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A laser-produced plasma~LPP! x-ray source with possible application in mammography was cre-
ated by focusing a laser beam on a Mo target. A Table-Top-Terawatt~TTT! laser operating at 1 J
energy per pulse was employed. A dual pulse technique was used. Maximum energy transfer
(;10%) from laser light to hot electrons was reached at a 150 ps delay between pulses and the
conversion efficiency~hard x-ray yield/laser energy input! was;231024. The created LPP x-ray
source is characterized by a very small focal spot size~tens ofmm!, Gaussian brightness distribu-
tion, and a very short pulse duration~a few ps!. The spectral distribution of the generated x rays was
measured. Images of the focal spot, using a pinhole camera, and images of a resolution pattern and
a mammographic phantom were obtained. The LPP focal spot modulation transfer function for
different magnification factors was calculated. We have shown that the LPP source in conjunction
with a spherically bent, high throughput, crystal monochromator in a fixed-exit Rowland circle
configuration can be used to create a narrow band tunable mammography system. Tunability to a
specific patient breast tissue thickness and density would allow one to significantly improve con-
trast and resolution~exceeding 20 lp/mm! while lowering the exposure up to 50% for thicker
breasts. The prospects for the LPP x-ray source for mammographic application are discussed.
© 1997 American Association of Physicists in Medicine.@S0094-2405~97!02305-5#
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I. INTRODUCTION

The electron-impact x-ray tube, pioneered 100 yrs ago
Röntgen, has reached its technological limit, and after m
years of improvements it is clear that some of the inher
deficiencies of this x-ray source for radiology cannot
overcome. These deficiencies are the heat-dissipation p
lem, which limits the density of the power that can be del
ered by the electron beam, and the related problem of
limit on the minimum focal spot size. The relatively larg
focal spot size prevents effective work in a high magnific
tion regime and limits the ability to detect small calcific
tions and structural characteristics of soft tissue masses,
of which are very important in the diagnosis of breast canc

A laser-driven, photon-impact x-ray source for mammo
raphy may be able to overcome these limitations. The x-
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source is created upon collision of a visible or infrared ph
ton beam with the surfaces of solids. Presently, modern h
power lasers can deliver in excess of 1019 W/cm2 to a target
area as small as 5mm in diameter. This should be contraste
with the power density delivered by traditional electro
impact x-ray tubes that typically does not exce
109 W/cm2. An extremely short x-ray pulse duration, dete
mined by the laser pulse temporal structure, typically of
order of 10212 s and a very small focal spot diameter, d
fined by the laser beam diameter on the target, are the in
ent features of this new x-ray source.

The feasibility of the laser-based x-ray source for dia
nostic radiology was recently investigated by Herrlinet al.1

Polychromatic, incoherent, x rays~HVL510 mm of Al!
were generated by focusing a Table-Top-Terawatt~TTT! la-
725725/8/$10.00 © 1997 Am. Assoc. Phys. Med.
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ser light pulse (331017 W/cm2) on a solid target made o
tantalum foil.

The aim of the present work was to investigate appli
bility of the LPP x-ray source to mammography. We pe
formed experimental and theoretical feasibility studies a
considered the possible impact of the laser-driven x-
source on future clinical mammography systems.

II. MATERIALS AND METHODS

A. Mechanism of x-ray generation from laser-
produced plasma

Consider a laser pulse that strikes a solid target. If
power density delivered by the laser excee
;531012 W/cm2 vaporization and ionization of the targe
occurs.2 As a result, with subpicosecond laser pulses, a n
solid density expanding thin layer of plasma with a rath
steep density gradient is created. The ensuing density pr
can be approximately described2 by ne(z)}exp( 2 zC/L),
wherene(z) is the electron density at distancez from the
surface,C is a constant, andL is the gradient scale lengt
that changes during the plasma expansion. In our prev
experiments,2 utilizing a single pulse irradiation technique
we observed that the parameterL was smaller than the lase
light wavelength (L,l laser). Typically for l laser5 0.53mm
at 531017 W/cm2, the estimated value ofL was 0.1mm and
the initial thickness of the dense plasma layer w
; 0.2mmelectron temperature,Te , was;5 00 eV, and elec-
tron density wasne'631022 cm23.3 In this stage of the
interaction, the laser light beam is in effect interacting with
thin, expanding layer of ionized matter of near-solid dens
The expansion can be impeded by the light pressure, as
served by Liu and Umstadter4 and confirmed in our
experiments.5 We note that the laser light with 1018 W/cm2

