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ABSTRACT 

We assume that, independent of any near-term discoveries, the con- 
tinuing goal of experimental high-energy physics (HEP) will be to achieve 
ultra-high center-of-mass energies, possibly approaching the Planck scale ( 1O28 
eV), in the next century. To progress to these energies in such a brief span 

of time will require a radical change in accelerator and collider technology. 
High-gradient acceleration of charged particles along crystal channels and the 
possibility of colliding them in these same strong-focusing atomic channels 
have been separately investigated in earlier proposals. Here we expand fur- 
ther upon the concepts of emittance damping and plasma wave generation 
to explore a new paradigm for HEP machines early in the next century: the 
crystal channel collider. Energy and emittance limitations in natural crystal 
accelerators are determined. The technologies needed to begin experimental 
research on this accelerator concept are now emerging. The excitation of 1 to 
100 GV/cm plasma waves in semiconductor and metal crystals by either the 
laser wakefield or side-injected laser techniques appears experimentally feasible 
with near-term lasers. 

*Work supported by the U.S. Department of Energy under contract No. DE-ACOS- 

76SF00515. 
t Work supported by the U.S. Department of Energy under contract No. DE-ACOS- 

76CH03000. 
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INTRODUCTION 

High-energy physics has progressed twelve orders of magnitude in en- 
ergy during the last one-hundred years (1 eV to lOi eV or 1 TeV). Modern 
high-energy colliders are both microscopes and time machines allowing us to 
probe fundamental physics at distances of lo-i6 centimeters and hence under- 
stand the relevant phenomena 10-i’ seconds after the Big Bang. It is thought 
by some that by advancing only one or two orders of magnitude higher in en- 
ergy, experiments will place enough constraints on unified field theories to yield 
one consistent “Theory of Everything” including gravity. Machine builders in- 
stead assume that regardless of any intermediate discoveries, the continuing 

goal of experimental high-energy physics will be to achieve ultra-high center- 
of-mass energies, possibly approaching the Planck scale (1O28 eV), in the next 
century. Electromagnetic acceleration is limited to about 1016 V/cm (the crit- 
ical field for pair production), and a Planck-scale linear accelerator would then 
have a length of about one-tenth the Earth-Sun separation - not an inconceiv- 

able task for an advanced technological society. Still to reach these energies 
with their attendant high luminosity in such a brief span of time will require 
a radical change in accelerator and collider technology. In all likelihood more 
than one paradigm shift in accelerators will be needed. In this paper we inves- 
tigate a concept that may enable us to reach energies of order 10la eV early 
in the next century: the crystal channel collider. 

For the next few decades, our sphere of technological influence will 
likely be limited to the near-Earth neighborhood. Accelerators with lengths 
of order lo3 to lo4 kilometers will probably become feasible. Very high gra- 
dients are the only avenue available then to attain truly “cosmic” energies in 
the immediate future. The energy density in an accelerator increases with 
the square of the acceleration gradient. To keep the total deposited energy 
manageable and maintain a small beam for high luminosity, an accelerator 
with small transverse dimensions is called for. The idea of using atomic struc- 
tures to accelerate charged particles to high energy in a short distance was 
expounded early, notably by Hofstadter [l]. That paper remarkably contains 
the germ of several ideas which were independently discovered and developed 
by various workers over the following twenty years, including channeling to 
guide accelerated particles. 

Ten years ago the present authors made a cursory study of a concept to 
accelerate positively-charged particles along crystal channels by the electron 
plasma waves in metals [2,3]. Th e maximum electric field of a plasma wave 
is of order & V/cm, where n, is the electron number density in units of 
cmm3. Acceleration gradients of 100 GV/ cm or more were implied based on 
the electron densities in solids. The strong electrostatic focusing of the atomic 
channels combined with the high gradients were found to maintain low beam 
emittance in spite of multiple scattering on channel electrons. The techno- 
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logical demands to excite such large amplitude plasma waves with lasers or 
particle beams appeared daunting then, and crystal behavior at picosecond to 
femtosecond time scales and high power densities was uncertain at best. Some 

