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Abstract
2 OPTICAL BUNCHING
A proposed GeVplasmabeatwave acceleratdPBWA) The mechanism of optical bunchirggscribed in
requires ahigh power 1 pm laser running on two Ref [1] works as follows.
frequencies. The vacuum interaction between sulelses Any real laser beam contains an axctric field.
and a relativistic electron beam is one mechanisMrhis field becomessmaller as the Rayleigh length
whereby the electronsan be buncheduch thatwhen hecomes larger. This relationship is exatéyanced in
|njected|nto. the PBWA they occupgnly smaII_ regions  he sense that the wodone on aparticle by the axial
of .ph.ase situated at.the peaks of Meler§t|ng fu_eld. field does not change whenthe Rayleigh length is
This is exactly what isequired toobtain a highquality  changed. In other words, the instantaneous forceonin
beam from the accelerator. We outline the detailhisf |4 increased by losing interaction lengihdcanonly be
scheme. decreased by gaining interaction length. If the interaction
between the laseandthe particle takes place over many
1 INTRODUCTION Rayleigh lengths, it follows that the axial fields aaaver
In another publication [1], wedescribe anechanism be dismissed simply by focusing the laser more gradually.
whereby a two-frequendaser beam modulates the axial The effect of the laser's axialelectric field on a
momentum of a copropagating relativistic electtmam copropagating electron beam is profound. Withthis
via the vacuum interactiofetweenthe two. The field, all the forces on the electrons would vary rapidly at
momentum modulated electrons can subsequently bethe opticalfrequency andwould average to zero when
bunched by a drift space or magnetic compression integrated over all time. With the axial field, however, a
device. The resulting beam is ideally suited for injectioslowly varying force arises which allows for the
into a plasma beatwave accelerator (PBWA) [2] where thepssibility of making a nethange tathe momentum of
plasmawave is driven bythe sametwo-frequency laser the electron even after ainfinite interaction time. The
that was used to bunch the injected particlBgcause the slowly varying force arises because ofthe phasing
bunching isdriven by the same pump thadrives the between the transverse and axial electric fields. These two
plasma wave, the periodicity of the plasmave and the conspire such that an electron is always pussiedly
injected electron bunches would be identical. Hence, tlasvayfrom best focus. In thease of asingle frequency
injected electrons would occupy small regionspbbse laser, this repulsion would integrate to zero sinaeoitild
situated at the peaks of thecelerating fieldand anearly be the same on eitheide of the optical waist. In the
monoenergetic beam would emerge from the plasma. case of aual frequencyaser, however, a slowly varying
In Ref. [1], wepresented amxample of theabove interference pattern is introduced which causes the impulse
process wherein 2.5 TW CQ laser modulates the delivered on either side of the waist to be different. A net
momentum of a 16 Me\electron beam. A chicane energy change can then occur.
compressor was proposed as the bunching element since a In order for the above mechanism to work, a number
drift space would have bedno long in light ofspace of requirementsnust be met. Let théorentz factor of
chargeeffects. Howeverthis example was choseonly the electons bg. Theaveragevavenumber otthe two
because it reflects the realities of the PBWA experimentaser lines is k, andthe wavenumberdifference is Ak.
that are likely to be carried out in the nédetv years. In Theradius ofthe laser waist isv,, while the Rayleigh
fact, thetechnique ofoptical bunchingdescribed inRef. length isz,. Thepeak normalized vectgrotential of the
[1] would lenditself better to theproposed GeV PBWA laser isa,.
[3] which employs a 14 TW fum laser. In this case, the It is required, first of all, that the electron be highly
perturbation to the axial momentum of the electrons ielativistic (/>>1). This assures that the velocity, and
sufficiently large so that a shodrift space suffices to hencethe rate of slippage through the optical cycles,
compress the electrons. This simplifiexperimental remains approximately constant. onder that forces
realization of the scheme. varying at the opticalfrequency bedismissed from
consideration, it igequiredthat theelectronslip through
many optical cycles foeach cycle othe beat envelope.
That is,
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Ak/k<<1 (1)

For these parameterAk/k is about 0.01, so the
condition (1) is easily met. The remaining conditions
depend on the f-number of the laser beam which has yet to

Similarly, the electronmust slip through many optical be specified for the vacuum interaction. Suppese 50

cycles while passing through tliecal region. Theexact
expression of thigequirementturns out to be subtle,
depending on the geometric meark@ndAk:

y? << z,VkAk /2 @)

At the same time, the electrons must slip through only thanequation (2)suggests.

pm (z, = 8 mm). Then the conditions (2) and (3) become

Z,0K /8T << y® << z\KAK /2 = 18<<441<<2325

which is acceptable. Irfact, in Ref. [1] it wasfound
numerically that the upper bound oA is really higher
Condition (4equiresthat

small fraction of the beat envelope while passing throughy<<15. For the spot size beirapnsidereda,=0.4 so

the focal region. That is,

y? >>z,0k/ 81 )

Finally, the intensity of théasermust not be todigh.

This prevents electrons from being lostdially during

their transverse quiver motion. We have,
8, <<kw,/y 4)

If all theserequirements areet, it is shown in Ref. [1]

that the energy of a constant stream of electrons

sinusoidallymodulated bythe laser.
normalized energy perturbation is expressed as

_Ltoe DzryPA—ksin(Akz)

oy =
V= ey O Tk

®)

wheren = 377Q is theimpedance of free spaemdP is
the averagepower in the beat pattern. Thwaodulated
beamwill reach alongitudinal waistafter propagating a
distance given by
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AK?
provided space charge forces are negligible.

