced plasma containing highly-
stripped ions is the gain medium. After a brief pulse of the optical laser, the
plasma is cooled rapidly, undergoing rapid three-body combination and pro-
ducing population density inversion, a necessary condition for gain. An
important advantage of the recombination scheme is that it scales rapidly to
shorter wavelengths with increasing plasma ion charge (and therefore target
Z), though with decreasing axial extent of the plasma column in which lasing
occurs. But it is difficult to obtain and maintain a long, uniform plasma col-
umn using recombination pumping. The Princeton group uses a strong mag-
netic field to confine the plasma column, which helps in this regard. The
recombination X-ray laser should exhibit a much higher pumping efficiency
than the collisionally-pumped laser, but saturated output has not been
approached3. One of the earliest applications of X-ray lasers to biological
microscopy involved recombination-type lasers using a 1 kJ CO, optical laser
to produce lasing at 18 (carbon target) and 4 nm (lead target). The X-ray
laser was used to image cervical cancer cells and other specimens on a resist
detector3®8, and it is also proposed to perform biological microscopy at sever-
al hundred times magnification with a microscope employing a Schwarzschild
objective and CCD-based detector3®.

In the collisional excitation scheme for Ne-like selenium, gain is achieved
mainly by collisionally exciting ions to the 3p level, setting up a population
inversion between the 3p and 3s levels because of very rapid decay from the
latter to the ground state. The Ni-like tantalum X-ray laser, which produced
the first significant gain at wavelengths below the carbon K-edge, works in a
similar way, with population inversion between the 4d and 4p levels. The col-
lisional excitation scheme has the advantage that it is self-replenishing in the
sense that the initial state from which pumping occurs and the ground state to
which decay occurs after lasing are the same. Also, the lower state is relative-
ly translucent to the laser wavelength allowing plasma column lengths of cen-
timeters. The length of the plasma column over which lasing occurs is impor-
tant because amplification has to occur in a single pass. The most important
parameter with regard to laser output intensity is the gain length (GL), cal-
culated as the product of the gain (cm™!) and the plasma column length.
Initial experience with collisional excitation lasers came out of the inertial
confinement fusion facilities at LLNL, including the NOVA and Novette
lasers. The first demonstrations3’® of this scheme involved exploding thin
selenium foils using intensities of 7 x 10'> W/cm? focused on 1.8-cm lengths
of foil and producing GL of 8 at 206.4 and 209.8 A, since raised to 16 and
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15.2, respectively 338, Nickel-like lasers, created by exploding thin tantalum,
tungsten, or gold foils, are very similar in principle to their Neon-like, colli-
sional excitation analogs but require less optical laser power at a given X-ray
wavelength and have produced the shortest wavelength X-ray lasers to date:
35.6 A for Ni-like Au78. An excellent _summary of the gain lengths achieved
at wavelengths between 35.6 and 326 A is presented by Skinner**. A GL =7
has been demonstrated for Ni-like tungsten at 43.18 A, the first lasing inside
the water window, and a GL = 8 for Ni-like tantalum at 44.83 A, just above
the carbon K-edge, at a wavelength ideal for biological X-ray holography 3°1.
The highest possible output power (saturation) is achieved at GL’s between
about 15 and 20 which, for collisionally-excited lasers, requires about 1 kJ of
driver laser energy at X-ray wavelengths around 20 nm, but over 10 kJ in the
water window3?2. It will be necessary to substantially reduce this power
requirement, using pre-plasma-forming prepulses or other methods, if table-
top lasers are to be used successfully to drive high-output X-ray lasers.

Da Silva and the group and LLNL have used the NOVA-driven, Ni-like
tantalum X-ray laser to image a variety of specimens, including rat sperm
nuclei, at 44.83 A379380.382 The optical system consisted of a near-normal-
incidence sperical WC/C multllayer mirror condenser with 5% efficiency and
narrow bandpass at 44.83 A, a 500-annulus zone-plate with 450-A outer-zone
width as objective lens, and a microchannel plate (MCP) intensified detector.
The MCP limited the spatial resolution to over 500 A, but correlation with
TEM and AFM images provided useful information about the chemical con-
tent of imaged volumes in the nucleus. These investigators suggest that
cheaper, shorter-wavelength, higher-power X-ray lasers, coupled with
improved, short-wavelength multilayer mirrors and improved zone plates and
detectors, will bring X-ray laser microscopy into broader usage.

Another interesting, if exotic, tunable, high-flux X-ray source currently
under investigation utilizes a phenomenon known as Compton backscatter-
ing39:40.201.393 "When an intense visible or infrared laser beam collides head-
on with a near-relativistic electron beam photons interacting with free elec-
trons change their energy and direction to conserve energy and momentum.
The group at the Vanderbilt free electron laser (FEL)3°43% is proposing to
turn the infrared laser light beam produced by the FEL wiggler back on the
electron beam so that the two collide head on. Two-micron infrared photons
backscattered from 43-MeV electrons in the FEL beam will have a maximum
energy of 17.6 keV, in the range thought optimal for breast imaging. The
Compton backscattered beam is to be diverted using graphite mosaic optics
and focused and collimated with a Kumakhov optic’®, to produce a mono-
chromatic, parallel beam accessible for clinical imaging. Another group at
Duke is proposing a similar FEL-based approach to produce 12.2 MeV
photons for gamma-ray spectroscopy and therapy3°°.

If a short-pulse, infrared laser beam is normally incident on an MeV elec-
tron beam, the Thomson scattering process produces what has been called
the laser synchrotron X-ray source3’. A group at Lawrence Berkeley Lab-
oratory has produced 300 femtosecond pulses of 30 keV x-radiation using
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terawatt laser pulses incident at 90° on a relativistic accelerator electron
beam3?8. The energy of the highly-directional X-ray beam can be controlled
by varying the energy of the electron and laser beams and the angle at which
they interact. Although very low fluxes were produced in the first experi-
ments, the researchers are optimistic that these can be increased to useful lev-
els.

While electron-impact sources still produce most of the X-ray beams used
in clinical and even research applications, it appears that new types of source
will prove useful in the future, particularly when high average power is not a
requirement and short, ultra-intense pulses can be used to advantage.

1.3 Interaction of X rays with Matter

Viewed from the broadest standpoint, electromagnetic waves interact with
matter when their particles possess energies corresponding to energy-state
differences in atoms or molecules of the medium. For example, if a radio
wave has a frequency equal to the precession frequency of nuclear spins
aligned in a strong magnetic field, it may couple to the spins and excite some
of them from the lower-energy parallel to the antiparallel state, a phenome-
non which forms the basis for the nuclear magnetic resonance (NMR) experi-
ment. A microwave may interact with an electron in a strong magnetic field,
inducing a change in energy states which can be exploited using electron spin
resonance (ESR) methods.