of the early estimates made for crystal survival were certainly too optimistic. 
The development of ultra-short pulse-length lasers, nano-fabrication 

technology and a better experimental and theoretical understanding of high 
energy density effects in solids motivate us to return to the topic of a crystal 
channel accelerator. Recent work on radiative damping of channeled particle 
emittance has also opened up the possibility of achieving both high luminosity 
and high energy in a crystal collider [4,5]. An improved picture of a crystal 
accelerator emerges which allows us to further illucidate the advantages of crys- 
tals for acceleration and emittance control as well as point out the constraints 
imposed by the use of natural crystals as high-energy particle accelerators. 
Limits on high luminosity may ultimately be more difficult to overcome than 
achieving ultra-high energy. 

CHANNELING ACCELERATION AND EMITTANCE 
DAMPING 

The basic concept of crystal channel acceleration combines plasma wave 
acceleration [6] with the well known channeling phenomenon [ 71 to allow posi- 
tively charged particles to be accelerated over long distances without colliding 

with nuclei in the accelerating medium. Positively charged particles are guided 
by the average electric fields produced by the atomic rows or planes in a crys- 
tal. The particles make a series of glancing collisions with many atoms and 
execute classical oscillatory motion along the interatomic channels. The con- 
dition for classical motion is that the transverse de Broglie wavelength ti/p$, 

where p is the total momentum and $J is the channeling angle relative to an 
atomic row or plane, be much less than the typical atomic screening length 
(- 0.1 A) where single atomic collisions become important. In contrast neg- 
atively charged particles oscillate about the atomic nuclei and rapidly suffer 
large-angle Coulomb scattering [8]. 

Acceleration in the crystal is provided by an electron plasma oscillation 
[9] with phase velocity near the speed of light. The maximum electric field of 
a relativistic plasma wave is the wave-breaking field [lO,ll] 

&WB = dm 6 7 (1) 

where lo = meupc/e, m, is the electron rest mass, wp = (4mz,e2/m,)1/2 is 
the electron plasma frequency, and rp is the usual relativistic factor for a wave 
with phase velocity zip. In convenient units, &(V/cm) N 0.96(n,(cm-3))'/2 

and w,/27r(sec-l) EZ 9000(n,(cm -3))1/2. For phase velocities approaching the 

speed of light ( needed for relativistic acceleration), extremely high electric 
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fields could be achieved if the necessary power densities can be applied to the 
plasma in the correct geometry. Doped semiconductors typically have carrier 
densities of 1014 to 10’s cme3 corresponding to lo = 10 MV/cm to 1 GV/cm, 
the same as typical laboratory gas plasmas. Conduction electrons in metals 
have densities of 1O22 to 1O23 cmm3 while the total electron density of solids is 
of order 1O24 cmm3 implying gradients of order 1 TV/cm. 

A basic obstacle to accelerating particles over long distances in crys- 

tals is beam loss from dechanneling. The transverse momentum of channeled 
particles increases due to collisions with electrons in the interatomic channels. 
Dechanneling occurs when a particle’s transverse kinetic energy ET+!J~/~, where 
E is the total particle energy, allows it to overcome the channel’s potential 
energy barrier V, (- 10 - 1000 ze volts for a particle of charge ze). At this 
point close encounters with atomic cores quickly scatter particles out of the 
channel. This defines the critical channeling angle $,c = (2Vc/E)l12. In many 
crystals the electron density n over most of the channel is roughly constant. 
From Poisson’s equation the channel potential energy function in either plane 
is simply V = Kcz2/2, where K, = 4nte2n is the focusing strength. The 
channel half-width a corresponds to the point where V = V, = Kca2/2. 

