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We propose a scheme to generate narrow-band GeV photons, γ-rays, via Compton scattering of hard
x-ray photons in an x-ray free-electron laser oscillator. Generated γ-rays show a narrow-band spectrum with
a sharp peak, ∼0.1% (FWHM), due to large momentum transfer from electrons to photons. The γ-ray beam
has a spectral density of ∼102 ph=ðMeV sÞwith a typical set of parameters based on a 7-GeVelectron beam
operated at 3-MHz repetition, Such γ-rays will be a unique probe for studying hadron physics. Features of
the γ-ray source, flux, spectrum, polarization, tunability and energy resolution are discussed.
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I. INTRODUCTION

Generation of high-energy photons via collision of
relativistic electrons and laser photons is known as inverse
Compton scattering or laser Compton scattering (LCS).
LCS photon sources have been developed and used in a
wide range of photon energies from keV to GeV, since LCS
photons are energy tunable according to electron beam
energy, laser wavelength and collision geometry [1].
Typical applications of LCS photon sources are imaging
for medical application in keV [2], science of photonuclear
reaction and its utilization for nuclear industry in MeV
[3,4], and hadron physics in GeV [5]. Since performance of
such photon sources is evaluated by average photon flux
(ph=s) or average spectral density [ph=ðeV sÞ], flux and
spectral density discussed in the present paper are time
averaged values.
Most of LCS photon sources in keV and MeV energies

rely on both the electron beam energies from several tens
MeV to 1 GeV and the incident laser beams with wave-
lengths ranging from infrared to ultraviolet. In these LCS
sources, scattering of laser photons in the electron rest
frame is recognized as Thomson scattering, because a laser
photon energy in the rest frame is much smaller than the
electron rest mass. The Thomson-scattered photon has an
almost flat spectrum up to the maximum energy determined
by the electron and laser photon energies and the collision
angle. A spectral bandwidth of LCS beams at an exper-
imental area is controllable by collimators on the beam
path, because the energy of scattered photon has a
correlation with its scattering angle. Applications of keV

and MeV LCS beams usually make use of a quasimono-
chromatic LCS beam with a 1%–10% bandwidth by
selecting a specific energy with a collimator inserted into
the beam path.
For a LCS beam in photon energies of GeV, selection of

photon energy by a collimator is not available due to a
small divergence of LCS beam. In the case of the LCS
beam line at SPring-8, 1.5–3.0 GeV γ-rays are generated
with a flux of 106 ph=s, and the photon energies are
individually determined by measuring recoiled electron
energies from Compton scattering instead of photon energy
selection with a collimator [5,6].
In this paper, we propose a scheme to generate narrow-

band γ-rays via Compton scattering of hard x-ray photons
in an x-ray free-electron laser oscillator (XFELO). Due to
the large momentum transfer from an electron to a scattered
photon at the highly relativistic collision, the photon
spectrum deviates from the Thomson spectrum and shows
a high-energy peak as described by the Klein-Nishina
formula. The XFELO-based Compton γ-ray source
(XFELO-γ) produces a multi-GeV γ-ray beam with
extremely narrow bandwidth, ∼0.1% (FWHM), and a high
spectral density, ∼102 ph=ðMeV sÞ. Such a γ-ray beam will
be a unique probe for studying hadron physics.

II. GEV PHOTON GENERATION FROM XFELO

An x-ray free-electron laser oscillator (XFELO) is
adopted for a GeV photon source in the present paper.
XFELO has been proposed to obtain a hard x-ray laser from
a multi-GeV electron beam traversing an undulator, and is
operated with a low-loss oscillator consisting of crystal
mirrors [7]. The obtained x-ray beam is coherent in time
and space, and has characteristics with the pulse length of
ps and with the repetition of 1–100 MHz [7,8]. XFELO
produces hard x-ray pulses with a narrow bandwidth
∼2 meV, the peak spectral brightness comparable to that
of self-amplified spontaneous emission (SASE) from a
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high-gain x-ray FEL and the average brightness higher than
SASE by several orders of magnitude [7,8]. Owing to this
excellent performance, construction of XFELOs is pro-
posed as a part of the energy-recovery linac x-ray light
source [9] and an extension of the x-ray SASE FEL [10,11].
We present that XFELO is able to produce a multi-GeV
narrow-band γ-ray beam with a collision of x-ray photons
and relativistic electrons in the x-ray oscillator.
We consider two types of configurations for XFELO-γ as

