Laser-based microfocused x-ray source for mammography:
Feasibility study

A. Krol
SUNY Health Science Center, Department of Radiology, 750 E. Adams St., Syracuse, New York 13210

A. Ikhlef and J. C. Kieffer ) ) ) )
INRS-HFergie et Mateaux, Universitedu Quéec, Varennes, Qbec, 1650 Monte Sainte-Julie,
J3X 1S2, Canada

D. A. Bassano
SUNY Health Science Center, Department of Radiation Therapy, 750 E. Adams St., Syracuse,
New York 13210

C. C. Chamberlain
SUNY Health Science Center, Department of Radiology, 750 E. Adams St., Syracuse, New York 13210

Z. Jiang and H. Pépin ] ) ] )
INRS-HEergie et Mateaux, Universitedu Quéec, Varennes, Qbec, 1650 Monte Sainte-Julie,
J3X 1S2, Canada

S. C. Prasad
SUNY Health Science Center, Department of Radiation Therapy, 750 E. Adams St.,
Syracuse, New York 13210

(Received 10 July 1996; accepted for publication 4 March 1997

A laser-produced plasm@PP) x-ray source with possible application in mammography was cre-
ated by focusing a laser beam on a Mo target. A Table-Top-TerdWaf) 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 efficiencyhard x-ray yield/laser energy inpuvas~2x 10 4. The created LPP x-ray
source is characterized by a very small focal spot &eas of um), Gaussian brightness distribu-

tion, and a very short pulse duratiéafew 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 resolutiofexceeding 20 Ip/mmwhile 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 Medicir&0094-24087)02305-5
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[. INTRODUCTION source is created upon collision of a visible or infrared pho-
ton beam with the surfaces of solids. Presently, modern high-

The electron-impact x-ray tube, pioneered 100 yrs ago byygyer |asers can deliver in excess of1W/cn? to a target

Rontgen, has reached its technological limit, and after many, e, 545 small as m in diameter. This should be contrasted

years of .|mproverr.1ents itis clear that some of the Inheren5\/ith the power density delivered by traditional electron-
deficiencies of this x-ray source for radiology cannot be. .

2 0 mpact x-ray tubes that typically does not exceed
overcome. These deficiencies are the heat-dissipation pro ® W/em? An extremelv short x-rav pulse duration. deter-
lem, which limits the density of the power that can be deliv- ' y yp !

ered by the electron beam, and the related problem of thgﬂned by th?ZIaser pulse temporal structure, ty_pically of the
limit on the minimum focal spot size. The relatively large Order of 10°“s and a very small focal spot diameter, de-
focal spot size prevents effective work in a high magnifica—f'”ed by the laser beam diameter on the target, are the inher-
tion regime and limits the ability to detect small calcifica- €Nt features of this new x-ray source.
tions and structural characteristics of soft tissue masses, both The feasibility of the laser-based x-ray source for diag-
of which are very important in the diagnosis of breast cancerostic radiology was recently investigated by Hereinal*

A laser-driven, photon-impact x-ray source for mammog-Polychromatic, incoherent, x ray@HVL=10 mm of Al
raphy may be able to overcome these limitations. The x-rayvere generated by focusing a Table-Top-TerawWBfiT) la-
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ser light pulse (X 10 W/cn?) on a solid target made of target surface. The second, high-intensity pulse is delayed by
tantalum foil. a preset time interval0—200 p$ and interacts with the pre-
The aim of the present work was to investigate applicaformed plasma, allowing for more efficient energy transfer to
bility of the LPP x-ray source to mammography. We per-hot electrons. It is possible because the characteristic param-
formed experimental and theoretical feasibility studies anceterL of the dense plasma seen by the main pulse is con-
considered the possible impact of the laser-driven x-rayrolled by the delay interval and can be optimized.

source on future clinical mammography systems. A majority of the hot electrons leave the dense-plasma
region and consequently a very strong space-charge field is

Il. MATERIALS AND METHODS being set up at the target along with a low-density high-
) ) temperature plasma created above the target. Emission of