For infrared, visible and UV radiation, one can express the total energy of
a multiatomic molecule as3:

E= Eelectronic + Evibrational + Erotational .

Rotational energies are about two orders of magnitude lower than vibra-
tional, which are about two orders of magnitude lower than electronic. If a
microwave photon has energy corresponding to the difference between rota-
tional states of a molecule, it may excite the molecule to the higher-energy
state. Thus, absorbtion of microwave radiation by a gas can give rise to rota-
tional absorption spectra. A higher-energy infrared photon may induce
changes between molecular vibrational states. Visible and UV radiation can
excite outer electronic transitions. Molecular absorption spectra from these
interactions can be very complex, since each electronic state may be asso-
ciated with a number of vibrational and rotational states. In all cases in which
interactions occur, frequencies in the beam of electromagnetic radiation can
be said to resonate with particular energy-state transitions in the interaction
medium. These resonance phenomena may give rise to discrete, measurable
changes in the transmitted frequency spectrum if instrumentation of adequate
sensitivity and energy resolution is available.
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Similarly, higher energy photons in the soft- and diagnostic X-ray ranges
may interact with and give up energy and momentum to atomic electrons in
the absorbing medium. Very high-energy x and gamma rays can undergo in-
teractions with bound electrons, nucleons, and the nuclear fields of absorber
atoms. These interactions produce changes in the energy content of the beam,
cause the emission of electrons or nucleons, or transiently excite atoms in the
interaction medium. Detection of these energy changes, emitted subatomic
particles, or photons forms the basis of a number of imaging and spectro-
scopic techniques from which insight into biological structure and function
can be gained. For clarity, a brief summary of the various X-ray energy
ranges, names they are often referred to by, and the interactions of most
importance in each range are given in Table 1.3115:400,

Table 1.3.

Energy Range (keV)  Common Names Relevant Interactions

< 0.120 vacuum ultraviolet absorption, elastic scatter

0.120-0.500 ultrasoft X rays, water-window photoelectric absorption
X rays (.280-.560 ke V) coherent scatter

.100-20 soft X rays photoelectric absorption
Grenz rays coherent scatter

20-140 diagnostic X rays Compton scatter
gamma rays photoelectric absorption

120-300 orthovoltage X rays Compton scatter
gamma rays

300-1000 intermediate-energy X rays Compton scatter
gamma rays

>1000 megavoltage X rays pair production

therapeutic x and gamma rays  photonuclear reactions
Compton scatter

When related to X-ray beam propagation and interactions, the word
“attenuation” refers to any process which causes a decrease in the number of
photons passing through a unit area perpendicular to the beam’s propagation
direction per unit time interval. Attenuation occurs by three primary mecha-
nisms: geometry, scattering and absorption. The decrease due to simple ge-
ometry in photon flux from a point source is often called the inverse square
law. The photon flux is inversely related to the square of the distance from
the source at which the flux measurement is made:

¢, d’
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where d; and d, are the distances from the source at which fluxes ¢, and ¢,
are measured. For electron-impact and other Lambertian-emitting point
sources of X rays, the flux intercepted by the sample may be dramatically
increased by placing the sample close to the source. If a large-format detector
is placed some (greater) distance away, a magnified image is produced, which
improves the detector system’s spatial resolution referred to object space.
This can be an important advantage for digital detectors which generally
have pixel sizes between about 10 microns (for the smallest-pixel CCD sen-
sors) and 100 to 200 microns (for photostimulable phosphor plates and amor-
phous silicon detector panels). In practice, especially for tomographic appli-
cations, these advantages have to be traded off with the problems created by
the large cone angle subtended by the specimen when it is imaged in close
proximtiy to the source.

From the standpoint of their physical interactions with matter, there is no
distinction between X rays and gamma rays of the same energy: they differ
only in their site of origin. Gamma rays are of nuclear and X rays of extra-
nuclear origin. X rays are produced by the acceleration of free electrons or
other charged particles (Bremsstrahlung) or by bound electron transitions
(characteristic radiation), while gamma rays are produced by nuclear transi-
tions. In this section we consider the interaction of X rays with matter. The
energy range of primary interest here is between about 10 and 150 keV since
clinical diagnostic imaging utilizes photons of these energies. The descriptions
of the interactions of diagnostic X rays which follow apply also to the
attenuation of the gamma rays used for SPECT and PET imaging as describ-
ed in Volume 1, Chapter 3.

Interactions of photons in the 100-eV to 10-keV range relevant to X-ray
microscopy and holography will be described briefly, but is treated more fully
in other texts!14115401 Tn these energy regimes, interaction may involve inner
and outer orbital electrons. Interactions of higher-energy X rays with matter,
which may include nuclear processes, are discussed in Volume 2, Chapter 1.

1.3.1 Indirect versus Direct Ionization

A radiation beam is an agent of energy transfer?’. When a beam encounters
biological or other matter, it may interact with atoms in the medium and
cause changes in the nature of the beam and of the material. Energy transfer
processes may include total absorption and various types of scatter, all of
which may be of interest for different types of biomedical imaging experi-
ments. It is helpful to divide electromagnetic radiations into different cate-
gories. The infrared, visible and UV interactions discussed above were non-
ionizing interactions, characteristic of relatively low-energy exchange events:
Vibrational and rotational states could be influenced and outer orbital elec-
trons could be excited to higher energy states, but separation of charge was
not a possibility.
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Ionizing radiations are energetic enough to entirely remove atomic elec-
trons or protons from their atoms®?°. In the case of x radiation, photons in
the beam must possess energies higher than the binding energies of the
ejected orbital electrons for ionization to occur. Directly ionizing radiation
accomplishes the charge separation directly by interaction between the cou-
lomb forces of the involved particles. Directly ionizing particles include elec-
trons, protons, and other heavy charged particles. Indirectly ionizing radia-
tions, including photons and neutrons, are uncharged particles which may par-
take in interactions which release energetic charged particles such as elec-
trons and protons from atoms in the medium. Photons, which are the indir-
ectly ionizing radiation of broadest interest in biomedical research, eject elec-
trons, and neutrons eject protons, from atoms in the medium. Although the
initial ejection of the charged particle occurs by direct interaction with the
incident particle, these radiations are still called “indirectly ionizing” because
the bulk of the ionization is due to subsequent interactions of the released,
energetic charged particle.