shown in Fig. 1. A two-mirror XFEL oscillator, Fig. 1(a), is
the baseline design of XFELO-γ in the present study. The
x-ray oscillator utilizes two normal-incidence flat sapphire
(α − Al2O3) crystals in combination with compound refrac-
tive lenses (CRL). X-ray photons are scattered by electrons
at a dispersion free section between two undulator seg-
ments in order to avoid a jitter in the direction of gamma
photons caused by Compton scattering from wiggling
electrons. Compton scattering in the undulator magnet is
discussed later.
In addition to the baseline design, we consider a four-

mirror oscillator, Fig. 1(b), to study effects of noncollinear
collision of electrons and x-ray photons, because such
noncollinear collision is specific to XFELO-γ and has never
been used in Compton sources based on UV-FELs. The
oscillator consists of two flat diamond mirrors with nonzero
Bragg angle, ΘB ≠ 0, and additional two mirrors, which
are not necessarily made of diamond. In the four-mirror
oscillator, an x-ray beam is traversing the undulator
together with an electron beam and then reflected back
along a noncollinear path. The collision of x-ray photons
and electrons can be made at the center of the undulator as
shown in Fig. 1(b). Since the focusing mirrors should be set

up for a grazing angle smaller than the critical angle for
the total reflection, ϕG < ϕcr ∼ 1 mrad for 12 keV x rays,
the collision angle of Compton scattering becomes smaller
than 1 mrad. Several design studies of XFELO for hard
x-ray generation have been carried out, where the electron
energy ranges from 3.5 GeV [12] to 10 GeV [7]. We have
chosen a typical set of parameters listed in Table I, for the
baseline design of a GeV photon source. The parameters
are similar to a design shown in Refs. [7,8].
Generation of GeV photons is available in other types of

XFELO with four-crystal mirrors and focusing elements
designed for tuning the x-ray energy [8]. We, however, do
not discuss such configurations because the x-ray energy
tunability is not essential for the present purpose.
Free-electron laser oscillators for UV and vacuum ultra-

violet have been employed as LCS photon sources for MeV
γ-rays [13–15]. The high intensity γ-ray source (HIγS) at
Duke University is based on Compton scattering of UV
photons generated in a FEL oscillator by electrons at a
1.2-GeV storage ring. The γ-ray source routinely provides
quasimonochromatic photons at 1–100 MeV [3]. A free-
electron laser oscillator is suitable for a LCS source,
because synchronization and spatial overlap of laser pho-
tons and electrons are automatically obtained. In addition,
a use of intracavity laser photons leads to high flux
LCS beams.
In the XFELO-γ, the aforementioned advantages of FEL

oscillator for a LCS source are totally inherited. Moreover,
a narrow band γ-ray beam is obtained from the nature of
Compton scattering as follows.
A schematic view of laser Compton scattering is shown

in Fig. 2, where an electron with an energy of Ee collides

sapphire undulator 
CRL 

e-beam 

X-ray 

~100 m 

diamond 

undulator 
X-ray 

φ 

Θ 
γ-ray 

~100 m 

sapphire bending 
magnet 

mirror 

diamond 

mirror 

CRL 

bending 
magnet 

e-beam 

(a) 

(b)

collision point 

collision point 

γ-ray 

B

G

FIG. 1. Schematic views of x-ray FEL oscillators. (a) An oscillator with two normal-incidence sapphire crystals and compound
refractive lenses (CRL). (b) An oscillator consisting of two diamond crystals with nonzero Bragg angle, ΘB ≠ 0 and two focusing
mirrors with a small grazing angle ϕG < 1 mrad.
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with a laser photon with an energy of E1 to produce a
scattered photon with an energy of E2. The energy of
scattered photon is given as

ϵ2 ¼ ϵ1
1 − β cos θ1

1 − β cos θ2 þ ðϵ1=γeÞð1 − cos θÞ ; ð1Þ

where γe ¼ Ee=mc2, ϵ1 ¼ E1=mc2 and ϵ2 ¼ E2=mc2 are
the electron, incident and scattered photon energies
normalized by the electron rest mass, respectively, β is
the electron velocity in units of light speed, θ1 and θ2 are
the angles between the direction of motion of the electrons
and incident and scattered photons, θ is the angle between
the incident and scattered photons.

