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Abstract. Design considerations for a next-generation electron-positron linear collider based on
laser-plasma-accelerators are discussed. Several of the advantages and challenges of laser-plasma-
based accelerator technology are addressed. An example of the parameters fora 1 TeV laser-plasma-
based collider is presented.
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INTRODUCTION

Advanced acceleration techniques are actively being pdrda expand the energy
frontier of future colliders. Although the exact minimunténesting energy of the next
lepton collider will be determined by the Large Hadron Qi#li experiments that are
presently underway, it is anticipated that TeV center-of-mass energy will be required.
This energy is already near the limit of what can be constdictsing conventional
accelerator technology, given reasonable space and sbsttiens [1].

Laser-plasma accelerators [2] have demonstrated actietegaadients on the order
of 100 GV/m, several orders of magnitude larger than corweal accelerators, which
are limited to<100 MV/m by material break-down. Hence, employing lasasspia-
accelerator technology has the potential to significargjuce the main linac length
(and, therefore, the cost) of a future lepton collider. Répeogress in the field of laser-
plasma accelerators, and in particular the demonstrafitigb-quality GeV electron
beams at Lawrence Berkeley National Laboratory (LBNL) [B s increased interest
in laser-plasma acceleration as a path toward a compactlaasg-linear collider.

LASER-PLASMA ACCELERATION

The amplitude of the accelerating field of a plasma wave drivg a resonant laser
(pulse duration on the order of the plasma period) is appraselyE, ~ (a2/2y, )Eo,
wherea? = 7.3 x 10~ 1%(A [um])?lo[W/cn?] the normalized laser intensity, = (1+
a?/2)Y/2 is the Lorentz factor associated with the quiver motion @& eectrons in
the laser field, an&y = mcwp/e =~ (96 V/m)(nolcm~2])1/2 is the characteristic plasma
wave accelerating field amplitude, with, = (4rmee? /m)1/2 the plasma frequency and
np the plasma number density. The quasi-linear regime is aittesfor parameters
such thata?/y, < k%rf, wherer is the characteristic scale length of the transverse
laser intensity. The transverse focusing force in the gliimsar regime scales &5
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FIGURE 1. Main single-linac length versus plasma densigyfor several laser in-coupling distances
L¢, for E, = 0.5 TeV andag = 1.5.

kglﬂLaZ, and, therefore, by shaping the transverse profile of ther,léise transverse
forces in the accelerator can be controlled. Control overftitusing forces enables
control of the beam dynamics (e.g., the beam matching donglitThis control is not
available in the highly-nonlinear blow-out (or bubble) irag, where the transverse
forces are determined solely by the plasma density.

In the quasi-linear regime, the accelerating and focushage regions for electrons
and positrons are nearly symmetric since the wakefield igyns@usoidal. In the blow-
out regime the accelerating and focusing region for pasitis severly reduced since
the wakefield is highly nonlinear.

In general, the energy gain in a single laser-plasma aatelestage may be lim-
ited by laser diffraction effects, dephasing of the elat$ravith respect to the accel-
erating field phase velocity (approximately the laser driy@up velocity), and laser
energy depletion into the plasma wave. Laser diffractiéeot$ can be mitigated by use
of a plasma channel (transverse plasma density tailoriqngdling the laser over many
Rayleigh ranges [3, 5]. Dephasing can be mitigated by platenaity tapering (longitu-
dinal plasma density tailoring), which can maintain theifias of the electron beam at
a given phase of the plasma wave [6]. Hence the single-stagrgyegain is ultimately

determined by laser energy depletion. The energy depl&tiagth scales asy O n53/2,

and the energy gain in a single stage scales as with plasns#ylas\Wstagel nal.