3 APPLICATION TO THE GEV PBWA

The design of the GeV PBWA proposedRef. [3]
is summarized afollows. A large amplitdue plasma
wave is driven by a&\d:glass laser running on the05

pm and 1.06um lines. The laser achieves 14 TW in 4 ps

via chirped pulse amplificatiorgnd is focusedhto a gas
jet to a 10Qum radius spot where a plasmafismed via
multiphoton ionization. A photoinjectadriven RF linac
generates a beam of 10 MeV electrons wihiah injected

into the plasma wave and accelerated. The emittance of the

10 MeV electron beam is given as f.5nm-mrad, but
this is a conservative estimate. We asstherethat the

intrinsic uncorrelated energy spread thre electronbeam

is much less than 1%. This is not unusual for
photoinjector driven RF linac.
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In mks units, the

this requirement is easily met.

Assuming all theavailable laser power isised for
the vacuum interaction, equation (5) gives thepth of
modulation of the electron energg{y) as 5.4%. This
is well beyondthe intrinsicenergyspread onthe beam.
According to equatior(6), a beam thusnodulatedwill
reach a longitudinal waist after propagatindistancelL =
22 cm. Assuming nospace chargethe maximum
compression ratio shoulabproachthe limit for a beam
with a sinusoidallycorrelatedvelocity disribution. This
limit is approximately seven [4].

Once acompressing electron bunch generated, it
must be properly injected into the plasma wave. Both the
laserand the electronamust berefocused a distancel
from the vacuum interaction. Given the size of typical
electron lenses, it might loesirable to increade either

by using a stiffer electron beam or less laser power for the
vacuum interaction. This might also besirable from
the standpoint that a smalicorresponds to a large energy
spread which will lead to chromatic aberration in the final
electron lens.

One possible injection scheme is shown in Fig. 1.
Here, a single laser beam is split into two parts. The first
part isfocused by aroff-axis parabola (OAP) through a
small hole in asecondOAP. ThesecondOAP focuses
the secondpart of the laser beam into the plasma.
shown are two quadropoletriplets. The first, located
betweenthe two OAP’s, focuses the electrons into the
hole of thesecondOAP wherethe vacuum interaction
with the laser modulates the electrommentum. The
second is beyond the second OAP and focuses the electron
beam into the plasmavhere the acceleration process
occurs.
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Figure 1: Schematic of the GeV Experiment. The dotted
line represents the electron beam while the solid lines
Lepresent the laser.

We noteherethat anapertureplaced somalistance from
the vacuum interaction will eliminate thenon-



compressing (“negativelychirped”) portions of the to 1.09tmm-mrad, while the vertical emittanggreases
modulated electron beam [1]. to 0.65tmm-mrad. Because of this, the beam size at the
The laser powerequiredfor the vacuum interaction plasma is about 100m x 200pm, somewhat larger than
is determinedrom the distance betweethe second OAP desired (the electrons should stay inside the laser).
andthe plasma. That is, th@ower is selected tobring However, as mentioned above, the initial emittance of the
the electrons to a longitudinal waist after propagating thdeam might actually be much better than thetOmdm-
distance. This distance must be rather long since Ref. [8lrad assumed in this calculation, in whicdsethe final
calls for a very gradual focus of the laser into the plasmapot size could be made smller. In addition, the
In particular, adistance of ateast one meter would be longitudinal bunchingguaranteesiot only thatelectrons
needed in order tnake the laser reasonably large on th&vill see the peak accelerating field, but also that thdly
secondOAP. A distance ofone metercorresponds to 3 see the focusinfjelds of the plasma wave. Chromatic
TW of laser power on the first OAP, which wouwddrturb  aberration, then, does not appear to be a major problem.
the energy of the electrons by 1%.
The only remaining questiorsse how muchcharge 5 CONCLUSIONS

can the electron bunches carapd is a 1%energyspread We have presented a practical schembereby

sufficien@ly small so that th@lectron_s can beightly electrons can be injectédto a GeV plasma beatwave
focused into the plasma. These questions are addressed,Videratosuch that theyare confined towithin 20° of
numerical calculation. phase from the peak accelerating field of the plasmnze.
The averagecurrent ofthe injected beam is 10 A, while

4 NUMERICAL CALCULATIONS the peak current after bunching is 90 A. These numbers

The effects of space chargadchromaticaberration might be improved by considering more sophisticated
are examinedising the computerodeTRACE3D. The electronoptics. If an achromatic focusing system is
model commences dhe first OAPwhere it is assumed devised, a larger energy perturbation could be applied to
the electrons havalreadybeen perturbed bythe laser. the electrons in whiclcasethey would morereadily
The electronsare initialized at a 50um waist with an overcome space chargeepulsion as they compress.
emittance of 0.& mm-mrad. The longitudinabhase Considering a lower emittance electron beaight also
space is approximated by lme segmentdrawn from  be helpful.
(90°,9.875 MeV) to (-90,10.125 MeV), where 360
degrees of phase corresponds to ifrl. These electrons 6 ACKNOWLEDGEMENTS
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current is 10 A, the longitudinal waist is abouf 2@de A . .
d occurs athe end ofthe second driftspace where we was found numerically in Ref. [1] that a compression
an pace, ratio of 10 is attainable, suggesting that the velocity

assume the plasma is located. Energyspreadthere is perturbation contains harmonicsfavorable to
reduced toabout 30 keV. Transversely, chromatic  compression.

aberration in the tripleincreaseshe horizontalemittance
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