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FORWARD

During the period 2, 1:87 1o 1. 3191, Vanderbilt University. under Convuct NOOO14-
87-C-0146 with the Oftice of Naval Research, developed a Free-Electron Laser Center, and
carried out a program of research in medicipe, biology. and materials science. The

accomplishments of this effort are described in the final report.
The program may be divided into six projects, as follows:

ion an ration under the direction of C. A.
Brau, Department of Physics, College of Arts and Science. The objective of this effort has
been to commission the free-electron laser and the optical beamline required to distribute the
laser beam to the laboratories. Although the company supplying the free-electron laser
ceased operations before the laser was completed, the installation and commissioning was
completed by Vanderbilt personnel.

hanisms of Photon-In Dam in ical Materials. The effort
may be further subdivided into three efforts:

A. Desorption of Atoms and Molecules from Surfaces, under the direction of N. H.

Tolk, Department of Physics, College of Arts and Science,

B. Nonlinear Effects of Lasers, under the direction of R. F. Haglund, Department of
Physics, College of Arts and Science.

C. Interaction of Lasers with Defects in Optical Materials, under the direction of R.

A. Weeks, Department of Materials Science and Engineering, School of Engineering.

ITI. Picosecond Spectroscopy of Biopolymers. Under the direction of G. S.

Edwards, Department of Physics, College of Arts and Science, the objective of this
research has been to examine the vibrational and electronic spectroscopy of important
biopolymers, including DNA and RNA.

IV. Nonthermal and Selective Effects of Free-Electron Laser Irradiation of
Tissue. Under the direction of R. H. Ossoff, Department of Otolaryngology, School of
Medicine, the objective of this research has been to examine the effects of lasers on tissue,
including the effect on wound healing.




V._Free-Electron I.acser Based Studies of Biomembrane Dynamics and Drue
Interactions. Under the direction of S. Fleischer. Department of Molecular Biology.
College of Arts and Science. the objective of this rescurch has been to understand the

dynamics of membrane protems. and how they are related 10 membrane function.

. . ‘ Under the direction of
R. J. Maciunas, Department of Neurosurgery, School of Medicine, the objective of this
effort has been to study the interaciton of pulsed lasers with brain tissue, and to develop the
techniques of sterotactic laser neurosurgery.

The close collaboration of researchers from so many Schools and Departments of the
University has been a major factor in the success of the program, and will continue to be so
as the program continues and expands to embrace researchers from around the world.
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Special Report

Near-Monochromatic X-ray Beams Produced by the
Free Electron Laser and Compton Backscatter

FRANK E. CARROLL, MD,* JAMES W. WATERS, PhD,t RON R. PRICE, PhD,*
CHARLES A. BRAU, PhD,t CARLTON F. ROOS, MD,* NORMAN H. TOLK, PhD,?t

Carroll FE, Waters JW, Price RR, Brau CA, Roos CF, Tolk
NH, Pickens DR, Stephens WH. Near-monochromatic x-ray
beams produced by the free electron laser and Compton
backscatter. Invest Radiol 1990;25:465-471.

The intense photon output of a free eleciron laser may be made
to collide with its own high energy electron beam to create
nearly monochromatic x-rays using Compton backscatter
techniques. These x-rays can be used for imaging and non-
imaging diagnostic and therapeutic experiments. The initial
configuration of the Vanderbilt Medical Free Electron Laser
(Sierra Laser Systems, Sunnyvale, CA) produces intense x-rays
up to 17.9 keV, although higher energies are easily attainiable
through the use of frequency doubling methods, alteration of
the energy of the electron beam and coupling to conventional
laser inputs.

Key words: lasers; monochromatic x-rays; electron beams; free
electron laser; Compton backscatter.

HE CREATION OF A powerful, tuneable, near-

monochromatic source of “hard” x-rays would herald
a new and exceptionally diverse generation of diagnostic
medical imaging modalities, as well as opening the door
to new therapeutic methods.
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In diagnostic radiology, higher keV radiation is
associated with the production of unusable, and
objectionable scattered radiation; photons of lower keV
energy may add little to the diagnostic information
obtained, but contribute heavily to the radiation dose to
the patient. If it were possible to select radiation of optimal
energy for the job at hand, while eliminating those x-
rays of higher and lower frequency, radiologists and other
scientists could significantly enhance their ability to
perform very high contrast/ low dose imaging, accomplish
in vivo trace element analysis, and achieve 3-D x-ray
holographic imaging.