For the head-on collision at θ1 ¼ π, the maximum
energy of scattered photons is

ϵmax
2 ¼ 4γ2eϵ1

1þ 4γeϵ1
; ð2Þ

and the energy differential cross section is given as [16]

dσc
dϵ2

¼ πr20
2

1

γ2eϵ1

�
1

4γ2eϵ
2
1

�
ϵ2

γe − ϵ2

�
2

−
1

γeϵ1

�
ϵ2

γe − ϵ2

�

þ γe − ϵ2
γe

þ γe
γe − ϵ2

�
; ð3Þ

where σc is the cross section of Compton scattering and r0
is the classical electron radius.
In the case of γeϵ1 ≪ 1, the collision of electron and

photon is close to the Thomson scattering cross section, and
the scattered photon spectrum becomes almost flat for
0 < ϵ2 < ϵmax

2 . The scattered photon spectrum is, however,
significantly different for γeϵ1 ≫ 1, and has a sharp peak
at ϵ2 ¼ ϵmax

2 . Figure 3 shows these spectral behaviors of
Compton scattered photons for electron beam energy of
7 GeV and incident laser photon energies of E1 ¼ 1.2 eV,
120 eVand 12 keV. For the incident laser photon energy of
12 keV, Eqs. (2) and (3) indicate that scattered photons have
the maximum energy of E2 ¼ 6.995 GeV with the band-
width of 0.075% (FWHM).
Generation of a γ-ray beam utilizing Compton scattering

of x-ray photons from undulator radiation reflected back
to the electron storage ring has been proposed [17,18].
Realistic experimental attempts, however, have not been
made due to difficulties in obtaining efficient collision of
x-ray photons and electrons at a small focus spot. On the
other hand, the XFELO-γ becomes a feasible apparatus to

TABLE I. Parameters of the XFELO for the baseline design of
XFELO-γ.

Electron beam
Energy (Ee) 7 GeV
Bunch charge (Q) 40 pC
rms energy spread (σΔE) 1.4 MeV
Normalized rms emittance (εn) 0.082 mm-mrad
rms bunch length (τe) 2 ps
Bunch repetition (f) 3 MHz
Undulator
Undulator parameter (K) 1.414
Pitch (λu) 1.88 cm
The number of periods (Nu) 3000
FEL
Wavelength (λ) 1 Å
Energy (E1) 12.3 keV
Cavity length (Lc) 100 m
Small signal gain 50%
Round-trip loss 17%
Out-couple 4%
rms pulse length (τX) 0.85 ps
rms energy spread (σΔE1

) 2.3 meV
Collision parameters
Beta function (β�) 10 m
Rayleigh length (ZR) 10 m
Electron beam rms size (σe) 7.7 μm
Electron beam rms divergence (σe0) 0.77 μrad
X-ray beam rms size (σX) 8.9 μm
X-ray beam rms divergence (σX 0) 0.89 μrad
The number of electrons (Ne) 2.5 × 108

The number of x-ray photons (NX) 2.0 × 1010

E1

E2

Ee

FIG. 2. A schematic view of laser Compton scattering.
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FIG. 3. Energy-differential cross section of Compton scattering
for 7 GeV electrons and laser photons at three different energies
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achieve efficient and stable collision of GeV electrons
and hard x-ray photons as demonstrated in MeV-photon
generation at UV FEL oscillators [13–15].