The increase in the rms angular divergence per unit length (projected 
onto a plane) of a channeled particle due to electron multiple scattering can 
be written as 

W2)m 
ds 

= 4s(yZ)2n ln(bmaz/bmin) E -$ , 
d 

(2) 

where n is the channel electron density (which is typically less than the average 
electron density n, in the crystal), the impact parameters in the Coulomb 
logarithm are b,,, 2: c/wp and bmin = h/7m,c, and 7 is the relativistic factor 
for the channeled particle [12]. Th e c h aracteristic dechanneling length is & = 
AE/te, and the dechanneling constant A = a2/2eln(b,,,/b,;,) is essentially 
only a function of the channel width. In natural crystals where a z 1 to 
3 A, A is typically of order 1 to 10 pm/MV, consistent with experimental 
dechanneling lengths for MeV to 100 GeV particles [13]. Note that & and A 
are independent of the electron density in the channel to first order. 

In the harmonic potential approximation, each crystal channel acts like 
a smooth focusing accelerator with betatron focusing function (wavelength/2n 
of transverse oscillations) 

PF = (E/Kc)“2 = altic . 

The normalized rms channel acceptance, A, = ~u~/ZP~ = ~u&/S, defines the 
available transverse phase space for a channeled particle. Multiple scattering 
in a transverse focusing system randomly excites betatron oscillations leading 
to growth in the normalized rms emittance e, = 7~ = 7a2/Pp, where E is 
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the geometric emittance, and c2 is the rms amplitude of the particle [14]. In 
this terminology, dechanneling occurs when the particle emittance exceeds the 
channel accept ante. 

Particle dechanneling in a crystal accelerator is modified by several ef- 
fects. Acceleration reduces multiple scattering with increasing energy as is 
evident from Eqn. (2). Th e p resence of any transverse fields in addition to the 
natural channel forces will change the betatron focusing function and chan- 
nel acceptance. For example a plasma wave of amplitude A and transverse 

size b has longitudinal and transverse fields near the central axis (I: << b) 
E, = Aces 4 and E, = -2Asin4 z/ICpb2, respectively, where Icp is the plasma 
wavenumber and 4 is the particle phase with respect to the wave crest [15]. 
There is a phase region in which both acceleration and transverse focusing 
are possible. If this wave is centered on the crystal channel axis, then par- 
ticles experience a total focusing strength K given by the sum of K, and 
Kp = 2zeA sin 4/ kpb2 of the plasma wave. Charged particles oscillating in a 
transverse focusing system radiate and make transitions to lower energy levels 
of the potential with an energy-independent decay constant Ic = 2r,lK/3mc, 
where Ed Ed = = (ze)2/ (ze)2/ mc2 is the classical particle radius [4,5]. The channeled 
particle is assumed to be in the so-called undulator radiation regime where 
7$~ < 1 and dipole radiation dominates. These radiative transitions act to 
damp the particle’s normalized emit tance. Collisional energy loss to elec- 
trons in the channel can also damp emittance (ionization cooling) but with an 
energy-dependent decay parameter E-‘(dEdl/ds) = (E/m,c2)d($2),,/ds for 
a relativistic particle. 

Combining these effects, the evolution equation for the normalized emit- 
tance in a crystal channel accelerator is 

den - = 
ds 

= -5(& - vJ77-4 - ,;T;;‘,&n + 4mc;;~-;)l,2 ) 
C 

(4 
e 

where E = Ei + teGs, Ei is the initial particle energy, and G is the (net) 
acceleration gradient which is assumed to be a constant. The term ti/2mc 
is the minimum quantum emittance of a particle in the ground state of the 
transverse potential. In a natural crystal channel (K = KC) with electron 
density n = 1O23 cmT3, the focusing strength is KC 2: 20 eV/A’, and the 
radiative damping distance c/I’, is 15 cm for positrons, 6 km for muons and 
500 km for protons. 