In 1986, Vanderbilt University was selected through
a competitive grant process as the first dedicated Medical
Free Electron Laser Facility to be funded by Congress
through the Strategic Defense Initiative Organization. The
principal investigators awarded this grant were a
multidisciplinary investigative team comprised of
physicians, physicists, biophysicists, molecular biologists,
and engineers who work in very close collaboration on
all facets of a unified inquiry into non-linear effects of
radiation produced by this powerful, tuneable, and
extremely fast laser.

The Free Electron Laser

The Free Electron Laser (FEL) uses a beam of
relativistic electrons to amplify short wavelength radiation
by stimulated emission. Electrons not bound to atoms
(hence “free™) are accelerated by one of any number of
devices, such as a linear accelerator or Van de Graff
generator, to multimillion electron volt energies, and are
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Fig. 1. The Free Electron Laser is a unique device among
present fasers in that it is tuneable across the electromagnetic
spectrum, extremely fast, and is extraordinarily powerful
delivering gigawatts of power in pico or femtoseconds. Insert A
shows the wiggler cavity of the FEL positioned to the right of
and distal to the electron gun and linear accelerator. Insert B
depicts the interaction zone of the Compton backscatter device.
The x-ray photons are delivered to the imaging facility on the
second floor of the Vanderbilt MFEL building.

then passed through an apparatus containing magnets of
alternating north-south polarity (a wiggler). The electron
trajectory describes an undulating or wiggling path
through this device, interacting with the magnetic field
to give off characteristic radiation, which is a function
of the energy of the beam, the strength of the magnetic
field and the periodicity of the magnets. The photons
produced within the wiggler are reflected repeatedly by
mirrors at the ends of the cavity and interact with the
electron beam, amplifying the photon output (Fig. I).!
The FEL delivers an extremely high output in picosecond
bursts that is tuneable across the infrared, visible and
ultraviolet spectrum.

X-Ray Production by Compton Backscatter

In 1975, Piestrup et al® showed that the momentum
of a free electron beam may be modulated by interaction
with laser light. To obtain significant energy exchange
between an electron beam and light, it is necessary for
the clectrons to remain in an electric field of constant
phase. This will occur in a medium that provides the
proper refractive index, that maintains the phase velocity
of the light’s electromagnetic wave with electron velocity
along the direction of motion of the electron. In a similar
fashion, an electron beam may perform significant work
on light photons. For some time now, high energy

For a more comprehensive discussion of the physics of FELs, the
reader is referred to more complete texts.?
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Fig. 2. Compton Backscatter yields a short wavelength x-ray
photon for each collision/interaction between a near relativistic
electron and a long wavelength light or infrared photon.

physicists have been creating gamma rays in the MeV
to GeV range using the Compton backscatter (CB)
phenomenon. Their technique involves the head-on
collision of an intense beam of laser light with a high
energy electron beam (Fig. 2). The incoming electron
“collides” with an incoming photon, thereby losing energy,
but at the same time imparting that energy to the incoming
photon, scattering it backward at a higher energy.

More recently (in a patent filed in July of 1986), Luccio
and Brill* outlined a method and apparatus for producing
x-rays which takes advantage of their first recognition
that “photons of much lower energy than those ordinarily
produced in nuclear physics research can be generated
using the Compton backscatter effect by carefully
controlling the energy level of the incoming electrons.”
Proposing a Microtron I electron source and a racetrack
electron storage ring coupled to various “off the shelf”
lasers, they provide a scheme that could potentially
generate highly directional, tuneable, narrow bandwidth,
polarized x-rays, which could conceivably cover a range
of energies from 0.5 keV to 250 keV.

Coupling the FEL and Compton Backscatter

The electron beam of the FEL (Sierra Laser Systems,
Sunnyvale, CA) is normally “discarded” in a beam dump
after its exit from the wiggler cavity. We propose to use
the residual electron beam (e-beam) from the FEL and
make it collide with the FEL’s own photon output to
create tuneable, near monochromatic x-rays by Compton
backscatter.

The configuration of the Medical Free Electron Laser/
Compton Backscatter Device (FEL/CBD) presently
under construction is seen in Figure 1. Once the electron
beam has exited the FEL, the beam will be transported
using bending and focusing magnets and evacuated beam
lines to an interaction zone whose axis is aligned with
a 12-in PVC x-ray beam pipe which penetrates the MFEL
building structure from the downstairs shielded FEL vault
to a “shirtsleeve™ environment target room situated on
the upper floor of the facility.