A. Mechanism of x-ray generation from laser- electrons and ions with MeV energies from laser-produced

produced plasma plasma(LPP) was recently reporte®® A significant fraction

Consider a laser pulse that strikes a solid target. If thedf hot electrons streams back toward the positively charged
power density delivered by the laser exceedsspace-charge region on the target surface. As a result, the
~5x 10" W/cn? vaporization and ionization of the target suprathermal electrons penetrate the target producing a burst
occurs? As a result, with subpicosecond laser pulses, a neaof incoherent x rays, composed of continuous bremsstrah-
solid density expanding thin layer of plasma with a ratherlung emission and discrete characteristic x-ray emission
steep density gradient is created. The ensuing density profilines? The peak power of the burst of x rays emitted by LPP
can be approximately descrifely ny(z)<exp( — zQL),  sources exceeds that produced by a synchrotron light source.
where ng(2) is the electron density at distanzefrom the  The duration of the LPP-generated x-ray burst is controlled
surface,C is a constant, antl is the gradient scale length by and is longer than the duration of the laser pulse and in
that changes during the plasma expansion. In our previousur experiments it did not exceed 4 ps for 0.4 ps of the laser
experimenté, utilizing a single pulse irradiation technique, pulse duratiorf. The LPP x-ray source size gradually in-
we observed that the parametewas smaller than the laser- creases with time and its characteristic dimension is defined
light wavelength [ <\ ,ce). Typically for A j,eer= 0.53 um by the initial size of the laser focal spot and the laser pulse
at 5x 10'” W/cn?, the estimated value &f was 0.1um and  duration. The x-ray focal spot enlargement is caused by lat-
the initial thickness of the dense plasma layer waseral transport occurring in the dense plasma layer, which
~ 0.2 um electron temperatur&,, was~500 eV, and elec- leads to the lateral expansion of the plasma. In our experi-
tron density wasng~6x10?? cm 3.2 In this stage of the ments the full width at half-maximurtFWHM) of the LPP
interaction, the laser light beam is in effect interacting with ax-ray source brightness distribution wass0 wm while the
thin, expanding layer of ionized matter of near-solid densitylaser focal spot size was of the order of &n. We have
The expansion can be impeded by the light pressure, as offeund that the conversion efficiency of the laser-driven x-ray
served by Liu and Umstadferand confirmed in our source f) defined as the ratio of the energy emitted in the
experiments. We note that the laser light with ¥w/cn?  x-ray burst produced by the laser-light pulse to the energy in
intensity, has an electric field of the order 0k30% V/m the laser-light pulse, is approximately proportional to the
and exerts a light pressure of 0.3 GBafhe characteristic square root of the laser beam intensity, i.e., to the peak elec-
time of temperature change of the dense plasma is compétic field of the laser light and to the atomic numtof the
rable to the ultrashorti.e., femtosecond time scaléaser target,F,xE,,Z. Validity of this relation was also verified
pulse duration. The extent of the expansion is therefore sdty Kmetecet al® We note equivalency with the x-ray tube
by the laser pulse duration. It is believed that for the laseconversion efficiency lawk, « VZ.° It should be empha-
pulse intensity in the 6—10'® W/cn? range, hot(suprath-  sized that the LPP x-ray yiel@.e., the total energy emitted
erma) electrons and very energetic ions are produced primain x rays strongly depends on the target surface structure
rily by linear resonance absorption  polarization! The  and the irradiation conditions.
inverse bremsstrahlung and Raman instabilities might play
some role in the energy transfer from laser radiation to ho
electron as welf. As evidenced by our previous studfet)e
temperature of suprathermal electrons is controlled by irra- For the present feasibility studies, we used the existing
diation conditions following the empirical law compact and relatively high-energy system of the INRS
Thoe (N ase?) 2. In the present experiments with Mo targets laboratory in Varennes. The geometry utilized in this work is
the temperature of hot electrons was estimated ashown in Fig. 1. The INRS laser system consists of a TTT
Tp~25 keV, and we established that up to 10% of the lasetaser operating at 1000 mJ, 0.03 Hz repetition rate, generat-
energy was transferred to hot electrons. In order to intensifyng infrared coherent radiation with 1u wavelength
the energy transfer from laser light to hot electrons the gra¢\ zse=1.053 «m) in 550 fs pulses. The initial laser beam is
dient scale-length parameterof the dense plasma layer has split by a Potassium Dihydrogen Phosp&®P) crystal into
to be optimized during the laser light—solid target interac-two pulses: a primary, low-intensity, infrared pulse with un-
tion. In our experiments this was accomplished by double€hanged frequencfd00 mJI N\ juse= 1.053 um, 550 fg and a
pulse irradiation. In this technique the first low-intensity secondary, high-intensity, green light pulse with doubled fre-
pulse creates a preformed dense and cold plasma layer on thaency (400 mJ, A ;= 0.53 um, 400 f9. The delay be-

