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Abstract

As a promising tool for ultrafast material analyses, we propose to utilize the X-ray pulse which may be generated in
a quite simple manner using subpicosecond electron linacs. The properties of the X-ray were numerically studied
with the EGS4 code. Verification of the X-ray generation was also conducted at the Nuclear Engineering Research
Laboratory (NERL) linac and clear diffraction patterns of characteristic X-ray were obtained for typical single

crystals. © 2000 Elsevier Science B.V. All rights reserved.

PACS: 31.70.Hq; 61.10.—1; 78.47.+p; 82.40.Js

1. Introduction

Recent remarkable progress in ultrashort pulse gen-
eration technology has brought entirely new possibilities
not only to realize the dynamic analyses in material
property research having been performed in static
manners so far, but also to provide the direct observa-
tion of ultrafast unknown phenomena with the time
resolution of better than 1 ps. Using mode-locked lasers,
the femtosecond evolution of electronic states in solid-
and photo-initiated chemical reactions has been exam-
ined by laser pump and probe spectroscopy and laser
flash photolysis. On the other hand, the temporal
changes of atomic arrangement have been observed
mainly with by synchrotron X-rays with the time reso-
lution longer than picosecond [1-3]. Recent develop-
ments in high-power laser technology such as a table-top
tera watt laser have permitted the generation of pico- to
subpico-second X-ray pulses. Energy-tunable sharply-
directed X-ray pulses were produced by the Thomson
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scattering of ultrashort laser pulses synchronized to
relativistic electron beams [4-7]. Laboratory-scale
sources of intense ultrashort X-ray pulses are accessible
by focusing an intense laser on solid targets [8—12]. The
latter X-ray, known as the laser-produced plasma X-ray
(LPX), has been applied to observe ultrafast evolving
diffraction patterns for organic films [10] and semicon-
ductor crystals [12] irradiated by ultrashort laser pulses.
It is expected that appropriate selection of the pump
pulse allows the further treatment of various ultrafast
phenomena such as lattice vibration (phonon oscilla-
tion) and phase transition, which may result in experi-
mental verification for the solid-state theoretical physics
and molecular dynamics calculation.

Ultrashort electron pulses have been one of the in-
dispensable diagnostic tools for probing radiation-in-
duced chemical reactions. Now the electron pulses
shorter than picosecond are available by linear acceler-
ators (linac) [13-16]. We have two types of S-band linac
at the Nuclear Engineering Research Laboratory
(NERL) and both of them are capable of producing
subpicosecond single-bunch pulses by magnetic pulse
compression. Precise pulse-width measurement has been
carried out using a femtosecond streak camera [17] and
coherent far-infrared transition radiation interferometry
[18,19]. The first linac generates 35 MeV electrons and
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uses an achromatic-arc-type magnetic compressor [13].
In the second linac, the photocathode RF gun [20] is
installed with a chicane-type magnetic compressor and
18 MeV celectrons are available [18]. These linacs can
also operate synchronized with external systems in less
than 4 ps time resolution [21]. Several experiments such
as pulse radiolysis for radiation chemistry [22], laser
wakefield acceleration [23], Thomson scattered X-ray
generation [24] were performed using the synchronized
pulses from linac and T? laser. The X-band linac system is
planned to be introduced in future, which is evaluated to
produce 30 MeV electron pulses of 100 fs duration [25].

In this study, we propose a quite simple method of
the ultrashort X-ray pulse generation only by irradiating
the linac-produced subpicosecond electron pulses on
solid targets. This technique does not need any severe
synchronization system which is necessary for the
Thomson scattering X-ray production [21]. A wide va-
riety of subpicosecond pump and probe experiments are
expected to be performed by employing the resulted
X-ray, abbreviated as LINAX (LINAc-based X-ray)
here, as a probe pulse, and the electron itself or various
converted radiations in the range of infrared rays to
millimeter waves like a transition radiation as a pump
pulse. In the subpicosecond analysis, it is desirable to
produce both pump and probe pulses from the same
electron pulse so as to avoid the timing jitter problem in
adding up accumulated results. The properties of the X-
ray have been totally examined numerically by using the
general-purpose Monte-Carlo electron—photon trans-
port code EGS4 [26]. We also report the experiments to
generate the X-rays and to obtain their diffraction im-
ages for several typical single crystals performed with
the NERL linac.