The initial interaction with the X-ray photon may result in some scattered
radiation and sets in motion a fast electron. This high-speed electron may
cause electronic excitations and ionizations, and may break molecular bonds.
If an electron interacts with a nucleus, it may produce additional Bremsstrah-
lung which, along with any scattered radiation, may contribute to additional
indirectly ionizing events. So a complex series of interactions may take place
before all the photon energy is lost to electronic motions.

The minimum energy required for ionization cannot be precisely fixed,
because it differs from molecule to molecule. A photon may be capable of
ionizing an atom when it is bound in one molecule, but not when it is bound
in another. Some texts give the cutoff energy for ionizing radiation as 12.6 eV,
since this is the ionization potential for hydrogen in water, an important con-
stituent of biological tissue. In tissues, photons must have energy greater than
about 10 eV to be capable of ionization.

1.3.2 Scattering

X photons can interact with atomic electrons by elastic or inelastic scattering.
In the case of elastic scattering, no kinetic energy is given up by the photon to
the attenuating medium, while inelastic scattering involves the loss of some
of the incident photon’s energy. As the name implies, scattered photons are
not stopped or completely removed from the (broad) beam, but are caused to
deviate from their original, straight-line path from the source, with no loss of
energy for elastically scattered photons, or with diminished energy for inelas-
tically scattered photons. Both types of scatter play a role in image formation
because the direction and energy of scattered photons depends on the proper-
ties of the scattering material as well as the energies of the incident photons.



1.3 Interaction of X rays with Matter 63

1.3.2.1 Elastic Scattering

When photons are elastically scattered, no momentum is transferred to the
scattering medium and the wavelengths of the incident and scattered photons
are equal. It was found shortly after their discovery that X rays could not be
efficiently reflected from polished surfaces but instead were scattered in all
directions. J.J. Thomson explained this as the result of the classical interaction
of the incident electromagnetic wave with individual atomic electrons which,
in his approach, can be regarded as free!-3-2%-115 In the classical presentation
of elastic scattering, valid for photon energies large compared to atomic elec-
trons’ binding energies but small campared to moc> = 511 keV, individual
atomic electrons are set to oscillating by the force of the sinusoidal electric
field of the incident wave. The vibrating charge radiates at a frequency equal
to that of the incident beam, causing no decrease in energy. This type of elas-
tic scattering is called Thomson or classical scattering.

When the (diagnostic-energy: fi/c << 1) photon wavelength is similar to the
diameter of atoms in the attenuating medium, all atomic electrons, including
tightly-bound inner-shell electrons, oscillate and reradiate in phase. This elas-
tic scattering by atomic electrons as a group is sometimes referred to as Ray-
leigh scattering or coherent scattering, since it is a cooperative phenomenon.
Since the distinctions between Thomson and Rayleigh scattering theory can
be confusing and are of doubtful practical significance, it can be helpful to
think of elastic scattering as being due to a coherent scattering process caused
by atomic electrons as a group and characterized by a differential cross-sec-
tion per unit angle given by>-2%:

49, = LOZ (1 +cos’ @) [F(x Z)]ZZR sin®, (1.43)
o 2 ’

) sin@/
where the momentum transfer variable , — — /2.

This equation gives the fraction of the incident energy scattered into the
cone between angle @ and ® + d® which subtends the solid angle:

dQ =27 sin@doO. (1.44)
The expression:

2
% :%(1+cosz@) (1.45)

is called the Thomson coefficient and correctly predicts the fraction of
energy scattered per electron per unit solid angle for photons of zero (negligi-
ble) energy. Quantum mechanical corrections to Thomson’s derivations were
required to accurately describe scattering at higher energies as described in
the next section.
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The atomic form factor F(x,Z) in Eq. (1.43) approaches zero for large

angles © and Z for small © and falls off dramatically as x (proportional to
photon energy) increases**?. These two effects imply that coherent elastic
scattering is significant for low energy X-ray interactions with high-Z ele-
ments. The relative contributions of coherent and Compton (incoherent) scat-
ter and photoelectric absorption to attenuation in carbon and gold are shown
in Figure 1.27'15. For body tissues in the diagnostic energy range, coherent
scattering accounts for less than 5% of total scatter>#2, In addition, the angu-
lar distribution is markedly peaked in the forward direction, with half the
coherently-scattered photons being contained in cone angles of 38°, 29°, 23°,
19°, 15°,12° and 9° for 10-, 20-, 30-, 40-, 60-, 80- and 100-keV photons, respec-
tively. Total coherent cross sections o, are are obtained by integrating Eq.
(1.43) from O to 180 degrees and are tabulated for each element as functions
of energy?0?403, The smooth angular distribution of elastically-scattered
radiation given by Eq. (1.43) is accurate for randomly ordered aggregates of
atoms. If a narrow-energy-band photon beam interacts with an ordered array
of atoms like a crystalline lattice (or grating) and the lattice spacing is of the
order of the photon wavelength, positive reinforcement of the coherent scat-
ter from crystal planes can occur, causing sharp peaks in the angular distribu-
tion of scattered radiation emission. This phenomenon, called Bragg scatter-
ing, forms the basis for X-ray crystallography.
In the diagnostic energy range, coherent scattering plays a small role and can
often be neglected. For energies below 1 keV, at which most X-ray micro-
scopic imaging is performed, absorption dominates and coherent scattering
plays an important role. At soft X-ray energies, the interaction with an atom
is described by the conplex amplitude!!>:

10 | E—

- Carbon -

Attenuation coefficient ! }

X-ray energy [eV]

Figure 1.27. Scatter and absorption contributions to the linear attenuation coefficients of carbon
and gold as functions of X-ray energy. (Reprinted with permission from Michette and Buck-
ley!S.)
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A©@,hv)= 4, O)[fi(hv)+if, (hv)] (1.46)

where A is the amplitude given by the Thomson coefficient, @ is the scatter-
ing angle and f; + if5 is the complex number of electrons in the atom?*%*. f;(hv)
and f>(hv) are the atomic scattering factors which describe scattering and
absorption, respectively, by the atom. They are independent of @ at low
energy. The scattering intensity for a single electron predicted by the Thom-
son coefficient of Eq. (1.45) must be multiplied by the square of the number
of electrons involved to obtain the coherent scattering cross section for a
multi-electron atom!13:404;

do o I”2 2
TQ” = % (1 +cosz@)\fl +if| (1.47)
which, integrated over all angles gives:
1979
Ocoh = 30 ‘fl + le‘z : (1‘48)