intensity, has an electric field of the order of 331010 V/m
and exerts a light pressure of 0.3 Gbar.6 The characteristic
time of temperature change of the dense plasma is com
rable to the ultrashort~i.e., femtosecond time scale! laser
pulse duration. The extent of the expansion is therefore
by the laser pulse duration. It is believed that for the la
pulse intensity in the 1016–1018 W/cm2 range, hot~suprath-
ermal! electrons and very energetic ions are produced pri
rily by linear resonance absorption inp polarization.7 The
inverse bremsstrahlung and Raman instabilities might p
some role in the energy transfer from laser radiation to
electron as well.3 As evidenced by our previous studies,2 the
temperature of suprathermal electrons is controlled by i
diation conditions following the empirical law
Th}(Il laser

2)1/3. In the present experiments with Mo targe
the temperature of hot electrons was estimated
Th'25 keV, and we established that up to 10% of the la
energy was transferred to hot electrons. In order to inten
the energy transfer from laser light to hot electrons the g
dient scale-length parameterL of the dense plasma layer ha
to be optimized during the laser light–solid target intera
tion. In our experiments this was accomplished by doub
pulse irradiation. In this technique the first low-intens
pulse creates a preformed dense and cold plasma layer o
Medical Physics, Vol. 24, No. 5, May 1997
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target surface. The second, high-intensity pulse is delaye
a preset time interval~0–200 ps! and interacts with the pre
formed plasma, allowing for more efficient energy transfer
hot electrons. It is possible because the characteristic pa
eter L of the dense plasma seen by the main pulse is c
trolled by the delay interval and can be optimized.

A majority of the hot electrons leave the dense-plas
region and consequently a very strong space-charge fie
being set up at the target along with a low-density hig
temperature plasma created above the target. Emissio
electrons and ions with MeV energies from laser-produc
plasma~LPP! was recently reported.8,9 A significant fraction
of hot electrons streams back toward the positively char
space-charge region on the target surface. As a result,
suprathermal electrons penetrate the target producing a b
of incoherent x rays, composed of continuous bremsstr
lung emission and discrete characteristic x-ray emiss
lines.3 The peak power of the burst of x rays emitted by LP
sources exceeds that produced by a synchrotron light sou
The duration of the LPP-generated x-ray burst is control
by and is longer than the duration of the laser pulse and
our experiments it did not exceed 4 ps for 0.4 ps of the la
pulse duration.3 The LPP x-ray source size gradually in
creases with time and its characteristic dimension is defi
by the initial size of the laser focal spot and the laser pu
duration. The x-ray focal spot enlargement is caused by
eral transport occurring in the dense plasma layer, wh
leads to the lateral expansion of the plasma. In our exp
ments the full width at half-maximum~FWHM! of the LPP
x-ray source brightness distribution was;50mm while the
laser focal spot size was of the order of 10mm. We have
found that the conversion efficiency of the laser-driven x-r
source (Fx) defined as the ratio of the energy emitted in t
x-ray burst produced by the laser-light pulse to the energ
the laser-light pulse, is approximately proportional to t
square root of the laser beam intensity, i.e., to the peak e
tric field of the laser light and to the atomic numberZ of the
target,Fx}EpeakZ. Validity of this relation was also verified
by Kmetecet al.8 We note equivalency with the x-ray tub
conversion efficiency law,Fx } VZ.10 It should be empha-
sized that the LPP x-ray yield~i.e., the total energy emitted
in x rays! strongly depends on the target surface struct
and the irradiation conditions.