2. Properties of linac-based X-ray

Electrons of the order of 10 MeV impinging upon a
solid target experience multiple Coulomb scattering and
sometimes emit Bremsstrahlung photons influenced by
the electric field of the surrounding nuclei while being
transported. Electron—positron pairs are produced by
the photons more energetic than 1.02 MeV inside the
target. The positrons are decelerated and annihilated
with creating pairs of 0.511 MeV vy-ray instead. The
photons lose some of their energy by Compton scatter-
ing with the outer-shell electrons of the constituent at-
oms, and are absorbed and converted into characteristic
X-rays through photoelectric effect. The direct collision
between the incident and the inner-shell electron also
results in the characteristic X-ray production. It is be-
yond the scope of this paper to discuss the further details
of the physical mechanism here (see for example [27]). In
this section, the above processes known as the electro-
magnetic cascade were simulated as precisely as possible

and the characteristics of the photon LINAX was ex-
amined using the EGS4 electron—photon transport
Monte-Carlo code system [26]. The PRESTA algorithm
[28] was utilized for the optimum treatment of the
transport of low-energy electron. The improved sam-
pling of Bremsstrahlung angular distribution [29] was
employed. Particle splitting was also applied to Brem-
sstrahlung generation for enhancement of the calcula-
tion efficiency.

2.1. Energy spectra

Fig. 1(a) shows the energy spectra of the LINAX
emitted behind copper sheets of different thicknesses,
where the pencil-like (zero transverse width) electron
beam with a monoenergy of 35 MeV is incident per-
pendicularly on the surface. The subpicosecond electron
pulses of this energy are produced by the first linac at
NERL. An eminent peak of characteristic K-X-rays is
observed around 8 keV over the mainly Bremsstrahlung-
originated portion continuously spread out toward the
initial energy of electron.

The differences in shape between the continuous
spectra seen in Fig. 1(a) are explicable as follows by
comparison of the copper thickness ¢ with the attenua-
tion length A defined as an e-folding length of X-ray flux
inside matter. The slight damping just below the maxi-
mum energy is observed apparently for the 10-mm thick
case due to the energy decay of the electron. Except for
this, the spectra above 300 keV are similar with the in-
tensity proportional to the thickness, where 4 > 10 mm,
i.e. the absorption of the X-ray by the sheet itself is
negligible. For the range from 300 down to 13 keV
where 4 > 10 um and < 10 mm, the spectra widely vary
depending on the thickness, because of the large self-
absorption effect on the X-rays which have the attenu-
ation length shorter than the sheet thickness. Due to the
enhancement of photo-absorption cross-section, all the
spectra exhibit a noticeable drop in intensity just above
the K-edge. The spectra below 13 keV appear to be quite
similar in both shape and intensity, since the strong self
absorption allows the contribution of X-rays only gen-
erated at the surface layer in this energy region.

The yields of characteristic K-X-rays are roughly
comparable for the cases of thickness more than 100 um
since the attenuation length of the K-X-ray is about 22
um. The K-X-rays are generated through deexcitaion of
the K-shell hole which is produced through two chan-
nels: K-shell photoionization (PI) and electron-impact
ionization (EII). The channel PI is a double-step process
triggered by the secondary-emitted particles — the
Bremsstrahlung photons created by the incident elec-
trons, whereas EII is a single-step process caused by the
bombardment of the incident electron itself with the
K-shell electron. The EII process is not treated in the
default EGS4 code so the modified version of the EGS4
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Fig. 1. Energy spectra of the X-rays emerged from sheet targets for the normal injection of 35 MeV electrons. The sheet thickness are

indicated: (a) copper; (b) tungsten; (c) aluminum.

code is utilized here which Namito et al. [30] have de-
veloped to deal with the K-shell EIIl. The adopted EII
cross-section is derived by Casnati [31] and corrected to
include a relativisity. The K-X-rays are produced dom-
inantly via EII in all calculations. The PI fraction is
increased with the thickness, reaching up to 10% for the
10-mm thick case. This fact indicates that for the thin
case only single-step processes should be considered,
however, the multi-step processes become also impor-
tant for the thick case. Only for the cases thicker than 1
mm, the 511 keV peaks are observed, which consist of
the annihilation y-rays produced after the triple se-
quential processes of the Bremsstrahlung, the pair cre-
ation and the positron annihilation.

