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The longitudind and radid wakefield producel by a single lase pulse in aplasia are calculated.
The limits on the lase wakefietl acceleratio becaus of diffraction, opticd guiding ard energy
loss due to radiatian are examined|n particula for abi-Gaussia lase beam the energy gain about
4.6 GeV/ansisestimatedA generaconstraim on the plasnadensiy is presentedAll thelimits are
compare ard alocalized densiy channé of width 4.6x 10~ °cm is proposed © 199 American

Institute of Physics [S0034-67489)03304-3

I. INTRODUCTION

The plasma particle accelerat® has receivel a consid-
erabk interes in the pag decadelmprovemers on the laser
technoloy and laboratoy facilities mace the plasa particle
accelerat® a strorg alternative for the huge high-energy
colliders One sott of the plasna particle accelerat® is
called as the lase wakefiet accelerata (LWFA), in which
a short inten® lase pulse is usal to creakt awake in the
plasma Currert systens of high powe lase pulses produce
aplasmawave which can accelerat electrors to the energies
of one billion electra volts in a distane less than a centi-
meter.

When a short intens lase pulse is sert to plasma it
generate aplasma wave whos amplituck is large than that
of the wawve producel by the single lase pulse using the
sane totd energy Anothe series of pulses is usel to push
extra electrors into the wave which accelerate them into a
narrowl focusel bean at neary the sped of light. How-
ever, the problam is basicaly interactian of electromagnetic
wave with particles properties of the medium in which the
particles preseh has gred importance The limits on the
LWFA due to properties of the plasima are discussed.

Il. CALCULATIO N OF THE WAKEFIELDS

The plasna fluctuatiors while the lase pulse propagates
inside are describe by the fluid equations Assumirg that
the plasma is cold, and ther is no backgroud magnetic
field, the motion of electronstaking the backgroun ions are
stationary is describé by
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where v and n are the velocity and the densiy of the elec-
trons respectively P is the pressureFurthermorethe equa-
tion of continuity and the Poissons equation are employed.
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After defining the momentun p, as the produ¢ of mass,
velocity, and the numbe density linearization of the veloc-
ity and densiy togethe with taking the ponderomotie force
into consideratia yields
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substitutig the Poissons equatia into Eqg. (4), a second-
orde partid differentid equatio for the densiy is obtained:
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where o, is the plasma frequency, v is the electra ion
collision frequency and ¢y, is the nonlinea potentiad for
the ponderomotie force of the lase beam The Poisson’s
equatia is used onee more to define the numbe densiy in
terms of the electrostat potential Having introducel this
fact, the fluctuatiors in the plasra will be totally described
by an inhomogeneasi differentid equatio for the electro-
statc potential.
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The nonlinea potentid is well defina in terms of
the normalized vector potential a such as ¢y
=—(mc?/2e)|a®(r,z,t)| (this equatim has appeard in Ref.
1 without an electran charge in the denominatorbut in order
to satisfy the unit of the potential an electra charg e is
needd there. Assumirg the lase bean profile as bi-
Gaussia ard reducirg the degres of freedan of the prob-
lem by combinirg the time dependeng and the longitudinal
displacementogethe sud tha defining a time-dependent
displacement=z—uvt, wher v, is the pha® velocity of
the excited plasna wave the nonlinea potentid is then de-
scribed as

L= — %ageuaz/#)(gz/ai))_
V-E=4mp. 3
Here the parametersr, and o, are rms pulse lengh ard spot
3Electront mail: byedier@newton.physics.metu.edu.tr size respectively Thus Eg. (6) turns out to be
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FIG. 1. Axial and the radid wakefields calculatel for ap=1 and k,o,=2.
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where a=v,i/2v,, and K,=w,/v,. Solving Eq. (7) with
k?=k3—a?, yields
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The partid derivatives of Eqg. (8) describs the so-called
wakefields alorg the longitudind and the radid directions.
Making use of the errar functiors and the limits ¢é— —o,?
£<—0,,! thee wakefield are expresse as
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As schematicall shown in Fig. 1, the axid wakefield
reaches the maximum amplitude at &=(nw/k) (n
=0,1,2,..). Naturally, thes extrema alternaé dependig on
the intege n, sud tha E, has a maximum for even n ard it
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has aminimum for odd n on the z axis. More clearly, it has
amaximun at, z=vt, (27/k) +vpt, (47/K)+v,t,... and it
has a minimum at points z= (7/K) +vt, (37/k) +ovt,...

lll. DIFFRACTION LIMITED LWFA

Becaus of the fact tha there is aremarkabe refractive
index for the plasma media it is diffracted when the laser
bean is sert through the plasma Thete is arestrictian on the
interaction distan@ due to diffraction. In orde to particle
acceleratia to take place the bean mug not spread The
physicd phenomeno is explainal by the concep of Ray-
leigh length The acceleratio takes place within the Ray-
leigh length describé as, wZRz(szﬁ)/)\o, where Ry is
the focd spd radius and A\ is the lase wavelength.