B. Experimental design

For the present feasibility studies, we used the exist
compact and relatively high-energy system of the INR
laboratory in Varennes. The geometry utilized in this work
shown in Fig. 1. The INRS laser system consists of a T
laser operating at 1000 mJ, 0.03 Hz repetition rate, gene
ing infrared coherent radiation with 1m wavelength
(l laser51.053mm) in 550 fs pulses. The initial laser beam
split by a Potassium Dihydrogen Phospate~KDP! crystal into
two pulses: a primary, low-intensity, infrared pulse with u
changed frequency~400 mJ,l laser51.053mm, 550 fs! and a
secondary, high-intensity, green light pulse with doubled f
quency ~400 mJ,l laser50.53mm, 400 fs!. The delay be-
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tween the two pulses can be varied from 0 to 200 ps. T
primary infrared beam is focused by a lens (f /6) on a Mo
target forming a controlled preplasma;100mm in diameter,
while the secondary, delayed, green light beam is focused
means of an off-focal parabolic mirror (f /3) to a spot
;10mm in diameter in the center of the preplasma lay
The specific beams diameters were selected in order to o
mize the primary to the secondary pulse intensity ratio. T
irradiation intensities were 1016 and 53 1017 W/cm2 for the
primary and the secondary pulses, respectively.

The target was kept in a vacuum chamber. A glass w
dow allowed focusing the laser light pulses on the targ
while a 0.5 mm Al window was used to filter out soft~below
10 keV! x-ray component from the resulting x-ray spectrum

X-ray yield was measured with a battery of sever
photomultipliers-NaI~TI! scintillator detectors each equippe
with a different set of K-edge filters utilizing the Ross filte
technique. In this device each detector has its maxim
spectral sensitivity located in a different part of the inves
gated spectrum.11 The absolute energy spectra~i.e., the num-
ber of emitted x-ray photons versus energy per x-ray pho
energy interval! was obtained from deconvolution of th
various photomultipliers signals using a weighted lea
squared curve fitting procedure for the entire 10–100 k
interval investigated.11 Background signals were eliminate
by the use of very thick lead shielding and electron sweep
magnets in front of the detectors. The detector system w
carefully calibrated to investigate conversion efficiency fro
laser light to x rays in the 10–100 keV range.11

The images of the focal spot were obtained using a p
hole camera and photographic film. The images of test
jects were obtained using suitable filters and photograp
film.

C. Experimental results

It can be shown that the energy distribution of the co
tinuos spectra due to the LPP x-ray source can be well
scribed by exp(2hn/Th), wherehn is the x-ray energy and
Th is the temperature of hot electrons.12 The temperature of
suprathermal~hot! electrons created in the present expe
ment was estimated from the slope of the hard x-ray spe
~10–100 keV! to be at;25 keV. The experimentally ob-

FIG. 1. The experimental geometry utilized in this work.
Medical Physics, Vol. 24, No. 5, May 1997
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tained spectral distribution of radiation generated in
present experiment by the high-intensity green light pu
(l laser50.53mm) alone is shown in Fig. 2. We observe th
Mo Ka emission line superimposed on a continuous sp
trum with a mean energy of 25 keV. In the dual beam te
nique, the maximum conversion efficiency of abo
231024 was reached. We note that the conversion e
ciency of an x-ray tube with a Mo target at 25kVP can be
estimated as 931024. The emitted x-ray flux at 20 keV
within a 1 keV bandwidth per laser shot can be estimated
73109 photons in 2p srd.

The fraction of the laser energy transferred to hot el
trons (F le) was estimated using the characteristic MoKa

emission;12 the results are shown in Fig. 3 as a function
time delay (td) between the primary pulse forming pre
plasma and the secondary pulse. We observe a very sig
cant increase inF le with increasing time delay. A maximum
was reached at the 150 ps delay. We conclude that at
specific time delay theL parameter of the preformed dens
plasma reaches its optimal value for our experimental con
tions.