The refractive index, a key parameter for soft X-ray microscopy, is given
by:
n=1-0 —if=1-K(f,+if,), (1.49)
A’

where §=-L—p_f, (1.50)
2n ¢

is the refractive index decrement,

2
B= r;? nf (1.51)

is the absorption index,

2
and K= LAY , (1.52)
2n

N
in which n, %, p is the density, Ny Avogadro’s number and A the

atomic weight. After traveling a distance x through an attenuating medium,
the incident wave amplitude A is reduced to:

A= 4, exp[_zzﬂx jexp[ﬂ:éx] , (1.53)

and the intensity is given by:
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I=14 =1, exp(_4:ﬁxj. (1.54)

The phase change is seen to be 2ndx//A and the attenuation is e™* where the
attenuation coefficient

u= 47/'15ﬂ =2n1,Af, - (1.55)

fr and f> are thus associated with the phase shift and absorption compo-
nents of the refractive index, respectively. While the phase of visible light
waves is retarded by interaction with a material, that of X-ray waves is usually
advanced relative to the incident wave. The tabulated optical constants of
Henke*% and others are usually obtained by absorption measurements of f>
using thin foils, followed by calculation of f; from the Kramers-Kronig rela-
tionships!13494, It is noted that the ratio fi/f> increases rapidly with X-ray
energy which forms the basis of the argument for recent experiments using
relatively hard X-ray phase imaging for soft tissues!©0-162.238.239,

1.3.2.2 Inelastic Compton Scattering

Compton scattering, which dominates among the competing attenuation
mechanisms at higher diagnostic energies, involves the transfer of kinetic
energy from incident photons to atomic electrons with which they col-
lide!-3-1520.115 For the chance of a Compton interaction to be high, the inci-
dent photon energy must be large compared to the binding energy of the elec-
tron involved, and inelastic scattering usually involves outer-shell, loosely-
bound atomic electrons. These electrons are ejected from the atom: Compton
scattering is an ionizing event which contributes to exposure and dose.

When the photon energy is not negligible compared to mc? its momentum
can no longer be neglected and the momentum it loses after being deviated
through non-zero scattering angles must be conserved by transfer to the
ejected Compton electron. Considering the involved electron to be at rest
and free (reasonable at the photon energies for which inelastic scattering is
important), a Compton interaction is analogous to a collision between a
(lighter) queue ball and a (heavier) billiard ball. The plane of the interaction
(containing the balls’ centers) is defined by the plane containing the photon’s
incident and scattered trajectories. Since there is no momentum out of this
plane, the path of the fast electron must also lie in this plane, and the interac-
tion can be pictured as shown in Figure 1.28%. The energies of the incident
photon, scattered photon and receding electron are represented by hv, hv’
and E respectively. The scattering angle for the photon and recoil angle for
the electron are ® and @, both with respect to the incident photon trajectory.

Using relativistic expressions for kinetic energy and momentum and
conservation of energy and momentum, it can be shown that the reduced
energy of the scattered photon is given by:
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Recoil
ol Electron
E
A, hv [0)) P
P= v > 0
Cc
P = hv \ Figure 1.28. Compton scattering geo-
c Scattered Photon  metry. (Adapted from Johns and Cun-
N, by ningham?.)
, 1
h =hy| ————— |, (1.56)
1+a(1-cos®)
and the kinetic energy of the recoil electron is:
a(l—cos®
iy -2lcosO) | (157)
l1+a(1-cos®)
hv hv

where dimensionless & = , with &v in keV, or, in terms of wave-

B —
length: me”  S1lkeV

A=+ (1= cos@) = 1 +0.0243(1— cosO). (1.58)

m,c

The quantity L(l—cos@) is known as the Compton shift and gives the
mgc

increase in wavelength of the scattered photon'. It is interesting to note that
the Compton shift in wavelength at a particular scattering angle is indepen-
dent of incident photon energy, but the Compton shift in terms of energy
depends very strongly on energy. For example, at 90° for a 10-keV photon the
Compton shift in energy is 0.2 keV (2%) whereas for a 10-MeV photon it is
9.51 MeV (>95%). True to the billiard-ball analogy, the above equations con-
firm that if the electron takes a direct hit, the photon will be backscattered
through 180° imparting to the electron the maximum possible kinetic energy:

Emax = hV|: 2a j| ’ (1-59)

1+ 2

while if the photon barely ticks the electron the photon will be minimally
deviated in its path, cos® = 1, the photon’s energy after scattering will be
almost equal to its incident energy, and the electron will be perturbed in a
direction almost perpendicular to the incident photon trajectory.
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The probability of a Compton interaction was first calculated by Klein and
Nishina in 192814%, The Klein-Nishina equation, based on Dirac’s relativistic
theory, has been repeatedly shown to correctly predict experimental results
by taking the recoil of the electron into account. The differential cross section
for Compton scattering is given by the product of the Thomson coefficient,
Eq. (1.45) above, and a correction term designated fin:

da Compton
de

B 1 ’ a*(l —cos®Y
where fio, = [1 +a(l- cos@)} {1 " [1+a(l —cosO)] (1+cosz@ )} ' (1.61)

=2 (1+.c05°0)  fu): (1.60)

At diagnostic energies, the Compton scattering cross section is slightly less
at a scattering angle ® of 180° than at 0°, with a minimum at 90°, whereas for
higher-energy photons scattering becomes increasingly peaked in the forward
direction. The effect of incorporating fxn into the equation for the Compton
cross section is to decrease the amount of scatter predicted by Thomson’s
equation, particularly for high-energy photons and large scattering angles.

1.3.3 Absorption

As an alternative to scattering, a photon may be completely absorbed and
removed from the beam, a process more likely than scattering at low energies
as shown in Figure 1.27 and also at extremely high energies. Photons may be
completely removed from the beam by photoelectric absorption for soft- and
diagnostic X rays, or by pair production or photodisintegration at very high
energies.