The light output of the FEL will be diverted by mirrors
to the same interaction zone where it will collide “head-
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Fig. 3. Depicts the surface representing the distribution of x-
ray energies and angles measured from the central electron beam
direction. The figure was generated by the Monte Carlo program
and resemblies a mountain ridge, whose height is proportional
to the probability of producing an x-ray with a given energy at
a certain angle. The width of the ridge depends on the energy
dispersion and angular divergence of the electron beam. The peak
of the ridge is close to the maximum possibie x-ray energy, 18
keV, and the axis of the electron beam. The quantity Ey refers
to the actual energy of an x-ray, while {. refers to the angle
measured from the central ray of the electron beam. Each
rectangle on the plot represents an interval .5 keV by .25 mradian.

on” with the electron beam. It is here that the Compton
backscatter occurs, allowing the creation of a cone of
near monochromatic x-rays that wili then be transported
via the PVC x-ray beam pipe to the second floor target
room. This beam exhibits a rather narrow scattering angle
that does not exceed .01 radians.

Prior to its reaching the PVC beam pipe and after
having interacted with the laser beam, the electron beam
is again rotated and transported back to its original axis
for disposal in the beam dump.

Photon Energy, Flux, and Distribution

In the case of photon scattering through 180° by a
moving electron, the photon energy is increased by a factor
4~2, where v is the ratio of the electron’s energy to its
mass. In the present MFEL design, the electron energy
is 43 MeV and the photon wavelength is 2u, giving a
maximum CB x-ray energy of 17.9 keV. The dependence
of the laboratory energy on the angle and number of
the backward scattered photons as measured from the
electron is shown in Figures 3 and 4. A non-zero angle
of incidence between the photon and electron beams has
little effect on photon flux. There is very minimal
displacement of the output curve when the incidence is
= 15°. This allows the interaction zone to be tilted
somewhat so that the x-ray beam may exit the FEL/
CBD without having to pass through the mirrors that
focus the light beam at the electron beam. Lower keV
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Fig. 4. This shows the surface representing the average x-ray
energies at points in an arbitrary plane transverse to the central
beam. The quantity < Ey > is the average energy of all x-rays
passing near a chosen point. In this calculation, Ev is a function
of the angle from the electron, so the scale of the figure is
unimportant.

photons would be extensively attenuated if they needed
to penetrate the interaction zone end mirrors while exiting
the device.

The theoretical problem of photon-electron scattering
has long been solved, the results being the Klein-Nishina
formulas for the intensity and polarization of the scattered
photons. In the energy regime of the MFEL, these
formulas reduce to the classical ones of Thomson, in which
the intensity is proportional to (1+ cos?®,), where O, is
the scattering angle in the electron rest frame.

In practice, it is necessary to accept electrons in a cone
of half-angle 8. equal to a few milliradians, measured
from the axis of the electron beam, because the probability
for scattering into any range of angle is given by integrating
the intensity over an element of solid angle which vanishes
at O, = 0° or 180°. Furthermore, because the beam has
finite emittance (ie, the volume it occupies in phase space
is not zero), all the electrons cannot be parallel, so at
any fixed laboratory angle the observer seces photons
scattered through a spectrum of angles from the directions
of the electrons measured from the axis. The result is
a spectrum of x-ray energies in the cone. Nearly
monochromatic x-ray fluxes may be obtained by the
selection of a portion of the cone for use (with the highest
energy x-rays nearest the center of the cone) (Fig. 5).

The distributions of energies and angles in the
laboratory system have been calculated by a Monte Carlo
program. In the case of negligible beam emittance, the
distributions in the proposed MFEL system are shown
in Figure 6. In the Monte Carlo program, points in the
electron phase space corresponding to positions and angles
are generated uniformly over an ellipse with area E. In
each slice of x-ray laboratory angle, the spectrum of x-
ray energies can be calculated. In Table I, the mean and
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Fig. 5. An observer looking retrogradely into the x-ray beam
would see concentric rings of near-monochromatic radiation as
depicted in this energy plot. The irregularity of the rings is merely
a reflection of the number of points plotted after Monte Carlo
calculations.

rms of the x-ray energy at each laboratory angle are
displayed for various choices of the electron beam radius.
In fact, the energy distributions are not symmetric, being
skewed toward the high end at small angles. For each
beam waist the angle 6. (. for which 80% of the x-
rays are above 15 keV has been calculated. For a waist
of 20u this angle is 5 milliradians. The entire x-ray energy
spectrum, with beam energy resolution folded in, is shown
in Figure 7. The spectrum of x-rays in the 5 milliradian
cone is shown in the dashed histogram. The angular
distribution is shown in Table I and Figure 8. The table
shows the elements of the rate calculation for three possible
beam waists, with the angular cut made to keep 80%
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Fig. 6. X-ray energy and angular distributions obtained with
an ideal electron beam and ideal photon beam.
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TABLE 1. Rates in Cones with 80% of X-rays Above 15 keV*
(These figures refer to a “one-pass” system wherein
electrons “see” light photons only once.)

fy 15u 20u 50u
6. max 4 mrad 5 mrad 6 mrad
L (m=2s-1) 50X 1037 28X 10%¥ 46X 10%

X102 11 X102 1.7 X102
3.4 X108 3.1 X108 7.7 X107

ac (6.<8. max) {(m?)
Rate (photons/sec)

“where:
1, is the radius of the beam
#. max is the maximum acceptance angle
L is the luminosity
o, represents the interaction cross-section
Rate refers to the x-ray photon production

of the x-rays above 15 keV, and the electron bunches
colliding only once with the light photons.