The x-ray focal spot created by LPP was imaged usin
pinhole camera and is shown in Fig. 4 along with an ima
of a microfocal spot created by a dedicated clinical Mo ma
mography unit. We observe that the characteristic dimens
of the LPP focal spot is reduced by an order of magnitude
compared to the microfocal spot produced by an x-ray tu
The LPP x-ray spot can be best described by a tw
dimensional Gaussian brightness distribution, as can be
ferred from the analysis of an image of a resolution patt
shown in Fig. 5. In the analysis we followed the method
ogy described in Refs. 13 and 14. The edge spread func
~ESF! inferred from the microdensitometer trace of the res

FIG. 2. X-ray energy emitted in 2p srd per 1 kev bandwidth of x rays
~denoted as ‘‘J/keV in 2p’’ on the vertical axis!. The solid circles represen
the experimentally obtained spectral distribution of radiation generate
the present experiment with a high-intensity green beam alone~5
3 1017 W/cm2, l laser5 0.53mm, thick Mo target!. The solid curve repre-
sents the theoretically calculated spectrum assuming 5% of laser en
transferred into hot electrons.
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lution pattern is shown in Fig. 6~a!, while the resulting line
spread function~LSF! is shown in Figs. 6~b!. The Fermi
function of the formf (x)5a1b/@exp(x2c)/d 1 l#, wherex
is the distance, was fitted to the experimental ESF points a
it shown as a solid curve in Fig. 6~a!. Coefficient of deter-
mination~COD! is equal to 0.9746. The FWHM of the fitted
Gaussian LSF is equal to 48.260.5mm with
COD50.9978. It is well known that the modulation transfe
function ~MTF! of a focal spot with a Gaussian intensity
distribution is also a Gaussian function.14,15 Therefore, we
can easily predict MTF due to the focal spot for differen
object magnifications (M ). Results obtained for a FWHM
equal to 48mm andM equal to 1.05, 1.5, 2, and 3, respec
tively, are shown in Fig. 7.

In Fig. 7 we have also included the predicted Gaussia
MTF at M51.05 produced by a hypothetical Gaussia
source with FWHM5500mm, which approximates a typical
focal spot encountered in clinical mammography. We no
that in reality the clinically observed focal spot MTF migh
be worse due to a nonsingle Gaussian brightne
distribution.14 We observe that the FWHM548mm at

FIG. 3. The fraction of the laser energy transferred to hot electrons as
function of time delay obtained for a thick Mo target.

FIG. 4. An image of the x-ray focal spot created by laser produced plasm
~left! and an image of the microfocal spot created by a dedicated clinical M
mammography unit imaged using a pinhole camera~right!. The arrow marks
0.4 and 1.0 mm distance for the left and right image, respectively.
Medical Physics, Vol. 24, No. 5, May 1997
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M52 results in a MTF comparable to the MTF produced
a source with FWHM5 500mm ~i.e., clinical focal spot! in
the contact technique; see Fig. 7.

We have also imaged a Kodak mammographic phant
see Fig. 5, for which we were able to resolve a 104mm mesh
pattern that is consistent with the estimated size of the fo
spot.

III. DISCUSSION

In the following section we discuss the prospects of
LPP x-ray source for mammography.

A. The focal spot size

The imaging tasks of mammography include detection
small ~below 100mm! microcalcifications and visualization
of structural characteristics of abnormal soft tissue mas
Therefore, it is obvious that a focal spot as small as poss
must be used. In this study we have demonstrated that a f
spot size of the order of tens of micrometers can be reali
by the LPP x-ray source. After monochromatization by
bent crystal monochromator the virtual focal spot size will
limited by the exit aperture and will be comparable to t
LPP size. The availability of such a small focal spot wou
not only significantly improve resolution of present day co
tact mammography with antiscatter grids, but it might ma
magnificationmammography~with 1.4, M , 2!practical. In
this latter technique a spatial resolution exceeding 20 lp/m
can be achieved~see Fig. 7!. Recently, we have shown that
large airgap~i.e., of the order of 40 cm or more! can be used
as an antiscatter device equivalent to a mammographic a
scatter grid.16 Therefore, in the proposed magnificatio
mammography system, the need for an antiscatter grid wo
be eliminated. Consider a mammography system with
source-to-patient distance equal to 70 cm and a large ai
~40–70 cm!. The expected average glandular dose~AGD!
can be evaluated as follows: LetN0 denote the fluence o
photons on the detector needed to produce a desired con
For the contact technique with a grid the total number