E. Experimental design
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Fic. 1. The experimental geometry utilized in this work.
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tween the two pulses can be varied from 0 to 200 ps. The
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primary infrared beam is focused by a lerf36) on a Mo
target forming a controlled preplasmal_oo,um n C_“ameter' Fic. 2. X-ray energy emitted in 2 srd per 1 kev bandwidth of x rays
while the secondary, delayed, green light beam is focused bienoted as “J/keV in 2" on the vertical axi3. The solid circles represent
means of an off-focal parabolic mirrorf/@) to a spot the experimentally obtained spectral distribution of radiation generated in
. ; ; ; the present experiment with a high-intensity green beam altfhe
th,um IP diameter .m the center of tlhe preplasma Iayer'x 10t W/en?, \jaeer = 0.53 um, thick Mo targel The solid curve repre-
T 'e Speci '(_: beams diameters were se ec'ted 'n_order_ to Optel.énts the theoretically calculated spectrum assuming 5% of laser energy
mize the primary to the secondary pulse intensity ratio. Tharansferred into hot electrons.
irradiation intensities were ®and 5x 10'" W/cn? for the

primary and the secondary pulses, respectively. . o o .
The target was kept in a vacuum chamber. A glass winlained spectral distribution of radiation generated in the

dow allowed focusing the laser light pulses on the targePT€Sent experiment by the high-intensity green light pulse

while a 0.5 mm Al window was used to filter out s¢ftelow  (Mase=0.53 um) alone is shown in Fig. 2. We observe the
10 keV) x-ray component from the resulting x-ray spectrum.Mo Ka_ emission line superimposed on a continuous spec-
X-ray yield was measured with a battery of severaltr_um with a mean energy of 25 k_eV. In tr_\e_ dual beam tech-
photomultipliers-NaiT1) scintillator detectors each equipped nlque,_Athe maximum  conversion efficiency of ~about
with a different set of K-edge filters utilizing the Ross filter _X 107" was reached. We note that the conversion effi-
technique. In this device each detector has its maximunt'€Ncy of an x—ray}kjbe with a-Mo target at RY, can be
spectral sensitivity located in a different part of the investi-e‘?t'mated as 410 ..The emitted x-ray flux at 2,0 kev
gated spectrurt The absolute energy specti., the num- within a 1 keV b_andW|dth per laser shot can be estimated as
ber of emitted x-ray photons versus energy per x-ray photorf 10° photons in Zr srd.
energy interval was obtained from deconvolution of the 'he fraction of the laser energy transferred to hot elec-
various photomultipliers signals using a weighted least{onS _(Fle)2 was estimated using the characteristic Mg
squared curve fitting procedure for the entire 10—-100 ke\EMission.” the results are shown in Fig. 3 as a function of
interval investigated! Background signals were eliminated time delay ¢q) between the primary pulse forming pre-
by the use of very thick lead shielding and electron sweeping!@Sma and the secondary pulse. We observe a very signifi-
magnets in front of the detectors. The detector system wagANt Increase i e with increasing time delay. A maximum
carefully calibrated to investigate conversion efficiency from"/as _rgaqhed at the 150 ps delay. We conclude that at this
laser light to x rays in the 10—100 keV rantfe. specific time delgy thg parameter of the prefqrmed dense.
The images of the focal spot were obtained using a pinplasma reaches its optimal value for our experimental condi-

hole camera and photographic film. The images of test obloNS:

jects were obtained using suitable filters and photographic. "€ X-ray focal spot created by LPP was imaged using a
film. pinhole camera and is shown in Fig. 4 along with an image

