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Laser Compton scattering by relativistic electrons provides the energy information associated with electron
beams in an accelerator. Determining the electron beam energy by this method depends primarily on the signal
to noise~S/N! ratio associated with laser Compton scattering. In this study, we propose a method to enhance
the S/N ratio by synchronous measurement with a high peak power pulsed CO2 laser. In this method, the
pulsed CO2 laser provides the gate trigger signals, and the delay times of the triggers are optimized to obtain
a maximumS/N ratio. In the storage ring of Taiwan Light Source, ag ray with the highest energy of 3.021
MeV was backscattered after the 0.1172 eV CO2 laser photons colliding with the relativistic electrons. The
S/N ratio is about 42.5 with the electron beam current being 19 mA. Also, the measured electron beam energy
is 1.3058 GeV with relative uncertainty 0.13%.@S1063-651X~96!02011-9#

PACS number~s!: 29.27.Fh, 41.75.Ht, 13.60.Fz

I. INTRODUCTION

Compton scattering of photons by free electrons is a
simple quantum-electrodynamics process that is experimen-
tally accessible. Since Compton@1# presented a semi-
quantum-mechanical treatment of such an interaction in
1922, many theoretical calculations of the characteristics of
Compton scattering have been developed.

In 1963, Milburn @2# and Arutyunian and Tumanian@3#
accurately predicted the production of quasimonochromatic
photon beams by utilizing laser backscattered photons from
an energetic electron beam. After the experimental proofs by
Kulikov et al. @4# in 1964, Bemporad, Milburn, and Tanaka
@5# at Cambridge Electron Accelerator~CEA! in 1965, and
Sinclair et al. @6# at Stanford Linear Accelerator Center
~SLAC! in 1969, backward Compton scattering has become
a highly promising alternative of producing useful yields of
quasimonochromatic polarized photons.

In 1969 at SLAC, Ballamet al. @7# performed a physics
measurement using laser backscattered photons as a beam. In
this experiment, a 1.78 eV photon beam from a ruby laser
collided with 20 GeV electrons from the SLAC linac to pro-
duceg rays of variable energies up to 5 GeV; this was with
a flux of around 500 s21. The firstg-ray beam for nuclear
physics research@8# was developed at the 1.5 GeV ADONE
storage ring at Frascati National Laboratories. Polarizedg
rays of up to 80 MeV were produced with fluxes of around
53104 s21 after the 2.41 eV pulsed photon bunches from an
argon ion laser collided head-on with the 1.5 GeV electron
bunches. A higherg-ray flux was achieved by the Laser
Electron Gamma Source~LEGS! project @9# at Brookhaven
Laboratory in 1983. The electron beam energy of LEGS was
almost a factor of 2 orders higher than that of ADONE. In
LEGS, the larger stored beam current and the smaller beam
cross section in the straight section contributed to a photon
flux larger than 23107 s21.

Laser Compton scattering by relativistic electrons can
produce an intense and directional quasimonochromatic pho-
ton beam. In practical terms, this energetic photon beam as a
light source can be used to investigate the photonuclear re-
actions, calibrate the energies and the efficiencies of detec-

tors, record the medical images, and measure the electron
beam parameters such as the beam energies, the transversal
beam dimensions, and the electron beam polarization.

Laser Compton scattering techniques by electron beam
have prominent applications in many high-energy physics
experiments. For instance, the Large Electron Positron~LEP!
Collider beam energy measurement@10# by resonant spin
depolarization at CERN in 1992 employed this technique in
determining the electrons’ spin polarization. The electron
beam profile in the Next Linear Collider is in the order of
several nanometers, and the technique of laser Compton scat-
tering is supposed to be a practical method to measure the
electron beams’ transversal dimensions@11#.

