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The luminosity of Compton x-ray and � sources depends on the average current in electron bunches, the

energy of the laser pulses, and the geometry of the particle bunch to laser pulse collisions. To obtain high

power photon pulses, these can be stacked in a passive optical resonator (Fabry-Perot cavity) especially

when a high average flux is required. But, in this case, owing to the presence of the optical cavity mirrors,

the electron bunches have to collide at an angle with the laser pulses with a consequent luminosity

decrease. In this article a crab-crossing scheme is proposed for Compton sources, based on a laser

amplified in a Fabry-Perot resonator, to eliminate the luminosity losses given by the crossing angle, taking

into account that in laser-electron collisions only the electron bunches can be tilted at the collision point.

We report the analytical study on the crab-crossing scheme for Compton gamma sources. The analytical

expression for the total yield of photons generated in Compton sources with the crab-crossing scheme of

collision is derived. The optimal collision angle of the bunch was found to be equal to half of the collision

angle. At this crabbing angle, the maximal yield of scattered off laser photons is attained thanks to the

maximization, in the collision process, of the time spent by the laser pulse in the electron bunch.

Estimations for some Compton source projects are presented. Furthermore, some schemes of the optical

cavities configuration are analyzed and the luminosity calculated. As illustrated, the four-mirror two- or

three-dimensional scheme is the most appropriate for Compton sources.
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I. INTRODUCTION

The high-energy physics community is carrying out a
thorough research in the field of �-ray production from
laser-electron Compton scattering to explore the feasibility
of intense polarized positron sources for the next lepton
colliders like the ILC [1], the CLIC [2], and the SuperB
[3]. These are the future pioneering accelerators of the
post-LHC era and the related physics program is extremely
ambitious. On the one hand, after exploiting the discovery
potential of the LHC in the field of the Higgs physics and in
the scenarios beyond the standard model (supersymmetry,
terascale generation, extra dimensions, dark matter, super-
strings, etc.), considerable progress will be made thanks to a
lepton collider for precision measurements [4]. In all these
projects the importance of providing a polarized positron
source has been proven. In the ILC and CLIC there is a

strong physics case, whereas in the B factory the positron
polarization would make it possible to increase the luminos-
ity setting the machine parameters. Another exciting chal-
lenge will be to push the experimental range of the e-p
collider to the terascale as suggested in the LHeC project [5].
In this context the innovative scheme of polarized posi-

tron sources by Compton scattering is extremely ambitious
since sources providing a flux of �1014–1016=s circular
polarized gamma are required. These very high-energy
gamma rays are produced by collision of electron bunches
at �1:0–2 GeV (stored in an accumulation ring [1] or
recirculated in an energy recovery linac (ERL) [6]) and
laser pulses stored in optical cavities. They are subse-
quently converted in pairs of linear polarized electrons-
positrons in a tungsten target and collected in an adiabatic
matching device. For example, to attain the required ILC
gamma flux (� 3� 1016 �=s), it is necessary to collide
with a high repetition frequency (� 40 MHz) electron
bunches of a few nC with stored photon pulses of
�0:1–0:5 joule intensity. This source would be a pioneer-
ing � factory and could have an important impact on the
possible construction of a �� � collider [7] or for nuclear
physics gamma factories [8].
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In the low energy range, the interest in Compton scatter-
ing is exponentially increasing owing to the interest in high-
flux x-ray ultrafast pulses. Moreover, their production by
means of a low energy accelerator ensures the device com-
pactness that is particularly suitable for industrial, nuclear,
and medical applications. Different devices exploiting this
technique are already operating worldwide and other ambi-
tious programs are under way [9–11]. The list of the differ-
ent applied and industrial fields that are from this technique
is long. In the medical field the possible applications are,
among the others, in the field of static and dynamic imaging
[12] (like 3D compressionless mammography [13] and
bronchography), K-edge radiography and therapy, and
catheterless coronary arteries angiography [14] also thanks
to the use of the phase contrast method. The tunability at a
specific wavelength provides new solutions also for
gadolinium-based cancer therapy and blood imaging [15].
The importance of themonochromaticity and of theK-edge
interaction in biological tissue and in the contrast products
like iodine is extensively described in [13], where the
imaging and therapy application are summarized. An ap-
plied physics field that benefits from compact Compton
sources is x-ray diffraction protein crystallography [9,15],
where a performance close to the light sources one is
attained. This performance provides also a range of chem-
istry analysis techniques applications, like, for example,
x-rays diffraction, x-ray fluorescence, and x-ray absorption
near edge structure, for applications in the cultural heritage
preservation domain [16]. The possibility of identifying the
atomic number of different materials with hard x rays also
opens the way for nuclear application of the Compton
scattering [17,18]. High penetration photons are also
suitable for security and aerospace applications; for ex-
ample, the radiography of shielded material investigating
the presence for small quantities of a particular nuclei [18].

In all these applications the requirements are different.
Flux ranges between 106 to 1013 ph=swith energy that varies
from few keV in medical science to few MeV for nuclear
applications. Pulse length constraints can be very demanding
in ultrafast biochemistry studies (in the 100 fs range).