III. PERFORMANCE OF THE γ-RAY SOURCE

A. Parameters of XFELO-γ

The performance of the XFELO-γ has been evaluated by
both analytical and numerical calculations. We assume an
XFELO with sapphire mirrors shown in Fig. 1(a) with the
parameters similar to Refs. [7,8] and the electron beam
parameters suggested in Ref. [19]: electron energy is
chosen at Ee ¼ 7 GeV to produce an x-ray beam of
1 Å. All the parameters of the XFELO are summarized
in Table I. The x-ray beam in the cavity has a transverse
mode of Gaussian distribution with the waist at the
undulator center. The electron beam envelope parameter
at the waist is chosen to be equal to the Rayleigh length of

x-ray beam, β� ¼ ZR ¼ 10 m. The property of x-ray pulse
after the lasing with assuming the cavity round-trip loss of
17% including 4% out-coupling is: x-ray wavelength
λ ¼ 1 Å, x-ray intracavity backward photons per pulse
NX ¼ 2.0 × 1010, x-ray pulse length and energy width
τX ¼ 0.85 ps, σΔE1

¼ 2.3 meV, respectively. We assume
the repetition of XFELO at 3 MHz so that an electron bunch
has a collision with a backward x-ray pulse at the center of
a 100-m-long cavity.

B. Flux of the γ beam

The flux of the LCS γ-ray, F , is calculated using the
cross section of Compton scattering σc in Eq. (3) and the
luminosity L as F ¼ σcL. The luminosity for collision
of electron and laser beams at a small crossing angle,
θ1 ¼ π þ ϕ, ϕ ≪ 1, is expressed by [20]

L ¼ fNeNX cosðϕ=2Þ
2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2e;yσ

2
L;y

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðσ2e;x þ σ2L;xÞcos2ðϕ=2Þ þ ðσ2e;z þ σ2L;zÞsin2ðϕ=2Þ

q ; ð4Þ

where f is the collision frequency, Ne and NX are the
number of electrons per bunch, and the number of photons
in the laser pulse, σe;x, σe;y, σe;z and σL;x, σL;y, σL;z are the
rms size of the electron and laser beam at the collision spot.
We assume that the collision happens in the x − z plane.
The luminosity of the XFELO-γ of the two-mirror

configuration [Fig. 1(a)] with the parameters listed in
Table I is found to be L ¼ 1.7 × 1030 cm−2 s−1. The
cross section of Compton scattering integrated over a
finite energy bandwidth (BW) of scattered γ-ray photon
can be calculated from Eq. (3), and is found to be
σcð0.1%BWÞ ¼ 3.2 × 10−4 b, σcð1%BWÞ ¼ 1.0 × 10−3 b
and σcð100%BWÞ¼2.9×10−3b for the bandwidth of 0.1,
1 and 100%. The γ-ray fluxes are, thus, F ð0.1%BWÞ ¼
540 ph=s, F ð1%BWÞ ¼ 1700 ph=s, F ð100%BWÞ ¼
4900 ph=s.
In the four-mirror XFELO-γ [Fig. 1(b)], the luminosity is

reduced due to small angle collision of ϕ ∼ 1 mrad. We can
evaluate the luminosity for a small angle collision using
Eq. (4) and find that the luminosity reduction is negligible
for a crossing angle of ϕ ¼ 1 mrad, reduction of 0.02%
from the head-on collision.

C. Bandwidth of the γ beam

In the generation of LCS beams for keVandMeV photon
energies, quasimonochromatic photon beams are obtained
with a collimator to restrict the scattering angle of photons
reaching to an experimental station.
For LCS sources operated with a small collimator,

energy width of a collimated LCS beam is given as

σΔγ
Eγ

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðγeθrmsÞ4 þ

�
σΔγ
Eγ

�
2

inhomo:

s
; ð5Þ

where θrms ≪ 1 is rms acceptance of the collimator and
ðσΔγEγ

Þinhomo. is inhomogeneous spectral dilution of LCS

beams due to energy spread and divergence of electron
and laser beams, which is given by [21]

�
σΔγ
Eγ

�
inhomo:

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4

�
σΔE
Ee

�
2

þ
�
εn
σe

�
4

þ
�
σΔE1

E1

�
2

þ
�

λ

4πσX

�
4

s
; ð6Þ

where σΔE and εn are electron energy spread and normal-
ized emittance, respectively, σΔE1