Two conventional approaches of measuring the electron
beam energy are to measure the depolarization resonance and
measure the magnetic field strength of the bending magnets.
The depolarization resonance@10# method has the smallest
relative energy uncertainty, e.g., 1025; however, this method
involves the complexity of measuring the electron beam po-
larization. The relative energy uncertainty of measuring the
magnetic field strength is around the order of 0.5%. In this
study, we propose a method capable of providing an inter-
mediate relative energy uncertainty with an easier measure-
ment setup than that of the depolarization resonance method.

Here the electron beam energy is measured by using laser
Compton scattering. The method we presented can be ap-
plied to any high-energy~g@1! electron beam. The experi-
ment is performed on the electron beam in the storage ring of
Taiwan Light Source~TLS! of Synchrotron Radiation Re-
search Center~SRRC!, Taiwan. The techniques include
aligning and focusing for far infrared, synchronously mea-
suring the backscattered photons, and reducing background
radiation from Bremsstrahlung.

To acquire a highg-ray flux, a pulsed CO2 laser with up
to 2.67 MW peak power is employed. Owing to the fact that
the background radiation from bremsstrahlung is extremely
high ~about 1200 s21 at 20 mA electron beam current! and
the time duration forg rays to be produced is quite short
~less than 60 ns per pulse!, how to effectively subtract the
background radiation is a relevant concern. In this study, we
develop the method of synchronous measurement to resolve

PHYSICAL REVIEW E NOVEMBER 1996VOLUME 54, NUMBER 5

541063-651X/96/54~5!/5657~7!/$10.00 5657 © 1996 The American Physical Society



the above problem. The method proposed herein increases
the signal to noise ratio from 1.2 to 42.5. Also, to enhance
the collision rate, we develop a simulation program to opti-
mize the optics system. The relative energy measurement
error of this experiment is 0.13%.

The techniques of laser Compton scattering developed in
this study will contribute toward the development of tunable
x-ray sources and that of a future free-electron laser~FEL!
facility in the booster of TLS. The tunable wavelengths en-
able the tunable x-ray sources and the FEL to be highly
effective tools in many applications such as medical image
recording, nuclear physics research, and industry.

II. THEORY

Feenberg and Primakoff@12# proposed the kinematics for-
mulas for Compton scattering on moving electrons in 1948.
Figure 1 schematically illustrates the scattering process with
angles greatly exaggerated. In this figure, the laser photon
and the electron approach each other at some relative angle
u1. After backscattering, theg ray emerges at a small angle
u2 relative to the electron’s direction. Theg-ray energy is
then given by

Eg5
EL~12b cosu1!

~12b cosu2!1EL~12cosx!/Ee
, ~1!

whereEL is the incident laser photon energy,Ee is the inci-
dent electron energy,x5u22u1, andb5n/c with n and c
the velocities of the electron and light.

The above equation indicates that theg rays with maxi-
mum energyEg,max travel atu250 relative to the electron’s
direction in the case of a head-on collision. Since the final
energy is uniquely determined by the angleu2 for a fixedu1,
a collimator in the backward direction will narrow the pho-
ton spectrum to a confined region betweenEg,max and some
low-energy cutoffEg,cutoff .

In 1928, Klein and Nishina derived the differential cross
section associated with Compton scattering by free electrons.
In the case of Compton scattering by moving charged par-
ticles, the formula can be expressed in the laboratory frame
as @3#
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wherer 0 is the classical electron radius,m0 is the rest mass

of the electron,EL is the incident laser photon energy,Eg is
the backscattered photon energy, andEe is the electron beam
energy.

The photon yieldY for each laser pulse scattered by a
relativistic electron beam is given by@13#

Y5
2NePsd

AcEL
, ~3!

whereNe is the total number of electrons,P is the peak
power of laser pulses,s is the total interaction cross section,
EL is the incident laser photon energy,d is the interaction
length,c is the velocity of light, andA is the smaller of the
transverse photon beam size and the transverse electron
beam size.

III. ESTIMATED MEASUREMENT ERRORS
OF BACKSCATTERED PHOTON ENERGIES

The measurement errors of the backscattered photon en-
ergy depend primarily on energy distributions of the laser
photons and the electron beams, electron beam divergence,
electron beam size, system alignment, and the detector’s
resolution.