Therefore, depending on the energy of the impinging
electron beam, the Compton associated technology will
have a fundamental impact on both fundamental and
applied research. This is due to the fact that Compton
scattering is, by far, the physical effect that most effi-
ciently boosts the photon energy. In the past, it has been
used in very specific applications owing to the extremely
low cross section but, at present, the impressive increase
in lasers and electron source technologies allows one
access to unexplored flux ranges for different possible
applications in the above-mentioned fields. In this frame-
work two different regimes can be identified: (a) the high
instantaneous flux where an important number of photons
are scattered in a short pulse at low repetition frequency;
(b) the high average flux where a lower pulse energy is

produced but with a very important collision repetition
frequency (frep).

In the latter case, the possibility of amplifying the laser
pulse in a passive optical resonator (Fabry-Perot cavity)
should make it possible, in the future, to operate Compton
collisions on a stored pulse in theMWpower regime at a very
high frep � 10 Mhz� 1 GHz. Passive resonators are made

of extremely high reflectivity mirrors that need precise re-
quirements in manufacturing technology and cavity clean-
ness. But the effective scattered photon flux can be increased
not only by upgrading the technology in high repetition
frequency lasers and in high current accelerator, but also by
carefully optimizing the interaction in the collision point.
This is particularly important in some cases (high finesse
mirrors, high scattered flux) where a collision angle is re-
quired to preserve the optical resonator mirror coatings.
In this paper we have taken into account different aspects

of luminosity optimization concerning both the electron
bunches and the laser pulse. We will show how the choice
of the appropriate electron bunch crab angle can almost
completely suppress the strong flux reduction given by the
collision angle when dealing with particle bunches much
longer than laser pulses. For its peculiarity, this scheme
should also be applied in particle colliders, like the LHeC
project linac-ring scheme, where a short ERL electron
bunch interacts with a long LHC hadron bunch [19]. We
will also illustrate a way of optimizing the luminosity by
obtaining extremely small laser waists with a four-mirrors
mechanical stable optical cavity adjusting the Fabry-Perot
resonator pulse mode to the electron beam shape.

II. PROBLEM DEFINITION—LUMINOSITY
AND YIELD

The rate of high-energy photons scattered off by a bunch
of relativistic electrons crossing a laser pulse can be pre-
sented as the result of ‘‘the power’’ (P) and ‘‘the geometric’’
(G) factor [20],

R ¼ �L ¼ �PG; (1)

whereR is the rate,L the luminosity, and� the cross section
of the scattering process (Compton cross section).
The power factor is

P ¼ frepNeNph ¼ NphIe=e; (2)

whereNe andNph are, respectively, the number of electrons

in the bunch and photons in the laser pulse, Ie is the average
current of the electron beam, and frep is the frequency of

bunches crossing through the interaction point (IP) which
is equal to the number of bunch-to-pulse collisions per
second.
The geometric factor, which represents the space-time

overlap of the two bunches, can be presented as

Gð�Þ ¼ ð1þ � cos�Þ
Z
V

Z
T
neðV; tÞnphðV; tÞdVdt; (3)
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where � is the crossing angle, ne and nlas the density
distributions of electrons and photons normalized to unity,
and� ¼ ve=c is the ratio of the electron speed to the speed
of light. The integration has to be performed over the
volume V and duration T of a single crossing of the bunch
with the laser pulse. Thus, to maximize the yield of the
high-energy photons from the Compton source, one has to
reasonably maximize both the power factor, i.e., the aver-
age current of the electron beam and the energy contained
in the laser pulse, and the geometric factor. The optimiza-
tion of the geometric factor is less constrained, since there
are fewer physical and technological limitations, such as
the space charge effects and the consumed power as far as
the accelerators are concerned or the maximum attainable
lasers power and power load on the optical resonator
mirrors. The geometric factor, for tri-Gaussian bunches
and pulses crossing along axes of the ellipsoids in the x,
y plane at an angle �, for the case of ultrarelativistic
electrons, 1� � � 1, reads (see [21])

Gð�Þ¼ 1

2�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2

zþ�02
z

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2

xþ�02
x þð�2

yþ�02
y Þtan2�2

q ; (4)

where �x;y;z are the rms dimensions of electron bunch;

once primed they are the respective dimensions of the laser
pulse. In the case of strong laser or beam focalization
(electron bunch length shorter than the IP beta function
and laser beam Rayleigh length shorter of the electron
bunch length), the hourglass effect has to be taken into
account by considering the transverse beams sizes as a
function of the longitudinal coordinate z, i.e.,
�x; �y; �x0 ; �y0 ¼ �xðzÞ; �yðzÞ; �x0 ðzÞ; �y0 ðzÞ. In the next

paragraph the luminosity optimization is carried out with-
out taking into account a longitudinal dependence of the
beams sizes in the interaction region (hourglass effect).
This allows to better understand the proposed scheme. The
calculations considering the hourglass effect are illustrated
in Appendix A.

