868 M. Uesaka et al. | Nucl. Instr. and Meth. in Phys. Res. B 261 (2007) 867-870

a Q-switch Nd:YAG laser. To demonstrate the proposed
X-ray source, an X-band linac beam line for a proof-of-
principle experiment is under construction [4,5]. So far,
we have achieved 2 MeV electron beam generation from
the RF gun [6]. In this paper, we will report the details of
the beam generation experiment of the 3.5-cell X-band
thermionic cathode RF gun and present status of whole
system of the Compton scattering X-ray source. Details
of the numerical CT simulation for application of the
monochromatic X-rays are also reported in this paper.

2. Monochromatic tunable Compton scattering X-ray source

Fig. 1 shows schematic and photograph of the compact
X-ray source at the University of Tokyo. Multi-bunch elec-
tron beam (30 MeV 10* micro-bunches of 20 pC for 1 us
RF pulse at 12.5 Hz) generated by a 3.5-cell X-band therm-
ionic cathode RF gun is collimated and compressed by an
alpha magnet and accelerated by a 0.5 m X-band traveling
type accelerating structure. The alpha magnet generates
graded dipole field to form the alpha-shaped electron tra-
jectory and plays a role of energy filter to cut electrons of
large emittance by horizontal slits. The electron beam is
bent by achromatic bends and focused at the collision
point. The thermionic cathode RF gun can generate a
high-current (2 pA) multi-bunch (10* bunches in 1 ps) elec-
tron beam. A 0.5 m X-band accelerating structure is used
for the X-ray source. In order to concentrate on the
R&D of the accelerator, we chose a Q-switched Nd:YAG
lasers with an intensity of 2.5, 1.4 J/pulse, a repetition rate
of 10 pps, a pulse duration of 10 ns (FWHM) and a wave-
length of 1064, 532 nm (second harmonic), respectively.
The X-band thermionic RF gun realizes 10% multi-bunches
of 20 pC per micro-bunch. Moreover, we adopt a laser
pulse circulation system to increase the time-integrated col-
liding laser energy by about 10 times. We already con-
firmed the circulation experimentally. Finally, the
multiple collision between the multi-bunches and circulated
laser pulse gives the X-ray yield of 10° photons/s. The X-
ray yields by the multi-bunch electron beam and Q-switch

Nd:YAG laser of 2.5, 1.4 J/10 ns (FWHM) (1064, 532 nm
(second harmonic)) are 1x10°, 0.5x 10° photons/s,
respectively.

3. X-band thermionic RF gun and current status of the whole
system of the X-ray source

So far, we have performed a high-power and beam gen-
eration experiment of the X-band thermionic cathode RF
gun [6] Cut-view and photograph are shown in Fig. 2.
Fig. 1(b) shows a photograph around the 0.5 m X-band
accelerating structure. The energy spectrum of the electron
beam is estimated by using the inner slit of the alpha mag-
net to observe the transmission of the beam current. Fig. 3
shows the energy spectrum of the electron beam measured
by using the alpha magnet. The peak energy is 2 MeV. The
nominal beam current and the charge per bunch are 2 pA
and 20 pC/bunch, respectively. However, the measured
parameters are not consistent with the design values. The
reason of the lower established mean energy was found
to be the trouble of the stainless spring between the cathode
rod and cavity tube. We thought that the stainless spring
played both roles of RF shielding and high thermal imped-
ance. Although we operated the thermionic cathode below
the melting point of stainless, the spring was partially evap-
orated and sputtered to the inner surface of the gun cavity.
Then, the Q-value and field gradient was degraded. We
analyses this effect by SUPERFISH code (cavity design)
and PARMELA code (beam transport) and met the agree-
ment with the measured electron energy. We already
replaced the stainless spring to W-spring to avoid this
problem.

