GAMMA-GAMMA COLLIDERS
by KWANG-JE KIM & ANDREW SESSLER

Photon beams can
be made so energetic
and so intense that when
brought into collision with each other
they can produce copious amounts
of elementary particles.

A

LMOST EVERYONE KNOWS that light doesn’t affect light.
Suppose you stand near the corner of a darkened room with a
flashlight in each hand and you shine the right-hand beam onto
the left wall and the left-hand beam through the other beam onto the righthand wall. Then if you move one flashlight up and down its spot on the wall
will move up and down, but it will have no effect on the other beam. All
this was described very elegantly in 1864 by James Maxwell, who made the
electrodynamic equations linear.
However, as the flashlights are made brighter and brighter, one beam does
in fact begin to affect the other. The effect is the scattering of light on light,
and it is purely a quantum mechanical effect; it wouldn’t happen classically.
Now suppose the flashlight beam is made more energetic by increasing the
frequency of the light so that it becomes more blue, then passes into the ultra-violet, becomes X rays, and even gamma rays. At first quantum electrodynamic effects occur, and pairs of electrons and positrons are produced;
soon quantum chromodynamic effects occur, and strange particles are produced. Once again, common knowledge is not accurate knowledge.
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Schematic of a linear collider
with a second interaction region
devoted to γγ collisions.
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Gamma-gamma colliders are all
about what we just described; namely, making intense beams of gamma rays and having them collide so
as to make elementary particles. We
shall show in this article that constructing a gamma-gamma collider
as an add-on to an electron-positron
linear collider is possible with present technology and that it does not
require much additional cost. Furthermore, we shall show that the resulting capability is very interesting
from a particle physics point of view.
An overview of such a linear collider with a second interaction region
devoted to γγ collisions is shown in
the top illustration.
PRODUCING THE GAMMA RAYS
Perhaps first of all we should describe
how intense gamma rays can be
made. The best manner is by Compton back-scattering of almost visible
photons from an intense, high energy electron beam. A diagram of the
creation of gamma rays in the socalled conversion region is shown in
the bottom illustration on the right.
The resulting gamma rays will have
a spectrum that extends up to approximately 80 percent of the electron energy. The intensity can be adequately high if the incoming beam
of photons is adequately intense.
How intense must it be and how intense can it be?
Since the process is going to be an
add-on to a linear collider, we have a
measure of acceptability already at
hand, namely, the luminosity of the
e+e− collider. To match the e+e− luminosity in a γγ collider requires that
we produce one gamma ray from
each electron. That is just correct
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energetically, since in colliding with
a photon the electron transfers essentially all of its energy to the photon and is therefore not available for
the creation of a second gamma ray.
Now we must ask how many photons we need to collide with the electron beam so as to make one gamma
ray from each electron? The cross
section for Compton back-scattering
is approximately the Thomson cross
section, namely (8/3)πr02, where r0
is the classical electron radius. Combining this with the cross-sectional
area of the laser pulse, we can deduce
that about 109 photons need to be
collided with each electron to make
one photon back-scattered and thus
to make one gamma ray. For a typical collider bunch of 1010 electrons
we thus need 1019 photons. The
mathematics to go with this discussion, and in particular a discussion
of polarization phenomena, may be
found in the box on the next page.
If the incident photon intensity is too
large, there will be undesirable non-

A sketch showing the conversion region
where laser photons are converted
by Compton back-scattering
into high energy gamma photons.