After a single laser-plasma accelerating stage, the lamegg is depleted and a fresh
laser pulse must be coupled into the plasma for further acat@bn. This coupling
distance is critical to determining the overall accelardémgth (average gradient of
the main linac) and the optimal plasma density at which taatee One advantage of
laser-driven plasma acceleration is the potential for atstaupling distance between
stages, and, therefore, the possibility of a high averagelaating gradient and a
relatively short main linac length. The overall linac lemgtill be given byLigta =
[Lstaget Lc]En/Wstage WhereLc is the required coupling distance for a new drive laser
(and space for any required beam transport and diagnqdiigsy the beam energy
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before collision, andlstage~ Lq is the single-stage plasma length. Figure 1 plots the main
linac length versus plasma density for several couplingdies, withe, = 0.5 TeV and

ap = 1.5. Here the single-stage length and energy gain was cadclleting a fluid code

[7] to model the laser-plasma interaction. Plasma mirrbmssgreat promise as optics
to direct high-intensity laser pulses, requiring only tehism to couple a drive laser into

a plasma accelerator stage [8].

GENERAL COLLIDER DESIGN CONSIDERATIONS

The rate of events in a collider is determined by the prodtitteocollision cross section
and luminosity. The geometric luminosity is

N2 R N
 4mogoy  4ATE, 0x0y

1)

wheref is the collision frequencyN = No- = Ng+ is the number of particles per bunch
(we assume equal number of particles per bunch for bothrelectind positrons)y
and oy are the horizontal and vertical rms beam sizes, respegtiaethe interaction
point (IP),Ecm = 2ymc? = 2Ey, is the center of mass energy, afg= fNE, is power in
one beam. Since the cross section for electron-positrdisionls scales as the inverse
of the square of the center-of-mass enefg¥32, the luminosity must increase pro-
portionally to maintain the collision rate. The luminosiBquirement is approximately
Z[10%%cm2s71] ~ EZ,[TeV]. Equation (1) indicates, for fixed beam power, the trans-
verse beam density at the IP must be increased as the cémase energy increases.

There are several limitations to the achievable beam deasiP. For example, these
include the achievable beam emittance (given limitatiamgdial emittance and cool-
ing methods), radiation effects during the final focus tolEhgDide limit [9]), emittance
growth in main linacs, and beam-beam interactions at thiesimsi. Below we will ex-
amine the beam-beam interaction at the IP, as it dictateshin@eed for ultra-short
bunches. Ultra-short bunches are intrinsically generatgdg plasma-based acceler-
ators, allowing suppression of radiation generated by trsbbeam interaction. We
will also examine an emittance growth mechanism uniqueasmhb-based accelerators,
namely emittance growth due to Coulombic scattering of thant with background
plasma ions.

Quantum beamstrahlung regime

The beam-beam interaction at the IP produces radiatiom{gahlung) that gen-
erates background for the detectors and increases the hesngyespread (resulting
in loss of measurement precision). The beam-beam interaiticharacterized by the
Lorentz-invariant beamstrahlung parameter (mean fiehgth in the beam rest frame
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FIGURE 2. (a) Beamstrahlung photons emitted per electnprversus bunch lengt; and N. (b)
Beamstrahlung induced energy spréad/ersusN ando;

normalized to the Schwinger critical field) [10]:

52N 5v/2m2 <E§m,$>l/2< VR > N1/2

= 6ao,(0x+0,) 12amc2\ R, 1+R/ o,

: )

wherere = ez/mcz, a is the fine structure constait is the bunch length, aril= oy/ gy
the aspect ratio of the beam at IP. As Eq. (2) indicates, Uab@peamR <« 1 reduces
the beamstrahlung. In terms of the beamstrahlung paranteteaverage number of
emitted photons per electron fig =~ 2.54(a?0;/rey)Y(1+ Y?/3)~%/2 and the relative
energy spread inducedds ~ 1.24(a20;/rey) Y2(143Y2/3/2)2,

The current generation of linear colliders designs basedoomentional technology
operate in the classical beamstrahlung redifre 1. The next generation linear colliders
with Ecm 2 1 TeV, will most likely operate in the quantum beamstrahluegime with
Y>> 1. In the quantum beamstrahlung regime, assuriing B, -, andR are fixed,
the number of beamstrahlung photons scale,as (Na,)/3 and the induced beam

energy spread scales@s] (Na,)'/2. In this regime, beamstrahlung is reduced by using
shorter bunches and smaller charge per bunch. Of couragtiead in charge per bunch
is limited by luminosity requirements (i.e., if the bunchnmoer decreases, thdnmust

be increased or the beam transverse dimensions decreksedixed beamstrahlung
n, (andde), the luminosity per beam power scales&gR, 0 N~20,~%/2, indicating
short bunches are critical for next-generation linearidetks.