Discussion so far has considered the energies of laser
photons and electrons to be uniform. In reality, however, the
energy distributions for both the laser light and the electron
beams are Gaussian.

The linewidth of the TEM00 mode laser beam is assumed
here to beDEL . The subsequent energy deviation for the
backscattered photons is@13#

DEs

Es
>

DEL

EL
. ~4!

For an energy deviationDEe of the electron beams, the
corresponding error of the backscattered photons is@13#

DEs

Es
>
2DEe

Ee
. ~5!

The fact that the electron beams have finite divergence
and finite beam size does not affect the backscattered pho-
tons’ highest energy. However, with the existence of the col-
limator, those factors decrease the photon yield at the highest
photon energy. Equation~1! shows such a decrease, which is
also confirmed by our spectrum simulation program@14#.

The definition of the resolution at energyH0 of the detec-
tor is @15#

R[
W
H0

,

where the full width at half maximum~FWHM! W is 2.35s
with s the standard deviation of the spectrum of the single
energy photons.

Since the errors from the energy distributions and the de-
tector resolution are independent, the total errors of measur-
ing the photon energy can be written as

DEs

Es
5F S DEL

EL
D 21S 2DEe

Ee
D 21SW/2.35

Es
D 2G1/2. ~6!

FIG. 1. Schematic diagram of laser Compton scattering.

5658 54HSU, CHU, LIU, AND YU



Using the error propagation method at the highest back-
scattered photon energyEs , one can derive the electron
beam energy measuring errorDEm as @13#

DEm

Ee
5
1

2 F S DEs

Es
D 21S DEL

EL
D 2G1/2. ~7!

Suppose that the electron beam energyEe51.3 GeV,
DEe50.86 MeV, the FWHM at 3.021 MeV is 10 keV, and
DEL/EL50.001, then the corresponding relative energy
measuring error is about 0.24% for the backscattered photons
and about 0.12% in determining the electron beam energy.

IV. EXPERIMENTAL DESIGN

A. Experimental setup

The experiment was performed at the fourth straight sec-
tion of the storage ring~R4A1 section! of Taiwan Light
Source. The entire system consisted of the optical system,
detecting system, and signal processing instruments. The op-
tical system was located inside the radiation shielding wall of
the storage ring, while the detecting system and the signal
processing instruments were located outside the shielding
wall. Figure 2 presents the entire system’s schematic dia-
gram.

According to this figure, the laser photons pass through
the optical system into the storage ring’s straight section.
After being scattered by relativistic electrons, theg rays pass
through the lead collimator and are then detected by the

HPGe detector. Later, the signal processing instruments ac-
quire the backscatteredg rays’ spectrum.

1. Optical system

The optical system consists of a pulsed CO2 laser, a beam
expander, mirrors, and focusing lenses. The CO2 laser pro-
vides incident photons and the mirrors alter the optical path
for the laser photons so that it collides with the electrons in
the storage ring’s straight section. After scattering, the elec-
trons are bent by the bending magnets toward the storage
ring’s next section, while the laser photons are scattered
backwards. The upper mirror is hollowed out for the back-
scattered photons to pass through to the high purity Ge
~HPGe! detector along the incident photons’ path. The beam
expander enlarges the laser beam so as to minimize the
power loss due to the hole on the upper mirror. Moreover,
the expanded laser beam is sequentially focused by the fo-
cusing lenses to increase the backscattered photon yield.

The material of the lenses is ZnSe and the mirrors are
coated with infrared enhanced silver for 10.6mm since these
materials have a lower absorption coefficient for far infrared.
The discharging effect having appeared in a strong focusing
case would reduce the laser light’s power and therefore
should be avoided in designing the lens arrangement.