linear quantum electrodynamic effects. These can be simply avoided
by making the conversion region
longer.
Now the incident photon can not
be too energetic or else the photons
in the incident photon stream can interact with the back-scattered gamma rays and produce electron pairs.
It is easy to see that the criterion for
the absence of this process is that the
wavelength of incident photons must
be longer than 3.93 E [TeV], where
E is the energy of one (of the two)
electron beams. Furthermore, one
should be close to the limit. Thus for
a 250 GeV × 250 GeV collider, the
photon wavelength should be about
1 micron. Now a 1 micron photon
has an energy of 1 eV and thus,
BEAM LINE
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Compton Scattering
MEASURE OF THE ENERGY of the colliding
electron-photon system in Compton scattering is the
invariant quantity x = 12.3 E (TeV)/λ (microns),
where λ is the wavelength of the laser photon. The value
of x should be smaller than 4.83; otherwise the high energy gamma photons produced by the Compton backscattering have a good chance to disappear by colliding with
other laser photons to produce e+e− pairs ( the BreitWheeler process). On the other hand, the maximum energy of the back-scattered gamma photon is [x/(1+x)]E. For
a gamma-gamma collider, x is chosen to be about 4.8 in
order to produce gamma photons with as high an energy
as possible while avoiding the pair-production threshold. It
then follows that the maximum photon energy is about 80
percent of the electron energy, and that the optimum laser
wavelength for E = 250 GeV is about 1 micron.
The cross section for the Compton process σc ranges
from the classical Thomson cross section (8/3) πr02 for x
much smaller than unity to about πr02 = 2.5×10-25cm2 at
x = 4.8. The illustration below shows the differential Compton scattering as a function of y = the energy of the backscattered gamma-photon/E. We notice the marked difference in the y-dependence on the polarization state. When
the helicity of the electrons is opposite to that of the laser
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photons, the differential cross section shown by curve a is
sharply peaked in the narrow region around the maximum
value of y. The peak is less prominent for the unpolarized
case shown by curve b, and disappears altogether when
the helicities are parallel as shown by curve c. For a
gamma-gamma collider, it is clearly most advantageous to
choose case a.
To produce one gamma photon per electron, the laser
photons, each with an effective cross section σc, must cover the full transverse area of the laser pulse A; σcNlaser
= A, where Nlaser is the total number of laser photons in
the pulse. On the other hand, A = λl because of diffraction, where l is the effective length of the laser pulse which
in turn is about the same as the electron pulse length. Taking the pulse length to be about 1 ps, and using the laser
wavelength and the Compton cross section discussed
above, it follows that Nlaser = 1019.
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although 1019 photons is a lot of photons, it is only about
1 joule of energy. A laser able to produce an energy of
1 joule is not excessive at all; in fact such lasers are rather
commonplace.
Note that the high luminosity of an e+e− collider is
the result of the very small spot size at the collision point:
typically tens of nanometers. Note also that the conversion point at which the Compton back-scattering
takes place can’t be too far from the e+e− collision point
or else the natural spreading angle of the produced gamma rays, of order 1/γ, will diffuse the collision point
too much. On the other hand, the greater the distance
between the conversion point and the collision point,
the more monochromatic will be the gamma-ray spectrum. For typical colliders the conversion point will
be less than 1 cm from the collision point.
Nevertheless, at the conversion point the electron
beam is much wider than it is at the crossing point, perhaps even 100 times wider. Thus gamma rays produced
at the conversion point would seem to have a large radial extent when they reach the e+e− crossing point. If
that were the case the luminosity of a γγ collider would
be very much reduced from that of an e+e− collider. But
that isn’t the case! The gamma rays produced at the conversion point are “focused” to the spot the electrons
would have occupied at the collision point. Everyone
knows you can’t focus gamma rays, but you can produce
them to be focused, and that is precisely what is done.
This happens automatically, for the electrons have much
more momentum than the laser photon, and the produced gamma ray proceeds along the direction of the
electron. Thus, to make a γγ collider, it is only necessary
to focus the electrons which is just what is normally
done in e+e− colliders.
Further discussion of the parameters for a design of
a gamma-gamma collider as a second interaction region
of the Next Linear Collider (NLC) is presented in the box
on the next page. This is in a sense a minimal design,
because the electron beam parameters optimized for e+e−
collisions before the final focus system are taken as they
are. The only modifications are in the design of the final
focus optics and an adequate laser for Compton conversion. With this approach, the luminosity for the
gamma-gamma collisions, within 20 percent bandwidth,
is about 10 percent of that in the e+e− collider mode. This
is sufficient to carry out a number of interesting physics

experiments. In particular, the cross
sections for some reactions are larger at a gamma collider than at a conventional electron collider. Clearly
what is needed is a careful discussion
of expected reaction rates and background rates, for it is after all the signal to noise that is the relevant thing.
If the electron beam is modified, for
example by changing the damping
ring so as to make an electron beam
more favorable for a gamma-gamma collider (for example with a higher bunch charge), then the luminosity may be increased to a value
comparable with or, according to
some speculations, even higher than
that of an electron-positron collider,
because beam-beam effects are less
severe for gamma-gamma collisions.
THE PARTICLE PHYSICS
A discussion of the laser that provides the photons for a gamma collider will be given later, coupled with
information about the requisite optics in γγ colliders. Here we comment
briefly on some of the particle
physics opportunities that such a
device would provide. One of the
most interesting physics programs is
a measurement of the Higgs boson
partial width into γγ. This partial
width is sensitive to physics beyond
the Standard Model. A further discussion of the Higgs width is presented in the box on the next page.
Another interesting set of reactions is –the decay of the Higgs into
either bb or ZZ. One could also study
the CP eigenvalue of the Higgs by
means of polarized gamma rays. It is
important to note that in a γγ collider
one can use the full center-of-mass
energy to produce Higgs bosons in