As it can be seen from (4), the geometric factor is
inversely proportional to the dimensions of both the bunch
and the pulse and of the crossing angle �, which should be
kept as small as possible to enhance the photon flux.

III. CRAB CROSSING IN COMPTON SOURCES

From (4) it follows that the contribution of the vertical
dimensions normal to the plane of crossing [z axis in the
assumption used in Eq. (4)] is decoupled from that in the
collision plane x, y. In practical cases, for a non-head-on
collision, the dominant reduction in the geometric factor
arises from the length of the electron bunches. It is well
known that in storage rings the bunch length cannot be
significantly reduced at the collision point as done by the
focusing systems in the case of the transverse dimensions.
To mitigate the effect of the bunch length, the crab-
crossing scheme was proposed for the Compton sources

[22]. In the crab-crossing scheme only the electron bunch
is turned by an angle with respect to velocity of electrons,
see Fig. 1, to enhance the yield.

Theory of crab crossing

Themain goal of this section is to determine an analytical
expression for the total yield of photons generated in
Compton backscattering of a laser pulse and an electron
bunch in the case of a crab-crossing collision. For this
purpose it will be assumed that the electron bunch and
photon bunch (laser pulse) have an ellipsoid shape; a
Gaussian distribution is assumed as far as the densities of
electrons and photons are concerned; we consider the colli-
sions in the Cartesian laboratory coordinate frame. A planar
symmetry is initially assumed, that is the axes of the elec-
tron and photon bunches lie in the same plane.Wemake use
of the procedure described in [20] and extend it to take into
account the bunch ellipsoid axes tilt with respect to the
electrons trajectory. Let us consider the crossing of
the photon bunch (laser pulse) and the electron bunch in
the laboratory coordinate frame x, y, z (see. Fig. 1).
The electron bunch is propagating along the y axis with

velocity ve in the laboratory frame ðx; y; zÞ; the photon
pulse contrapropagates along the y0 axis in coordinate
frame ðx0; y0; z0Þ turned by an angle � in respect to the
y axis.
The tri-Gaussian density distribution in both the bunch

and the pulse is assumed. The distribution functions of
electron and photon bunches in (3) read

ne ¼ 1

ð2�Þ3=2�x�y�z

exp
1

2

�
� x002

�2
x

� y002

�2
y

� z002

�2
z

�
;

nph ¼ 1

ð2�Þ3=2�0
x�

0
y�

0
z

exp
1

2

�
� x02

�02
x

� ðy0 þ TÞ2
�02

y

� z02

�02
z

�
;

(5)

where T ¼ ct is the time variable.

bunch

pulseX’’

y’’

X’ X

y’

y

FIG. 1. The electron and photon coordinate frames; z coin-
cides with z0 and directed upward from the ðx; yÞ plane.
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The electron coordinates in the bunch frame relate to the
lab frame as

x00 ¼ x cos�þ ðy� �TÞ sin�;
y00 ¼ �x sin�þ ðy� �TÞ cos�;
z00 ¼ z;

(6)

and the photons frame to the lab’s as

x0 ¼ x cos�þ y sin�; y0 ¼ �x sin�þ y cos�;

z0 ¼ z; (7)

with � being the crabbing angle.
By substituting the explicit relations for the distribution

functions (5) and collecting the like terms, the geometric
factor (3) takes the form

G ¼ g

ð2�Þ3
ZZZZ

exp

�
� Fðx; y; z; TÞ

2

�
dxdydzdT; (8)

where

g ¼ ð1þ � cos�Þ
�x�y�z�

0
x�

0
y�

0
z

;

and

Fðx; y; z; TÞ ¼ a11x
2 þ a22y

2 þ a33z
2 þ a44T

2 þ 2a12xy

þ 2a14xT þ 2a24yT: (9)

The coefficients aij in expression (9) are calculated as

a11 ¼ cos2�

�2
x

þ sin2�

�2
y

þ cos2�

�02
x

þ sin2�

�02
y

;

a22 ¼ sin2�

�2
x

þ cos2�

�2
y

þ sin2�

�02
x

þ cos2�

�02
y

;

a12 ¼
�
1

�2
x

� 1

�2
y

�
cos� sin�þ

�
1

�02
x

� 1

�02
y

�
cos� sin�;

a14 ¼ ��

�
1

�2
x

� 1

�2
y

�
cos� sin�� sin�

�02
y

;

a24 ¼ cos�

�02
y

� �sin2�

�2
x

� �cos2�

�2
y

;

a44 ¼ �2sin2�

�2
x

þ �2cos2�

�2
y

þ 1

�02
y

; a33 ¼ 1

�2
z

þ 1

�02
z

:

After reduction of the relation (9) to the diagonal form
and integration of (8) over spatial and temporal infinite
limits, we obtain

