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DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 
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Gamma-Gamma Colliders 

by Kwang-Je Kim and 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. 

' 

Almost everyone knows that light doesn't effect light. Suppose you stand near the comer of 
a darkened room with a flashlight in each hand and you shine the right hand beam on the left 
wall and the left hand beam through the other beam onto the right hand 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 arid brighter, one beam does in fact begin to 
effect the other. The effect is the scattering of light on light and it is purely a quantum me
chanical 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 occu,r and pairs of electrons and positrons are produced, soon quantum chromodynamic 
effects occur, and strange particles are produced. Once again, common knowledge is not ac
curate knowledge. 

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 a electron-positron 
linear collider is possible with present technology and that it does not require much addi
tional cost. Furthermore, we shall show that the resulting capability is very interesting from 
a particle physics point of view. An overview of a linear collider, with a second interaction 
region devoted to yy collisions is shown in Figure 1 below. 

Beam Dump 

ComptESSOL GxuprESSOL 
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Figure 1. A Linear Collider with a second interaction region devoted to y -y collisions. 

1 



PRODUCING THE GAMMA RAYS 

Perhap 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 en
ergy, electron beam. A diagram of the creation of gamma rays in the so-called conversion 
region is shown in Figure 2. The resulting gamma rays will have a spectrum that extends up 
to approximately 80% of the electron energy. The intensity can be adequately high if the in
coming beam of photons is adequately intense. How intense must it be and how intense can 
it be? 

Spent Electrons Deflected 
in a Magnetic Field 

Collision 

Figure 2. A sketch showing the conver
sion region where laser photons are 
converted by Compton back-scattering 
into high energy gamma photons. 

Since the process is going to be an add-on to a linear collider we have a measure of accept
ability at hand; namely, the luminosity of the e+e- collider. To match the e+e- luminosity in a 
yy collider requires that we produce one gamma ray from each electron. That is just correct 
energetically, since in colliding with a photon the electron transfers essentially all of its en
ergy to the photon and is, therefore, not available for the creation of a second gamma ray. 
Now we must ask how many photons do 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 )ttro2, where ro is the classical elec
tron 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 
need 1019 photons. The mathematics to go with this discussion and, in particular a discus
sion of polarization phenomena, may be found in the sidebar on the next page. H the incident 
photon intensity is too large, there will be undesirable non-linear quantum electrodynamic 
effects. These can simply be 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 x 250 GeV 
collider, the photon wavelength should be about 1 micron. Now a 1 micron photon has an 
energy of 1 eV and thus, 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. 
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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 nanom
eters. 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/y, will diffuse the colli
sion point too much. On the other hand, the 
greater the distance between the conversion 
point and the collision point the more mono
chromatic will be the gamma ray spectrum. For 
typical colliders the conversion point will be less 
than 1 em from the collision point. 

Nevertheless, at the conversion point the elec
tron beam is much wider than it is at the cross
ing point; perhaps even 100 times wider. Thus 
gamma rays produced at the conversion point 
would seem to have a radial extent when they 
reach the crossing point. If that were the case 
the luminosity of a yy collider would be very 
much reduced from that of an e+e- collider. But 
that isn't the case ! The gamma rays, produced 
atthe conversion point, are" focused" to the spot 
the electrons would have occupied at the colli
sion 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 yy 
collider, it is only necessary to focus the ·elec
trons which is just what is normally done in 
e+e- colliders. 
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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 a sidebar on the next 
page. 1his 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% bandwidth, 
is about 10% of that in the e+e- collider mode. 1his is sufficient to carry out 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 or, 
according to some speculations, even higher than that of an electron-positron collider, be
cause beam-beam effects are less severe for gamma-gamma collisions. 

THE PARTICLE PHYSICS 

A discussion of the laser which provides the photons for a gamma collider will be given 
later, coupled with some discussions of the requisite optics in yy colliders. Here we comment 
upon the particle physics opportunities that such a device would provide. One of the most 
interesting physics programs is measurement of the Higgs boson partial width into yy. 1his 
partial width is sensitive to physics beyond the Standard Model. A further discussion of the 
Higgs width is presented in a sidebar on page 6. 