, λ, are energy spread
and wavelength of the incident laser photons, respectively.
Detailed studies of Compton scattering in the six-
dimensional phase space have been conducted analytically
and numerically [22–24], which show an electron beam
with small emittance and small energy spread is essential
for obtaining narrow-band LCS beams with keV and MeV
energies.
On the other hand, generation of narrow-band γ-rays

from the XFELO-γ is attributed to the nature of Compton
scattering, not to the collimation with a small aperture.
In the following, we see dilution of the γ-ray spectrum
due to finite energy spread and divergence of both electron
and x-ray beams in the XFELO-γ.
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We consider nearly head-on collision of electron and
x-ray beams at an angle, θ1 ¼ π þ ϕ, ϕ ≪ 1. The scattered
photon has the maximum energy at θ2 ¼ 0:

ϵmax
2 ≃ ϵ1½1þ βð1 − ϕ2=2Þ�

1 − β þ ðϵ1=γeÞð2 − ϕ2=2Þ≃
γ2eϵ1ð4 − ϕ2Þ

1þ γeϵ1ð4 − ϕ2Þ :

ð7Þ

The shift of the maximum energy due to a nonzero collision
angle of ϕ is given by

Δϵmax
2 ≃ −

ϕ2

16ϵ1
for γeϵ1 ≫ 1: ð8Þ

For the 7-GeV XFELO-γ with the parameters shown in
Table I, the divergence of the electron and laser beams at
the collision point is 0.77 and 0.89 μrad, respectively.
The dilution of the γ-ray energy spectrum caused by these
divergences is as small as a few μeV.
Next, we evaluate the dilution of the γ-ray energy

spectrum due to the energy spread of electron and laser
beams. For a head-on collision of electron and laser beams,
the derivative of ϵmax

2 in Eq. (2) with respect to the laser
photon energy is calculated as

dϵmax
2

dϵ1
¼ 4γ2e

ð1þ 4γeϵ1Þ2
: ð9Þ

It is found that an x-ray photon energy spread of 10 meV
introduces an energy spread of 4.5 eV in the 7-GeV
photons.
The deviation of electron energy directly alters the

energy of γ-ray photons according to the following relation:

dϵmax
2

dγe
≈ 1 for γeϵ1 ≫ 1: ð10Þ

In addition to the inhomogeneous spectral dilution,
nonlinear spectral effects occur in Compton scattering,
when the laser normalized potential A ¼ λeE0=2πmc2

approaches unity [25,26], where λ and E0 are the laser
wavelength and the peak value of the electric field at the
collision. Such nonlinear effects do not occur in the
XFELO-γ, where A≃ 10−7 for the design parameters.
As a result, we have found that the spectrum of

XFELO-γ is only sensitive to the energy spread of electron
beam, but insensitive to other parameters: divergence of
the electron beam, energy spread and divergence of the
laser beam.
The electron beam energy spread at the XFELO-γ should

be evaluated by taking into account the FEL interaction.
For an undulator with a period of Nu, the energy spread
induced by the FEL interaction is ðσE=EeÞFEL ∼
12=ð4πNuÞ at the end of the undulator [27]. We assume
an energy spread as half of the aforementioned value at the

center of undulator. For the XFELO-γ with the parameter
listed in Table I, the electron beam at the center of undulator
has an energy spread of σE ¼ 1.8 MeV including the
contribution of FEL interaction.
Transverse emittance also causes a spread of longitudinal

velocities in an undulator as a result of the fact that each
electron has a different trajectory of wiggling motion
according to its initial transverse position and momentum
at the undulator entrance. It is known that this longitudinal
velocity spread is one of the sources of FEL gain reduction.
For the generation of γ-ray beam with Compton scattering
in an FEL oscillator, transverse emittance introduces a
finite spot size and a finite divergence of electrons at the
collision point, but does not affect the electron energy that
determines energies of scattered γ-ray photons.