of a microfocal spot created by a dedicated clinical Mo mam-
mography unit. We observe that the characteristic dimension
of the LPP focal spot is reduced by an order of magnitude as
It can be shown that the energy distribution of the con-compared to the microfocal spot produced by an x-ray tube.
tinuos spectra due to the LPP x-ray source can be well defFhe LPP x-ray spot can be best described by a two-
scribed by exp{hu/T,), wherehv is the x-ray energy and dimensional Gaussian brightness distribution, as can be in-
Ty, is the temperature of hot electrotfsThe temperature of ferred from the analysis of an image of a resolution pattern
suprathermalhot) electrons created in the present experi-shown in Fig. 5. In the analysis we followed the methodol-
ment was estimated from the slope of the hard x-ray spectragy described in Refs. 13 and 14. The edge spread function
(10-100 keV to be at~25keV. The experimentally ob- (ESH inferred from the microdensitometer trace of the reso-

C. Experimental results
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0.00 —+ ] Fic. 5. Top: an image of a resolution pattern obtained at magnification two
[ ] and a scale added with a large division equal to 1 cm. Bottom: images of
N T T stainless steel meshes in a Kodak ITO mammographic phantom obtained in
0 50 100 150 200 250 magnification 1.05: (a) mesh #40, d=0.46 mm; (b) mesh #60,

time delay (ps) d=0.28 mm; (c) mesh #100, d=0.168 mm; (d) mesh #120,
d=0.141 mm; (¢) mesh #160, d=0.104 mm; (f) mesh #200, d

. = 0.089 mm; wheral is wire-to-wire distance.
Fic. 3. The fraction of the laser energy transferred to hot electrons as a

function of time delay obtained for a thick Mo target.

M =2 results in a MTF comparable to the MTF produced by
a source with FWHM= 500 um (i.e., clinical focal spatin
lution pattern is shown in Fig.(6), while the resulting line the contact technique; see Fig. 7.
spread function(LSF) is shown in Figs. &). The Fermi We have also imaged a Kodak mammographic phantom,
function of the formf(x) =a+b/[expk—c)/d + I], wherex  see Fig. 5, for which we were able to resolve a 104 mesh

is the distance, was fitted to the experimental ESF points angattern that is consistent with the estimated size of the focal
it shown as a solid curve in Fig.(®. Coefficient of deter- spot.
mination(COD) is equal to 0.9746. The FWHM of the fitted
Gaussian LSF is equal to 4&8D.5um with
COD=0.9978. It is well known that the modulation transfer lll. DISCUSSION
function (MTF) of a focal spot with a Gaussian intensity  In the following section we discuss the prospects of the
distribution is also a Gaussian functih®> Therefore, we LPP x-ray source for mammography.
can easily predict MTF due to the focal spot for different
object magnificationsNl). Results obtained for a FWHM
equal to 48um andM equal to 1.05, 1.5, 2, and 3, respec-  The imaging tasks of mammography include detection of
tively, are shown in Fig. 7. small (below 100um) microcalcifications and visualization

In Fig. 7 we have also included the predicted Gaussia®f structural characteristics of abnormal soft tissue masses.
MTF at M=1.05 produced by a hypothetical GaussianTherefore, it is obvious that a focal spot as small as possible
source with FWHM=500 um, which approximates a typical must be used. In this study we have demonstrated that a focal
focal spot encountered in clinical mammography. We notespot size of the order of tens of micrometers can be realized
that in reality the clinically observed focal spot MTF might by the LPP x-ray source. After monochromatization by a
be worse due to a nonsingle Gaussian brightnesBent crystal monochromator the virtual focal spot size will be
distribution’* We observe that the FWHM48um at limited by the exit aperture and will be comparable to the
LPP size. The availability of such a small focal spot would
not only significantly improve resolution of present day con-
tact mammography with antiscatter grids, but it might make
magnification mammograpliwith 1.4< M < 2) practical. In
this latter technique a spatial resolution exceeding 20 Ip/mm
can be achievetsee Fig. 7. Recently, we have shown that a
large airgap.e., of the order of 40 cm or morean be used
as an antiscatter device equivalent to a mammographic anti-
scatter grid® Therefore, in the proposed magnification
mammography system, the need for an antiscatter grid would
be eliminated. Consider a mammography system with the
source-to-patient distance equal to 70 cm and a large airgap
(40-70 cm. The expected average glandular d@s&D)
FiG. 4. An image of the x-ray focal spot created by laser produced plasma. o, e eyaluated as follows: Ldt, denote the fluence of
(left) and an image of the microfocal spot created by a dedicated clinical Mo :
mammography unit imaged using a pinhole canteight). The arrow marks ~ Photons on the detector needed to produce a desired contrast.
0.4 and 1.0 mm distance for the left and right image, respectively. For the contact technique with a grid the total number of