Because of the different energy dependencies in the three terms of 
Eqn. (4), not all terms are equally important in an arbitrary energy regime. 
The effectiveness of ionization cooling clearly falls off rapidly with increas- 
ing energy. Ionization cooling dominates over radiation damping for energies 
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E < 3m2c2K,u2/4zem,KA. For example, this corresponds to roughly 10 MeV 
positrons, 600 GeV muons and 50 TeV protons in a natural crystal when 
K = KC. The solution to Eqn. (4) w h en radiation damping can be neglected 

is 

where A, = 7(K/E) ‘/*u2/2 is the normalized channel acceptance including 
all transverse focusing forces, and Ani is the channel acceptance at energy 

Ei. In the special case of ionization cooling with no net acceleration, the 
first term in Eqn. (5) becomes a damped exponential, and the emittance 
approaches the equilibrium value &n = (m,c2/Ku2)A,. Only if Ku2 > m,c2 21 
511 keV is the particle’s equilibrium emittance within the channel acceptance. 
This value far exceeds the channel potential energy barrier found in natural 

crystals and could only be obtained in an artificially wide channel (10 to 100 
A) or by added focusing such that K >> KC. In the opposite limit of high 
gradients, G >> K,u2/ Am,c’ m 1 MV/cm, ionization cooling has a negligible 
effect on the emittance evolution in the channel compared to acceleration, and 
the emittance becomes 

&n = &,i + (Kcg’An(l - (7;/7)“‘) * (6) 
Accelerated particles remain indefinitely channeled provided G 2 K,/KA. 
This corresponds to 1 to 10 GV/ cm in natural crystal channels when K = KC. 
Note that the equilibrium rms amplitude is q2 = (K,/K)u2/2AG. 

Neglecting ionization cooling for very high-energy channeled particles, 
the solution to the differential equation (4) is 

= &:ni exp( -I,s/c) + (ti/2mc)( 1 - exp( -I,s/c)) 

+ exp(~rc8/c) /,’ exdrC8’/c) 4zr2:$2 (E, + ~~&l)l/2 ~~&l)l/2 ’ ’ c7) c7) 
I I 

The integral can be rewritten in terms of Dawson’s integral [16] 

D(x) E exp( --x2) /,” exp(t2)dt , (8) 

by the change of variable X(S) = [(I’,/c)(s+Ei/zeG)]‘/2. The solution becomes 

~~(9) = Eni exp(-r,+) + (fi/smc)( 1 - exp(-JWc)) 

+ 
teKCu2 

c 2Amc2 J ZeGKI’, 
P(x(s>) - exPmd4~(x(O))l * (9) 

For I’,s/c < 1, this solution reduces to Eqn. (6) as expected. The function 
D(x) reaches a maximum value of approximately 0.541 at x 21 0.924, and 
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asymptotically approaches 1/2x for x > 1. For distances 3 >> c/IC and 
E > Eip the normalized emittance can be written approximately as 

&l(s) = & + 3mc2( KC/K)u2 

8zeA(teGKs)li2 ’ 

which damps like 7-lj2 provided the net gradient G can be maintained constant 
with the increasing radiative energy loss. Note that the rms amplitude q2 of 
the channeled particle damps like 7-l in this regime. The presence of K, in 
Eqn. (10) reflects the deleterious effect of electron multiple scattering, and 
prevents one from realizing the ideal quantum emittance in such a collective 
accelerator. 

To obtain small emittances and high luminosity in a channeling accel- 
erator then, it is advantageous to have a high acceleration gradient and strong 
transverse focusing such that K >> KC. In practice the available technology 
will limit the plasma wave amplitude Go that can be generated in a crystal 
channel accelerator. When the magnitude of the radiative energy loss rate 

(dE/ds)raci = -I’,y2Kr2 becomes comparable to teGo, a limiting energy is 
reached. In the regime r,S/C r,S/C < 1 where Eqn. (6) is valid, the radiation rate 
is proportional to r2, and the limit is 

E 
3A 

maz 21 
zeu2KKC 

m2c4Go . 