a

a
o

FIG. 5. Top: an image of a resolution pattern obtained at magnification
and a scale added with a large division equal to 1 cm. Bottom: image
stainless steel meshes in a Kodak ITO mammographic phantom obtain
magnification 1.05: ~a! mesh #40, d50.46 mm; ~b! mesh #60,
d50.28 mm; ~c! mesh #100, d50.168 mm; ~d! mesh #120,
d50.141 mm; ~e! mesh #160, d50.104 mm; ~f! mesh #200, d
5 0.089 mm; whered is wire-to-wire distance.
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729 Krol et al. : Laser-based microfocused x-ray source for mammography 729
polychromatic photons before a grid is therefore equal
BN0 ~whereB is the Bucky factor!. For the magnification
technique in the quasimonochromatic mode the total num
of photons before an airgap is equal toaM2N0 ~whereM is
magnification anda is an energy- and tissue-dependent fl
ence reduction factor due to x-ray monochromatization!. Ac-

FIG. 6. ~a! The edge spread function~ESF! inferred from the microdensito-
meter trace of the resolution pattern shown in Fig. 5~open circles!. The
vertical axis is in arbitrary optical density units while the horizontal axis
the distance on film in units ofmm. The Fermi function of the form
f (x)5a1b/@exp(x 2 c)/d1l#, wherex is the distance on film, was fitted to
the experimental points and is shown as a solid curve. The coefficien
determination~COD! is equal to 0.9746.~b! The line spread function ob-
tained by differentiating the ESF-Fermi function from~a! is shown as open
circles. The best fit assuming a Gaussian edge spread function is show
solid curve~FWHM548.260.5mm, COD5 0.9978!.
Medical Physics, Vol. 24, No. 5, May 1997
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cordingly, the expected exposure ratio for the two techniqu
canbeevaluatedasa < aM2N0 /BN0< 2a, for 1.4, M , 2
and an experimentally16 obtained value ofB'2. We note
that depending on energy and tissue characteristi
0.5<a<1. Therefore, we conclude that the dose produc
by the quasimonocohromatic LPP airgap system in the ma
nification mode (1.4,M,2) is comparable to the dose due
to a standard Mo-based unit with a grid. A discussion of th
average glandular dose in a conventional magnificati
mammography with a short airgap can be found in Ref. 1

B. The x-ray beam quality

The spectral distributions ofx radiation ~i.e., the number
of photons per energy interval versus photon energy! pro-
duced by a LPP x-ray source using a thick Mo target and
standard Mo x-ray tube, are shown in Fig. 8. Both sourc
utilized 30mm of Mo as a filter. We notice the lack of a high
cutoff point in the LPP x-ray spectrum. It should be emph
sized that the undesired high-energy tail in the LPP spect
distribution can be significantly reduced by the utilization o
a thin target if its thickness does not exceed the 25 ke
electron range in the target material. The low-energy tail
the spectrum~10–15 keV! would be almost entirely ab-
sorbed by the breast tissue, thus resulting in increased AG
without any benefit to the image quality, and should b
eliminated as well. Clearly, in an ideal mammography sy
tem the beam quality should be tailored to the parameters
a specific patient. A useful figure of merit, which should b
optimized, is the signal-to-noise ratio per unit of absorbe
dose versus mean energy and the bandwidth of x rays. T
energy at which this parameter reaches a maximum depe
strongly on the compressed breast tissue thickness and
lesser degree on the breast tissue composition, image de
tor characteristics and some other factors. The calculated
timum mean x-ray energies are in the range of 15–18 ke
and 21.5–25 keV for a 2.5 and 8 cm thick breas

of

s a

FIG. 7. Predicted modulation transfer functions~MTF! due to a focal spot
with a single Gaussian brightness distribution for different object magni
cations (M ) and full width at half maximum~FWHM!: ~a! M53,
FWHM548mm; ~b! M52, FWHM548mm; ~c! M51.05,
FWHM5500mm; ~d! M51.5, FWHM548mm; ~e! M51.05,
FWHM548mm.
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respectively.17–22 It can be shown that if polychromatic ra-
diation with a fixed photon energy distribution is used, suc
as that produced by a standard Mo x-ray tube, the pho
fluence that is in the optimum band for a given breast thic
ness decreases dramatically for thicker breasts; e.g., for
Mo/0.03 mm Mo system, it decreases from 57% to 6% f
2.5 and 8 cm breast thicknesses, respectively.