A. The focal spot size
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Fic. 7. Predicted modulation transfer functiofTF) due to a focal spot

with a single Gaussian brightness distribution for different object magnifi-

I b cations M) and full width at half maximum(FWHM): (a M=3,

F 1 FWHM=48um; (b) M=2, FWHM=48um; (c) M=1.05,

0.1 ' : ‘ : . FWHM=500um; (d) M=15, FWHM=48um; (¢) M=1.05,
2800 3200 3600 4000 4400 FWHM=48 um.

(a) Distance (um)

0008 [rr T cordingly, the expected exposure ratio for the two techniques

can be evaluated as< aM?Ny/BNy < 2a, for 1.4< M < 2

and an experimentaft§ obtained value oB~2. We note
that depending on energy and tissue characteristics,
0.5<a=<1. Therefore, we conclude that the dose produced
by the quasimonocohromatic LPP airgap system in the mag-
nification mode (1.4 M <2) is comparable to the dose due
to a standard Mo-based unit with a grid. A discussion of the
average glandular dose in a conventional magnification
mammography with a short airgap can be found in Ref. 17.
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B. The x-ray beam quality

The spectral distributions of radiation (i.e., the number
of photons per energy interval versus photon enemp-
duced by a LPP x-ray source using a thick Mo target and a
standard Mo x-ray tube, are shown in Fig. 8. Both sources
0,000 ot A ¢ oo g utilized 30um of Mo as a filter. We notice the lack of a high
3400 3500 3600 3700 3800 cutoff point in the LPP x-ray spectrum. It should be empha-
(b) Distance (um) sized that the undesired high-energy tail in the LPP spectral
distribution can be significantly reduced by the utilization of
Fic. 6. (a) The edge spread functidESH inferred from the microdensito- a thin target if its thickness does not exceed the 25 keV
meter I“ac_e of the l;‘_’;;'““:”tiE;“deé:sisthOV‘r’]ri‘tsi”Wﬁz%iﬁz”hgizgfﬁam;s . electron range in the target material. The low-energy tail in
;/r?ertlfi?stg)r(lfelsolr? ?lhnl inryunﬁs ofum. TﬁleuFermi function of the form the spectrum(10-15 ke\l would be allmo§t ,entlrely ab-
f(x)=a+b/[expk — c)/d-+1], wherex is the distance on film, was fited to  SOrbed by the breast tissue, thus resulting in increased AGD
the experimental points and is shown as a solid curve. The coefficient ofvithout any benefit to the image quality, and should be
O e et ot o eiminated a5 well,Cleary, n a ideal mammography <y
cEilrIcI?es. '?he best fit assguming a Gaussialr:J edge spread function is shrz)wn agea\m the_ _beam_ quality ShOUId_ be tailored J_[O the_ parameters of
solid curve(FWHM=48.2+0.5 um, COD= 0.9979. a specific patient. A useful figure of merit, which should be
optimized, is the signal-to-noise ratio per unit of absorbed
dose versus mean energy and the bandwidth of x rays. The
polychromatic photons before a grid is therefore equal teenergy at which this parameter reaches a maximum depends
BN, (whereB is the Bucky factor. For the magnification strongly on the compressed breast tissue thickness and to a
technique in the quasimonochromatic mode the total numbdesser degree on the breast tissue composition, image detec-
of photons before an airgap is equaldM?N, (whereM is  tor characteristics and some other factors. The calculated op-
magnification andr is an energy- and tissue-dependent flu-timum mean x-ray energies are in the range of 15-18 keV
ence reduction factor due to x-ray monochromatizatidke- and 21.5-25 keV for a 2.5 and 8 cm thick breast,

0.001
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TasLE |. Comparison of the average glandular d¢8&D) received using
LPP guasimonoenergetic versus MbD3 mm Mg polyenergetic x-ray
source. 2KV, was used for a Mo system with the exception of breast
thicknessd = 8 cm, for which 2&V, was used. The optimum monochro-
matic energy for a specific breast thickness was seld&tets. 18—22 For

1 simplicity the energy- and tissue-dependent fluence reduction factire

1 to x-ray monochromatization was assumed to be equal @ % (1) for all
energies, which results in overestimation in AGD due to quasimonoener-
‘ T - getic x rays. Therefore, since the G5« < 1, the values listed in the third

10 3 ’ h 3 column of the table should be regarded as the upper limit.