Since the lase bean accelerate the electrors up to the
Rayleigh length the energ gain of the electrors is given by

J
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Expressig the focd spd radius in terns of the lase wave-
lengh and the pha® velocity of the lase beam the energy
gain becoms proportion to sin(nw). Therefore; the par-
ticles do nat gain enery whete E, has aminimum For some
typicd parametes for a Ti: sapphie T2 laset of 780 nm
wavelengh and ~10 um focal spot radius together with
plasima wavelengh of ~68 um,! the enery gain within the
Rayleich lengh is estimate as ~4.6 GeV/ans.

IV. OPTICALLY GUIDED LWFA

Arrangemen of the opticd properties of the plasna in
orde to increag the enery gain so-callel opticd guiding,
is mostly establishd by refractive guiding In terns of the
densiy profile, n(r), of the plasma the refractive index,
n(r), is given by

wi n(r) 1
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where w, and w,, are the lase and the plasna frequencies,
respectivel and ¢, is the slow patt of the potential Since
the term 1+¢, is explicitly stated as 1+ ¢y

=1+ ([a]%2), the index of refraction of the plasma for a

bi-Gaussia lase bean is expressd by
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It is known that the opticd guiding is possibé when the
index of refractim exhibits amaximun on axis; derivative
of Eqg (13) with respet to r yields a first-orde ordinary
differentid equation Integratia of this equatian shows that

2, 2
n(r)<v1+3age 770,

Equatian (14) explairs tha the plasna shout be arrangé in
sut away tha the densiy profile shoull be less than the
squae root of unity plus haff of the normalizel vecta po-
tential.

(14
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FIG. 2. Compariso of the bi-Gaussia packe with the densiy profile.

Consideriig a bi-Gaussia beam assumig a parabolic
plasma density n(r)=An(r?/R3) and assumig An~1.1
x 10'¥cm~3, and ~10 um focal spot radius,a numerical
value for the channé width can be estimate by using Eq.
(14). Since the seconl tem in the squae roat vanishe ex-
ponentially the right-hard side of Eq. (14) shows a constant
behavior However the parabolc densiy increase with in-
creae in the radid coordinate Then this inequalily is solved
graphicaly as shown in Fig. 2, ard the channé width is
estimatel as ~4.6x 10 °cm.

The relationshp betwea the index of refraction and
densiy profile describe adensiy channel The densiy chan-
nd in othe wordsiswell describé by Eq. (14). The solution
of the inequalily gives an uppe limit for the densiy channel.
Therefore it has seen that the refractive guiding automati-
cally satisfies anothe guiding mechanim called as the chan-
nd guiding Hence the limit due to channé guiding namely
the pha® detunirg distane@ mug be handlel within those
restrictions Using the same parametes mentionel above the
length along which the electrors stay in pha® with the laser
beam L4, which is given by Lz=N\,(Xp/\g)?, has a nu-
mericd valug L ,~5.98 mm.

V. ENERGY LOSS

While the lase bean propagatsein the plasmait losses
sone of its origind enery by radiation A characteristic
time scak during which the packe enery is alteral by the
emissio of plasma wave is obtainal from the ratio of the
initial packe energy to the chang in the enery per unit
time. Therefore taking the initial packe energy as

m?w?

2, 2 mTo
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ard the chang of it per unit time into consideration;
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the characteristi time is calculatel as
Wo 40? 2 2
T 2+1 TP L2rélo )+2. 1
rad 5\N k ao (g ) g) r ( 7)

It mug be notal tha the distane traverse by the packet
before its enery is decreasg by the radiation is approxi-
mated as TraovgsT,‘.mc.6 Then the limit due to the energy
loss the enery depletion distane is expressé as

La= 2k2 \/(§2+1) ——)<€p)

VI. DISCUSSION

(18

The lase wakefietl acceleratio schene need detailed
restrictiors on the interaction lengh ard the band in which
the electrors are acceleratd on the wakefields presentd in
Fig. 1. Thos restrictiors are all resuls from the guiding
mechanisra tha are intendel to increag the energy gain by
eithe arrangirg the plasnma or the lase parameters.

Having concentrated on all the scheme separatelyit has
been sea tha eat paradign resuls alimit on the whole
scheme Although, the Rayleich length pha® detunirg dis-
tance ard the energy depletion distane have completey dif-
ferert origing since all of them cause alimit on eithe the
longitudind or the radid displacementghere is a significant
correlation betwe@ them Therefore combinirg of all the
resuls one can concluck tha before the energy of the initial
lase bean reduce to haff of its origind valug the electrons
mug be stay in phag with the beam only in the exterd of the
Rayleidh length.

Behavio of the wakefields on the othe hand shows
tha the energy gain is not a continuows event Therefore,
togethe with the guiding mechanisra aseriots incremer on
the energ gain can be satisfia by also maximizing the num-
ber of peals within the Rayleich length This is nothing but
to modulae the lase packe as compat as possible.
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