1.3.3.1 Photoelectric Absorption

The photoelectric effect, for the discovery of which Einstein received the
Nobel Prize in physics in 1921, involves a collision of the incident photon
with a bound atomic electron!-315-20, The electron is ejected from the atom
with kinetic energy equal to the difference between the photon’s energy and
the binding energy of the orbital electron:

KE,, = hv—BE. (1.62)

Electrons may be ejected from any shell, with the required energy decreas-
ing rapidly from the K to the L to the M and to orbitals still more distant
from the nucleus. Electrons ejected by low-energy photons are ejected in a
direction approximately perpendicular to the incident photon trajectory and



1.3 Interaction of X rays with Matter 69

increasingly toward the forward direction as photon energy is raised. The
photoelectric cross section varies with the fourth power of the absorber’s
atomic number, linearly with absorber density and inversely with absorber
atomic weight and, in general, inversely with the third power of photon
energy:

pZ*

Op, <—— 3.
PE Ay

(1.63)

Photoelectric absorption is most likely at energies just higher than the var-
ious electron binding energies causing sharp discontinuities in the curve relat-
ing the photoelectric cross section to photon energy. These jumps in the
photoelectric cross section are referred to as the K-, L- and M- edges and so
forth, according to the shell from which the electron is ejected. Photoelectric
absorption is most likely to involve an electron whose binding energy is just
below the photon energy: Photons with sufficient energy are most likely to
interact with K-shell electrons. The minimum kinetic energy required for a
photoelectron to escape from the surface of a material is called the work
function @, of the material3>* and is on the order of 2 to 6 e V.

After ejection of an inner-shell electron by the photoelectric effect, the
absorber atom is left in an excited state. It can return to stability either by
emission of characteristic radiation or by ejection of an Auger electron. Both
characteristic radiation and Auger electron ejection occur as a consequence
of the inner-shell vacancy being filled by an electron from an outer shell “fall-
ing in” to take the place of an ejected photoelectron. An Auger electron is an
electron ejected from a shell more distant from the nucleus than that in which
the vacancy occured. The fluorescent yield, defined as the ratio of character-
istic photons to Auger electrons emitted after photoelectric absorption,
increases from a few percent in soft tissue to 95% in lead®. The energy of a
characteristic photon is equal to the difference in binding energies (BE)
between the inner shell from which the photoelectron was ejected and the
outer shell from which the electron filling the vacancy originated:

hv

characteristic

= BE‘inner - BE{)ut()r * (1’64)

The kinetic energy of an Auger electron is equal to the difference in bind-
ing energies of the two shells involved decremented by the energy required to
eject the Auger electron:

KE

Auger

=BE

inner

—(BE o+ BE 10, ) - (1.65)

Since Auger electrons are usually ejected from the same shell as that from
which the electron making the downward transition to fill a vacancy origi-
nated:

KEAuger = BE;1r1er - 2BE01¢ter . (166)
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Due to their charge, Auger electrons are absorbed in surrounding tissues.
Characteristic X rays caused by photoelectric absorption are few enough in
number and low enough in energy that their contribution to transmitted X-
ray images can be ignored.

1.3.3.2 Pair Production

Pair production, defined as the conversion of a photon to an electron-posi-
tron pair, may occur above a threshold of 1.02 MeV. A highly-energetic
photon may interact with the strong field of the nucleus and be eliminated
from the beam. In its place a positive and a negative electron appear. The
magnitude of the threshold energy for pair production is determined by the
energy equivalent of the mass of these two electrons. Above the threshold,
the cross section for pair production increases rapidly with photon energy.
Pair production does not occur in the diagnostic energy range, but is an
important interaction mechanism in radiation therapy, discussed in Volume 2.

1.3.3.3 Photodisintegration

Photonuclear interactions involve the absorption of a photon by the nucleus
followed by the ejection of a nucleon. Very high threshold photon energies
(2.22 MeV for hydrogen, 18.7 MeV for carbon and 15.7 MeV for oxygen?°)
are required to overcome the nuclear binding energies of protons and neu-
trons, and photodisintegration is not relevant in diagnostic applications of
ionizing radiation.

1.3.4 Attenuation Cross Sections and the Linear Attenuation
Coefficient

As alluded to earlier, attenuation involves all the processes causing a reduc-
tion in the number of photons in an X-ray beam as it traverses an interaction
medium or absorber. In diagnostic and other imaging applications of ionizing
radiation, ignoring the inverse square law (see the beginning of Section 1.3),
the total attenuation cross section, o,,, includes contributions from all the
involved processes described above: elastic and inelastic scattering and
photoelectric absorption:

Otot = Ocoh +o Compton +0o PE. (1.67)
The cross sections ¢ are a measure of the likelihood that a particular inter-

action will occur for an individual target or atom in the absorber. Cross sec-
tions are tabulated*3 with units of area (e.g. Barnes: 1 Barn = 10-2* cm?/atom).
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For a narrow monoenergetic beam of energy Av, the number of photons

remaining in the beam after traversing a thickness x of absorber is given
by!-3-15.20;

N=Ne™ (1.68)

where Ny is the number of photons incident on the absorber and pu is
defined as the linear attenuation coefficient of the absorber material at
energy hv. In terms of intensity:

[=1e™. (1.69)

The linear attenuation coefficient has units of reciprocal distance (e.g. cm™!)
and can be calculated as?’:

ll/t: nVO‘lUl :n/ﬂpalﬂl’ (1.70)

where n, and n,,, are the number of atoms per unit volume or per unit mass,
respectively, in the attenuating medium of infinitessimal thickness dx, o, is
the total cross section, and p is the density of the medium (e.g. grams per
cubic centimeter). The linear attenuation coefficient is a function of the inci-
dent photon energy and the atomic number and density of the absorber. A
related quantity, the mass attenuation coefficient is defined as:

% = nﬂ10l()l (1.71)

and has units of area per unit mass (e.g. cm?gram). The mass attenuation
coefficient is independent of absorber density. For dose and radiation damage
considerations, it is often necessary to calculate the energy actually absorbed
in the object using the energy absorption coefficient:

b
= a 1.72
299 IM( Iy j, ( )

where E,, is the average energy absorbed per interaction.

Eq.s 1.68 and 1.69 will only be valid for experiments involving monoener-
getic photons where the measurement of transmitted intensity is made in the
narrow beam geometry illustrated in Figure 1.29%°. As shown, this geometry
can be achieved by placing the absorber close to the collimated radiation
source and the small, single-element detector some distance away. This
arrangement excludes most of the scattered radiation from the measurement,
since, except for very small scattering angles, it will diverge from the narrow
beam and escape detection. In practice, for broad-band Bremsstrahlung spec-
tra, the transmitted intensity must be calculated as an integral over photon
energy, hv:
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Figure 1.29. Narrow and broad beam geometry for measuring attenuation. (Adapted from
Anderson?’.)

