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ABSTRACT. A novel X-ray source based on parametric X-ray radiatiodRPhas been employed
for X-ray imaging at the Laboratory for Electron Beam Reskand Application (LEBRA), Nihon
University. Notable features of PXR are tunable energy, aobromaticity with spatial chirp,
narrow local bandwidth and spatial coherence. Since thayXseam from the PXR system has a
large irradiation area with uniform flux density, the PXRsbed source is suited for X-ray imaging,
especially for application to phase-contrast imaging.dieshe cone-like X-ray beam, diffraction-
enhanced imaging (DEI) can be employed as a phase contagingtechnique. DEI experiments
were performed using 14- to 34-keV X-rays and the phaseigmadnages were obtained. The
results demonstrated the capability of PXR as an X-ray sofacphase-contrast imaging with a
large irradiation field attributed to the cone-beam effe@iven the significant properties of the
LEBRA-PXR source, the result suggests the possible cartgiruof a compact linac-driven PXR-
Imaging instrument and its application to medical diagsose
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1 Introduction

Practical X-ray sources have been based on bremsstrahluthgclaaracteristic X-rays since
W. Rontgen discovered X-rays in 1895. Synchrotron raoia{iSR) has constituted a remark-
able innovation in X-rays, and various X-ray techniqueseiasen developed using these advanced
sources. However, bremsstrahlung is the physical prie@pSR, as of conventional sources, and
the large scale of SR facilities restricts the spread of sutlanced techniques. In particular, it is
difficult to introduce the fruits of the medical applicatiohSR into ordinary clinics. Thus, different
mechanisms of X-ray generation have been proposed an@dttaliealize X-ray sources that can
provide advanced applications to clinids§]. Parametric X-ray radiation (PXR), a phenomenon
caused by the interaction between a relativistic electrahacrystal medium, is one of the pro-
posed principles for a novel X-ray sourcg p]. The first PXR source with a dedicated beamline
was developed at the Laboratory for Electron Beam ReseatiApplication (LEBRA), at Nihon
University [7]. The PXR source operates using an electron beam from a b6-dlectron linac.
So far, X-ray beams of wide tunability have been providedueegr applications, primarily X-ray
imaging and X-ray absorption fine structure (XAFS) anal{8j9].

1.1 Parametric X-ray radiation

PXR is a kind of polarized radiation similarly to Cherenkadiation and transition radiation, and
this phenomenon can be interpreted as Bragg diffractionviftwal photons accompanying the
incident electron from the viewpoint of quantum theofyd,[11]. Figure 1 shows a schematic
explanation of PXR when an incident electron with the vejouitravels through a crystal medium
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Figure 1. Schematic explanation for PXR as polarized radiation dediby a relativistic electron.

with the reciprocal lattice vect@. Each atom excited by the Coulomb field of a relativistic &tat
emits electromagnetic radiation isotropically. Due to $patial periodicity of the crystal and the
Doppler effect, the wave front is formed like spherical wawhe centers of which slip along the
electron track. Taking account of the energy and momentumarwation laws, the energy of PXR
emitted along the unit vectd® is expressed as

pe _ hdgv|
E c¢c—v-Q’

W
Rioo ~ H(EQ —g> (1.1)
where the light speed in the medium is approximately equal to that in a vacuum, prashd E
are the momentum and the energy of the incident electropecgsely [L2]. When the incident
electron is sufficiently relativistic, the PXR energy is medy dependent on the electron energy.
On the other hand, the differential cross-section of PXRuvsrgby the perturbation theory and is
written as,
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where dN is the number of quanta emitted in the solid angfe whenn electrons with charge,
massm and energyE pass through a crystal with thicknessy = E/mc, v= |v|; Q, andg,
are the components @ andg perpendicular tw, respectively 13]. Finally, the symbolxy(w)
indicates the Fourier component of the variable part of ibkedtric susceptibility. EquatiorL(1)
and eq. {.2) can be interpreted as the phase-matching condition of PiRugation. Only the
radiation within the cone of a/¥ radius survives the interference between numerous atothe in
crystal, and every radiation has a wave front of the same.fédthough the wave front of PXR is
different from both a plane wave and a spherical wave, PXRrtigssic spatial coherencdd]. In




the case of using a perfect crystal as radiator, PXR hasrragteow band-width locally15, 16].
Corresponding to the slight variation of the space of theesfaant as shown in figurg, however,
PXR has an energy dispersion, which can be termed spatigl, @hiits radiation cone.