Rate Calculations

Photon flux expressed as photons per second with
angles less than 6, is obtained from the product of incident
intensity and a quantity called the cross section. The cross
section o, is found by integrating the Compton scattering
intensity divided by the incident intensity over the range
of angle O, in the electron rest system corresponding to
.. In a colliding beam geometry the incident intensity
is given by the luminosity, L, defined as

L=N,XNyXf+A
where
N. is the number of electrons per bunch,
N+ is the number of photons per bunch,
f is the frequency of intersection of the two bunches,
and
A is the common area of the two bunches.
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Fig. 7. X-ray energy and angular distributions obtained with
the electron beam and photon beams coming from the Vanderbilt
FEL.
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Fig. 8. The spread of x-ray energies delivered at various angles
from the center of the electron beam. The various plots show
the effect of changing the radius of the electron beam.

In the MFEL, the beam consists of micropulses of a
few picoseconds duration at intervals of 350 picoseconds,
spread over several microseconds (Fig. 9). Tentative
parameters are a current of 20 A over 5 picoseconds,
and a macropulse of 10 microseconds. Then N, = 6.25
X 10# electrons per micropulse. In a single pass system
in which each micropulse of photons sees each micropulse
of electrons once, the product Nvyf is the number of
photons persecond. For a beam of 6W and 2u this product
is Nyf = 6 X 10" photons per second (since there are
1.7 X 106 micropulses per second and 3.5 X 10!3 photons
per micropulse).

The area depends on how tightly the beams are focused.
The product of the radius of the beam times the angular
divergence is equal to the normalized emittance vy,. The
MFEL mvy, is approximately 7 # mm-mrad. As the area
of the electron beam shrinks, the increasing divergence
of the electrons results in a broader spectrum of x-ray
energies at a given laboratory angle. By making the area
of the beam small, one increases the rate, but the
monochromaticity of the beam will be reduced. The effect
of the beam divergence must be kept comparable to those
of other uncertainties, such as the spread of beam energy,
which is about 1%.

Higher Energy Photons from Backscatter

Although the original configuration of the FEL/CBD
will yield x-ray photons at 17.9 keV, more energetic
photons may be easily produced by any one or more
of several methods.

Increasing the energy of the electron beam not only
produces shorter wavelength radiation, but has the added
benefits of creating a higher flux (more photons per
second) that scatters at a smaller angle and is more
monochromatic (narrower bandwidth). For example, an
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Micropulse each 350 picoseconds apart
{a few picoseconds long)

Fig. 9. The pulse structure of the FEL is programmable with
the maximal repetition rate for macropulses at 60 Hz. Micropulses
of a few picoseconds in length may be bunched together to form
whatever macropulse one desires.

electron beam of 55 MeV produces light output from
the FEL at 1.25 u. This combination of electron/photon
interaction in the FEL/CBD will produce x-ray photons
at 49 keV.

FELS may be operated at harmonics of the primary
frequency but with a lower power output. This photon
output may be used to generate higher keV x-rays with
the FEL/CBD; or the primary frequency of the FEL can
be doubled by passing its output through frequency
doubling crystals after the light has left the FEL (both
situations would reduce x-ray photon flux significantly).

High average power, ultrafast conventional lasers may
also be used with the FEL/CBD both boosting photon
flux and creating more energetic x-rays, given that the
electron beam energy may remain fixed. One to two orders
of magnitude increase in photon flux may also be achieved
by causing multiple interactions between each electron
pulse and each light pulse. Several methods of achieving
this have been proposed. By including the lasing medium
1in one limb of a ring amplifier, and placing the interaction
zone in one of the other limbs, a significant increase in
light photon flux is created, such that the electron pulses
“see™ a much more intense light beam (Fig. 10).