Figure 2(a) shows, versuso; for severaN, and Fig. 2(b) show8, in N-o; parameter
space. Unless otherwise noted the parameters of Table lagsuened. In general, the
background must be, < 1, andde a few tens of percent. For a 1 TeV collider, micron
bunch lengths are desirable using bunches with a félpagticles.

Plasma-based accelerators are intrinsically sourcestr@-sthort bunches since the
scale length of the accelerating bucket in a plasma-baseeleaator is the plasma
wavelengthA ,[um] ~ 33/,/n[108m~3]. In principle, triggered injection in the plasma
could achieve beam high quality (low emittance) and ultrarsdurations beyond state-
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of-the-art photocathodes, due to the space-charge sigetdovided by the ions in the
plasma and the rapid acceleration facilitated by the dligdt gradients.

Emittance growth via plasma scattering

Emittance growth can occur by elastic scattering of the baadhthe ions in the
plasma. Coulomb collisions between a beam electron andimamd ion in the plasma
results in a change of the rms divergence of the particle jéam

d(62)/dz=8rmiZ%rZy~2In (bmax/bmin) = 2k3reZy %In(Ap/Ra), (3)

wheren; = ng/Z is the ion density and is the ionization state of the ion. Here
bmax= Ap is the plasma Debye length (screening is provided by backgtelectrons),
andbyin = Ry is the atomic radius.

Assuming linear focusing forceg ( = —kf;xl) and an approximately matched beam,

the resulting rms normalized emittance growtlés/dz= ykl;1<6d6/dz>, or

de,  KireZIn(Ap/Ra) @)
dy — ykg(dy/dz)

Equation (4) indicates that the strong focusing in a plabased acceleratdig ~
Kp/\/Y suppresses the emittance growth from scattering. Forlawleration, the total
emittance growth over the length of the accelerator is apprately

DNen ~ Zre®In (Ap/Ra) (Vf1/2 B yil/z) 7 )

wherey; (y) is the final (initial) beam energsh = (kor/2)(Ez/Eo)~¥/?/V'co WsinW,
with W the phase of the beam in the quasi-linear wakefield, rand the transverse
laser intensity gradient. Note that, for typical parangtér ~ 1. Equations (4) and
(5) indicate that the emittance growth is only weakly demgricon plasma density.
Assuming a fully-ionized Hydrogen plasma with a tempemtof T = 10 eV and a
resonant laser pulse witiy = 1.5 andr_. = 63 um, a beam injected & = 10° would
have an emittance growth Ak, ~ 0.4 nm-rad after acceleration to 0.5 TeV.

There are many other sources of emittance dilution in theelisuch as misalignment
between accelerating stages, vibrations, plasma fluonstetc. In general, the strong
focusing of the plasma accelerator results in more stringlggnment tolerances due to
the small matched beam spot sizé = &, / (Ykg). Beyond state-of-the-art beam based
alignment techniques would be required to satisfy the afigmt tolerances [1].

Power consider ations

Operational cost of future linear colliders limit the wallig power to a few hundred
MW. In general, for efficient coupling, the bunch number wihkle with plasma density
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TABLE 1. Examples of laser-plasma linear collider parameters.