For the next step, we are constructing a beam line of the
X-band accelerating structure and Nd:YAG laser system
for Compton scattering experiment. The multi-bunch elec-
tron beam is accelerated up to 30 MeV, and is bent by ach-
romatic bends and focused at the collision point. We will
start the high-power RF feed and beam acceleration test
of the X-band accelerating structure soon and Compton
scattering experiment is planed.

e

Fig. 1. Laser-electron Compton scattering monochromatic tunable X-ray source (schematic bird-eye view (a) and updated photograph around the

accelerating structure (b)).
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Fig. 2. 3.5-cell X-band thermionic cathode RF gun cavity: cross section (a) and photograph (b).
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Fig. 3. Designed (a) and measured (b) energy spectra of the electron beam emitted by the gun.

4. Application to dual-energy X-ray CT for medical use

Effective atomic number Z g and electron density p. are
obtained by linear attenuation coefficients of a material
using two monochromatic X-rays with different energies.
A linear attenuation coefficient u of a material is approxi-
mately written as a function of atomic number Z and X-
ray energy E using a formula proposed by Jackson and
Hawkes {7} as follows:

2
WZ,E) =~ 9%2{4\/2_249‘4 (%) bo Zf,,u' + oxN

-1

[ ;fb )ag‘g'(z',E')}
= p.(Z*F(Z,E) + G(Z,E)), 1)
where p is mass density, N is Avogadro’s number, A4 is
atomic mass, f , is the collection terms for photoelectric
absorption cross section, ok is the Klein—Nishina cross
section and o2 is the coherent scattering cross section of
the standard element Z’' at energy of E' = (Z'/Z)l/ 3E.

In the equation, parameter b is proposed to be 0.5 and
the standard element is oxygen [7]). When linear attenuation
coefficients are measured for two energies E; and E,, one

can extract effective atomic number Z 4 and electron den-
sity p. solving following equations:

_ WE)G(Z, Ey) — WE1)G(Z, E,)
WE)G(Z, Er) — w(E2)G(Z, Er)’
_ WENF(Z,Ey) ~ p(E))F(Z,Ey)
Pe = FZ,E)G(Z,E) - F(Z,E\)G(Z,Es)’

(2)

(3)

The effective atomic number Z.g is defined for a compound
or a mixture as:

1k
Zer = <Z‘L’Zf) )

where g¢; is the fractional electron content of ith element in
the compound or the mixture and the parameter k = 4.
Numerical CT simulation has been carried out with low
to medium Z elements. Though the energy spread of mono-
chromatic X-ray is 1-10%, the X-ray energy profile
depends on the scattering angle. Therefore, the energy
spread of X-ray in a pixel is in the order of 0.1%. The small
energy spread in a pixel is an advantage of the Compton
scattering X-ray source for the dual-energy X-ray CT.
We assumed CT system shown in Fig. 4(a) with cylindrical
samples. The diameter of the sample is 20 mm and the pixel
size of the detector is 0.1 mm. First, light elements of

4)

-260-



870 M. Uesaka et al. | Nucl. Instr. and Meth. in Phys. Res. B 261 (2007) 867-870

a Ty b c
- Coftlision
pcint Al @Z=13) P Z=15) K(Z=19)

£

E

[=]

§ Sample :
N

X

£ 4

£

8

Fig. 4. Schematic drawing of the dual-energy X-ray CT system using the compact monochromatic hard X-ray source (a), input atomic number
distribution in the sample (b) and reconstructed atomic number distribution (c)-
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Fig. 5. Comparison of given effective atomic number and evaluated ones.
The maximum error is about 3% (rms) for Z = ~30.