10 —— 7777

’ ]
H . { X-ray AGD using LPP source  AGD using Mo

'-' *a 1 energy Thickness  with a monochromator anode and Mo filter

z AN ] (keV) (cm) (millirad)? (millirad)®

intensity (a.u.)

65 50
100 120
180 450
270 425

> ) 16
19
-2 N " P Y ST N T TR NSRS NS 21

0 20 40 60 80 100 120 23
E (keV)

oo N

#Dose calculated assuming 50% glandular/50% adipose breast composition.

b ; -
Dose measured using a 50% glandular/50% adipose phantom.
Fic. 8. The spectral distribution of x-rays produced by a LPP x-ray source 9 °9 °adp P

(dashed curveversus a standard Mo x-ray tubeolid curve obtained for a
thick Mo target. The ordinate is number of x-ray photons per energy interval
normalized to emission at the Kine. Both spectra were obtained with 30 the focal spot of the lasgrthe center of the bent crystal, and

wm of Mo filtration. the exit aperture lay on the Rowland circle. The mean energy
of the beam can be precisely adjusted to a specific patient,
] 72 ) ] thus resulting in the lowest possible exposure for the highest
re_zspectlv_elyl. It can be shown that if polychromatic ra- possible subject contrast for a given breast thickness and
diation with a fixed photon energy distribution is used, SUChcomposition. The comparison of AGD due to the usage of a
as that produced by a standard Mo x-ray tube, the photog,naple quasimonochromatic x-ray source over a standard
fluence that is in the optimum band for a given breast thicky1s tube is given in Table I. We observe that the advantage
ness decreases dramatically for thicker breasts; e.g., for thg terms of AGD becomes significant-(40%) for breast
Mo/0.03 mm Mo system, it decreases from 57% to 6% foricknesses over 4 cm. We note that 4 cm the average com-
2.5 and 8 cm breast thicknesses, respectively. ~_pressed breast thickness. The increased signal-to-noise ratio
For a laser-driven x-ray source the beam quality optimi-pchieved with a spectrally narrow beam certainly would im-
zation can be best accomplished by the utilization of gyoye the sensitivity of a mammographic examination for

spherically bent, high luminosity, crystal monochromator ingny preast thickness due to the elimination of the beam hard-
a fixed-exit Rowland circle configuratidfi-2° This tunable ening effect.

device utilizes the phenomenon of Bragg reflection from spa-

tially periodic structures, such as crystals, to filter out a spec- _

trally narrow band(0.02-1 keV of x rays. As a result, a C. Minimum laser pulse energy required and overall

cone beam emanating from a spatially fixed virtual focalPOWer consumption

spot, formed by the monochromator exit aperture, can b§ye assume that an initial exposure of the order of 300 mR

created(see Fig. 9. We note that the LPP x-ray sour@ee.,  per image is required in mammography performed with mo-
noenergetic radiation, which corresponds to

1.8x 10° photons/cri of monoenergetic x-ray photons with

crystal monochromator 20 keV energy® Therefore, the LPP x-ray source has to

create an x-ray fluence of at least X.80° photons/crf in
the narrow band AE=1 keV) in the spectral range 15-25
compressed breast keV. For the narrow band of x rays withmy=20 keV, the

: equivalent energy fluence is (8)/cnt. If the FOV is
18x 24 cnf = 432 cntthen

Ex rays D, raysX area

exit aperture

Rowland circle "\ detector =6Xx10% J/icn?x432 cnf=2.6x10°J. (1)