The presence of K and KC in Eqn. (11) reflects the competing effects of strong 
focusing and multiple scattering in the channel. This places a fundamental 
energy limit on natural crystal accelerators with K = KC because the electron 
density (- K,) is fixed by the atomic structure. For example if Go = 100 
GV/cm and K = K, = 20 eV/A2, then the maximum energy is about 300 GeV 
for positrons, lo4 TeV for muons and lo6 TeV for protons. On the other hand if 
one can artificially arrange that KC < (4zeA/3u2)K, accelerated particles will 
enter the regime 3 > c/I’= before the limit (11) is reached. Here the radiation 
rate is only proportional to 7, and the energy limit is E,,, N 4m2c4AGo/KCu2. 
The channeled particle is assumed to be in the undulator radiation regime [4,5] 
which is true if K, < (4zeA/3u2)K. If thi s is not the case, the radiation rate 

is higher than in Eqn. (4), and particles will stop being accelerated earlier or 

be quickly damped back into the undulator regime. 
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EXCITATION OF PLASMA WAVES IN SOLIDS 

Only for acceleration gradients G 2 11-l z 1 - 10 GV/cm will particles 
remain channeled over long distances in a natural crystal accelerator. Since 
A is proportional to u*, it may be useful to consider artificially wide channels 

(a > 3 A) t o reduce the gradient demand, at least for early experiments where 
gradients may be limited. Still, a large amplitude plasma wave with a field 
of 100 GV/cm or more is ultimately desirable to shorten the accelerator and 
keep the emittance as low as possible. 

Two regimes of the crystal accelerator can be distinguished based on 
whether the plasma wave amplitude or the fields used to excite the wave are 
greater than or less than I/T, I/T, 21 1 - 10 V/A, where I is the ionization energy 
of electrons in an atom of size T,. For fields greater than this, the Coulomb 
potential of an atom is sufficiently deformed to induce significant tunneling 
ionization. For an oscillating electric field E, electrons tunnel from atoms 
within a time V,/CEW, where v, = (21/me)li2, e = eE/m,wc is the normalized 

field strength, and w is the frequency [ 171. Typically v,/c is of order the fine- 
structure constant cx 21 l/137, so for field strengths E > 10m2, electrons escape 
the atom within an oscillation period. In this high field regime, the lattice 
ionizes, but does not yet dissociate, on this time scale. If an intense laser 
(> lOi - 1Or5 W/cm’) is used to build up the plasma wave, the lattice will 
already be in this ionized state prior to plasma-wave formation. 

For laser and plasma fields below 0.1 to 1 GV/cm, reusable crystal 
accelerators can probably be built which might survive multiple pulses, and 
many of our conclusions on crystal survival in References 2 and 3 probably 
still hold. Plasma wave decay is determined by interband transitions with a 
timescale of 10 to 100 wp-’ in this regime [18]. For fields above a GV/cm, only 
disposable accelerators, perhaps in the form of fibers or films, are possible. The 
lattice is highly ionized by the laser driver used to excite the plasma wave in 
a few optical periods, and the free electron density immediately increases to 
1O23 cmw3 or more for any solid. Plasma wave build-up and channeled particle 
acceleration must occur before the ionized lattice disrupts due to ion motion. 
The lattice dissociates by absorbing plasmon energy on a timescale determined 
by the inverse ion plasma frequency WP;.’ = (m;/m,)‘/2wL’ ry lo-l4 set, where 
m; is the ion rest mass. Within this time, the ions have not moved appreciably, 
and the lattice remains sufficiently regular to allow channeling. 

The generation of large-amplitude plasma waves in a crystal requires 
an intense power source to supply the plasma-wave energy before the lattice 
dissociates. A gradient of 100 GV/ cm corresponds to an energy density of 
3 x lo7 J/cm3, and this must be created and used within WP;‘. Because of the 
increased availability of high peak-power lasers, two excitation methods which 
may have promise, at least for initial experiments, are considered here: the 
side-injected laser [19] and laser wakefield [20] techniques. 
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In the side-injected laser method, a laser with frequency w, N wp 
impinges (perpendicular to the acceleration axis) on a plasma containing a 

spatially periodic density perturbation, either formed by an acoustic wave 
(w,, << wp) or a grating. The initial electron density follows this pattern. The 
period of the density perturbation is set at the desired plasma wavelength 
A, and defines a wavevector &, in the plasma such that the phase velocity 
VP/, = wp/k, 2 c. The laser is linearly polarized parallel to this wavevector 

and is of course near cutoff (& N 0) upon entry. The laser (w,, & ‘v 0) and 

the density modulation (w,, ‘v 0, &) quasiresonantly excite forward and back- 

ward traveling plasma waves with w = w, 21 wP and z 21 &,. For a crystal 
accelerator, the density modulation is probably easiest to form by epitaxially 
growing a superlattice (in the longitudinal direction) with period X, consist- 
ing of two alternating materials with different electron densities. The initial 
spatial electron density modulation &z/n, is then automatically formed with 
the desired periodicity. 