Gð�; �Þ ¼ 1

2�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2

z þ �02
z

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
feð�; �Þ þ fphð�Þ

q ; (10)

where feð�; �Þ and fphð�Þ are functions of the electron

bunch and laser pulse dimensions, and of the crossing and
crab angles:

feð�; �Þ ¼ �2
x

�
cosð���Þ þ � cos�

1þ � cos�

�
2

þ �2
y

�
sinð���Þ þ � sin�

1þ � cos�

�
2
; (11a)

fphð�Þ ¼ �02
x þ �2�02

y

�
sin�

1þ � cos�

�
2
: (11b)

For the most interesting case of ultrarelativistic elec-
trons, � � 1, the functions (11) take a simpler form

feð�; �Þ ¼ �2
x

�
cosð���Þ þ cos�

1þ cos�

�
2

þ �2
y

�
sinð���Þ þ sin�

1þ cos�

�
2
; (12a)

fphð�Þ ¼ �02
x þ �02

y

�
sin�

1þ cos�

�
2
; (12b)

and the generalized geometric factor (10) is reduced to the
particular case (4) for � ¼ 0 (no crabbing).
The maximal value of the geometric factor is attained (in

the ultrarelativistic case) at the crabbing angle exactly
equal to half of the crossing angle, as can be easily found
from (12a):

maxGð�; �Þ ! minfeð�; �Þ; � ¼ �=2: (13)

This condition eliminates the second term in (12a), so
the yield of the scattered off photons becomes independent
from the length of the electron bunch. Physically this
means that the shorter laser pulse spends all the time inside
the long electron bunch during the crossing, thanks to the
crab angle optimization. It is for this reason that this
scheme can be extended also to particle colliders where a
short bunch interacts with a much longer one (like in a
linac-ring interaction, see [19]). As it can be rigorously
proved, the maximization condition, � ¼ �=2, is valid for
any symmetric density distribution with transverse maxi-
mum along the longitudinal axis of the bunch:
maxneðx00; y00; z00Þ ¼ neð0; y00; 0Þ.
The geometric factor for optimal crabbing angle

Gmaxð�Þ � Gð�; � ¼ �=2Þ reads

Gmaxð�Þ ¼ 1

2�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2

z þ �02
z

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2

xsec
2 �
2 þ �02

x þ �02
y tan

2 �
2

q ;

(14)

and the yield enhancement from the crab crossing over the
regular one (4),

Gmaxð�Þ
Gð�; 0Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð�2

x þ �02
x Þcos2 �

2 þ ð�2
y þ �02

y Þsin2 �
2

�2
x þ �02

x cos
2 �
2 þ �02

y sin
2 �
2

vuut ; (15)

increases with the laser pulse and electron bunch transverse
dimensions decreasing . Moreover, for a very short laser
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pulse, �02
y tan

2 �
2 � �2

x, the yield approaches the most

effective head-on one, � ¼ 0.
The parametric dependence of the proposed crab-

crossing scheme is illustrated in Fig. 2. Here we simulated
the collision between one electron bunch and one laser
pulse and evaluated the geometrical factor as a function of
the crossing (�) and of the crabbing angle (�) for four
different electron bunch lengths. The laser pulse and the
electron beam were always supposed to have the same
transversal sizes �T ¼ 50 �m. The laser pulse sigma
length is supposed to be constant and equal to 300 �m
(1 ps). In the four different plots [(a), (b), (c), (d)] the
electron bunch length was, respectively, varied at:
(a) ¼ 1:2 cm, (b) ¼ 6 mm, (c) ¼ 3 mm, (d) ¼ 0:6 mm.
The angular range of the plots is fixed as the crossing
angle is twice the crabbing angle: (� �=10<�<
�=10;��=20< �< �=20). The intensity is normalized
to the head-on case with a bunch length of 1.2 cm, so the
effectiveness of the scheme can be evaluated in the four
cases. It is possible to appreciate that in all four cases the
maximum yield condition at � ¼ 2� is satisfied. From the
plots it is also evident how the scheme is much more
efficient for a much more significant electron bunch length
[case (a)]: in this case the maximization curve is very sharp
and the condition on the crab angle must be strictly sat-
isfied to obtain a significant intensity gain. The opposite is
also evident in shortening the electron bunch, where the
curve is broader. This means that for shorter bunch length
the crab scheme does not introduce an important gain in
respect to the head-on case. The curve sharpness defines,
depending on the parameters, the precision required on the
crab angle to obtain an effective flux enhancement. For a
very long electron bunch the precision on the crab angle is
fundamental. In the upper case for an electron bunch of
6 mm a crab angle error of 10 mrad leads to a flux loss
greater than a factor two.

IV. NUMERICAL RESULTS. SIMULATIONS

Some numerical estimations were made to validate
the above analytical results taking into account different
applications on ongoing projects.