Initial Use of the FEL/CBD

When radiation interacts with matter in the lower keV
energy range, photoelectric effects can be used to great
advantage to reduce scattered radiation, enhance natural
tissue contrast, and establish the elemental composition
of the tissue irradiated. As radiation energy increases, the
amount of the x-ray beam that is absorbed continues
to decrzase until the energy of the photons slightly exceeds
the binding energy of the inner K-shell electron. At that
point, there is an abrupt increase in the absorption of
the radiation beam called the “K-edge”, something which
is particularly pronounced in high atomic number
absorbers.
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Fig. 10. Including the lasing medium in the ring cavity that
containg the interaction zone markedly increases the photon flux
“seen” by the electron beam thereby significantly boosting the
x-ray flux exiting the interaction zone.

Among the atomic species most important in biological
substances, hydrogen, carbon, nitrogen, oxygen, sodium,
sulphur, chlorine, potassium, calcium and iron have
discrete k-edges which are in the low keV energy range.
Other substances such as copper, iodine, and barium have
K-edges which are below 40 keV (Table 2). For maximal
x-ray absorption, the energy of the x-ray beam should
be as closely matched to the K-edge of the absorber as
is possible.

There are a number of potential diagnostic uses for
near-monochromatic x-radiation, among them the
detection of breast cancer. At the present time, an accurate,
noninvasive method for establishing the histologic
characteristics of suspected malignancies within the breast
is not available. Surgical excision cf suspected lesions with
microscopic examination of the excised tissue remains
the only option when a suspected lesion is present. Surgical
removal carries with it morbidity and often anguish for
the woman involved. The cost in financial, social, and
psychological terms for each “curable” cancer found
dictates that the search for a more sensitive and specific
screening tool than present-day mammography or
diaphanography must be undertaken.

By illuminating the breast or any other tissue with
discrete monochromatic beams of x-ray with keV energies
between 0 and 40, one might take advantage of the
photoelectric effect and the K-edges of the above
mentioned “physiologic” atoms to perform elemental
analysis of suspect biologic tissues. Utilization of multiple
narrow lines of monochromatic radiation at various keV's
in that range will allow elemental analysis and subtraction
imaging in soft tissues. Our ultimate objective is to create
a screening tool using the FEL: CBD, to simultaneously
discover and histologically characterize intramammary
lesions using near-monochromatic x-ray beams. This

technique will eventually be extended to other organ
systems throughout the body.

Many factors are known concerning breast tumors
which lend credence to our expectation that near-
monochromatic x-ray beam elemental analysis and
imaging stand an excellent chance for success. To some
extent, it has already been shown by Johns et al’ that
at 40 keV and below, there is a statistically significant
difference in the attenuation coefficients for neoplastic
and normal tissues in the breast. This difference becomes
even more statistically significant below 30 keV.

There are also decided differences in the molecvlar and
cellular composition of neoplastic tissues that discriminate
them from normal tissues such as: polyploidy and
differential DNA/RNA content than quiescent cell
populations, neovascularization with higher blood flow,
higher hyaluronidase activity than normal interstitial fluid,
elevation in the water content of the interstitial spaces,
higher hematocrit in the blood passing through tumors
due to greater fluid leakage from the vessels, increased
calcium content in the regions surrounding tumors
(associated in some measure with the calcifications visible
with plain film mammography), and a discrete variability
in the diffusion gradients for nutrients and metabolic
products in tumorous tissues, as well as necrosis within
them. With such significant alterations in the regional
biochemistry, cellular architecture, and elemental content,
the absorption and transmission of multiple discrete
monochromatic beams might be significantly altered
relative to normal tissue.

The initial use of this device is centered on excised
tissue samples, followed by tests on nude mice with human
mammary carcinomas implanted in their soft tissues. First
proofs are to be followed by application of this high
contrast; low dose imaging modality to detection, analysis
and treatment of breast lesions in humans.

Radiation Dose Considerations

The advantage of low-energy x-rays for producing
images with high soft-tissue contrast has been recognized

TABLE 2. Some K-Edges of Imponance

Eiement K-Edge (keV)
Potassium 36
Calcium 40
Iron 71
Copper 9.0
Zinc 97
Gallium 10.0
Bromine 135
Technetium 210
Sitver 255
lodine 332
Xenon 345
Barium 37.4
g
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for some time. This is due primarily to dominance of
the photoelectric interaction, where the x-ray energy is
absorbed without the creation of significant scattered
radiation. This is in contradistinction to the Compton
interaction which dominates at energies above 25 keV,
and causes a reduction in contrast on the order of 3 to
6 times due to scatter.