We also calculated the case for the incidence of the 18
MeV electrons of which the subpicosecond pulses are
available from the second linac at the NERL. The en-
ergy spectra are equal to those of the 35 MeV case ex-
cept for the difference in the maximum energy of the
continuous X-rays and for the slight decrease of the

K-X-ray yield of less than 10% due to the energy de-
pendence of the EII reactivity [30].

As seen in Fig. 1(b), energy spectra were also
obtained for the sheets of tungsten having the 74th
atomic number larger than the 29th of that of copper.
K-X-rays, continuous Bremsstrahlung X-rays and an-
nihilation y-rays were observed which are mainly gov-
erned by the principles explained above. The L-X-ray
generation is not taken into account in these calcula-
tions. The radiation length of tungsten is 6.4 g/cm” (0.33
cm) and about half as much as copper’s 12.9 g/cm2
(1.44 cm), where the radiation length is an e-folding
length of electron energy attenuation due to Bremsst-
rahlung. So the intensity of the continuous X-rays is
much higher than the copper case. The K-X-ray yield
increases with the thickness since it has a relatively long
attenuation length of about 130 um. Although the EII
cross-section decreases with increasing atomic number,
the K-X-ray yield exceeds that of the copper case for the
converter thicker than 1 mm, where the PI fraction goes
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up to over 80%. The large effective thickness of tungsten
for the Bremsstrahlung generation enhances the subse-
quent PI process which has a larger cross-section
for high atomic number materials. The spectrum for the
I-cm thick case is not shown in the figure, where the
incident electrons stop inside the sheet since the path
range of 35 MeV electron in tungsten is about half of
that of the thickness. Fig. 1(c) indicates the energy
spectra for the sheets of aluminum having the 13th
atomic number. The peak intensity of the K-X-rays were
however much reduced since the K-shell hole is stabi-
lized mainly by the Auger relaxation process resulting in
the suppression of K-X-ray generation for lower atomic
number materials.

2.2. Angular distributions

Fig. 2 depicts the X-ray emission profiles on the
downstream side of the copper-sheet converters of dif-
ferent thickness, as the function of the emitted angle
with respect to the incident electron direction. The dis-
tributions are found to be sharpened straight forward,
typically seen in angular profiles of Bremsstrahlung
generation. The peak becomes more broadened consis-
tently with the thickness since the initiating electrons are
subjected to the direction changes due to the multiple
scattering. On the other hand, the characteristic
K-X-ray emission profiles appear to be isotropic. These
strong angular dependence are also observed for other
materials such as aluminum and tungsten. For the ex-
periments having a particular interest on the character-
istic X-ray, we should make use of the X-rays emitted off
the incident electron beam line in order to achieve high
S/N ratios. Fig. 3 shows the calculated spectra of for-
ward-emitted and backward-emitted X-rays from the
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Fig. 2. Angular distributions of the X-rays on the downstream
side of copper sheets for the normal injection of 35 MeV elec-
trons. The angle shown on the bottom axis is measured from
the incident-beam direction.
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Fig. 3. Comparison of the energy spectra between the forward-
emitted and the backward-emitted X-rays from a 100-pm thick
copper sheet.

100-um thick copper sheet, for comparison. The K-X-
ray yields are nearly equal, while the intensity of the
continuous X-rays, mainly due to the Bremsstrahlung,
of the backward emission is much smaller than that of
the forward emission by a factor of several hundreds to
thousands. For the utilization of the X-ray other than
the forward emission, however, special attention should
be given to the pulse duration expansion due to the
geometrical factor explained below.

2.3. Pulse shapes

The pulse shapes of the X-ray were also calculated by
adding up the transit time of the every transport step in

Photons [/sr./sec/e" ]

0.001 0.01 0.1 1 10
Time [femtosecond]
Fig. 4. Pulse shapes of the forward-emitted X-rays from copper