RV e
1= I() 1, (hv)eiﬂ(hv)xdhv- (1.73)

For modeling and other purposes, it may be desirable to fit the tabulated
cross-section data, since the energy increments are generally rather course
(e.g. 5,10 or 20 keV). This has often been done successfully using an equation
of the form?07:408;

() =a,fi(v)+ ay f (v) = a, (hl) b ayfog (V). (1.74)

where a; and a, are functions of physical properties of the absorber and
fxn(hv) is the appropriate form of the Klein-Nishina equation. The first term
is associated with absorption due to the photoelectric effect and the second
accounts for Compton scattering. The functions are given by:

_kpZ*

a, y (1.75)

and a, = KZT{)Z , (1.76)
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where the K’s are constants, p is the material density, Z the atomic number
and A the atomic weight of the absorber. The appropriate form of the Klein-
Nishina formula is3:

l+a ){2(l+a)_ ln(l+2a)}+ In(1+2a) 1+3a

3
.fKA’(hv):4OO{( o’ 1+ 20 o 2a (1+20{)Z}’ (1.77)

v
me® S1lkeV’

where a=

and the total cross section o (the Thomson classical scattering coefficient) is
given by:

8
o, = gnr(f =66.525%107° cm’, (1.78)

in which the classical electron radius is:

ke? ]
r= e =2.81794%10™" em
mc

and the constant
2
k =8.9875 x 10'3 NCC—T arises from Coulomb’s law.

For practical purposes the 3/4 o, of Eq. (1.77) can be lumped with K; in
Eq. (1.76), and fxn(hv) taken as the expression within the braces. Eq. (1.74)
can be fit to the tabulated data (using minimum least squared error or other
appropriate criterion) over the energy ranges of interest by finding a set of
coefficients K; and K, for each element of interest. In general it will be neces-
sary to calculate different sets of K’s on each side of absorption edges
spanned by the energy range at hand. Attenuation by compounds can be esti-
mated according to the rule of mixtures 3-409-411;

Z="aZ' +a, 2"+ ..+a,Z" +..; (1.79)

n“n

where Z is the effective atomic number of a mixture of materials of atomic
number Z; to Z, and a; to a, are the fractional numbers of electrons per
gram of the various materials.
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1.3.5 Interaction of X rays with Detector Materials

A very important class of interactions of X rays with matter involves their
absorption and conversion in imaging and other X-ray detectors. Often, it is
the electrons liberated by photoelectric and Compton interactions in the
active detector material which ultimately produce the signal which is sensed.
Alternatively, visible light emitted when an atom excited by one of these
mechanisms returns to stability may be detected by an electronic detector or
form latent image centers in the silver bromide grains of a film emulsion. In
order to detect X rays efficiently and minimize the required exposure to the
patient, a detector material should be dense and of high atomic number to
maximize the number of interactions described by the foregoing equations.
There is almost always a tradeoff between detector thickness and spatial res-
olution: A thick detector will stop and convert more X rays, but scatter of X
rays and possibly other quanta within the detector itself degrades the spatial
resolution of the acquired image, obscuring fine detail.

Recent developments promise to yield electronic detector arrays capable
of detecting X rays directly; that is, converting X-ray energy directly to a mea-
surable quantity such as voltage or charge using very dense, novel solid state
materials such as CdZnTe and HgCdTe #2413, Another approach uses amor-
phous selenium for direct X-ray detection*'4415, But most available detectors,
including photostimulable phosphor plates*6-4?8 and the new amorphous sil-
icon arrays which theoretically could eventually also be used in a direct
mode*??-433_ first convert the X rays to visible light which is then detected,
either by film or by electronic imaging detectors including photomultiplier
tubes (PMT’s), charge-coupled devices (CCD’s) and tube-based cameras
such as Vidicons and Plumbicons 434440, There are two primary reasons for
this. The first is that most X-ray sensitive materials are too penetrable (either
their mass density is too low or they have to be fabricated thin in order to
preserve spatial resolution) to stop X rays efficiently. The second reason,
which applies to CCD’s and most silicon-based solid state devices, is that the
active sensing material is not radiation hard: With continued exposure key
properties like dark noise and charge transfer efficiency are degraded to
unacceptable levels*1—443,

The scintillating materials used to convert the transmitted X-ray pattern to
light in the visible spectrum fall into two major categories: granular phos-
phors*4-455 and solid crystals*>®-437, It is interesting to note that the first scin-
tillation detector was used by Roentgen in his discovery of X rays when he
observed the glowing of a barium platinocyanide-covered paper screen in a
darkened room while experimenting with electrical discharges in a partially-
evacuated tube33458-461 Historically, the most common type of imaging X-
ray detector has been the film-screen system. Thin granular phosphor screens
(between about fifty and two hundred microns thick) on one or both sides of
the film absorb X rays and convert them with some relatively low efficiency
(between about five and twenty percent) to light, generally in the green por-
tion of the visible spectrum to which silver bromide film emulsion is most sen-
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sitive. The phosphor particles, usually with densities between five and eleven
grams per cubic centimeter and diameters in the five- to twenty-micron range,
are held together by a plastic binder matrix. A reflective front-side coating
increases the light emitted in the direction of the film. Besides conversion
efficiency, the main problem is that light scatters laterally within the screen
material, degrading the spatial resolution of the image at the film plane. Opa-
cifiers are often added to the binder matrix to decrease this spreading of light
at the cost of reduced efficiency, but the spatial resolution is generally no bet-
ter than the screen thickness.

The advantage of solid crystalline scintillators like cesium iodide (Csl) is
that the material can be grown in sheets of close-packed single-crystal col-
umns up to several hundred microns thick. Absorption efficiency is therefore
as good or better than that of the thickest phosphor screens. Light emitted as
a result of X-ray absorption in a columnar crystal does not spread appreciably
laterally into adjacent crystals due to the refractive index mismatch at the
boundary, but is channeled down the crystal to the film or other detector
stage. Spatial resolution is therefore limited by the diameter of the individual
crystal columns. The problems with crystal scintillators include their expense
and susceptibility to hygroscopic or other degradation. Their conversion effi-
ciency is also somewhat lower than the more efficient granular phosphors.

Early detectors for computed tomography (CT scanners) were based on
ionization of pressurized gases such as xenon*®2-464 These detectors were
very linear and stable, and some scanner manufacturers still employ them,
but they are rather inefficient due to the low density of the gas. Cadmium
tungstate scintillators coupled to photodiodes have found broad application
in CT scanners; others such as bismuth germanate, Csl and sodium iodide
have been tried; and a number of novel scintillators, including ceramic mate-
rials, have been developed for the purpose*®®. Problems with monocrystalline
materials include afterglow, low mechanical strength, hysteresis (response
depends on irradiation history), and hygroscopic attack. Promotion of trans-
parency of ceramic materials can be problematic.