Example 1 Example 2
Plasma number densityy 107 cm=3 108 cm3
Energy, center of maskem 1TeV 1TeV
Beam energyymc? 0.5 TeV 0.5 TeV
Number per bunchy 3x10° 10°
Collision rate,f 15 kHz 130 kHz
Beam PowerR, = fNymc? 3.5 MW 10 MW
Luminosity,.# 10%s1em? 10%stcem?
Bunch lengtho, 1um lum
Horizontal rms beam size at 18 0.1um 0.1um
Vertical rms beam size at By 1nm 1nm
Horizontal normalized emittancesy 1 mm-mrad 1 mm-mrad
Vertical normalized emittancegy 0.01 mm-mrad 1 mm-mrad
Beamstrahlung parametaf, 25 8.8
Beamstrahlung photons per electrgn 0.38 0.17
Beamstrahlung induced relative energy spréad 10% 4%
Plasma wavelengtidp 105um 33um
Energy gain per stag@tage 7.4 GeV 0.74 GeV
Single stage laser-plasma interaction length 0.65m 2.1cm
Drive laser coupling distance between stages 0.5m 0.5m
Laser energy per stage 2317 0.8J
Laser wavelength im lum
Initial normalized laser intensitygy 15 15
Average laser power per stage 345 kw 102 kW
Number of stages 68 675
Main linac length 78 m 0.35km
Efficiency (wall-plug to beam) 5% 5%
Total wall-plug power 140 MW 420 MW

asN 0 n/2, Therefore, for constant luminosity, and all other beanapaaters fixed,
the collision rate scales &sl] n, and the beam power will scale Bs= fNE, [ nt/2,
The number of stages scalesMigage= Ep/Wstage[] N, SO the average laser power per

stage scales d@&serJ N~ Y/2 and the total wall plug power scalesRg 0 n%/2.

Table 1 shows two collider examples using= 10" cm~2 or ng = 10'® cm3.
Typical conversion efficiencies axe50% for laser to plasma wave an@0% for plasma
wave to beam (shaped electron beams are assumed to avaigl spgzad growth), such
that the overall efficiency from laser to beami&5%. If we assume a wall-plug to laser
efficiency of~33%, then the efficiency from wall plug to beani§%.

Energy deposition in a single plasma stage remaining aétambacceleration is an
issue. For thay = 10" cm~2 example in Table 1, about8 J of energy remains in the
plasma wave after the beam exits a stage, correspondir@26 kW of power. This is
a significant cooling challenge. The time between bunchesig us. This is sufficient
time to allow for collisional heating of the (A03) capillary walls and recombination of
the Hydrogen, both of which occur on theas time scale. Using a H-discharge capillary
for the plasma channel creation allows the H-gas to be etadwand new gas pumped
in before the arrival of the next bunch, aiding in the plasroaling. In addition the
capillary is constructed out of AD3 which has excellent heat conduction properties.
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DISCUSSION AND CONCLUSIONS

In this paper we have discussed several design considesdtofuture linear colliders
based on laser-plasma acceleration. Based on these c@tigids, two examples (using
no = 1017 cm~2 andng = 108 cm~3) of self-consistent laser-plasma-accelerator-based
collider parameters for 1 TeV center-of-mass energy aredis Table 1.
We have considered an electron-positron collider, but angargamma collider driven
by laser plasma acceleration of electron beams can alsonsédened. This would also
eliminate the need for positron creation and, potentidynping rings. The scattering
laser energy requirements for the gamma-gamma collidereethose required for the
plasma wave excitation (e.g., tens of J of laser energy a¢belerator repetition rate).
Significant laser technology advances are required tozeetilie next-generation lin-
ear collider. Although~10 J, short pulse lasers are currently available, repetiites
of ~10 kHz and efficiencies 0£30% are presently beyond state-of-the-art laser tech-
nology. Diode-pump solid state lasers show promise to geadrundreds of kW with
high efficiency in the next decade. In addition there is digant laser-plasma acceler-
ator R&D required before realization of a laser-plasmasbarator-based linear collider
is possible. In particular, these include demonstratioacoklerator stage coupling, de-
tailed control of beam injection, and maintaining high begunality over the length of
the accelerator. A TeV linear collider is extremely chadjeny for any technology, but
laser-plasma-based accelerators continue to show gi@aige as a solution to address
the size of future linear colliders.
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