sheets of various thickness for the normal injection of 35 MeV
electrons.
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the EGS4 user code. Fig. 4 shows the temporal evolution
of the brightness of the X-rays emitted straight forward
from the copper sheets. The incident electron pulse du-
ration was regarded as zero. So the actual X-ray pulse
shapes may be derived by convoluting the resultant
impulse responses with the incident electron pulse shape,
introduced in [13,18] for the NERL linacs. As the in-
crease of the thickness, the obtained pulse duration was
elongated gradually, which is still much shorter than
that of the actual electron pulses, that is, subpicosecond.
This slight elongation is mainly due to the distortion of
the trajectory of initiating electron resulting from the
lateral deflection by multiple scattering. The pulse
shapes and durations of the forward-emitted character-
istic K-X-ray were roughly identical to those shown in
Fig. 4. The hole in the K-shell has an ultrashort lifetime
of about 1 fs [32], which was disregarded in the cal-
culations so that the K-X-ray was emitted immediately
after the K-shell ionization. For the tungsten- and
aluminum-sheet converters, the pulse shapes were sim-
ilar to those shown in Fig. 4, while the pulse durations
were at the most 10% longer and shorter, respectively,
than those from the copper sheet of the same thickness.
It should be noted that the X-ray pulse of the non-
forward emission undergoes severe pulse expansion due
to a geometrical factor since there is a certain time lag
of the X-ray generation at upstream and downstream
caused by the finite light speed. The light travels
300 um per 1 ps. This time lag will be cancelled for
the forward-emitted X-rays if the electron energy is
relativistic.

2.4. Applications

In this section, we have totally characterized the
LINAX pulses numerically and clarified their governing
parameters. The LINAX mainly consists of the contin-

uous X-rays emitted sharply straight forward and the
characteristic X-rays emitted isotropically with the

X-ray converter

LINAC e

Double pinhole
collimator

subpicosecond pulse duration almost keeping that of
incident electron pulses. The features such as spectrum,
intensity, angular distribution and pulse duration are
strongly dependent on the material and size of the
converter as described above. The NERL linacs typically
generate the electron pulses with the electric charge of 1
nC (~ 6.25 x 10° electrons) and with the finite diameter
of 10 mm. For the operation at the repetition rate of 10
Hz, the parallel beam of the continuous X-rays is gen-
erated with the average flux of the order of
100 photons/mmzls and the characteristic X-rays emit
isotropically with the average intensity of 10’-10% pho-
tons/sr/s.

These unique properties of the LINAX will permit
various applications. The high energy part of the con-
tinuous X-rays is rather useful as a pump pulse for the
elucidation of the most initial process of y-ray induced
radiation damage, for instance. Use of electron-pro-
duced infrared radiations as a probe pulse allows the
subpicosecond pump and probe analysis for the forma-
tion of defects such as a color center which can be
observed by infrared spectroscopy. The sharply for-
ward-directed emission of the continuous X-rays can be
also applied to a Laue diffraction method, as illustrated
in Fig. 5, to monitor the ultrafast time-dependent
structural changes in single crystals.

For the use of the characteristic X-rays, the non-
forward emission from the thin target scaled by their
attenuation length should be utilized with the atten-
tion to the elongation of pulse duration due to the
geometrical factor. It is possible to compensate the
emission time difference to some extent by employing
a tiny converter or by locating a pinhole between the
converter and the sample. Fig. 6 depicts an example of
the configuration with the pinhole, where we can
execute experiments analogous to that having been
performed in [12]. Similarly, the continuous X-rays
non-forwardly emitted from the comparatively thick
target can be used for the ultrafast time-dependent

2D detector

e™-beam
dump

Bending magnet SN o7
LINAX T2 L7

for Back-reflection

for Transmission

Fig. 5. Scheme of a Laue diffraction method using the continuous component of the forward-emitted X-rays. The configurations of
transmission and of back-reflection are shown. Collimation of the beam with double pinholes forms Laue spots on 2-D detectors such
as photographic films and imaging plates, which gives the orientation of the diffracting planes and the information to determine the

crystal structure.
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Fig. 6. Scheme of a Bragg diffraction method using the characteristic X-rays diverging from a pinhole. The diffracted patterns are
comprised of the X-ray incident on the sample crystal only with Bragg angle. These patterns move depending on the change in lattice
spacing of the sample or sometimes vanish due to structural transitions.
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Fig. 7. Scheme of the X-ray absorption measurements using the continuous component of the diverging X-rays from a pinhole. The
absorption spectrum is obtained from the difference in the X-ray intensity profile on the 2-D detector between that with and without

the sample.

measurement of X-ray absorption such as that of an
extended X-ray absorption fine structure (EXAFS) in
the manner shown in Fig. 7. The absorption spectrum
is obtained from the difference in the X-ray intensity

profile on the two-dimensional detector between that
with and without the sample. Further detailed feasi-
bility investigations of the LINAX remain as a future
work.
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3. Experiments