Considering the extremely low detecting efficiency of the
HPGe detector at a high energy@16#, e.g., the absolute full
energy peak efficiency is around 1.531025 at 10 MeV, an
appropriate laser wavelength must be selected such that the
detector’s efficiency is acceptable at the backscattered pho-

FIG. 2. ~a! Schematic diagram of the overall
system: part of the vacuum chamber of the stor-
age ring, optical system, detecting system, and
signal processing system;~b! top view of part of
the vacuum chamber of the storage ring.
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tons’ maximum energy. According to Eq.~1!, the backscat-
tered photons’ maximum energy was 48.42 MeV for a
He-Ne laser ~l50.6328 mm! and 29.49 MeV for a
neodymium-doped yttrium aluminum garnet~Nd:YAG! laser
~l51.064 mm! after Compton backscattering by 1.3 GeV
electron beams. However, a CO2 laser with a wavelength of
10.6 mm would produce the backscattered photons with a
maximum energy around 3.021 MeV; this occurrence corre-
sponds to an absolute full energy peak efficiency of around
2.031024. Therefore a CO2 laser is selected in this experi-
ment.

To increase the signal to noise ratio, a pulsed CO2 laser
was employed for its high peak power~up to 2.67 MW at
repetition rate of 100 Hz!. The pulse width was 30 ns and the
energy per pulse was 87 mJ for the pulsed CO2 laser.

The beam expander consisted of two convex lenses with
focal lengths of14 and17 in. and a concave lens with a
focal length of24 in. In this experiment, the beam expand-
er’s magnifying power was 5 for a minimum power loss of
the laser photons due to the hole on the upper mirror. The
upper limit of the magnification power was set by the size of
the ZnSe window. Figure 3 shows the beam expander’s sche-
matic diagram.

The focusing lenses were composed of a concave lens of
focal length25 in. and a convex lens of focal length17 in.
Our optics system simulation results@17# indicated that, for
the maximum photon yield, the optimized focal length of the
lens combination was 4.5 m.

2. Detecting system

The detecting system consisted of a lead collimator and
an HPGe detector. The collimator was a hollowed cylinder
with an inner diameter of 3 mm, an outer diameter of 100
mm, and was 100 mm long with a distance of 669.5 cm away
from the end of the interaction region of the laser photons
and the electron beams. After collimated, the backscatteredg
rays were detected by the portable HPGe detector immedi-
ately behind the collimator.

3. Signal processing instruments

Using a pulsed CO2 laser for its high peak power caused
the scattered photons to be periodically produced with the
same frequency as the CO2 laser’s repetition rate. The pulse
length of CO2 laser was 30 ns, and taking into account the
maximum interaction length~10 m!, the photons were pro-
duced within 60 ns for each laser pulse. However, the CO2
laser’s repetition rate was, at most, 200 Hz. This observation
would suggest that the photons were produced within a time
period less than 1.231023% of the total counting time. For
instance, 3 h total counting time implies that the photons

were produced for only about 0.1296 s. Besides, the continu-
ous noise bremsstrahlung~which was produced due to the
interaction between electron beams and the residual gases as
well as ions! was markedly higher than the backscattered
photons. Consequently, synchronously measuring the back-
scattered photons became an extremely important task.

The synchronous measurement used a gate to periodically
allow the signals to pass from the detector to the counting
system. Since the scattered photons were produced after the
laser pulse reached the interaction region, the laser could
provide a trigger signal for the gate to open. Figure 4 illus-
trates the experimental setup of synchronous measurement.
As indicated in this figure, the laser trigger output provides
the gate trigger signals which are first shaped and coarsely
delayed by a logic shaper and delay. The trigger signals then
pass through the delay amplifier for fine delay setting, i.e., to
achieve a maximum counting rate. Meanwhile, the detector’s
signals are shaped by a linear gate and stretcher as well after
passing through the preamplifier and the amplifier~automatic
fine tuning research amplifier!. Finally, the synchronous gate
opens as triggered by the trigger signals and then allows the
detector’s signals to pass through to the PC multichannel
analyzer
~PCMCA!.