A. ILC case—Flux losses due to the crossing
angle and crab angle efficiency

First of all, an estimation of the luminosity losses, due to
the collision angle coupled with the electron bunch length,
and of the effectiveness of the crab angle scheme is pro-
vided taking into account the ILC Compton ring based
positron sources. To scan the two parameters (crossing
angle and bunch length) we simulated the Compton pro-
duction with the Monte Carlo code CAIN, considering a
typical parameter set: (i) electron bunch: �x ¼ 30 �m,
�y ¼ 5 �m, "x ¼ 4:5 nm, "y ¼ 25 pm, �y ¼ 1 m, �x ¼
20 cm; (ii) photon pulse (laser): � ¼ 1:06 �m, waist size
!0 ¼ 20 �m, Rayleigh length zR ¼ 1:18 mm, �z ¼
0:3 mm (1 ps).
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FIG. 2. Geometrical factor variation as a function of the crossing and the crab angles and of the electron bunch length.
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FIG. 3. ILC ring gamma flux for different collision angles. The
effect of the crab-crossing scheme is remarkable, since the
produced flux became quite insensitive to the crossing angle
parameter.
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Crossing angles were varied from 0 (head-on case) to
8 degrees and two different bunch lengths were consid-
ered, respectively �z ¼ 6 mm and 4 mm. The results are
illustrated in Fig. 3. First we have to point out that in this
case the laser Rayleigh length is shorter than the electron
bunch. This has been taken into account in the Monte
Carlo simulations that demonstrated that, also in this case,
the proposed method is effective. It is, in fact, possible to
highlight that quite independently of the bunch length the
missing overlap due to the crossing angle is strongly
suppressing the rate of a factor �5 for eight degrees
crossing. It is also evident how the crab-crossing scheme
restores the lost flux. For the eight degrees crossing the
flux losses in respect to the head-on case are of the order
of 10%.

B. Compton ring simulation

Crab crossing is especially advantageous for x-ray and
gamma sources based on the storage rings due to large
electron bunch lengthening induced by Compton scatter-
ing. The energy spread in the bunch may reach a few
percents [23]. At a moderate momentum compaction factor
the electron bunch length is considerably larger than the
length of the laser pulse, which drastically decreases the
gamma beam intensity.

A simulation for the case of a Compton ring dedicated
for the nuclear resonance fluorescent analysis [24] was
worked out.

The main ring parameters are the following: (i)
ring circumference C ¼ 41:5 m; (ii) electron energy
240–530 MeV; (iii) laser photons energy Eph ¼
1:164 eV; (iv) laser flash energy stored in optical cavity
Wlas ¼ 5 mJ; (v) collision angle 12 degrees.

The required crabbing angle, 6 degrees, is provided by
two normal-conductive crab cavities with rf voltage
0.5 MV.
The effect of the crab cavity is simulated taking into

account the transverse kick as a function of the longitudinal
coordinate s:

�x0 ¼ eVC

Eeð1þ 	Þ sin
�
2�

�
s

�
;

where Ee is the electron energy, 	 deviation of the energy
from the synchronous one, � rf wavelength, and s the
longitudinal coordinate of a particle with respect to the
synchronous one.
A simulated distribution of electrons over the phase

space at the azimuth of IP is presented in Fig. 4, the gamma
beam intensity at both normal and crab-crossing modes is
presented in Fig. 5.
As one can see from Fig. 5, gamma beam intensity at

normal crossing is quickly reduced because of electron
bunch lengthening, while intensity at crab crossing is
practically constant in time (during the working cycle).
The steady state gamma beam intensity at crab crossing is
approximately 3 times larger than the intensity at normal
crossing. The simulations agree well with the analytical
expression (4).

C. Estimations for KEK 5 MeV Compton
experiment—Crab scheme efficiency

Another experimental program is taking into account
low energy Compton collisions for x-ray production using
a linac [25]. In this case the electron bunch and the laser
pulse lengths are of the same order, but the collision
geometry imposes an important crossing angle. The colli-
sion parameters for this proposal are listed in Table I.

FIG. 4. Crabbed distribution of particles in the horizontal plane
at the IP. It is possible to remark the coupling between the
transverse (x) and longitudinal (s) coordinate in the collision
point.
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FIG. 5. Gamma beam intensity at crab crossing (red) and
normal crossing (black) vs time.
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Also for this case we calculated the total Compton flux,
respectively, for the nominal and the crab cases. First
estimations are as follow: (i) maximal energy in
Compton spectrum Emax

x ¼ 371:42 eV; (ii) yield enhance-
ment from the crab crossing 1.35 (by 35%).

For the efficiency of the crab scheme the most critical
parameter limiting the yield is the laser pulse length. In
Fig. 6 the dependencies of yield on the laser pulse length
are presented for both the normal and the crab collision
(the purple vertical line indicates the initially provided
parameters). It is again possible to appreciate how the
crab scheme increases its efficiency when the laser pulse
length is much lower than the electron beam one.

V. OPTICAL CAVITIES FOR COMPTON SOURCES

In this section the choice of the optimal laser system and
Fabry-Perot cavity configuration will be considered.
Besides parameters as the minimal dimensions of the laser
pulse at the interaction point and the high pulse power, the
crossing angle � is also analyzed since it is mainly depen-
dent on type and design of the optical cavity.