For initial side-injected laser experiments in metal crystals, a low gra- 
dient of 1 GV/cm may be adequate to demonstrate some channeling accelera- 
tion. For example a 10 MeV positron would channel about 10 pm in a metal 
crystal gaining about 1 MeV in energy from the plasma wave. Assuming that 
little tunnel-ionization occurs, the free electron density is just the conduction 
value 1O22 cme3 typical of metals. The plasma and laser wavelengths are 0.3 
pm (near UV). The plasma wave decays via interband transitions, and the 
plasma-wave amplitude cp saturates according to the usual damped oscillator 
expression ep = +Wn,)~~,/2r,, where E, is the normalized laser strength, 
bn/n, is the initial electron density modulation, and lYP is the plasmon de- 
cay width. The gradient of 1 GV/cm corresponds to cp = 10m2. Taking 
h/n, = 10-i and Ip z fiw,/20, the required laser strength is E, = 10m2 giv- 
ing an intensity of lOi W/cm2, consistent with minimal tunnel-ionization. In 
contrast, for later experiments with high gradients of 100 GV/cm, the crystal 
will become highly tunnel-ionized to a density of about 1O23 cmm3. Plasma 
wave saturation will probably be determined by relativistic frequency detun- 
ing according to cp z (~,bn/n,)‘/3 since there will be few interband transitions 
available for damping. For cP = 0.3 (100 GV/cm if n, = 1O23 cmm3), the re- 
quired laser strength is E, = 0.3 corresponding to an intensity of 10’s W/cm* 
at a wavelength of 0.1 pm. 

In the laser wakefield method, a series of short laser pulses with fre- 
quency w, >> wp, each separated by about a plasma period, are directed onto a 
plasma collinear with the desired acceleration direction. The longitudinal pon- 
deromotive force arising from each pulse’s intensity gradient excites a plasma 
oscillation. The laser frequency must be much greater than the plasma fre- 
quency so that the laser group velocity is near the speed of light. This imprints 
the driven plasma wave with a phase velocity near c. Simulations are typically 
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required to determine the optimal increase in pulse spacing as wP detunes rel- 
ativistically as well as the change in pulse shape as the nonlinear plasma wave 
steepens. For estimating purposes we simply use the analytic square-pulse 

result for the plasma-wave amplitude arising from a series of N identical laser 
pulses of strength E, [21], 

ep = (1 + E;)~‘~ - (1 + E;)-~‘~ 2: NE; , (12) 
where the last equality applies when E: << 1. A semiconductor crystal with 
carrier density lOi cmm3 may be suitable for use in an initial laser wakefield 

experiment to attain a gradient of 1 GV/cm. This corresponds to eP N 1 and 
X, = 30 pm at this density. We take the laser wavelength as 1 pm (near IR) 
and assume that the number of laser pulses (each about 50 femtosec long) 
is N = 30. The required laser amplitude is E, N 0.17 corresponding to an 
intensity of 3 x lOi W/cm2, so some tunnel-ionization of the crystal occurs. 

THE CRYSTAL CHANNEL COLLIDER 

Conceivably side-injected laser, laser wakefield or another driving mech- 
anism (e.g. electron beam-plasma wakefield) could be used to excite plasma 

waves in a future crystal channel collider. For low gradients (< 1 GV/cm) 
reusable accelerators probably would take the form of crystal slabs on some 
alignable substrate. For higher gradients replaceable films or fibers are more 
appropriate since these are expected to be vaporized on each pulse. Align- 
ment is certainly problematic here, and awaits the invention of fast, repeatable 
atomic-scale positioning. This is needed to permit staging of crystal accelera- 
tor sections with atomic precision and maintain a straight accelerator. Dislo- 
cations, unintended crystal curvature, and misalignment between sections will 
likely be the practical limits to long crystal accelerators. 

