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Introduction

High-energy bunch electrons generate the wake plasma wave (wak&)hirasvay that the energy
from a bunch of electrons is transferred to the plasma wave througle@kwmr resonance radiation pro-
ducing high electric fields (wakefields). The idea to accelerate the ahpegécles in a plasma medium
using collective plasma fields belongs to G. I. Budker, V. I. Veksler an@l Fainberg (Proceed. of the
CERN Sympos., 1956).

Recently, the possibility of generation of high power wakefields (protoreb-driven plasma-wakefield
acceleration) of terra-watt amplitude using the ultrarelativistic proton eswalas introduced [4].

In the work [5] this idea along with the employment of ultrarelativistic electromcbuvas discussed
at the qualitative level. Namely, we make an estimation of plasma parameters, maaimulitude of
the generated wakefield when the ultrarelativistic electron and protomésace employed and plasma,
bunch lengths at which the maximum amplitude of the wakefield can be gainesl.wiewould like to
briefly present the main idea of the work.

Ultrarelativistic electron bunch

Let us start our analysis with the ultrarelativistic monoenergetic electronhbahdensityn, and
velocity T, noting thaty = 1//1—u2/c2 >> 1.

Such a bunch interacts with the cold (no thermal motion) isotropic plasma beingest af density
np >> N, and generates the plane wadve- Eqgexp(—iwt +iR-F’), herew is the frequency ankl- the wave
vector. We choose an axis Z directed along the velocity of the btyeid put the external field as absent
L, Dispersion relation in the laboratory frame of reference (plasma in adest)ibing the amplification
of a plasma wave (longitudinal-transverse) with the help of a bunch camitterwas following [1] :
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herew, = /41e?np/m, w, = /41N, /mare Langmuir plasma electron and bunch frequencies respec-
tively (in GSU units) withny, n, being the plasma and bunch densitigsandk; are the longitudinal

(directed along the velocity of the bunch) and transverse components of the wave vektite put

no boundary conditions on the plasma-bunch system. This relation rafgéise plane wave solution of
Maxwell's equations for a plasma-bunch system making use of Lorentzfaramations for the electric
field E and dielectric permittivitye(w,R). The plasma ion terms were neglected in the derivation, i.e.
only the interaction of the electron bunch with the high-frequency plasm#atistis are considered.
The plasma wave emerging from an initial fluctuation amplifies with the time and thensymcomes

Lin ultrarelativistic bunches bunch divergence can be neglected eeehen the electron bunch is ejected into the dense
plasma, within the timé ~ 1/wp the neutralization of the bunch charge occurs prohibitting the bunchgeinee [2]
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unstable. The bunch terms are the most significant in the frequency caQ@jeerenkov resonance, i.e.
when the bunch speedcoincides with the phase velocity of the plasma oscillati@ggk.

Hence the general solution of the equation(()];}') at w =~ kU =~ wp with the positive imaginary part
(Omew > 0) will be the following:
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Equation (2) shows that the oscillations with the frequesey k.u are unstable witizmew = Omd >
0). From Eq. (2) follows that dfled < 0 - u > w/k, meaning that the bunch electrons overtake the wave
and transfer part of their kinetic energy to the wave potential energjupiog the high wakefields.

For a start we would like to be far away from the concrete magnitudes obtierete system parame-
ters and consider two opposite limiting cases:

A . In acase of dense plasma when

W2 >> 80P~ 2 /R 3
Then, the valu® is given by the expression
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B . In a case of rare plasma when the inverse to (3) inequality is satisfieththenlued becomes
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Let us outline again that while deriving the equations (2-5) we took intowad¢bat value is negligibly
small what is sustained by the inequalitigs<< np andy? >> 1.

It is obvious that the saturation of instability can occur when the kinetic grerigunch electrons, in
the wake frame of reference, will become less than the saturation amplittltemdtential of the plasma
wake, generated by this bunch in dense plasma, which is measured in thé&raamaef reference. In
this case the bunch electrons get trapped by the wake, i.e. there will lzdativer motion between the
bunch electrons and the wake, thus, no energy exchange betweemtieand wake occurs, the bunch
and the wake become stationary. Hence, the stationary saturation amplithdeptzsma wake potential
can be obtained from the following equation:
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here®oy is measured in the wake frame of reference. In the relativistic limit widgn << 1) we will