A. Fabry-Perot cavity—Advantages
and related problems

Fabry-Perot resonators are passive optical cavities
where a laser pulse is continuously stacked to enhance
the circulating pulse energy [26]. The advantage of a
passive resonator is given by the reduced required power
of the laser source and by the power losses that are limited
to the mirrors ones, owing to the absence of an active
element inside the cavities. An extremely important aver-
age energy can be stored up to the limit imposed by the
high reflectivity coatings mirrors technology. Optical res-
onators can be used in pulsed [27] or cw mode. The pulse
mode makes it possible to store more energy in the single
pulse but requires an important development in the laser-
cavity locking, especially at very high gain owing to the
extremely sharp cavity passband. For Compton experi-
ments the use of Fabry-Perot resonators implies some

evident advantages but also some constraints that can
affect the system efficiency.
The main advantages are: (i) power enhancement factor.

At present an enhancement of more than a factor 103 has
been obtained in the pulsed regime for pulses of�1 ps and
6000 for longer pulses (� 30 ps) [28]. The cw cavities are
limited by the mirror coating properties and can, in prin-
ciple, enhance up to a factor 106 [29]. (ii) The enhancement
is not obtained by increasing the power of the laser or by
adding active elements to the cavity. This strongly reduced
the constraints on the laser average power (and conse-
quently on its cost and dimensions). (iii) In a Fabry-Perot
cavity, it is possible to enhance the power of a high
repetition frequency laser. Therefore high frep Compton

collisions are allowed to increase the average flux. (iv)
Fabry-Perot resonators have already been successfully
used in cw regime for beam polarization measurements
[30,31] and in pulsed regime to produce gamma [32] and
x rays [33] in noisy accelerator environment showing good
reliability. (v) The new technology of high power fiber
laser seems to be applicable to optical resonators opening
the way for the MW stored regime [34].
The main disadvantages of this scheme are related to the

geometry and the stability of the Fabry-Perot resonators
and their integration in the accelerator vacuum. It is also
necessary to point out that the great advantage of these
devices is the possibility to operate collisions at very high
repetition frequency producing a consequent high average
flux. Therefore only accelerators that are in cw, or semi-cw
pulsed regime, like storage rings or ERLs, are suitable to
host optical cavities for Compton collisions.
The disadvantages can be summarized as follows: (i)

The length of the cavity is inversely proportional to the
collision frequency, therefore it must be matched to the
accelerator interbunch length. (ii) High reflectivity is
obtained by a high technology multilayer SiO2=Ta2O5

FIG. 6. Yield vs laser pulse length. Solid curves for the laser
pulse �0

x;z ¼ 10 �m, dashed �0
x;z ¼ 50 �m.

TABLE I. Parameters of the proposed 5 MeV Compton
experiment.

Parameter Unit Value

Energy of electrons MeV 5

Energy of laser photons eV 1.164

Crossing angle Degrees 20

Bunch at IP

Length (�y) mm 1.2891

Width (�x) mm 0.1

Height (�z) mm 0.1

Pulse at IP

Length (�0
y) mm 1.2891

Width (�0
x) �m 10

Height (�0
z) �m 10
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coating of silica substrates that does not withstand strong
irradiation by the emitted Compton x-� rays. Since the
Compton flux follows the electron bunch direction, for
very high rate the head-on collision is difficult to integrate
and a crossing angle, in the interaction point, must be taken
into account. (iii) To obtain very small waist in the inter-
action region, the classical two spherical-mirror Fabry-
Perot cavity must be operated in the nearly concentric
mode [35] (the cavity length is � twice the curvature
radius of the mirrors). This is an extremely instable mode
owing to the important displacements of the optical axis
corresponding to very little displacement on the mirrors.
To avoid this problem the cavity is usually locked in the
confocal mode (cavity length� to the radius of curvature)
where the obtainable waists are of the order of
�400–500 �m. (iv) To reduce the waist size, not affecting
the cavity stability, different designs of four-mirrors folded
cavities are possible. On the other hand, the need for a
closed geometrical loop implies other geometrical con-
straints in the design phase and in the cavity integration.
For four-mirror cavities the laser polarization effects must
be taken into account [36]. (v) Usually a four-mirrors
cavity must be compact and avoid having accelerator
components (as quadrupoles) inside. It is possible to inte-
grate in the cavity mirrors with holes to allow head-on
collisions, but this will reduce the cavity gain.

For all these reasons the four-mirror cavities are de-
signed for collision schemes envisaging a crossing angle
� (a reasonable range that allows the cavity components
integration is between 2 and 12 degrees)

B. Four-mirror Fabry-Perot resonators

1. The laser pulse optimization at the interaction point

Apart from the electron beam manipulations another
way to optimize the geometrical luminosity factor, and so
to maximize the luminosity, is to shape the laser beam at
the IP. As previously said in a passive optical resonator it
is not possible to insert gratings or other optical elements
to shape the circulating pulse. So the only way to max-
imize the geometrical factor is to match the cavity eigen-
modes to the collision geometry. A basic example is
given by Compton rings where vertical emittance is
much lower than the horizontal one. In this case in fact
the electron bunch shape in the IP is an ellipse, but this is
not the case with a standard two-mirror optical resonator
which provides a round waist in the fundamental mode.
In two-mirror cavities a matched elliptical pulse can be
obtained by modes associated with elliptical mirrors.
Nevertheless it is important to stress that, if the goal is
a very high cavity gain, high reflectivity mirrors with
geometries different from the spherical and the planar
one can be very difficult and very expensive to manu-
facture. At present, to our knowledge, there are no ex-
perimental validations of elliptical mirrors at high
reflectivity.