The total probability of PXR emission can be calculated liggnating eq.1.2); for instance,
it is roughly estimated to be 18 to 10~* photons per one relativistic electron in the case of using
a 1-mm-thick Si(111) crystal. The value does not stronglyetiel on the electron energy but on
the property of the crystal medium. Thus, PXR is one of the@mpate X-ray sources for electron
accelerators of operation energies less than 1 GeV.

2 LEBRA PXR source

2.1 Double-crystal system

Since the direction of the PXR emission varies dependindnerXtray energy, the problem of the
X-ray beam transport had to be solved to realize a PXR-basetdle source. Here, let us consider
only the horizontal plane, whefandg are the Bragg angle of the symmetric Bragg condition and
the angle between the electron velocity and the X-ray doectespectively. Around the Bragg
condition@ = 26, a slight difference\0 of the anglep shifts the PXR energy to
d(hw) sin20 A6
[ ~ _— ~ e E——— = -— .
hw' ~ hw + do A6 ﬁw(l 1—00329A9> ﬁw(l tan@)’ (2.1)
wheref3 = |v|/c~ 1 is used in the approximation. Equatich]) is an approximate description of
the spatial chirp in a PXR beart7, 18]. On the other hand, the ordinary Bragg energy expressed
by how = hc|g|/2sin6 is equal to the PXR energy in the case#f = 0. The X-ray energnw”
that satisfies the Bragg condition for the Bragg arile A6 is approximated by
d(hw)

hc|g| cos6
ho' ~ hw+——>A0 = hw+ ——————
T “F 2sife

AB = Rw (1— A—9> : (2.2)

tanf

The correspondence betwean’ andhw” means that combining the cone-like divergence and the
spatial chirp of PXR allows the reflection of the whole of a Pi#am using a double-crystal system
in the (+, —) arrangement. Although this analytic approximation is deleat on the equivalence
betweenv| andc, the results of the numerical simulation based on the r@girig method roughly
agree with the relation in eg2(1) and eq. 2.2) in the case of the electron energy 100 MeX. [
Thus, the LEBRA-PXR source equipped with a double-crystsiesn, in which one of the crystals

is the PXR radiator and the other is a reflector to transpertf iR beam through a thick shield
wall, was developed applying the conventional 125 MeV etectinac as shown in figur2.

2.2 Specification of the LEBRA-PXR source

The LEBRA linac has typically provided an electron beam atehergy of 100 MeV to work the
PXR source 19]. Usually, one 0.2-mm-thick plate and one 5-mm-thick plat@erfect Si crystal
are used for the radiator and the reflector, respectivelyR B¥ams have been produced at the
energy range from 5 to 34 keV using Si(111) or Si(220) plawmeshfe LEBRA-PXR source. The
actual PXR yield is limited by the maximum reflectance at tbakpof the 2nd-crystal rocking curve
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Figure 2. Schematic drawing of the PXR generator with a double-atgststem covering a wide tunability.

Table 1. Typical parameters of the linac and the PXR source of LEBRA.