The emittance solutions above suggest that small beamlets can be main- 
tained with a high acceleration gradient and strong transverse focusing in 
crystal channels. As noted in Ref. 5, the small beamlets can in principle be 
brought into collision with a high probability if the crystals of each collider 
arm can be aligned channel to channel. This improves the luminosity, but 
limitations are still reached because the bunch population cannot be made 
arbitrarily high, as is true in all accelerators with small transverse dimensions 

and short wavelengths. The crystal lattice disrupts after about lo-l4 set, or 
a hundred plasma oscillations, so the number of accelerated bunches in each 

channel is limited to nb 2: 100. The number of particles in each bunch is 
denoted by N. The bunches pass through all bunches of the oncoming train 
so the luminosity is proportional to n:N 2. Of course the accelerating crystal 
contains a huge number of parallel atomic channels, n&, each accelerating its 
own nb bunches. The luminosity of this parallel array of accelerators is then 

L = frepnchn~N2~/h@*&,,. (13) 

10 



Here frep is the repetition rate of the accelerator, and p* is the channel beta 
function (E/K)‘/” since no additional focusing at the crossing is assumed. 

For the sake of discussion, let us assume a natural crystal with K = KC, 

a N 1 A, and that the emittance is given by Eqn. (6) with an acceleration 
gradient G = 1011-l 21 100 GV/cm. The number of accelerated particles 
in each plasma oscillation bucket is limited by beam loading [15] to a value 
n,hN 21 nn,hAchG/8Ke, where &, 21 K A” is the area of an atomic channel. This 
yields N N 10, and the luminosity becomes L(cmm2sec-‘) 21 2 x 1022f,.epnCh. 

To use a proton collider for discovering new physics at a center-of-mass energy 
E may require a luminosity L(cmm2secm1) ‘v 102g(E,,(TeV))2, although 
thi: may be an overestimate. This implies f+&h 21 5 x 1012 at lo3 TeV 
and 5 x 10” at lo6 TeV. The average beam powers at these energies are 800 
GW and 8 x 10s TW, respectively. These high powers result from the in- 
herent disadvantage of having many parallel accelerators each with a small 
number of particles per bunch. The situation can be improved by having low 
electron density and/or strong focusing (K > KC) in each channel so that 
particles would enter the radiation damping regime where q2 damps like 7-l, 
thus increasing the luminosity. The method for doing this for each channel 
independently is unclear. Alternatively it may be simpler to add final focus- 
ing and combine the beamlets from the channels into a single high-density 
beam spot for collision, giving a large luminosity enhancement, as is done in 
conventional linear colliders. 

CONCLUSION 

Although further study is needed on this concept, the chief advantages of 
collective acceleration in crystal channels remain the avoidance of emittance 
growth due to multiple scattering on atomic nuclei and the potential for very 
high acceleration gradients. The crystal naturally provides a confined, uniform 
electron plasma for acceleration and a strong focusing system to maintain a 
small beam size and increase luminosity. In natural crystal accelerators, multi- 
ple scattering on channel electrons competes strongly with radiative emittance 
damping, and keeps the transverse particle amplitudes from being reduced to 
the quantum mechanical limit. The resulting radiative energy loss limits the 
maximum attainable energy which is then proportional to the acceleration gra- 

dient that can be generated. For a gradient of 100 GV/cm, proton energies of 
order 101s eV are possible. Channels with low electron density and/or strong 
additional focusing are suggested to raise the energy limit. Some form of fi- 
nal focusing of the crystal beamlets will probably be required to increase the 
luminosity. Independent of the acceleration mechanism, the quest for higher 
luminosity may ultimately prove more difficult than that of reaching ultra-high 
energy in the next century. 
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