1.3.6 Object, Subject and Image Contrast

While there is no universally-accepted set of terms to describe the contrast at
the various stages of the imaging procedure, it is important at least to recog-
nize the factors involved at each stage, facilitating clarity of explanation and
understanding. If one considers an object or small inclusion, represented by
subscript 1, to be imaged against a background designated by subscript 0, the
object contrast may be defined in terms of their linear attenuation coeffi-
cients as:

_ 12 _ﬂo‘. (1.80)

C()hje('t - u 0
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This quantity embodies the physical differences in density and atomic num-
ber available to potentially allow discrimination of the object from the back-
ground in a displayed image. Object contrast is sometimes called intrinsic or
patient contrast. Subject contrast may be defined as:

_ ‘d)l — @0‘

subject b .
where @ is the photon fluence emerging from the patient after passing
through the inclusion and the background. Since detectors’ responses are

usually linear with energy, it might be more appropriate to define subject con-
trast as:

, (1.81)

vy
C&‘ub/‘ecl = ‘ lglo 0‘ ’ (1‘82)

where ¥ is the energy fluence emerging on the detector side of the patient. In
fact, though the results are not exactly the same, it makes little difference if
photon fluence, energy fluence or exposure are used in the calculation of sub-
ject contrast3. Image contrast has to do with the sum total result of the whole
system: density differences in the patient, X-ray spectrum utilized, efficiency
and response characteristics of the detector and any other components used
to present the image to the observer, etc. It may be defined as:

c -4l (1.83)

image [0
where [ indicates the flux of visible light energy presented to the observer’s
eye.

Object contrast is due to intrinsic differences in the imaged patient’s tis-
sues, and can only be improved by the addition of some contrast-enhancing
agent, such as iodine injected into the vascular compartment. Subject contrast
is affected by the X-ray spectrum used to produce the image. In general, the
differences between attenuation coefficients of various tissues and materials
are larger at low energies than at high, so low-energy beams will produce
higher subject contrast. The low-energy limits are set by the penetrating capa-
city of X rays. In addition, illumination preferentially accentuating energies
just above an absorption edge in one of the tissues of interest can produce
enhanced subject contrast. The most important determinant of conspicuity of
features or discontinuities in the patient is image contrast. The contrast-pro-
ducing characteristics of the detector system can be influenced to a larger
degree than is usually the case for contrast agents or technique selection.
Films and film-screen systems are available with a wide variety of contrast
characteristics, and the development process can also be tailored to increase
or decrease image contrast. The offset (dark level) and gain of electronic
detectors can be adjusted to emphasize contrast over particular ranges of
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intensity (subject contrast). Window width and level of electronic display
devices are usually under realtime control of the operator and have made a
large impact in improving the quality of the images presented to the observer
by, on the one extreme, accentuating very small differences in the detected
X-ray intensity or, on the other, allowing simultaneous display of a very wide
dynamic range at comfortable levels of illumination.

1.4 Quantities and Units

The purpose of this section is to present some of the fundamental concepts
involved in the measurement and quantification of radiation intensity, expo-
sure and dose and to summarize, in tabular form, the units used in this book.
Discussion of some special units adopted historically for use in the radiation
science community but now being phased out of use is included, though the
standard units will be used throughout this book.

Not long after their discovery, evidence started to mount of the potentially
harmful effects that X and gamma rays could have on living organisms*©®,
though debate over the root cause of these effects continued into the 1920’s.
The formation of an international radiation protection committee was dis-
cussed at the first meeting of the International Congress of Radiology in
1925, and the International Committee on X-ray and Radium Protection
(ICRP) was formed in 1928 during the Congress’s second meeting in Stock-
holm*¢’. Since 1931 the ICRP has issued a series of reports in which they
made recommendations as to quantities and units to be used to describe
radiation and related entities, apparatus and methods to make these measure-
ments in the clinic, and requirements for adequate shielding for personnel
and patients. Another body whose purpose it is to compile reports and formu-
late recommendations regarding the measurement of ionizing radiation and
standardization of the units used to describe the measured quantities is the
International Commission on Radiation Units (ICRU)#68-470 The ICRU has
issued a number of reports over the years, which specialized in the definition
and dissemination of units to be used in the radiological sciences and in radia-
tion protection. The Commission defined some units specific to radiological
quantities. Today, all involved bodies are advocating adoption of the units of
the Systeme International (SI units), recommended by the Comite Interna-
tional des Poids et Mesures (CIPM). In 1975, the General Conference on
Weights and Measures (CGPM) accepted two SI units, the gray and the
bequerel, specific to the radiological sciences?>.
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1.4.1 Fundamental Constants, Quantities and Units

The fundamental units of mass, length, time and current, from which most
other units are derived, are, of course, the kilogram, the meter, the second
and the ampere. A number of standard physical and electrical units and quan-
tities are defined in Table 1.4 (adapted from Johns and Cunningham?® and
Smith?).

Table 1.4.
Quantity Symbol Meaning SI Unit/ Conversions or
abbreviation fundamental units
mass m kilogram / kg
length 1 meter / m
time t second /s
current I ampere / A
velocity v v=1/t m/s
acceleration a v/t m/s?
force F ma newton / N kg - m/s?
energy E Fl joule /J kg-m?s?1eV =
1.602 x10—19]
power P E/t watt / W J/s
frequency f,v number/length hertz / Hz s—1
or time
charge Q It coulomb /C As
potential v E/Q volt/V J/IC
capacitance C Q/vV farad / F C/vV
resistance R V/1 ohm /Q V/IA
field strength ¢ force/ * V/m
unit charge
magnetic flux B force/ Tesla /T 1T = 10* Gauss
density unit charge Whb/m?
momentum
magnetic flux ¢ integral of Weber / Wb T-m?

magnetic flux
density

A number of radiological units and quantities are defined in Table 1.5 (com-
piled from ICRU Report 5147°, Johns and Cunningham?, and Attix**, and
discussed in the following sections).
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Table 1.5.
Quantity Symbol Meaning SI Unit/ Fundamental units
abbreviation or Conversions

exposure X charge liberated C/kg Q/m

per unit mass 1 Roentgen =

2.58 x 10 C/kg

energy imparted ¢ net energy absorbed * J

in matter (see text)
absorbed dose D energy imparted gray / Gy J/kg

per unit mass 1 Gy =100 rad

1 Gy =10*erg/g
(kerma has same

definition)

absorbed dose D D/t * J/kg.s
rate
quality factor Q weighting factor for *

varying biological

effectiveness of

radiation
dose equivalent H QD sievert / Sv 1 Sv =100 rem
dose equivalent H
rate
activity A disintigrations/ becquerel / Bq s

second 1Ci=3.7x10'"Bq
fluence [ particles/unit area  * m
fluence rate or ¢ fluence/unit time ~ * m>2-s!
flux density
energy fluence ¥ energy/unit area * J/m?
intensity or 1/ energy fluence/unit * J/m?s
energy flux time
linear energy LET energy lost by * J/m
transfer particle per unit

pathlength
lineal energy y energy imparted * J/m

per mean chord

length through

volume

* No SI unit applies
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1.4.2 Particle Fluence and Flux