—13, (6)

get the result already obtained in [6] for dense plasma Eg. (4), whardhe ultrarelativistic limit when

(8y? >> 1) we obtain
edy _ 0.154
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here®q is measured in the laboratory frame of reference. Eq. (7) leads to thevifodjaconclusion:
the amplitude of the potential of the plasma wake generated by the electrom isutependent on the
relativity factor®y = 0.154mc/(ey). This is demonstrated in the Figure . We can observe a maximum

Domax>= 770 V for dense plasma arib,,,x~ 15.5 k V for rare plasma, see Fig. 1.
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Figure 1:a) The relative stationary saturation amplitude of the plasma wake potesniialaged by the ultrarelativistic electron
bunch Eg. (6) for a) dense (4) a§ = 2- 10%cm 3, np = 10*%cm3, yp = 24 and b) rare (5) plasmas @ = 2- 10*%cm3,
np=>6- 10%2cm 3, yp = 2.6. In a) and b) the relative stationary saturation amplitude in the ultrarettilifsit (7) is presented
for comparison [5].

Ultrarelativistic proton bunch

The idea is that to slow the protons down using the plasma wakefield is mudar tzad the electrons
and as a result the significantly higher wakefield amplitude can be gainedjpacison with that pro-
duced by the electron bunch.

The dispersion relation (1) can be easily generalized for the case afiglpaston-bunch interaction.
Correspondingly, we need to make the substitutipr- ny; (N, - electron bunch density), i.e. substitute
then, by the proton bunch density; multiplied by the ratio of electron massto the ion mas#1, m/M.

Having solved Eg. (1), the solution generalizing Eq. (2) for the protarcbwviil have the similar to
(2) form where proto; differs fromd, from Eq. (3), inn, — nyi ;. In the dense and rare plasmas when
the constraint (3) and inverse one to it are correspondingly satisfieclied, takes the corresponding
similar to (4), (5) forms.

Similarly, we can estimate the maximum amplitude of the generated by the protonwakefield,
so called the amplitude of saturated instability. We would like to note that ultraiglativthe proton
bunch can be reached at much higher proton energies.

By analogy with Eq. (6), the stationary saturation amplitude of the plasma waketfal, produced
by the proton bunch in dense plasma, can be obtained from the followiragiequ
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hered®yy is measured in the wake frame of reference. Correspondingly, in thealdtiigistic limit when
&Y% >> 1 we get an estimate similar to the Eq. (7) with— M. We have estimated it for dense plasma
leading to®gnax~ 0.1 M V and rare plasma leading ®o,.x~ 5.74 M V, see Fig. 2.
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Figure 2:a)The relative stationary saturation amplitude of the plasma wake potestiataged by the ultrarelativistic proton
bunch Eq. (8) for a) dense ap = 2- 10%cm 3, np = 10%6cm3, y» = 289 and b) rare plasmas g = 2- 10*2cm 3, n, =
6-102cm 3, yp = 11.6. In a) and b) the relative stationary saturation amplitude in the ultraretatilisit is presented for
comparison [5].

Results and Discussions

In the present work for the first time the analytical problem of interactionltodirelativistic electron
and proton bunches with dense plasmgsx> n,) has been solved. These bunches remain relativistic in
the frame of reference of wakes generated by these bunches cahip#nese considered earlier which
were nonrelativistic. On the basis of the conducted analysis of the mes®r@herenkov interaction
of the ultrarelativistic monoenergetic electron as well as proton bunchespleiima, we can make
the following conclusion: the wake amplitude growth produced by the bungbts saturated with an
increase of bunch energy at a not quite high level. The saturation amptfutie electric wakefield
possesses a maximum in dependence on the relativity fa@nd should be tuned in accordance with
the constraints for Cherenkov resonance in either dense or rare glgdasgna and bunch densities. This
amplitude can be increased by increasing the plasma and bunch densiédsgh®st amplitude of the
electric wakefield produced by the electron bunch can be generatedse giasma atp, = 10%cm 3
and is of order 14 M V/m, whereas that produced by the proton bunch is the highest in th@lesma
atnp=6- 102cm2 and is of order 63 M V/m. These magnitudes are less than those gained with the
help of contemporary quite powerful pulse lasers'tMy/cm?). From our calculations follows that the
resonance Cherenkov instabilities arise for electron as well as fonpbotaches when the plasma wake
amplitudes are much less than the breakdown threshholds [5].
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