Z =13, 15 and 19 with water as presented in Fig. 4(b) is
tested. Reconstructed cross sectional images of the sample
based on linear attenuation coefficients are obtained for
two energies. Atomic number in the image is derived from
linear attenuation coefficients based images. Two-dimen-
sional images based on effective atomic number distribu-
tion in the sample and the reconstructed images are
shown in Fig. 4(c). This analysis can be applied to medium
Z clements up to Z = 38. Comparison of given effective
atomic number and evaluated ones was performed as
shown in Fig. 5. Maximum error is about 3% (rms) for
Z = ~30. We are going to make use of a certain filter func-
tion in the CT algorithm to get smoother distribution at the
next step. It could contribute to improve the evaluation res-
olution. We are going to use the HARP (high-gain Ava-
lanche rushing amorphous photoconductor [8]) X-ray

camera. Based on its sensitivity, we estimate to achieve
2x 107, 107 photons/mm?¥/s for 21.9, 43.8keV and 10
images per second with 100 pm x 100 um pixel and area
of 20 mm diameter at 1 m distance from the X-ray emission
point.

5. Conclusion

We are developing the compact, highly-intensity and
highly-stable-Compton scattering X-ray source based on
X-band multi-bunch electron linac and reliable Nd:YAG
laser. The X-ray yields by the multi-bunch electron beam
and Q-switch Nd:YAG laser of 2.5, 1.4 J/10 ns (FWHM)
(1064, 532nm- (second harmonic)) are 1x 10°
0.5 x 10° photons/s, respectively. So far, we have achieved
the beam generation from the X-band thermionic cathode
RF gun. The beam energy is 2 MeV. This experimental
high energy (~2 MeV) beam generation from the X-band
thermionic cathode RF gun is the first achievement in the
world. For the next stage, we will perform the experiments
on the beam acceleration and the Compton scattering X-
ray generation soon.

We have examined the applicability of the dual-energy
X-ray CT using the compact hard X-ray source by a
numerical simulation. Low to medium Z elements up to
Z = 38 are well identified with X-ray energies of 21.9 keV
and 43.8 keV.
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Abstract

Laser electron Compton scattering monochromatic tunable X-ray source using X-band (11.424 GHz) electron linear accelerator and
Q-switch Nd:YAG laser is under construction at Nuclear Professional School, the University of Tokyo. To enhance the X-ray intensity,
we installed a laser circulation system. Now, we are performing the circulation experiment by using a high power laser (1.4 J, 532 nm).
We confirmed the laser pulse circulated in the optical circuit more than 15 times and the laser intensity is enhanced about 3.5 times.

© 2007 Elsevier B.V. All rights reserved.

PACS: 29.27.Eg; 42.15.Eq; 42.60.—v; 42.60.By

Keywords: X-band electron linear accelerator; Q-switch YAG laser; Mutlti-collision Compton scattering scheme; Laser circulation system

1. Introduction

Monochromatic X-rays are very useful for medical
science, biology and material science, etc. For example, it
is used in dynamic intravenous coronary arteriography
(IVCAG), monochromatic X-ray CT, subtraction imaging
and dual-energy X-ray CT. Experiments of dual-energy
X-ray CT have been performed by using synchrotron radi-
ation light sources to measure electron density in biological
materials {1]. The technique of dual-energy X-ray CT can

be used in various fields such as treatment planning for

advanced radiotherapy in medicine and inspection of haz-
ardous substance for homeland security. However, most
SR sources are too large and too expensive to be applied
and used widely for public use. Therefore, we are develop-
ing a compact monochromatic tunable X-ray source
(10-40 keV) based on laser electron Compton scattering

" Corresponding author. Tel.: +81 29 287 8413; fax: +81 29 287 8488.
E-mail address: dmou@nuclear.jp (D. Meng).

0168-583X/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/5.nimb.2007.04.270

at the Nuclear Professional School, the University of
Tokyo. The demonstration system of the monochromatic
tunable X-ray source is shown in Fig. 1(a).