D. Numerical simulations

A numerical evaluation of the XFELO-γ performance
was conducted with a simulation code CAIN [28]. In the
simulations, we can evaluate the γ-ray properties including
the effects of energy spread of electrons and finite diver-
gence of electron and x-ray beams at the collision. Note
that the CAIN simulations do not include the energy spread
of x-ray photons, but we have seen that this effect is
negligibly small.
Figure 4 shows the γ-ray spectrum obtained from the

numerical simulation together with analytically calculated
spectra for the two-mirror XFELO-γ of the baseline design.
Two curves of the analytical results correspond to a
spectrum calculated using Eq. (3) and a spectrum con-
voluted by electron energy spread, σE ¼ 1.8 MeV, respec-
tively. The numerical result is in good agreement with
the analytical one convoluted with the electron energy
spread. This agreement also supports the fact that the γ-ray
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FIG. 4. γ-ray spectra of the two-mirror 7-GeV XFELO-γ
calculated by an analytical formula without electron energy
spread (green) and with energy spread (red), and numerical
simulation by CAIN (blue).

NARROW-BAND GEV PHOTONS GENERATED FROM … PHYS. REV. ACCEL. BEAMS 19, 020702 (2016)

020702-5



bandwidth is insensitive to divergence of electrons and
laser photons at the collision.
Figure 5 shows the correlation of γ-ray energy and

scattering angle in the XFELO-γ calculated from the
analytical formula, Eq. (1) and the CAIN simulation. We
can see that the scattering angle is correlated with the γ-ray
photon energy, but the correlation differs from that of usual
LCS photon sources at keV and MeV energies, in which
photon energy becomes half of the maximum at the
scattering angle of 1=γe.
The numerically calculated performance of the

XFELO-γ of baseline design is summarized in Table II.
In order to confirm the effects of noncollinear Compton

scattering, the γ-ray flux and spectrum of the four-mirror
XFELO-γ was also calculated by CAIN. In the simulation,
we assume the collision parameters, the number of elec-
trons and x-ray photons, the size and divergence of electron
and x-ray beams, same as the two-mirror XFELO-γ, but the
small crossing angle at the collision, ϕ ¼ 1 mrad. We
found that the flux and spectrum of the four-mirror
XFELO-γ with a small crossing angle at the collision,
ϕ ¼ 1 mrad are identical to those of the two-mirror
XFELO-γ as shown in Fig. 6, because the small crossing
angle does not affect the luminosity. In a practical design of
a four-mirror XFELO-γ, luminosity could be improved by

optimizing the collision parameters, since the collision spot
size of the x-ray backward beam is not necessarily equal to
the size of the forward beam at the undulator center in a
four-mirror XFELO.

IV. DISCUSSION

As seen in Figs. 3, 4 and 6, a γ-ray spectrum of XFELO-γ
has a sharp peak at the maximum energy and a low-energy
tail. For γ-ray application experiments, it is possible to
determine γ photon energy by measuring the energy of
recoil electron with a tagging counter, which may be
accompanied by a beam-line collimator to eliminate the
low-energy γ photons at the experimental area. The energy
measurement of recoiled electrons in an XFELO-γ can be
conducted with chicane magnets or a small bending magnet
before the main magnet to deflect the 7-GeV electrons.
Since most of the γ-ray photons are concentrated around the
peak energy, we only need to measure low-energy elec-
trons, below 100MeV for example. The accuracy of photon
energy measurement is restricted by electron beam energy
spread at the collision, 1.8 MeV (rms) for the XFELO-γ in
this paper, which is much better than the tagging system at
SPring-8 with a resolution of 12 MeV (rms) [6].
Generation of a polarized photon beam is one of the

excellent features of LCS. Polarization of photons and
electrons in Compton scattering can be dealt with the
matrix transformation of Stokes parameters [29]. For the
case of the linearly polarized incident laser, Compton
scattered photons have the degree of polarization [29]:

p ¼ 2

ðk1=k2Þ þ ðk2=k1Þ
; ð11Þ

where polarization p is defined as the absolute value of the
Stokes vector, k1 and k2 are energies of incident and
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TABLE II. Calculated performance of the XFELO-γ with
parameters listed in Table I.