Another interesting set of reactions is the decay of the Higgs into either to bb or to ZZ. ape 
could also study the CP eigenvalue of the Higgs by means of polarized gamma rays. It is 
important to note that in a yy collider one can use the full center-a- mass energy to produce 
Higgs bosons in the s-channel, where as one would need to produce them in pairs at an e+e
collider. Thus the energy reach of a yy collider is much increased over that of an e+e- collider. 

H supersymmetry exists, charged super particles can be produced at a yy collider with rea
sonable 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, they 
should either have excited states decaying into the ground state by emission of 1 or Z par
ticles, or anomalous interactions as low-energy fuirlts of their form factors. H 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 
yy 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 reasonsit 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 unal
tered) laser beam. 

In devising suitable optics for the intense laser beam we must consider a number of ele
ments. Firstly, transmissive optics are for the most part, not feasible. Secondly, the overlap 
between the electron and photon beam must be good, that is, the two axes must be closely 
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aligned and the Rayleigh length must be ad
equately long. Because of the high peak and av
erage power, the spent laser beam must be trans-
ported to an external beam dump. Because the .T~IG~S~O;GAMMN~~ljJ.:\.U:· 
two electron beams intersect at a small angle (so <: ':· . , ... · .· ' · , .; .. -; .:\:.· < .. ··. ' 
that the spent electron beam has a separate chan
nel 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 o:, • i)i. > ... · .. · < ; ' . O · · • ·< · 
!:;~:r?the mask, and quadrupoles is shown •••• ~~ .• · ~ ;.,;:; 

v!~;~~ ~=s:~~: ~:;:p:!::s~e=t~:~:li:e:~ / . . ~~ ~-· .. ~ g ~ · 
The requirements listed in the box on page 5 are · ~ . . . _ · . 
a pulse of about 1 joule, a pulse length of a few , · 1 · - · · 

~i~;:e~~~~:~:;,e:o;,:~:op~~:~kof~:~l~~ >. :::· >::······· ·:·: ' > . ~ : . •. • : )·.)· •. . •· i;•. ···;:: z.,_ 
watts (corresponding to about 100 bunches per . ·· .. ·· ':· .. (.;·_ · · .•.. 

~~:ff#§~~~f;:~E~~il.f$111~ 
they only fail our needs in that the average power .. ···. ·.. ···· ·•• ·· .• · > ; . · ... > _ ..• : .-.;i .) ... : •··· o:: , ,.,_ ........ , • . 
is currently in the few watt range. Two critical .•: ~ .• ·<' < i /·; _i. "'·'< :··::;:,: .. ,;";-~ , .•. /·· ·· 
technolgies for constructing high average power 
lasers for a gamma-gamma collider are under
way and described in the box on the previous 
page. 

The necessary research and development to . . .. . . . .... · .. ·. ··· .... · .. ·... ... . ............ ··.·. . . 

~?}~~~;~~~f~~~~~~i'll'~~~~;·'· 
as to be able to build it into an NLC), it will be ··· ' · · ·· · 
necessary to develop a yy device working in the 
tens of GeV range. This is necessary in order to 
study backgrounds, detector issues (such as com-
patibility with the required optical elements), and 
lifetime of optical elements in a collision-point 
background. 
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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 collison 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 interac
tion point next to the incoming beam path. 

The small elliptical objects are 
the mirrors, the numbers indicating the path 
of the laser beam in time. One of the laser beam enters 
parallel to the axis from the right, and deflected by mir
rors in sequence indicated by the numbers. The laser beam 
avoids mirror 6 by forming a focus, a small distance asway 
from it. Another laser beam enters from the left following a 
path symmetric to the beam coming from the right. 

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 IT) to ye- collisions. Collisions of re- have a greater energy 
reach and thus are much more interesting, at the SLC, for particle physics than rrcollisions. 
Either, of course, is of interest for technological studies. One could study the spin asymmetry 
in the process ye--7 Ze-, which tests the Standard Model and probes anomalous yzz cou
plings, while energy scans near the threshold of ye--7W-v may lead to an improved W mass 
measurement. 

We have seen that a yy collider is technically possible and that it would open up important 
new possibilities for particle physics research. Such a project will require a significant invest
ment 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. 
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