Electron energy 100 MeV (typ.)
Electron energy spread <1%
Accelerating frequency 2856 MHz (S-band)
Electron bunch length 3-10ps
Macropulse beam current 120 — 135 mA (typ.)
Macropulse duration 4 —Bs (typ.)
Macropulse repetition rate 2-5 pps
Normalized emittance ~ 15 mm mrad (rms)
Beam size on the target 0.5 -2 mm in dia. (fwhm)
Average beam current 1A
PXR energy range

Si(111) target: 4.0 -20.5 keV

Si(220) target: 6.5 — 34 keV
Irradiation field at the X-ray exit 100 mm in diameter
Total X-ray photon rate ~ 10" /s @17.5 keV

depending on th@ value of the incident electron. Taking account of this edficy and the cutoff
effect due to the X-ray transport duct, the available pho#te is typically estimated to be 1®to
10~ photons per electron in the case of the electron energy o0 In a recent work, a Si crys-
tal plate with a wedge-shaped edge was adopted as a PXRoradiatnprove the performance of
the PXR beamq0-23]. The current specifications of the LEBRA-PXR source artetlsn tablel.

In our experience, the radiator crystal could be easilyrdgst by one macropulse of the electron
beam if the macropulse duration is longer thanus)24]. In contrast, no serious destruction was
observed at the condition of a macropulse shorter thais.5Thus, the duration of s and the
repetition rate of 5 pps are typically selected for the patans of the linac macropulse, and the
average current of the electron beam is roughly estimateéd ®uA at the target crystal.



With respect to the shape of the radiation cone, PXR alsoriispen the incident electron
energy as same as other radiation phenomena caused byisttaglectrons. The aperture angle
of the cone, however, is roughly estimated to lye'3in fwhm. Since the electron energy of the
LEBRA system is typically 100 MeV, the PXR beam grows wideartithe window 100 mm in
diameter at a distance of 7.3 m from the radiator crystal. d¢teal aperture of the PXR cone
extracted to the experiment room is restricted by the exithaiv to 13.7 mrad. The relatively large
aperture allows obtaining a large irradiation area with@tspropagation.

3 X-ray imaging using the LEBRA-PXR source

So far, X-ray radiography and XAFS analysis using wide tilitgtand a locally narrow band-
width have been popular applications of the LEBRA-PXR seurn addition, the large and flat
irradiation area of the PXR beam has encouraged user rbsesuto perform different studies on
X-ray imaging.

3.1 Absorption-based monochromatic imaging

Simple monochromatic X-ray imaging has been carried outidbus conditions using PXR tun-
ability. Figure3 shows a typical example of the results of such experimentse$he PXR source
is a pulsed source and the average photon rate is rathactedtithe measurement typically re-
quires an exposure time from several 10 s to several 1025]n |

Recently, monochromatic computed tomography (CT) fortligiaterials was successfully
performed using the LEBRA-PXR source. Using a high-efficiefiat panel detector (FPD), to-
mographic images were obtained with total measuremenstoh® min to 1 hour. Figurd shows
a typical snapshot of such 3D tomography, reconstructed ft80 projections at 17.5 keV. Al-
though the active area of CT measurements is restrictedebyetector size to 51.6 mm51.6 mm
at present, an irradiation field 200 mm in diameter could tig fitilized with a sufficiently large
image sensorZo].

3.2 Diffraction-enhanced imaging

In the case of the ultrarelativistic incident electron, BXR energy described in edL.Q) is sub-
stantially independent of the electron energy. The PXRgnebserved in a certain solid angle is
exactly determined by the geometrical condition of thedgaogystal, even though the electron beam
has a relatively wide energy spread. In addition to the firgnselection, PXR has an intrinsic
spatial coherence due to a periodic structure comparalle Xaray wavelength. Using an incoher-
ent X-ray source, the spatially coherent region strongjyetiels on the source size on the basis of
the van Cittert-Zernike theorem. Usually, the X-ray sowgize smaller than several-tens microme-
ter in diameter is required for X-ray phase-contrast imggln the case of the PXR-based source,
however, the spatial coherence is available despite tler@tebeam spot size of several hundreds
micrometer on the target crystal. Thus, X-ray phase-cehinaaging is one of the promising appli-
cations of PXR 27-29]. In fact, the edge-enhanced effect resulting from propag@ased phase
contrast has been observed at the distance shorter than idmiHe radiator crystal, though the
electron-beam spot on the target crystal usually measutesdlimeters in diameterg, 30, 31].