Repetition 3 MHz
Peak energy 6.9922 GeV
Bandwidth (FWHM) 12 MeV
Flux (100% BW) 4900 ph=s
Flux (1% BW) 1700 ph=s
Flux (0.1% BW) 460 ph=s
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FIG. 6. γ-ray spectra of the four-mirror 7-GeV XFELO-γ
calculated by an analytical formula without electron energy
spread (green) and with energy spread (red), and numerical
simulation by CAIN (blue).
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scattered photons normalized by mc2, respectively. Note
that these photon energies must be evaluated at the electron
rest frame for Compton scattering by relativistic electrons.
In the case of γeϵ1 ≪ 1, the polarization of the incident

photon is preserved in the scattering process, because
k1=k2 ∼ 1 at the electron rest frame. As a result, linearly
or circularly polarized photon beams can be generated from
LCS with a polarized laser.
On the other hand, a scattered photon does not preserve

polarization of an incident photon in the XFELO-γ due to a
large energy exchange between the incident photon and
the electron. Thus, linearly polarized γ-ray beams are not
available even with linearly polarized x rays in XFELO-γ.
The circularly polarized γ-ray from XFELO-γ is,

however, available with a longitudinally polarized (or spin
polarized) electron beam. In laser Compton scattering by
polarized electron beams, the scattered photons are in
general elliptically polarized, and circularly polarized for
the backscattering (θ ¼ π) from head-on collision. The
degree of polarization for backscattered photons is given
by [29]

p ¼ 2k1ð1þ k1Þ
ð1þ 2k1 þ 2k21Þ

j ~n0 · ~Sj; ð12Þ

where ~n0 is the unit vector for scattered photon momentum,
~S is the initial spin direction of the electron. As seen in

Eq. (12), the degree of polarization approaches j ~n0 · ~Sj for
high-energy incident photons, k1 > 1. As a result, the
scattered photons from an XFELO-γ with a spin polarized
electron beam have a high degree of polarization either left
or right circular polarization, depending on whether the
initial electron spin is parallel or antiparallel with the
direction of the scattered photon.
The generation of the circularly polarized γ-ray from the

XFELO-γ of baseline design with a spin polarized electron
beam, helicity of þ1, was confirmed by the CAIN simu-
lation as shown in Fig. 7, in which the degree of
polarization and the Stokes parameter for circular polari-
zation of scattered photons are plotted as a function of their
energy. It can be seen that photons near the high-energy
peak have almost perfect circular polarization.
Next, we discuss the energy tunability and the enhance-

ment of the γ-ray flux from the design with parameters
listed in Table I. The γ-ray peak energy in an XFELO-γ is
insensitive to the x-ray photon energy, but is determined by
the electron energy. Several design studies of XFELO for
hard x-ray generation have been carried out, where the
electron energy ranges from 3.5 GeV [12] to 10 GeV [7],
i.e. γ-ray peak energy can be chosen at a specific energy
between 3.5 and 10 GeV. The γ-ray peak energy is further
tunable continuously from the specific energy with varying
the electron beam energy and undulator gap as far as FEL
lasing is obtained with given undulator and crystal mirrors.
According to the FEL physics, variation of the undulator

parameter from K ¼ 1.414 in the baseline design to K ¼
0.930 results in the variation of the electron beam energy
from 7 to 5.93 GeV to keep the FEL wavelength at 1 Å. The
variation of the electron energy, however, introduces a FEL
gain reduction of 30% from the design at 7 GeV. Available
tuning range of the γ-ray peak energy by varying the
electron energy depends on the parameters of the XFELO
to determine FEL gain margin over the oscillator loss.
Since there is a feasibility for XFELO to be operated

with the repetition of 1–100 MHz as suggested in Ref. [7],
the γ-ray flux of XFELO-γ is increased with increasing the
electron beam repetition. If we allow an electron beam
repetition at 90 MHz with the same configuration as shown
in Fig. 1, the γ-ray flux of XFELO-γ with the four-mirror
oscillator is enhanced by a factor of 30 compared with
the 3-MHz operation. In the two-mirror XFELO-γ, it is
expected that the γ-ray flux is furthermore increased due to
multiple collisions in the undulator. The enhancement
factor for the two-mirror XFELO-γ is expressed to be
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FIG. 7. Results of the CAIN simulation for γ-ray photons
generated via Compton scattering with a spin polarized electron
beam in the two-mirror XFELO-γ. (a) Degree of polarization,
(b) The Stokes parameter for circular polarization.
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2ηLcLs=L2
b, where Lc is the cavity length, Lb is the