Parameters for a Gamma-Gamma Collider as a Second
Interaction Region for the Next Linear Collider
HE TABLE BELOW shows the main parameters of a gamma-gamma collider as the second interaction region of the NLC. The electron beam parameters up to the final focus system are taken to be the same as that for
the first interaction region (for e+e− collisions). The horizontal and the vertical
beam sizes in the case of the e+e− collisions are designed to be as small as
possible within the constraints of the beam-beam effects. In the case of the γγ
collisions, the electron beam sizes at the interaction point (assuming the electrons are allowed to collide without being Compton scattered) are determined
from different considerations. The vertical beam size should not be smaller than
that determined by the 1/γ spreading of the gamma rays between the conversion point and the interaction point. The horizontal beam size should be made
as small as possible and consistent with various lattice design constraints of the
final focus system (such as chromaticity control, beam blow-up caused by synchrotron radiation in the final quadrupoles known as the Oide effects, etc.) A
reasonable choice appears to be that the beta functions in the horizontal and
the vertical directions have the same values, 0.5 mm. This leads to a geometric
electron-electron luminosity (again assuming the electrons are allowed to collide without being Compton scattered) of about 1×1034/cm2/s, which is about
twice that of the e+e− collisions.

T

Electron beam parameters:
Electron energy
250 GeV
Repetition rate
90 bunches separated by 1.4 ns, 180 Hz
Particles per bunch
Ne = 0.65×1010
Normalized rms emittance γεx = 5×10−6m - r, γεy = 8×10−8m - r
Beta function at the IP
βx* = βy* = 0.5 mm
Rms bunch length
σz = 0.1 mm
Polarization
Fully polarized with helicity switching capabiity
CP-IP distance
b = 5 mm
Laser beam parameters:
Wave length
Micropulse energy
Rayleigh length
Rms micropulse length
Peak power
Average power
Polarization

λ = 1.053µm
A=1J
ZR = 0.1 mm
σLz = 0.23 mm
0.5 TW
16.2 kW
Fully polarized with helicity switching capability

As noted before, the laser parameters are chosen to optimize the conversion
of the electron beams into the high energy photon beams. With 1 joule per
pulse focused to 1×1018 W/cm2, the probability of producing a high energy
gamma photon per electron (the conversion efficiency) is about 65 percent.
Therefore the luminosity of the γγ collisions will be about (0.65)2 = 0.43 times
the geometric electron-electron luminosity. However, the spectrum of the
gamma-ray photons is fairly wide, with a peak near 83 percent of the electron
energy. The luminosity near this peak, within a 20 percent bandwidth, is about
10 percent of the geometric luminosity, that is, about 1×1033/cm2/s.
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Higgs Two Gamma
Width

GAMMA-GAMMA collider is uniquely suited for a
direct measurement of
the partial decay width of a
Higgs boson into two gamma
quanta. The decay amplitude
involves loops of any charged
particles whose mass is derived
from the Higgs mechanism, as
shown in the illustration below.
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Feynman diagram for two photon
decay of the Higgs boson. The loop
can be of any charged elementary
particles whose mass is generated
via the Higgs mechanism.

A measurement of the twophoton width would be a sensitive test of various models predicting higher mass particles
without producing them directly
in accelerators. There are several such models with twophoton couplings different from
that of the Standard Model:
supersymmetric models, technicolor models, and other extensions of the Standard Model.
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the s-channel, whereas one would
need to produce them in pairs at an
e+e− collider. Thus the energy reach
of a γγ collider is much increased over
that of an e+e− collider.
If supersymmetry exists, charged
super particles can be produced at a
γγ collider with reasonable cross sections. The main source of background is WW pairs. Finally, if some
of the particles in the Standard Model are composites, made of more fundamental particles, then they should
either have excited states decaying
into the ground state by emission
of γ or Z particles, or anomalous interactions as low-energy limits of
their form factors. If the W-boson
is composite it may have an anomalous magnetic moment (or electric
quadrupole moment), and either of
these should be measurable given the
copious production of W expected at
a γγ collider.
THE LASER AND ITS OPTICS
Returning now to the technical problems associated with constructing
a gamma collider, we need to discuss
the laser optics in the conversion
/interaction region. As the reader will
appreciate, the region is very crowded. Furthermore, for detector reasons
it is important that a minimum
amount of mass is put into this region. The simplest configuration, and
probably the one that will be used in
practice, is to bring the opposing laser
beam for each beam of electrons in
from the opposite side, and after conversion dispose of (the essentially unaltered) laser beam.
In devising suitable optics for the
intense laser beam we must consider
a number of elements. First, trans-