In the optical resonator introduction, it was stressed that
producing very little waists and preserving the cavity me-
chanical stability is possible by designing a four-mirror
resonator. This can be defined as a 2D resonator if all the
four-mirror centers are lying in the same plane, and 3D if
this condition is not satisfied (see Fig. 7).
In [36], we have shown that 2D and 3D four-mirror

cavities are equally stable when the dimensionless pa-
rameter h=2L < 0:1 and that 3D cavities are stable for
any value of h=2L (see Fig. 7 for the definitions of h and
L). In addition, it was also shown in [36], and demon-
strated experimentally in [37], that the eigenmode of the
tetrahedron 3D cavity is circularly polarized. The 3D
configuration therefore offers circularly polarized eigen-
modes and a high level of stability with respect to the 2D
geometry. However, the eigenmode of the 3D cavity
belongs to the class of general astigmatic beams [38];
that is, the beam intensity profile is elliptical and the
ellipse’s eigen axes are turning during the propagation.
Such a beam property will influence the Compton lumi-
nosity and the integration design of the cavity itself. It is
evident in fact that, both for vacuum and wakefield re-
quirements, the pulse introduction slit in the accelerator
vacuum chamber must be minimized and its shape opti-
mized. The possibility to introduce an ellipsoidal pulse in
one direction and to rotate it in the IP adds an important
degree of freedom in this system design, and give the
possibility to match the laser pulse to the electron beam in
such a way to maximize the geometrical factor and so the
luminosity.

2. 2D-3D cavities example

The impact of the cavity four-mirrors configuration on
the luminosity strongly depends on the specific accelerator
and laser beam parameters. Here we will provide some
examples of numerical integration results for the 2D and
3D geometries. As far as the electron bunch is concerned,
we take into account the parameters concerning a future
experiment foreseen in Accelerator Test Facility (ATF)-
KEK where the collision point is located in a section
characterized by very smooth �s variations. A numerical
MATLAB code was developed to compute the propagation

of the more complex 3D fundamental mode (the formalism
of [38] was used and further compared to the more recent
and compact formalism of [39]). The same code was also

(a)

.x
y

z

x

y

L

h

(b)

M1 M2

M3 M4

M1 M4

M2M3

h zL

FIG. 7. Schematic views of four-mirror 2D bow-tie (a) and 3D
tetrahedron (b) Fabry-Perot cavities. The mirrorsM1 andM2 are
flat and the mirrors M3 and M4 are spherical.
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used to calculate the eigenmode of the 2D geometry sub-
sequently validated by a much faster and simpler code
based on the ABCD matrix formalism (which holds for
the 2D paraxial case). Once the eigenmode has been de-
termined inside the cavity for a given geometrical configu-
ration, the general luminosity formula [see Eqs. (1)–(3)] is
used to numerically compute the luminosity. As far as the
3D case is concerned, the cavity is represented in the
simplified scheme illustrated in Fig. 7: the radius of curva-
ture of the spherical mirrors M3 and M4 are fixed to
R ¼ 500 mm so that the waist of the beam between these
mirrors is controlled by the distance between M3 and M4.
The total length of the cavity is finally controlled by the
distance between the two flat mirrorsM1 andM2. In order
to match the second harmonic of the ATF bunch spacing,
c=178:5 MHz, we obtain a total cavity round-trip length
of �1:6 m. The following numerical values for the
last geometrical parameters are chosen: h ¼ 100 mm,
L ¼ Rþ 3:9 mm, and electron bunch-laser beam crossing
angle of 8�. As for the laser beam wavelength, we choose
¼ 1060 nm as in Sec. IVA and the following electron
beam parameters are considered:�x ¼ 25 m,�y ¼ 6:3 m,


x ¼ 10�9 m�1, 
y ¼ 10�11 m�1, and �z ¼ 9 mm. The

elliptical laser beam waists at the IP are, respectively, 45
and 93 �m. With these numbers, we obtain the laser beam
intensity profile in the vicinity of the interaction point (i.e.
halfway between the two spherical mirrors) shown in
Fig. 8. Note that the coordinate system ðx; y; zÞ is related
to the laser beam propagation axis so that x and y are
transverse to this axis.