Figure 4. A typical snapshot of 3D tomography
Figure 3. A conventional X-ray image of  for g raw fish sample. The tomogram was recon-
a mouse observed using 25.5 keV-PXR from girycted from 180 projection images taken with
Si(220) planes, where the average current of the 10-s exposures using a 17.5-keV PXR beam and
electron beam was 1/1A and the exposuretime 3 flat panel detector (FPD), where the average

was 15 min using an imaging plate (IP). current of the electron beam isLBA.
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Figure 5. Schematic top view of the setup of the DEI ex-
periment using the LEBRA-PXR source. The same crystal,:igure 6. The typical rocking curves ob-
plane as the PXR double-crystal system is used for the anaggryed at the analyzer crystal of the DEI

lyzer crystal. setup.

Furthermore, combining the cone-like divergence and abettirp of PXR allows diffraction-
enhanced imaging (DEI) using a PXR beam. When an analyzstatipr DEI (3rd crystal) was
set up in thg+, —,+) arrangement as shown in figuseeq. @.1) and eq. 2.2) are also applicable
for the diffraction by the analyzer crystal. As shown in fig@rrocking curves for the whole of the
PXR beam observed at the 3rd crystal have almost the samesshapn the case of plane-wave-
like X-ray beams. Here, the actual aperture is restrictethbysize of the analyzer crystal plate.
For instance, the horizontal aperture angle is estimatbeé epproximately 1.2 mrad in the case of
the black solid curve shown in figue where a 110 mnx 100 mm Si(111) crystal plate was used
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Figure 8. (a) The absorption-contrast image
obtained as the sum of the DEIl images B and C
in figure7. (b) The phase-gradient map obtained
Figure 7. Typical DEI images of a mouse kidney S the image calculation (BC)/(B+C) [39].

obtained at analyzer angles marked A, B and C (c) The result of the phase retrieval by spatially
integrating the phase-gradient map (b).

on the rocking curve, where the PXR energy was
17.5 keV and a 5-mm-thick Si(111) crystal in a
Bragg case was used for the analyzer.

for the analyzer in a Bragg case at the distance of 10 m fromatthi@tor crystal. The diffraction
widths for the PXR beam, which are much narrower than the-be@en aperture, mean that DEI
with angular resolution of 1 rad is possible using PXR.

DEI experiments using the LEBRA-PXR source were succdgstalrried out under various
conditions in the X-ray energy range from 14 to 34 keV usirgakperimental setup Fig[32, 33)].
Figure7 shows typical DEI images using PXR. Each DEI image was takiéman exposure time
of 60 s using an X-ray CCD when the average current of thereledieam was 2.6¢A. Here,
the meaning of the PXR energy is the X-ray energy at the hot@&aenter in the radiation cone
having the spatial chirp. In the case of the 17.5 keV PXR beam fSi(111) planes, the energy
dispersion of the spatial chirp is estimated to be approtaind 54 eV/mrad using eq2(1). From
these DEI images, a phase-gradient map can be obtained lessveel absorption-contrast one by
the image calculations as shown in fig@rE34]. The phase map retrieved from the phase-gradient
map is also shown in figurg(c).

The spatial coherence of the PXR beam is strongly dependetiieogeometrical condition
of the target crystal as the radiator. When the target drjsta multiple surfaces as PXR exits,
the spatial coherence of the available PXR beam is destroyesiperposition of different X-ray
beams 22, 23]. On the other hand, electron beam size on the target crigstadt a significant
matter for the spatial coherence of PXR. Of course, an eleddeam size larger than several
millimeters is an unfavorable factor because the effechefdeformation of the thin target crystal
is not negligible. On the whole, an electron beam smaller fhaam in diameter is not a problem for
DEIl using the LEBRA-PXR source. Thus, shorter X-ray wavgtha do not mean the reduction of
the coherent region even though the electron beam sizemsmachanged. Special improvements
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Figure 9. The typical result of a DEI experiment for a _
ginkgo nut using a 25.5 keV-PXR beam. (a) Absorption- Figure 10. () Abs.orptllon-contrast
contrast and (b) phase-gradient images calculated from 22nd (b) phase-gradient images calcu-