For a laser-driven x-ray source the beam quality optim
zation can be best accomplished by the utilization of
spherically bent, high luminosity, crystal monochromator
a fixed-exit Rowland circle configuration.23–25 This tunable
device utilizes the phenomenon of Bragg reflection from sp
tially periodic structures, such as crystals, to filter out a spe
trally narrow band~0.02–1 keV! of x rays. As a result, a
cone beam emanating from a spatially fixed virtual foc
spot, formed by the monochromator exit aperture, can
created~see Fig. 9!. We note that the LPP x-ray source~i.e.,

FIG. 8. The spectral distribution of x-rays produced by a LPP x-ray sour
~dashed curve! versus a standard Mo x-ray tube~solid curve! obtained for a
thick Mo target. The ordinate is number of x-ray photons per energy inter
normalized to emission at the Ka line. Both spectra were obtained with 30
mm of Mo filtration.

FIG. 9. A design of a laser-based mammography unit with spherically be
crystal monochromator and a large airgap as an antiscatter device. The
get, bent crystal monochromator and focus of quasimonochromatic x r
are located on the Rowland circle with a 1 mradius.
Medical Physics, Vol. 24, No. 5, May 1997
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the focal spot of the laser!, the center of the bent crystal, an
the exit aperture lay on the Rowland circle. The mean ene
of the beam can be precisely adjusted to a specific pati
thus resulting in the lowest possible exposure for the high
possible subject contrast for a given breast thickness
composition. The comparison of AGD due to the usage o
tunable quasimonochromatic x-ray source over a stand
Mo tube is given in Table I. We observe that the advanta
in terms of AGD becomes significant (;40%) for breast
thicknesses over 4 cm. We note that 4 cm the average c
pressed breast thickness. The increased signal-to-noise
achieved with a spectrally narrow beam certainly would i
prove the sensitivity of a mammographic examination
any breast thickness due to the elimination of the beam h
ening effect.

C. Minimum laser pulse energy required and overall
power consumption

We assume that an initial exposure of the order of 300
per image is required in mammography performed with m
noenergetic radiation, which corresponds
1.83109 photons/cm2 of monoenergetic x-ray photons wit
20 keV energy.26 Therefore, the LPP x-ray source has
create an x-ray fluence of at least 1.83109 photons/cm2 in
the narrow band (DE>1 keV) in the spectral range 15–2
keV. For the narrow band of x rays withhn520 keV, the
equivalent energy fluence is 6mJ/cm2. If the FOV is
18324 cm25 432 cm2then

Ex rays5Fx rays3area

5631026 J/cm23432 cm252.631023 J. ~1!

The efficiencyf m of the photon collection and monochrom
tization system can be evaluated as follows: The solid an
intercepted by a bent crystal with an effective area
3 25 cm2, with the source approximately 100 cm away, is

DV525325 cm2/1002 cm2562.531023. ~2!

e

al

nt
tar-
ys

TABLE I. Comparison of the average glandular dose~AGD! received using
LPP quasimonoenergetic versus Mo/~0.03 mm Mo! polyenergetic x-ray
source. 25kVP was used for a Mo system with the exception of brea
thicknessd 5 8 cm, for which 28kVP was used. The optimum monochro
matic energy for a specific breast thickness was selected~Refs. 18–22!. For
simplicity the energy- and tissue-dependent fluence reduction factora due
to x-ray monochromatization was assumed to be equal to 1 (a 5 1) for all
energies, which results in overestimation in AGD due to quasimonoe
getic x rays. Therefore, since the 0.5, a , 1, the values listed in the third
column of the table should be regarded as the upper limit.

X-ray
energy
~keV!

Thickness
~cm!

AGD using LPP source
with a monochromator

~millirad!a

AGD using Mo
anode and Mo filter

~millirad!b

16 2 65 50
19 4 100 120
21 6 180 450
23 8 270 425

aDose calculated assuming 50% glandular/50% adipose breast compos
bDose measured using a 50% glandular/50% adipose phantom.
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The Bragg reflection efficiency is of the order offB530%,
in the 15–25 keV regime, therefore

f m5 f B3DV/2p50.3362.531023/2p5331023, ~3!

and assuming conversion efficiencyf x5231024, the re-
quired laser pulse energy is 4.3 kJ@see Eq.~4!#,

Elaser5Ex rays/~ f m• f x!