Estimates have been made of the doses that might result
from the use of narrow-beam low-energy monoenergetic
beams relative to doses received from conventional film/
screen x-ray mammography. Conventional systems deliver
a dose of 0.06 rad with a skin entrance exposure of 0.370
R. In the manner previously described by Johns and Yaffe,
entrance exposures were calculated for simulated breast
tissue, 4.0 cm thick, in which a 0.3 c¢m lesion had been
placed. The calculations assumed complete scatter
rejection, unit detector efficiency, breast composition of
50¢¢ adipose and 50¢7 glandular tissue and a linear
attenuation coefficient of the lesion which is 5% greater
than the surrounding breast tissues. An optimized system
tor breast imaging using monochromatic radiation such
as that described here may reduce entrance exposure to
the breast by a factor of 9 to 46 times.

As the energy of the x-ray beam produced increases,
the techniques described here will be extended to other

areas of the body. keV's of 40-50 should be relatively
easy to obtain and will be energetic enough to image
any portion of the body with similar results.
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Special Article

Generation of “Soft X-Rays”’ by Using
the Free Electron Laser as a Proposed
Means of Diagnosing and Treating
Breast Cancer

Frank E. Carroll, MD

Department of Radiology and Radiological Sciences, Vanderbilt University Medical
Center, Nashville, Tennessee 37232-2675

The diagnosis and treatment of breast lesions may be markedly
enhanced by the use of a unique new source of near-monochro-
matic x-rays.

Concentric beams of near-monochromatic x-ray photons may
be generated by collision of the free electron laser (FEL) electron
beam with the optical beam in an interaction zone that delivers
the x-rays to a shirtsleeve environment.

The absence of Compton scatter and the photoelectric interac-
tion within tissues improves conspicuity of lesions by two to six
times. Increased attenuation of x-rays in malignant vs. normal
tissues makes tumors more obvious. K-edge subtraction allows
chemical analysis of tumors in vivo—all at radiation doses that
are one-tenth to one-fiftieth that delivered by the lowest-dose
mammographic x-ray technique available. This allows for an in-
creased sensitivity and specificity and permits prediction of his-
tology, negating necessity for biopsies.

Selective bond-breaking at depth in tissues as well as x-ray-
activated photodynamic therapy are also being explored.

Key words: Compton backscatter, monochromatic x-rays, breast lesions

INTRODUCTION could significantly improve the sensitivity and

specificity of our diagnostic imaging (Fig. 2).
Since Roentgen’s initial use of x-rays in At the Vanderbilt Medical Free Electron La-

1895, our accuracy in diagnostic radiology has ser (FEL) Facility, current research is being di-

been hampered somewhat by the wide spectrum rected toward the earlier diagnosis and treatment

of radiation emitted by x-ray tubes (Fig. 1). Ex-

tremely soft x-rays do not penetrate the skin or

other tissues sufficiently to yield detectable infor-

mation on film or with other imaging devices.

(These x-rays only increase the undesirable radi-

ation dose to the patient.) On the other end of the
spectrum produced by x-ray tubes, scattered radi-
ation becomes problematic due to off-axis scatter-
ing within the part imaged, creating fog (noise) in
the imaging chain, which reduces visibility of
structures within the tissues. If we were able to
produce x-rays at or near the frequency best
suited to the particular imaging task at hand, we
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STANDARD X-RAY TUBE SPECTRUM
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Fig. 1. Standard x-ray tubes emit radiation with a distribu-
tion such as that shown. A: At the upper end of the spectrum,
Compton scattering contributes significantly to noise by fog-
ging the x-ray film, obscuring detail. B: At the low end of the
energy range, the x-rays are so “soft” that they do not pene-
trate the part being imaged; thus, no image is formed. These

of breast cancer without the need for surgical pro
cedures such as biopsy or lumpectomy, through
the use of near-monochromatic x-ray beams. This
new type of radiation beam has the desirable
qualit: : of tunability, high flux rates for imag-
ing, and a pulse structure that mimics that of the
FFL.

MATERIALS AND METHODS
The Free Electron Laser

Passage of a near-relativistic electron beam
over a magnetic field of alternating north-south
polarity stimulates emission of characteristic ra-
diation, which, when bounced between optical
cavity end mirrors, interacts with the electron
beam in such a way that the light emitted is sig-
nificantly amplified. The variable pulse structure
of the FEL allows emission of exceedingly power-
ful laser pulses in the picosecond timeframe. Al-
teration of the periodicity of the magnets, modifi-
cation of the strength of the magnetic field, or
change in the energy of the electron beam permits
one to tune the FEL to innumerable frequencies
throughout the electromagnetic spectrum. The

“soft” x-rays impart a marked increase in radiation dose to
the patient. C: X-rays from the useful region of the spectrum
partially interact with the soft tissues and are absorbed,
while the remainder of the beam passes on to the film without
any scatter.