DEI images obtained with exposures of 30 min. The scale'ated from 2 DEI images obtained
bar indicates 5 mm. with exposures of 20 min using the

34 keV-PXR beam.

in the performance of the electron beam are not necessalipwREI at the higher X-ray energy.
In fact, phase-gradient maps of DEI at the region of X-rayg@nbigher than 20 keV were obtained
using an Si(220j+, —, +) system without extremely focusing the electron beam. Ei§whows

a typical result of the DEI experiments using a 25.5 keV PXRnbavhen the electron beam was
1.1 pA and the sample was a ginkgo nut. The result of using a 34 keR B&am is also shown
in figure 10, where the conditions except the PXR energy and the exptisugevere the same as
in figure9. These results were obtained using the electron beam ohvaiot size on the target
crystal was roughly estimated to be 0.5 mm or more in fwhm di@m Here, both the available
photon rate diffracted from the 2nd crystal in the PXR getogrand the quantum efficiency of the
X-ray CCD used in these experiments considerably fall aXthey energy increases. In particular,
a drop in the efficiency of X-ray absorption in the scintitlatayer (20um-thick P43) of the X-
ray CCD is considerably serious; for instance, the effigieioc 34keV X-rays is estimated to be
5 % at most. The effective quantum-efficiency of the imagisgick may get worse owing to the
capability of the image intensifier and the coupling lengesys Therefore, a long exposure time
of several ten minutes was required for each DEI image toongthe S/N ratio.

3.3 PXR-DEI using a Laue-case analyzer

Due to the extension of the cone-beam, a significantly widadiation field could be obtained from
the LEBRA-PXR source without asymmetric reflection. Andliegion field 200 mm in diameter
is available at the X-ray exit window 7.3 m distant from thegt crystal as the PXR radiator.
Due to the radiation cone with the aperture angle of 13.7 mtfael irradiation field grows larger
downstream of the exit window. Essentially, such a large aauld be fully utilized for DEI at

a distance between the PXR source and the sample shortet@hamn At present, however, the
active area for DEI is restricted by the size of the analyrgstal and the detector size. Since the
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Figure 11. The result of the DEI experiment using an analyzer cryst&li220) in the Laue case, where
the sample was a pig eyeball and the PXR energy was 17.5 KeVhé&diffracted image; (b) the forward
image. The exposure time was 10 min using an IP when the avbeam current was 2[7A.

maximum length of our analyzer crystal in the Bragg case wid#sriim, the width of the active
area was approximately 12 mm in the case of the Bragg angl&af 6

In contrast, an analyzer crystal in the Laue case has an &dy@ain the effective are&],
36, 37]. Thus, a DEI experiment where a Laue-case analyzer wasfas#tke 3rd crystal was per-
formed using a 17.5-keV PXR beam from the Si(220) system.r@$dt of the experiment is shown
in figure 11, where a pig eyeball was used for the sample. The diffracteye and the forward
image were simultaneously taken using a panorama IP. Adthehadings probably due to crystal
deformations were observed, an active area of at least 5<msh mm was available. The active
area corresponds to the 5 mrad aperture angle of the come-duetaally used in this measurement.
The result suggests that DEI experiments with the irrasfidfiield larger than 100 mm in diameter
are not difficult if we can prepare a sufficiently large analyerystal without deformations.

4 Discussion on the improvement of the PXR intensity

LEBRA is the medium-scale linac facility attached to a piévaniversity, and the PXR source was
developed to use for basic science researche®]. The present LEBRA-linac is pulsed one with
a low repetition rate as ahown in figut@, and its average beam current is limited to a few micro-
amperes. The limitation is due to the performance of our Rkeds such as klystrons and the pro-
tection for the radiation from mainly the beam dump. Sin@eRXR intensity depends on the beam
current of the accelerator, the LEBRA-PXR source may haveat@dvantage in the time-domain
measurement using the micro- or pico-second pulse steuctwr practical medical applications
of PXR, however, the average beam current of the LEBRA-linambviously insufficient. Thus,
a novel high duty electron accelerator is required for sysiieations. Considering recent accel-
erator technologies, it is not difficult to develop a 100-MeMctron linac with an electron beam
of several hundred micro-amperes on average. If an idealimgadevice having high quantum
efficiency can be used, a §0A linac might be sufficient for a PXR source for mammography.