In order to compare the luminosity between the 3D
and 2D cavity geometry, a 2D cavity is considered with

the above-mentioned parameters h ¼ 100 mm and R ¼
500 mm but for a distance L such that similar laser beam
waists are obtained. For these specific parameters, the
luminosity is found to be the same for the 2D and 3D
geometries, essentially because of the 8� crossing angle
and of the relatively large electron bunch length of
12 mm. As shown in [36], when the eigenmode starts to
be divergent, the intensity profile is rotated by an angle
�180� between the two spherical mirrors and the smaller
the laser beam waist (the higher the beam divergence), the
shortest the distance over which this rotation takes place.
This is illustrated in Fig. 9 where L ¼ Rþ 3:53 mm was
set leading to laser beam waists of 12 and 92 �m.
Comparing to Fig. 8, one actually sees that the distance
over which the axes of the elliptical intensity profile stays
constant is reduced. This specific feature of general astig-
matism introduces a correlation between size of the
smaller laser beam waist and the electron bunch length:
when reducing the laser beam waist one must, for a given
crossing angle, reduce the electron bunch length in order
to optimize the luminosity. This property of general as-
tigmatic beams has to be taken into account when design-
ing the IP region and especially the beam pipe aperture.

VI. SUMMARYAND DISCUSSION

At present, Compton scattering-based machines have
recently become rather popular for various applications.
High-energy fundamental physics and applied medical and
material science can profit from the fast technological
advances that should provide emitted fluxes of order of
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magnitude higher than the present ones. In Compton
schemes employing passive resonator cavities, when deal-
ing with extremely high fluxes, careful optimization of the
collision dynamics could lead to a significant increase in
the emitted number of photons. We suggest two main ideas
and the relative analytic treatment to calculate the effi-
ciency of these schemes. The first consists in crabbing the
charged particle beam to maximize the time effectively
spent by the laser pulse inside the electron bunch. We
provided the estimation for the gain in dependence of the
angle of collision and for different bunch lengths. We
highlighted that in the case of long electron bunches and
short laser pulses the efficiency of this scheme, as far as the
flux is concerned, can be very significant. The second
proposal takes into account the transverse shape and rota-
tion of the laser pulse in the interaction point varying the
parameters of the 3D optical cavity. This takes into account
the utilization of four-mirror cavities which can also pro-
vide very little waists maintaining the mechanical stability
of the resonator. Experimental results on the mode excited
in such a resonator will be illustrated in a future article. The
use of a four-mirrors cavity is envisaged to produce an
important gamma flux in the framework of a future experi-
ment on ATF-KEK.
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APPENDIX A: HOURGLASS EFFECT

Accounting for the hourglass effect, the geometric factor
in the luminosity (1), for a general case of an ellipsoidal
electron bunch interacting with the Gaussian photon beam,
reads

G¼ð1þcos�ÞRxRz

ð2�Þ3=2�ya1a2

Z 1

�1

exp
�
� u2

2�2
u

�
duffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�

R2
z

�2
y
þb21u

2
��

R2
x

�2
y
þb22u

2
�r ; (A1)

where u ¼ y0=�y is a dimensionless variable; � is the

crossing angle; � is the crabbing angle; �x, �y, and �z

are the dimensions of electron bunch; �0
y is the length of

photon pulse;�0
x0 and�

0
z0 are the transversal dimensions of

laser pulse at the waist point; and Rx;z ¼ ��02
x0;z0=� is the

Rayleigh parameter for each of transversal dimensions of
photon pulse (� is the laser wave length).
The coefficients in (A1) are

a21 ¼ �2
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z0; b21 ¼
�02

z0
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z0
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�2
y
þ b23u

2
: (A2)

For a specific case of a round bunch, �x ¼ �z, and the
head-on collision, � ¼ � ¼ 0, with a round laser pulse
(�0

x0 ¼ �0
z0), the geometric factor reduces to the known

expression [40,41]:

G ¼ 2

ð2�Þ3=2a1a1
Z 1

�1
expð��y02Þdy0

1þ b2 y02
R2

¼ 1ffiffiffiffiffiffiffi
2�

p R

ba1a2
exp

�
�R2

b2

��
1� erf

� ffiffiffiffi
�

p
R

b

��
; (A3)

where

a21 ¼ �2
x þ �02

x0; a21 ¼ ð�2
x þ �02

x0Þð�2
y þ �02

y Þ;

b2 ¼ �02
x0

�2
x þ �02

x0

; � ¼ 2

�2
y þ �02

y

:

If the electron bunch is much shorter than the Rayleigh

parameter,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
z;x=�

2
y þ b22u

2
q

� Rz;x=�y, the integral (A1)

may be estimated as

G ¼ �yð1þ cos�Þ
ð2�Þ3=2a1a2

Z 1

�1
e�ðu2=2�2

uÞdu; (A4)

where �u ¼ a2=ð�ya3Þ.
After integration, an explicit expression for the geomet-

ric factor at the optimal crabbing angle � ¼ �=2 reads

G ¼ 1

2�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2

zþ�02
z0

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2
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2�
2þ�02

x0þ�02
y tan

2�
2

q : (A5)

If the laser pulse were ellipsoidal, the same result will be
obtained.
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