In order to realize stable X-ray generation, we adopted
multi-bunch electron beam (10* bunches/1 ps RF pulse,
25 MeV) from an X-band (11.424 GHz) linac and 10 ns
reliable Q-switch Nd:YAG laser (1.4], 532 nm and 2.57,
1064 nm) [2]. It is calculated that the X-ray yield by the
electron beam (25 MeV) and a Q-switched Nd:YAG laser
(2.5, 1064 nm) is about 10® photons/s. In the case of
laser-electron Compton scattering, since the X-ray enérgy
depends on electron energy and laser wavelength, by intro-
ducing two different wavelength (532 nm, 1064 nm) lasers
and optical switch, we can generate dual energy X-ray,
and change its energy rapidly (40 ms). Advantage of this
dual energy system is that the dual energy X-ray CT or sub-
tract X-ray CT can be adapted to the living specimens.

In order to expand the range of applications of this
monochromatic tunable X-ray source, there is a need to
increase the intensity of the X-ray. We adopted a method
that can recycle the laser pulse and enhance the luminosity
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Fig. 1. Laser-electron Compton scattering monochromatic tunable X-ray
luminosity up to 10 times (b).

up to 10 times. Since the pulse length of the electron beam
(1 us) is 100 times larger than the pulse length of the laser
pulse (10 ns [FWHM]), most of the electron bunches are
available for multi-scattering with muitiple laser pulses.
In order to generate X-ray more efficiently, we have
adopted a laser pulse circulation system. The purpose of
this research is the construction of laser pulse circulation
system for laser-electron Compton scattering. Effect of
adapting laser circulation system is shown in Fig. 1(b).

2. Advantages by installing the laser pulse circulation system

Since the pulse length of the Q-switch Nd:YAG laser is
10 ns [FWHM] which is shorter than the electron beam
length (1 ps), most electron bunches do not contribute to
the X-ray generation. The X-ray intensity in this scheme
is calculated to be 10® photons/s, which is low for the appli-
cation. To increase the X-ray intensity, we installed a laser
pulse circulation system. By adopting the laser pulse circu-
lation system, we can let a single laser pulse repeatedly col-
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source (a). We adopted a method that circulates a laser pulse and enhance the

lide with multi-bunch electron beam by switching the
polarization state of the laser pulse. In addition we can
let the laser pulse more accurately collide with electron
beam by controlling the position of laser pulse at the colli-
sion point. This means we can achieve the collision between
multi-bunch electron beam and laser pulse more efficiently,
and the X-ray yield increases.

2.1. Principle of laser pulse circulation in optical circuit

The schematic layout of laser pulse circulation is shown
in Fig. 2(a). The optical circuit is consisted of polarization
beam-splitter, half-wave plat, mirror, and pockels-cell. At
first, a laser pulse is injected into the optical circuit with
P-polarization. When this laser pulse passes through the
half-wave piat, the polarization plane of laser pulse is
rotated 90°, the P-polarization turns into S-polarization.
This S-polarization laser pulse is reflected by the polariza-
tion beam-splitter and enters the optical circuit once again.
After passing through the half-wave plat, the S-polariza-
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Fig. 2. Advantages by installing the laser pulse circulation system. By blocking a laser pulse into an optical circuit, the laser pulse (10 ns [FWHM]) collides
with muitiple electron pulse (1 ms) repeatedly (a). We let the laser pulse more accurately collide with electron beam by controlling the position of laser

pulse by the four convex lenses at the collision point (b).
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tion turns into P-polarization. Before the laser pulse
reaches pockels-cell, we turns on the pockels-cell to rotate
the polarization plane of laser pulse by 90°. Consequently
. after 2nd lap, the laser puise always enters in the polariza-
tion beam-splitter with S-polarization, and the laser pulse
will be locked into the optical circuit.

2.2. Upgrade of the laser pulse circulation system

Total intensity of laser pulse can be calculated using
geometric series. Total laser energy /.., in the laser circu-
lation system is written as

- n—1 1-4" .
Do = D o™ = Io— 1)
n=]

where /j is the initial laser energy, A4 the transmission effi-
ciency per circulation, and N the total number of circula-
tions. For example, if the transmission efficiency per
circulation 4 =0.9 and the total number of circulations
N =50, we expect the laser intensity to increase by 10
times. Therefore, it is calculated that the X-ray intensity
will rise up to 10° photons/s by installing the laser pulse cir-
culation system.