We saw earlier that radiation beams are agents of energy transfer. There are
a number of quantities used, either colloquially or in technical communica-
tion, to describe the passage or travel of energy through space or matter. Flu-
ence, with units of number per unit area, refers to the number of quanta, par-
ticles or photons N passing through a unit area perpendicular to the beam:

¢ZZLZ) (1.84)

Fluence rate (also called flux density), with units of number per unit area
per unit time, is the fluence per unit time:

é N( N]. (1.85)

S A-t\m’-s

1.4.3 Energy Fluence and Flux

Energy fluence, with units of energy per unit area, describes the total energy
of the particles traversing a unit area:

NE J.
A mt

For monoenergetic photons, for example, one can determine the total
energy by multiplying the particle fluence by the energy of each photon.
Energy-integrating detectors, such as solid state or crystal-based systems, may
be used to estimate the energy fluence in practice, though this is not done

routinely in the clinic. Mathematically, the total energy in a polychromatic
beam incident on an area can be calculated from:

p (1.86)

EH\L\X
7/ zniEI , (1.87)
=0

where n; is the number of particles with energy E;, and the sum is over ener-
gies where i is incremented from zero up to the energy possessed by the most
energetic particles in the beam (up to the value of kVp, for example). Energy
flux, colloquially called intensity and equivalent to energy fluence rate, is the
energy fluence per unit time:

w—“E(J ]. (1.88)

CA-t\mes
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1.4.4 Exposure: the Roentgen

In general, it is practically difficult to measure intensity or fluence, and also
not as useful (from a radiation protection standpoint, at any rate) as measur-
ing a quantity more closely related to the potentially-harmful effects of ioniz-
ing radiation. Radiation damage from indirectly ionizing beams is not caused
by the photons (or neutrons) directly, but by the fast electrons ejected from
atoms in the absorbing medium. It is true that the initial interaction event is
caused by the photons themselves, either in photoelectric or Compton inter-
actions, but the number of these primary events is far smaller than that of the
subsequent interactions of the ejected electrons with tissue atoms before they
are brought to rest. Exposure is the quantity that was defined early on to
quantify the potential of an X-ray beam to cause separation of charge in mat-
ter. The Roentgen is a unit of exposure originally defined as the amount of
exposure required produce one electrostatic unit per cubic centimeter of air
at standard temperature and pressure:

1ESU 1ESU
IR=—7—"— = . (1.89)
cm’ ofairatSTP  0.001293 gair
In the SI system, the unit of exposure is coulombs per kilogram with:
1 Roentgen =2.58x10™* coulomb/kg in air . (1.90)

1.4.5 Absorbed Dose: The Gray, the Rad and the Kerma

Biological effects depend on the amount of energy absorbed in tissue as a
result of exposure to ionizing radiation, not on the ability of radiation to
ionize air. The ICRU defines energy imparted to matter in a volume as*’°:

e=R, R, +2.0 (J). (1.91)

where Rj, is the radiant energy incident on the volume which means the sum
of the energies of all charged and uncharged particles that enter the volume,
Ry is the radiant energy emerging from the volume, and >.Q is the sum of all
changes of mass into energy or vice versa (e.g. annihilation of a positron or
electron-positron formation in pair production ) which occur in the volume.
Radiant energy is defined as the energy of particles emitted, transferred or
received out of or into the volume. Absorbed dose is then defined as:

p=5 (L-0). (192)
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and absorbed dose rate by:

p=>2 (?) (1.93)

Quantification of absorbed dose has often been in terms of the older units,
ergs/g and rads, but these are being phased out in favor of the gray. Kerma,
with units of gray, J/kg, rad, or erg/g, is a previously-recommended term*”!
denoting absorbed dose which still finds use, particularly in the radiation ther-
apy field.

Since it requires 33.85 eV to produce one ion pair in air and each ion pair
has a charge of 1.6 x 101 coulomb, 33.85 joules are absorbed from an expo-
sure of 1 C/kg in air. Thus an exposure of 1 C/kg in air results in an absorbed
dose of 33.85 Gray. In general, the absorbed dose may be calculated using:

2
energy absorbed (Gray)le/(J2 jﬂ“” (m) , (1.94)
m ) p \kg

where 'u’%b is defined as the energy absorption coefficient® or the mass

energy absorption coefficient!®. The energy absorption coefficient is defined
as the product of the mass absorption coefficient and the fraction of photon
energy absorbed in a particular medium per interaction:

MUy _ 1 [ E,
e (B). 059

Tables are available giving the energy absorption coefficient as a function
of photon energy*”2.

1.4.6 Dose Equivalent: LET, Q, the Sievert and the Rem

Alpha particles and other charged species cause far more biological damage
per quanta than do photons of the same energy. One reason for this is that
they deposit their energy in the tissue over far shorter distances. Linear
energy transfer (LET in J/m or, traditionally, in keV/micron) is a measure of
the rate at which an ionizing particle deposits energy along its path in tissue.
Alpha particles may deposit energy at rates up to 1000 times higher than elec-
trons3. High-LET particles produce stronger biological effects than do low-
LET species. The quality factor, Q, is introduced to take the varying “biologi-
cal effectiveness”, or the potential of different types of radiation to cause
adverse biological effects, into account. Q varies with LET, and is quantified
for a particular radiation by comparing the dose of the radiation required to
produce a particular biological effect with the dose of a reference radiation
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required to elicit the same effect. The reference radiation may be medium-
energy (e.g. 200-keV) X rays or °°Co radiation'®473. Dose equivalent, H,
expresses the damaging effects of different radiations on a common scale by
incorporating the quality factor:

H=DOQ (Sv). (1.96)

The Sievert is the SI unit for dose equivalent. An older unit still in common
use is the rem. Quality factors for several types of radiation are listed in Table
1.6%74, In the field of radiation biology, a similar modifying factor, the relative
biological effectiveness or RBE, is used to compare the potential for damage
of various types of radiation on a common scale.

Table 1.6.

Radiation Q
X rays, gamma rays, beta particles 1
thermal neutrons 5
neutrons and protons 20
alpha-particles 20
heavy recoil nuclei 20
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