FEL/CBD (tunable)

Near Monochromatic X-ray Beam

Fig. 2. By tuning the FEL Compton backscatter device to the
useful energy range and specifically to the desired narrow
frequency, one is better able to image, chemically probe, and
treat lesions deep within tissues.

reader is referred to a more comprehensive text
for further elucidation of the physics involved in
FEL photon production |1].
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Fig. 3. Head-on collision of an electron beam traveling close
to the speed of light with an infrared or light laser photon
creates x-ray photons scattered backward along the direction
the electrons were traveling. (The angle is exaggerated here
for clarity.) Some of the electron’s energy is lost to the photon.
(From: Carroll FE, Waters JW, Price RR, Brau CA, Roos CF,

Compton Backscatter Device

Head-on collision of the electron beam nor-
mally discarded from the FEL with the intense
photon output of the FEL in a specially designed
interaction zone |2] produces a near-monochro-
matic beam of x-rays by a phenomenon long known
to high-energy physicists as Compton backscatter
(Fig. 3). These near-monochromatic x-rays can be
shunted to an imaging laboratory on the floor
above the FEL vault at Vanderbilt’s facility [3].

Infrared or light photons of different fre-
quencies may be used for these collisions with the
electron beam, which itself may be varied by in-
creasing its energy. This allows one to select the
most useful frequency for the tissue or part to be
studied. The initial configuration of the f'EL at
Vanderbilt (Fig. 4) will allow the production of
17.9 keV x-rays in a tightly coned beam that di-
verges very little. The energy spread of the elec-
tron beam and the phase differences between the
electrons in the beam create concentric circles cf
near-monochromatic x-rays about the most ener-
getic and intense central beam. An observer gaz-
ing directly into the center of the x-ray beam
would see concentric circles of different energy
(Fig. 5.

DISCUSSION
Radiation Effects in Tissues

X-rays in the 10-30 keV range interact with
tissues in two discrete ways. Photoelectric inter-

Outgoing
Photon
(X-Ray)

Scattering
Angle

incoming
Photon
(laser light)

Outgoing
Electron

Tolk NH, Pickens DR, Stephens WH. Near-monochromatic
x-ray beams produced by the free electron laser and Compton
backscatter. Invest Radiol 1990; 25:465-471. {2| Reprinted
with permission of the publisher, JB Lippincott Co., and the
author.)

action predominates from 10 to 20 keV, whereas
Compton scattering effects take precedence above
20 keV (Table 1).

The photoelectric interaction is portrayed in
Figure 6. An x-ray photon traversing the tissue
interacts with electrons in their respective atomic
orbits when the energy of the photon is very near
the binding energy of one of these electrons. The
electron is ejected from the atom, and an electron
from an adjacent orbit falls into the void created,
releasing characteristic radiation of its own, leav-
ing a positive ion within the tissues. When such
an interaction occurs, the incoming photon is es-
sentially extinguished, such that a negative im-
age of the atom or molecule with which it inter-
acted is created in the residual beam that
traverses the part imaged to reach the receptor/
detector.

At slightly higher energies, x-ray photons
scatter off of atoms (with slightly reduced ener-
gies) at angles that are off-axis from the central
beam, creating a useless fog of radiation that does
not impart worthwhile information to most detec-
tors, particularly film.

X-rays are attenuated in soft tissues by dif-
fering amounts, depending upon the effective den-
sity of the material being traversed, the atomic
number of the atoms in the molecules, and the
number of electrons per gram of tissue. In breast
tissue, measurements have shown that fat has a
lower atomic number than glandular tissue,
which, in turn, has a lower effective atomic num-
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Fig. 4. A: The electron beam used for the FEL can be redi-
rected to an interaction zone, where it may collide with the
laser beam from the FEL itself or from other conventional
lasers. B: The FEL consists of an electron source, a linear
accelerator to boost the beam to near relativistic energy, end
mirrors for the laser cavity, and a series of magnets with
alternating north-south orientation (called a “wiggler”).

ber than that of cancer. Johns and Yaffe {4] have
shown a distinct difference in the linear attenua-
tion coefficients of fat, normal glandular tissue,
and cancers in the energy range from 110 keV to
18 keV, with a noticeably significant and increas-
ing separation of relative attenuation between
normal tissues and cancers below 30 keV. This
difference becomes even more pronounced below
20 keV. Since the optimal range for the FEL
Compton device will be between 15 and 17.9 keV,
study of similar breast tissues by our group is
presently underwa;’ at the Brookhaven National
Laboratories at the lower energy range to estab-
lish whether or not the widening gap in relative
attenuation is a continuum or not. Our earliest
data for the energy range from 14.5 to 16.0 keV
shows similar characteristic alterations in rela-
tive attenuation seen by the Toronto group men-
tioned above. We will be returning to Brookhaven
in the fall of 1990 to complete our work before
publication to fill the gap between 16.0 and 18.0
keV.