The efficiencyf ,, of the photon collection and monochroma-
tization system can be evaluated as follows: The solid angle
Fic. 9. A design of a laser-based mammography unit with spherically benintercepted by a bent crystal with an effective area 25

crystal monochromator and a large airgap as an antiscatter device. The tax 25 cn‘?, with the source approximately 100 cm away, is
get, bent crystal monochromator and focus of quasimonochromatic x rays

are located on the Rowland circle Wwia 1 mradius. AQ=25x25 cnf/10¢ cn?=62.5x10 3. 2

laser beam

Medical Physics, Vol. 24, No. 5, May 1997
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The Bragg reflection efficiency is of the order if=30%, E. Cost and size estimates for laser systems for
in the 15-25 keV regime, therefore mammography

The laser system required for quasimonochromatic x-ray
f=feXAQ/27=0.3X62.5¢ 10 3/27=3x10"3, (3) mammography will need to opgrateao.l Hz with a pulse

energy of~1kJ or at 1 kHz with a pulse energy ofl J.

The former laser systems with similar parameters are cur-
and assuming conversion efficiendy=2x10"%, the re- rently commercially availablé® These laser systems are ei-
quired laser pulse energy is 4.3 [ske Eq.(4)], ther pulsed solid state systems using Nd-doped materials or

pulsed gas discharge systems using,C&s an example of

E__E I(foof) the cost of such a laser system, Lumonics, Inc. sells a 0.4—
laser™ =x rays' 1 m" Ix 2.5 kW average power pulsed industrial system for $70 000—
=2.6x10"2 J/(3x10°3.2x10 4=4.3 kJ. (4 $120 000. These include both solid state and, GBer sys-

tems. The high repetition laser systems are currently a

subject of research and are not commercially available,
The desired photon fluence can be generated in a single lasgferefore at this time it is difficult to estimate their price. The
pulse using a high-energy laser or a train of short pulsegost of the monochromator and target system should not ex-
produced by a high repetition rate TTT ladérSince the  ceed $200 000. Thus, one would expect that the whole LPP-
quasimonochromatic x-ray flux is approximately propor-pased narrow band mammography system should cost
tional to the beam spectral width, the available flux can be_g¢350 000.
increased in proportion to the monochromator spectral width \ye expect that physically the whole system can be placed
AE. That is, if the increase iAE from 1 keV toN keV is  in a standard x-ray suite.
acceptable then the required laser pulse energy can be low-
ered by a factor oN.

High-power and high repetition rate lasers are not verylV. CONCLUSIONS

efficient sources of light and presentigepending on the We have created a laser-produced plasii@P) x-ray

laser type only 1%—-10% of the power drawn form the plug . : :
. . L source with a very small focal spot, two-dimensional Gauss-
in the wall is converted to coherent laser radiation. There-

fore, they might consume as much as 300 kW of power anc'Jan brightness distribution (FWHMS0 um), very short du-

: : ration (~4 ps), and spectral distribution that might be suit-
require complex methods of heat removal. In this aspect theglble for mammography. We have shown that the LPP source
resemble high-power x-ray tubes. )

in conjunction with a spherically bent, high throughput, crys-

tal monochromator in a fixed-exit Rowland circle configura-
D. Target design tion, can be used to construct a narrow band and tunable
Wammography system. The LPP x-ray source could also be
of a high-power laser beam with a solid target. This metho S.ed in conjunction with _the eX|st|n_g contac_t mammogr_aphy
. 4 I, grid systems. The tunability to a given patient breast tissue

differs in a number of ways from the use of a traditional, . X I .

i thickness and density would allow one to significantly im-
electron-beam x-ray source. In the rotating anode, the heat . . .
rove contrast and resolutiof@xceeding 20 Ip/mmwhile

load must be restricted because the anode is reused. Thus_, {?c]ﬁvering the exposure up to 50% for thicker breatise

- grable I). The LPP source might make it feasible to create a
temperature(actually below the recrystallization tempera-

ture). In the laser x-ray source, a fresh target material is useaammography unit that could work in a magnification mode

1.4< M =< 2) with a large airgap used as an antiscatter de-
on every shot. The surface of the target where the laser beal . . : . :
. - vice instead of a gridsee Fig. 9. The radiation dose deliv-
was focused is ablated and subsequently ionized. As a resul

a shallow (-100xm) “crater” is created. A number of ered by this device would be still comparable to the dose

techniques are commonly used to provide a new target Sug_ehvered by a grid mammography system.

face on every shot. The target can either be a rotating™disk,

a rastered plane, a target “tape,” or a “self-healing” target A ck NOWLEDGMENT
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