missive optics are for the most part
not feasible. Second, the overlap between the electron and photon beam
must be good, that is, the two axes
must be closely aligned, and the
Rayleigh length must be adequately long. Because of the high peak and
average power, the spent laser beam
must be transported to an external
beam dump. Because the two electron beams intersect at a small angle
(so that the spent beams have separate channels to exit the detector),
the used laser beam from one side
will intersect the optics of the other side. Since two pulses will fall on
the same mirror, it is necessary to locate mirrors at points where two
pulses will not reach them at the
same time. A possible mirror arrangement to bring the laser pulses
to the conversion point and to dispose of them in the tight space limited by the vertex chamber, the
mask, and quadrupoles is shown in
the figure on page 22.
Finally, we must address the question of developing a laser for the purposes of a γγ collider. The requirements listed in the box on page 19
are a pulse of about 1 joule, a pulse
length of a few picoseconds (corresponding to a peak power of a few terawatts), an average power of 16 kilowatts (corresponding to about 100
bunches per pulse and a rep-rate of
about 160 Hz), and variable polarization. Using the chirped pulseamplification technique solid-state
lasers already give peak powers that
satisfy our requirements; they only
fail our needs in that the average
power is currently in the few watt
range. Two critical technologies for
constructing high average power
lasers for a gamma-gamma collider

Technologies for Constructing High Power Lasers
IGH POWER DIODE LASERS for pumping and lasing
materials that can handle high thermal loading are two
major efforts on advancing diode laser technologies
already under way as part of both military and civilian projects.
Advanced solid state materials, either athermal glass hosts or
new crystals specifically engineered for diode pumping, are
also being actively developed. Based on these developments,
the 16 kW laser needed for a gamma-gamma collider can be
built out of 1 kW unit cells, schematically illustrated below.
There needs to be two such lasers, one for each opposing
electron beam. If the laser pulses could be reused, for example
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by storing them in an optical cavity, the requirement on the
average power could be significantly relaxed.
Another possibility is a free-electron laser (FEL). So far, FELs
have generated neither the requisite peak power (gigawatt has
been achieved so far) nor average power (a few watts is the
present situation). On the other hand, they have considerable
promise: The chirped pulse-amplification technique can be
applied in an induction-linac-based free electron laser to produce optical pulses of the required characteristics for a
gamma-gamma collider, as shown in the bottom figure.
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Left: A solid-state laser
concept for the gammagamma collider built of
1 kW unit cells. All of
the cells are fed by a
single phase-stabilized
oscillator, ensuring synchronization of all pulses with the electron
beam. Each of the unit
cells consists
of a series of diodepumped, solid-state
laser amplifiers. The
pulses are subsequently compressed
in a grating pair and
stacked into a single
pulse train.
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employs a pulse
stretcher, an FEL
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pulse compressor.
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Details of a possible mirror arrangement in the
second interaction region of a large linear collider.
The small separation between the conversion point and
the interaction point is not apparent at the scale of this figure.
The figure shows the inner radius of the vertex chamber surrounding the collision point, the conical mask, the quadrupole
holders indicated by two cylinders, the incoming electron
beam path indicated by a black line nearly parallel to the axis,
and the out-going, disrupted electron beam path indicated by
a narrow cone emanating from the interaction point next to the
incoming beam path. The small elliptical objects are the

are underway and described in the
box on the previous page.
The necessary research and development to make it real will consist primarily of work on laser development and on optical elements.
Much of this work is “table top,”
that is, it does not require a high energy beam of electrons. However, to
have adequate confidence in the concept (so as to be able to build it into
an NLC), it will be necessary to
develop a γγ device working in the
tens of GeV range. This is necessary
in order to study backgrounds, detector issues (such as compatibility
with the required optical elements),
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mirrors, the numbers
indicating the path of
the laser beam in time.
One of the laser beams enters parallel to the axis from the
right and is deflected by mirrors in
the sequence indicated by the numbers.
The laser beam avoids mirror 6 by forming
a focus a small distance away from it. Another laser beam
enters from the left following a path symmetric to the beam
coming from the right.

and lifetime of optical elements in a
collision-point background.
THE PROSPECTS
A very interesting possibility is the
use of the SLAC Linear Collider (SLC),
that is, extending the capability of
the SLC (call it SLC II) to γe− collisions. Collisions of γ e− have a greater
energy reach and thus are much
more interesting, at the SLC, for particle physics than γγ collisions. Either, of course, is of interest for technological studies. One could study
the spin asymmetry in the process
γ e−→ Ze−, which tests the Standard

Model and probes anomalous γ ZZ
couplings, while energy scans near
−
the threshold of γ e− → W ν may lead
to an improved W mass measurement.
We have seen that a γγ collider is
technically possible and that it would
open up important new possibilities
for particle physics research. Such
a project will require a significant investment in preparatory research and
development. Our hope is that the
high energy community will come
to realize the outstanding promise of
the gamma-gamma collider idea and
will respond by offering its participation and support.