The LINAX generation and its experimental verifi-
cation by X-ray diffraction were executed using the
NERL linac, based on the above information obtained
from the EGS4 simulations. As shown in Fig. 8, the
LINAX pulses are created from the X-ray converter ir-
radiated by the linac-produced electron beam. For easy
alignment, large wafers or disks of single crystals are
employed as the samples for X-ray diffraction and
mounted on a goniometer. The two-dimensional dif-
fraction images are taken by X-ray imaging plates (BAS-
SR, Fuji Photo Film) with a spatial resolution of 50 pm.
The samples and the imaging plates are installed inside
the lead box for the shielding of the background y-rays
scattered from surrounding materials. The X-rays may
reach the sample surface only through the 5-mm width
slit provided in the . Polyethylene blocks are also located
so as to shield the photoneutron as indicated in Fig. 8.
Although the imaging plate is not inherently sensitive to
neutrons, this shielding contributes to the reduction of
background level on the plate. This reason may be that
the photoneutrons absorbed in the lead shielding pro-
duce capture y-rays. The linac operated without the
magnetic pulse compression and produced 35 MeV
electron pulses with an electric charge of about 1 nC.

Fig. 9 depicts the diffraction image for a silicon wafer
of (111) orientation. A 15-um thick copper foil was
utilized for the X-ray converter. There are three types of
spots observed on the image, viz., the spot exposed di-
rectly to the X-ray passing through the slit, the shadow
cast by the sample, and the Bragg spot composed of the

X-ray converter

diffracted copper K-X-rays appearing only when the
Bragg condition being satisfied. The required irradiation
time was about 20 min at a 10 Hz operation — corre-
sponding to the accumulation over 10* pulses. By
adopting the copper foils in piles as the X-ray converter,
we studied the effect of the converter thickness on the
diffraction image. As the thickness is increased, the
Bragg spot decreases its prominence due to the elevation
of the background level, which was consistent with the
EGS4 calculations.

The diffraction images were also obtained for the disk
samples of GaAs(111), Ge(111), NaCl(200),
KCl1(200), BaF,(111), CaF,(220), and other typical
single crystals with the orientation face permitting
strong diffraction. All the crystals used here are easily
available and tractable with little deliquescence. The
samples consisting of heavier atoms showed higher re-
flectivity among those with the same crystal structure
and diffracting plane; the Bragg spot for the Ge and
GaAs appeared to be a few times as brighter as that for
the Si, for instance. This tendency may be attributed to
the difference in atomic-number dependence of the
cross-section between Thomson scattering and photo
absorption. By the use of the copper wire 100 pm in
diameter, two fine lines, respectively consisting of dif-
fracted Koy (1.5405 A) and Ko, (1.5443 /D\) were clearly
resolved for the semiconductor wafers on the imaging
plate, as shown in Fig. 10. This situation corresponds to
the case where the tiny X-ray converter is employed
instead of the pinhole collimator in Fig. 6. The irradia-
tion time was several times more than that required
for the foil converter. For the samples of ionic crystal,

LINAC

LINAX

\

e™-beam
dump
Polyethylene

shielding

Sample
crystal

Imaging
plate

Goniometer

N

Lead

shielding

Fig. 8. Experimental configuration of the LINAX-generation experiment using the NERL linac.
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Fig. 10. Two clearly resolved Bragg lines of copper Koy and Ko, by the use of a copper-wire converter 100 um in diameter for Si(1 1 1)

wafer sample.

their large mosaicity blurred each line and disturbed
separation.

4. Summary
The simple method of ultrashort X-ray pulse gener-

ation with use made of subpicosecond electron linac was
proposed. The detailed properties of this unique X-ray

were numerically clarified with the EGS4 code. Gener-
ation of the X-ray was confirmed experimentally, using
the NERL linac and the diffraction images of copper
K-X-ray were obtained for the typical single crystals.
Further characterization of the X-ray is in progress with
the novel instruments like an X-ray streak camera.
Feasibility study of the X-ray to various dynamic
analyses is also currently under way. As a next stage, we
plan to perform time-resolved X-ray diffraction experi-
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ments to observe the heat expansion of semiconductor
crystals by the combination between the NERL linac
and the T° laser synchronized within a few picosecond.
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