B. Photon yield equation modification

The upper mirror in Fig. 2 is hollowed with a hole having
a diameter of 7 mm. The hole then causes a laser power loss
for the sequential collisions. Since the geometric dimension
of the laser beam is altered, Eq.~3! for the photon yield
should be modified as@13,17#

FIG. 3. Design of beam expander with a magnifying power of 5.

FIG. 4. Instruments associated with synchronous measurement.
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where Ā is Al /Ae , Al andAe are the cross sections of the
laser beam and the electron beam, respectively,Ah is the
cross section of the hole of the laser beam after passing
through the hollowed mirror, and
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wherewhm is the radius of the hole on the upper mirror and
wlm is the spot size of the laser beam on the upper mirror.
Figure 5 demonstrates the interaction between the hollowed
laser beam and the electrons.

C. Energy calibration of HPGe detector

Considering that the highest energy of the backscattered
photons was around 3000 keV, we chose24Na to be the
standard source in energy calibration of the HPGe detector
since the two characteristic energies of24Na were 1368.63
and 2754.03 keV. Those energies contributed to a sum-peak
energy of 4122.66 keV which could be applied to the inter-
polation method in energy calibration. Figure 6 presents the
24Na spectrum.

V. EXPERIMENTAL RESULTS
AND DISCUSSIONS

A. Gate width limitation

Since the maximum gate width of the linear gate and
stretcher~Canberra 1454! is 5ms and the amplifier’s shaping
time is better for 4ms ~as suggested by the HPGe detector’s
test report!, the gate would permit at most one signal to pass

through to the PCMCA. This gate width limitation reduced
the signal to noise~S/N! ratio and, subsequently, alleviated
the spectrum’s resolution.

B. Optimization for gate delay setting

The gate delay setting was optimized through fine tuning
the gate delay to obtain a maximumS/N ratio. Figure 7
illustrates the optimization process. This figure reveals that a
maximumS/N ratio was obtained as the gate was delayed
around 10.4ms.

C. Energy cutoff by collimator

According to Eq.~1!, the cutoff energy associated with
the backscatteredg rays is determined by the collimator’s
inner diameter. Also, the collimator’s half opening angle is
0.2241 mrad. Thus, for the case ofu1>p, the theoretical
cutoff energy is about 2.2987 MeV for 1.3 GeV electron
beams.

D. Experimental results

Figures 8–11 display the spectra of the backscatteredg
rays. Figure 8 presents the spectrum of the Compton scatter-
ing with a collimator having an inner diameter of 3 mm
which corresponded to a half opening angle of 0.2241 mrad.
The background radiation’s counting rate without the laser
Compton scattering effect was around 0.82 s21. After the
laser photons collided with the electron beams, the counting
rate rose to around 34.83 s21, i.e., theS/N ratio was approxi-
mately 42.5.

The following three figures demonstrate the importance of
aligning the collimator, the collimator’s size, and the syn-
chronous measurement. Figure 9 stresses the importance of
aligning the collimator. In this case, we used the same colli-
mator size as was used to obtain the spectrum in Fig. 8. For
an inadequately aligned system, the backscattered photons
with the highest energy were either attenuated or stopped by
the misaligned collimator which subsequently decreased the
photon number and, ultimately, reduced theS/N ratio at that
energy. TheS/N ratio in this case was 9.0.

Figure 10 presents the spectrum of the Compton scatter-
ing with a collimator having an inner diameter of 10 mm

FIG. 5. Schematic diagram of the interaction between the laser
beam and the electron bunch for~a! Al.Ae and~b! Al,Ae , where
Al , Ae , andAh are the cross sections of the laser beam, the electron
beam, and the hole on the upper mirror, respectively.

FIG. 6. 24Na spectrum. A sum peak at 4122.66 keV is the ac-
cumulation of the twog decay energies, 1368.63 and 2754.03 keV.
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which corresponded to a half opening angle of 0.818 mrad.
The system was adequately aligned as was done to obtain the
spectrum in Fig. 8. The electron beam current was 1.56 mA
and, in this case, theS/N ratio was 5.0.