52.631023 J/~331023
•231024!54.3 kJ. ~4!

The desired photon fluence can be generated in a single
pulse using a high-energy laser or a train of short pul
produced by a high repetition rate TTT laser.27 Since the
quasimonochromatic x-ray flux is approximately propo
tional to the beam spectral width, the available flux can
increased in proportion to the monochromator spectral w
DE. That is, if the increase inDE from 1 keV toN keV is
acceptable then the required laser pulse energy can be
ered by a factor ofN.

High-power and high repetition rate lasers are not v
efficient sources of light and presently~depending on the
laser type! only 1%–10% of the power drawn form the plu
in the wall is converted to coherent laser radiation. The
fore, they might consume as much as 300 kW of power
require complex methods of heat removal. In this aspect t
resemble high-power x-ray tubes.

D. Target design

In the LPP source, x rays are generated by the interac
of a high-power laser beam with a solid target. This meth
differs in a number of ways from the use of a tradition
electron-beam x-ray source. In the rotating anode, the
load must be restricted because the anode is reused. Thu
temperature of the anode must be kept below the mel
temperature~actually below the recrystallization temper
ture!. In the laser x-ray source, a fresh target material is u
on every shot. The surface of the target where the laser b
was focused is ablated and subsequently ionized. As a re
a shallow (;100mm) ‘‘crater’’ is created. A number of
techniques are commonly used to provide a new target
face on every shot. The target can either be a rotating d1

a rastered plane, a target ‘‘tape,’’ or a ‘‘self-healing’’ targ
in a form of liquid metal. In the three former cases, the tar
is moved one step between each shot so that a fresh su
is exposed at every shot. The step size is determined by
size of the crater created by the laser interaction and
target cleanliness requirements. For high repetition rate w
a computerized target positioning system utilizing an alig
ment laser in an optical feedback loop will be necessary
order to minimize the effective focal spot size. The targ
positioning requirements are determined by the requirem
of the monochromator geometry and condition that the ta
is located within one Rayleigh range of the focus.
Medical Physics, Vol. 24, No. 5, May 1997
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E. Cost and size estimates for laser systems for
mammography

The laser system required for quasimonochromatic x-
mammography will need to operate at;0.1 Hz with a pulse
energy of;1 kJ or at 1 kHz with a pulse energy of;1 J.
The former laser systems with similar parameters are c
rently commercially available.28 These laser systems are e
ther pulsed solid state systems using Nd-doped material
pulsed gas discharge systems using CO2. As an example of
the cost of such a laser system, Lumonics, Inc. sells a 0
2.5 kW average power pulsed industrial system for $70 00
$120 000. These include both solid state and CO2 laser sys-
tems. The high repetition laser systems are currently
subject of research and are not commercially availab
therefore at this time it is difficult to estimate their price. Th
cost of the monochromator and target system should not
ceed $200 000. Thus, one would expect that the whole L
based narrow band mammography system should
;$350 000.

We expect that physically the whole system can be pla
in a standard x-ray suite.

IV. CONCLUSIONS

We have created a laser-produced plasma~LPP! x-ray
source with a very small focal spot, two-dimensional Gau
ian brightness distribution (FWHM'50mm), very short du-
ration (;4 ps), and spectral distribution that might be su
able for mammography. We have shown that the LPP sou
in conjunction with a spherically bent, high throughput, cry
tal monochromator in a fixed-exit Rowland circle configur
tion, can be used to construct a narrow band and tuna
mammography system. The LPP x-ray source could also
used in conjunction with the existing contact mammograp
grid systems. The tunability to a given patient breast tis
thickness and density would allow one to significantly im
prove contrast and resolution~exceeding 20 lp/mm! while
lowering the exposure up to 50% for thicker breasts~see
Table II!. The LPP source might make it feasible to creat
mammography unit that could work in a magnification mo
(1.4< M < 2) with a large airgap used as an antiscatter
vice instead of a grid~see Fig. 9!. The radiation dose deliv-
ered by this device would be still comparable to the do
delivered by a grid mammography system.
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