3. Precise control of laser beam spot at collision point

In the laser-electron Compton scattering experiment, it
is necessary to change the light axis of the laser beam to
match the electron beam accurately at the laser-electron
collision point. To adjust the light axis of the laser beam,
we usually adjust the angle of mirrors. But there is a limi-
tation of the adjusting range. To realize a precise control,
we propose a method by adjusting four convex lenses to
control the laser beam position at collision point.
Fig. 2(b) shows the principle of adjusting the laser beam
posttion. At first we adjust lens 1 to change the transverse
position of the laser beam spot at the collision point. Then,
we adjust lens 2 to correct the tangent of the laser trace.
Finally, we adjust lens 3 and lens 4 to eliminate the tangent.

By using this method we can control the laser beam spot
more effectively than controlling the angle of mirrors.

4. Experiment

We had carried out proof-of-principle experiments with
low power fundamental laser and harmonic laser (25 mJ
532 nm, and 50 mJ, 1064 nm) [3,4]. On the basis of the
proof-of-principle experiment, now we are carrying out
laser circulation experiment with the high power YAG
laser of 2nd harmonic (1.4 J, 532 nm). Experimental setup
of high power laser pulse circulation system is illustrated
in Fig. 3.

After the beam size and tangent are adjusted by a beam
expander and beam steerer, the laser pulse is injected into
the optical circuit with P-polarization. Then, the laser pulse
will be locked into the optical circuit [5]. At the collision
point, the laser pulse (10 ns [FWHM]) collides with elec-
tron multi-bunches (1 ps) repeatedly. Updated photograph
of the laser pulse circulation system is shown in Fig. 3(a).
We measure the laser position and beam size at collision
point by the beam profiler, and measure the laser intensity
by the photo-multiplier. In order to check the repeatability
of the proof-of-principle experiments, we reduce the laser
intensity by 1/2800 (0.5 mJ).

5. Results

Fig. 4 shows the laser intensity measured by the photo-
multiplier. The signal indicates that the laser pulse is locked
into the optical circuit more than 15 times. Since the laser
intensity of 1st lap is 1.6 and that of 9th lap is 0.2, then we
obtained 4 =0.71 and lj,.)/Iy = 3.5. Therefore, we con-
firmed that the laser intensity is enhanced about 3.5 times.
However, according to the waveform of laser intensity,
there is a strong attenuation between the intensity of 1st
lap and 2nd lap. Additionally the attenuation at odd laps
and even laps are different. We think these phenomena
are caused by different laser paths at odd and even laps.
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Fig. 3. Schematic layout of the high power laser pulse circulation system. Updated photograph of the laser pulse circulation system (a). We measure the
laser position and beam size at the collision point by the beam profiler, and measure the laser intensity by the photo-multiplier (b).
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Fig. 4. Result of the laser circulation at 10ns, 1.4 mJ, 532 nm (2nd
harmonic) in the high power laser system.

We will carry out more precise alignment of optics system,
and elucidate the polarization condition, the delay of the
pockels-cell. Then, we are going to enhance the integrated
laser energy and consequently the X-ray yield.

6. Conclusion

We are developing the compact monochromatic tunable
X-ray source based on laser-electron Compton scattering.
We have carried out the circulation experiment with the
high power laser pulse circulation system. The laser pulse

is circulated in the optical circuit more than 15 times,
and the laser intensity is increased about 3.5 times at
10ns, 1.4 mJ, 532 nm (2nd harmonic) in the first step.
We will do further studies and experiments to elucidate
the guideline of laser profiles control in future experiments.
We will install optical devices that correspond to high
power laser, and carry out laser pulse circulation experi-
ments with the full power laser (1.4]) this September.
From October, we will carry out laser-electron Compton
scattering experiments with the laser circulation system.
We expect the X-ray intensity will increase up to 10° pho-
tons/s.
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