Figure 11 shows the spectrum obtained under the same
conditions as in Fig. 8, but without synchronous measure-
ment. In this case, theS/N ratio was only about 1.2. Com-
paring the two spectra reveals the significance of synchro-
nous measurement. Apparently, the synchronous
measurement could significantly enhance theS/N ratio.

E. Spectrum analysis and error estimation
for energy measurement

Figure 12 denotes the method used to determine the high-
est photon energy associated with the laser Compton back-
scattering. This figure shows part of the spectrum in Fig. 8
for the energy above 2800 keV.

According to the theoretical spectrum of Compton scat-
tering, the sharp edge at around 3 MeV indicates the highest
backscattered photon energy, while after introducing the ef-

fects of the detecting efficiency, the detector’s energy reso-
lution, the energy distribution of laser photons, and the en-
ergy distributions of the electron beams to the spectrum, the
edge is symmetrically distributed to both higher and lower
energies. We can thus estimate the backscattered photon en-
ergy corresponding to the central energy of the electron
beam at the middle point of the edge. Through some data
processing, this photon energy can be derived as 3054 keV
with a standard deviation of 2.6 keV. According to Eq.~1!,
the electron beams’ central energy can be expressed as

g5
4ELEg /m0c

21A~4ELEg /m0c
2!2116ELEg

8EL
. ~9!

OfferingEg53054 keV, we obtaing52555.4 corresponding
to the electron energy 1.3058 GeV, which is consistent with
the results obtained from beam dynamics study@18# by Lee
et al. of SRRC. In addition, our measured relative error for
the electron beam energy is 0.13%.

FIG. 7. Optimization of trigger delay for maximumS/N ratio.
The optimum trigger delay in this case is 10.4ms with S/N ratio
>42.5.

FIG. 8. g-ray spectrum of Compton scattering with collimator of
3 mm diameter under synchronous measurement~electron beam
current, 19 mA; counting time, 4 h; andS/N ratio, 42.5!.

FIG. 9. g-ray spectrum of Compton scattering with misaligned
collimator of 3 mm diameter and under synchronous measurement
~electron beam current, 13.4 mA; counting time, 2.45 h; andS/N
ratio, 9.0!.

FIG. 10. g-ray spectrum of Compton scattering with collimator
of 10 mm diameter under synchronous measurement~electron beam
current, 1.56 mA; counting time, 1.41 h; andS/N ratio, 5.0!.
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VI. CONCLUSIONS

The synchronous measurement that contributes to a
higherS/N ratio is the primary design feature of the laser
Compton scattering experiment. This method employed the
laser trigger outputs to trigger the gate. After the optimiza-
tion process determined the optimum trigger delay to be 10.4
ms, a maximumS/N ratio was achieved at 42.5.

Since the backscattered photon energies were strongly an-
gular dependent, precisely aligning the collimator and the
optical system was deemed essential. The highest backscat-
teredg-ray energy could be estimated from the sharp edge of
the spectrum as shown in Fig. 12. For our latest experiment,
it was 305462.6 keV. According to the results, we can infer
that the electron beam energy was 1.305860.0017 GeV. Fur-
ther improvement includes using a larger gate width so that
more backscattered photons can be counted and using a
smaller collimator to sharpen the spectrum so that the photon
energy corresponding to the electron central energy can be
determined with higher precision.

Above techniques associated with laser Compton scatter-
ing can be used for establishing a tunable x-ray source and
the FEL facility in the booster of TLS. The x-ray sources and
the FEL facility will have tunable wavelengths for extensive
applications in medicine, industry, and nuclear physics.
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FIG. 11. g-ray spectrum of Compton scattering with collimator
of 3 mm diameter and without synchronous measurement~electron
beam current, 19 mA; counting time, 5 min; andS/N ratio, 1.2!.

FIG. 12. Part of the spectrum in Fig. 8 for energy above 2800
keV. The method used to determine the highest backscattered pho-
ton energy.
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