Had our confirmatory studies underway at
Brookhaven yielded negative or equivocal results,
we would still have been able to benefit from the

(From: Carroll FE, Waters JW, Price RR, Brau CA, Roos CF,
Tolk NH, Pickens DR, Stephens WH. Near-monochromatic
x-ray beams produced by the free electron laser and Compton
backscatter. Invest Radiol 1990; 25:465-471. |2] Reprinted
with permission of the publisher, JB Lippincott Co., and the
author.)

monochromatic beams described here by increas-
ing the effective keV to approximately 20 keV
(taking advantage of already proven effects),
since we presently plan to explore this energy re-
gion anyway, as the device can potentially emit
monochromatic x-rays up to 49.0 keV.

Near-Monochromatic X-rays

By eliminating x-ray frequencies that are
not in the optimal keV range, radiation dose may
be reduced considerably (Table 2). Compared to
the lowest dose film-screen mammographic exam-
inations now done in most hospitals, the near-
monochromatic study will deliver a radiation dose
to the patient that will be from one-tenth to one-
fiftieth as much. A patient would be able to re-
ceive a mammogram for most of her life and still
only receive the same dose now acquired on a sin-
gle study.

The eradication of scatter also allows any le-
sions in the breast to be seen two to six times
better, due to the reduction of noise/fog on the
film.

Use of selected tunable x-ray frequencies
such as afforded by the Compton device carries

pr
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Fig. 5. The x-ray beam created by the Compton backscatter
device consists of concentric rings of photons at lower and
lower energies as one moves radially outward from the center
of the beam. The vast majority of the photons are at the center
of the beam—all with the highest energy obtainable for a
given set of machine parameters; lower energy rings are of

TABLE 1. X-Ray Interactions With Matter:
% Photoelectric Vs. Compton Scatter

Photoelectric interactions

Photon energy as a percent of total

tkeV) (approx.), %
10 95
15 80
20 60
30 30

with it the added benefit of being able to explore
K-edge absorption within the tissues, permitting
“chemical” analysis of breast tissues without the
need for excision. As the x-ray energy reaches the
binding energy of the K-shell electron, there is a
sudden increase in absorption of the beam (the
K-edge), revealing the presence of specific atoms
tFig. 7). Even if the absorption K-edge is lower
than the energy selected, some effect can still be
seen or observed. As an example, local calcium
concentrations are higher in breast lesions. Even

lower intensity. (From: Carroll FE, Waters JW, Price RR,
Brau CA, Rons CF, Tolk NH, Pickens DR, Stephens WH.
Near-monochromatic x-ray beams produced by the free elec-
tron laser and Compton backscatter. Invest Radiol 1990; 25:
465-471. [2] Reprinted with permission of the publisher, JB
Lippincott Co., and the author.)

if the K-edge of calcium is too low to image, chro-
mophores that monitor local calcium concentra-
tion can be used and imaged.

The exceedingly short pulses delivered by
the FEL are also reflected in the monochromatic
x-rays produced by the Compton backscatter de-
vice. A common thread weaving itself through all
of the research being done at the Vanderbilt FEL
is an inquiry into the non-thermal/non-linear ef-
fects caused in tissues by the unique pulse struc-
ture and wavelengths attainable with this excep-
tional laser. Similarly, we will be searching for
frequencies that affect the malignant cells while
leaving normal cells and cell processes un-
changed. If found (and there are reasons to be-
lieve that they will be), this will open the door to
a new form of radiotherapy.

Detectors

Traditionally, film-screen combinations have
been used for routine mammography. They are not
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Fig. 6. The photoelectric interaction, dislodgment of a K-
shell electron by an x-ray photon, occurs predominantly be-
low 20 keV and can be used to greatest advantage in breast
imaging. The characteristic radiation produced when an
outer shell electron fills the void left by the photoelectron
from the K-shell is of such low energy that it does not leave
the soft tissues.

TABLE 2. Radiation Dose Vs. Beam Energy
(in keV) in Mammography

Beam energy Entrance exposure

tkeV) (R)

10 106.0

15 0.042 (42 mR)

20 0.008 (8 mR)

28 (standard low-dose 0.370 (370 mR)
mammography)

always the best or most efficient detectors of x-
rays. Ifonly the central portion of our beam is used
for imaging, our studies will truly be near-mono-
chromatic. However, the concentric rings