electron bunch interval, Ls is the length of interaction
region between two bending magnets, η ¼ 1þ
ðLs=

ffiffiffiffiffi
12

p
ZRÞ2 is a correction factor for the variation of

the collision spot size along the interaction region. The
operation at 90 MHz enables one to increase the γ-ray flux
of the two-mirror XFELO-γ by a factor of 230 compared
with the 3-MHz operation. The γ-ray flux is also increased
with increasing the intracavity x-ray photons using a
smaller out-coupling of the x-ray oscillator. Detailed
analysis of thermal issues on crystal mirrors are necessary
in a practical design of XFELO-γ, because the repetition of
electron bunch and the out-coupling of the oscillator are
both limited by thermal deformation of crystal mirrors. We
note that the number of γ-ray photons generated from an
electron bunch is much smaller than the number of
electrons in a bunch even with the multiple collisions.
Thus, the x-ray lasing is not affected by Compton
scattering.
A γ-ray beam may have an extra divergence in an

XFELO-γ with multiple collision points along an undu-
lator. The divergence of γ-ray photons appears according to
the wiggling motion of electrons and becomes, at largest,
K=γe ¼ 0.10 mrad for the 7-GeV XFELO-γ. This diver-
gence can be eliminated by placing collision points at an
interval of integral multiple of the undulator period or
placing collision points at magnet-free regions between
segmented undulators, but the divergence of ∼0.1 mrad
seems not an issue for hadron experiments with a target of
cm order. Degradation of the γ-ray spectrum due to the
extra divergence in multiple collisions is negligibly small as
described in Sec. III.
Narrow-band GeV photon sources similar to that pre-

sented in this study are also feasible, in principle,
by utilizing single-pass SASE XFELs. A high-repetition
SASE XFEL based on a cw superconducting linac is under
construction to produce a high-flux x-ray beam, the number
of photons per pulse of 1011 within 0.1% bandwidth,
repetition of 1 MHz, photon energy of 5 keV and electron
beam energy of 4 GeV [30]. Such x-ray and electron beams
provide an opportunity of Compton scattering. For the
generation of GeV photons from Compton scattering in
SASE FELs, handling of the x-ray beam, focusing and
alignment to the collision point, is a technical challenge to
overcome. Performance of a GeV photon source based on a
SASE XFEL can be evaluated in the same manner as shown
in this study.

V. CONCLUSIONS

We have proposed a narrow-band GeV photon source
utilizing an XFEL oscillator. In the baseline design with
a typical set of parameters based on a 7-GeV electron
beam operated at 3-MHz repetition, 7-GeV γ-ray photons
are produced with extremely narrow bandwidth, ∼0.1%

(FWHM), and a high spectral density, ∼102 ph=ðMeV sÞ.
Improvement of the flux is also possible by increasing
the electron bunch repetition or by enlarging the number of
x-ray photons stored in the oscillator up to the limit of
thermal deformation of the crystal mirrors. The energy
of γ-ray is tunable by varying the electron beam energy as
far as XFELO is lasing. A circularly polarized γ-ray beam
can be generated in XFELO-γ with a spin-polarized
electron beam.
Detailed design and optimization of XFELO-γ should

be carried out in consideration of availability of small-
emittance electron beams, thermal deformation of crystal
mirrors, mechanical stability of a large-scale oscillator, and
so on. The present design will be a starting point for these
future studies.
The XFELO-γ will open a new opportunity for studying

the charmed quark (c-quark) production dynamics from
the proton and the neutron which mainly consist of u- and
d-quarks. In the past, the production of ϕ, Λ and Σ particles
including strangeness quarks has been studied at the
Jefferson Laboratory and at the SPring-8 [31]. In the
future, new types of experiments with an XFELO-γ will
be realized to produce, i.e., the J=Ψ meson and charmed
baryons from the u- and d-quark medium [32].
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