4'&13 7"

<

3. 1oggnch structure macropulse
-

X »

o

' &

5 >

[6)]

3 \_ 35003 J

> N
200 - 500 ms

(5pps - 2pps )

Figure 12. Schematic explanation of the pulse structure of the eladieam at the LEBRA-PXR source.

The destruction of the target crystal bombarded with a leiginent electron beam seems to
be one of the most serious problems. In the LEBRA-PXR systeth2 mm thick Si crystal in the
Bragg case is typically used as the target, and the effeittivkness of the target the electron beam
penetrates is changed from 0.5 mm to 2 mm depending on theyBwagle. In the case of a thin
silicon medium, the energy deposition by a 100-MeV elecisastimated to be approximately
0.4 MeV per 1 mm thickness. Therefore, the average therradldm the target of the present PXR
source is estimated to be 2.4 W at most when the electron beaentis 3uA on average. If an
average beam current of 2Q@\ corresponding to a beam power of 20 kW is achieved, the geera
thermal load of 160 W can be solved using a conventional sgdaystem. Considering the peak
current of electron bunch, the thermal load in pico-secaugion is on the order of magnitude of
MW. So far, however, there has been no problem caused by soafppheating. In contrast, we
have found that the heating during the macropulse correlpgrio approximately 50 kW load
causes the destruction of the target crystal locally. Whemtacropulse duration exceeds i)
it has been observed that one macropulse destroys the taygtdl R4]. Therefore, it is expected
that a linac for a practical PXR source provide macropuldes lsgh repetition rate of several
hundred pps to achieve an beam current higher tharuZ06n average.

Finally, it is supposed that the protection for the backguadiation from the beam dump
would be the most difficult problem in the realization of a fieatiPXR source. Since the electron
energy required for the PXR source exceeds the thresholdefairon production, a huge volume
of neutron shielding will be necessary to protect patientsraedical staff. When the entire energy
of a 20 kW electron beam is dumped into a graphite block, theroe yield produced at the beam
dump is estimated to be>610'2 n/s [38]. Without effective shield for neutron, there are fearg tha
the dose-equivalent measured at 1 m from the beam dump ex66edl//h. The development of an
energy-recovery system might be a powerful solution to cedhe volume of necessary radiation
shield [39]. Since the purpose of energy recovery is not the reductidheopower consumption, a
super-conducting system is not indispensable for the gmergpvery system.

—10 -



5 Summary

A PXR-based X-ray source has been kept in working order wsih@0-MeV electron beam from
the linac at the LEBRA, Nihon University. Various studies)Xomay imaging were carried out using
the LEBRA-PXR source. In particular, combining the cone-ldivergence and the spatial chirp of
PXR allowed DEI using a PXR beam in tlie-, —, +) arrangement. PXR-DEI experiments have
been successfully performed as one of the most significguticafions of the LEBRA-PXR source.
At least, DEI with a cone-beam aperture of 5 mrad was achiasedy the Si(220) analyzer in the
Laue case. The results of the DEI experiments suggest thapthtial coherence of the PXR beam
is sufficiently good at X-ray energies higher than 30 keV titothe electron beam diameter at the
radiator crystal has been estimated to be larger than atdeasral hundred microns in fwhm.

Since a substantially large irradiation area is easilylalbe with a short propagation distance
from the source due to the cone-beam effect, PXR allowsivelatcompact linac-driven sources
with the capability of diffraction-based phase-contrasaging. For practical medical diagnoses,
the linac has to provide a 100-MeV electron beam of sevenadltad micro-amperes on average.
Recent accelerator technologies might allow for such a emmiinac except for the problem of
shielding the background radiation from the beam dudtp. [
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