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Laser plasma wakefield acceleration (LPWA) is one of most popular novel methods of acceleration. The accel-
eration process differs significantly for linear LPWA mode and bubble (non-linear) modes. The LPWA has two se-
rous disadvantages as very high energy spread and low part of electrons trapped into acceleration. The energy spec-
trum better than 10% does not observed anyone in simulations or experiments without of especial plasma density
distribution. Such simulations and first experiments was done for bubble mode with different injection methods as
varying of plasma density into bunching sub-stage, pondermotive injection, etc. But linear mode LPWA is also very
interesting to design a compact hundreds-MeV accelerator. 2D beam dynamics in linear mode LPWA is discussed in
this report. The waveguide and klystron type beam pre-modulation schemes are studied. The simulation shows that
the klystron type pre-modulation can to gives the energy spectrum better than 1.5% for 200...300 MeV beam and to

achieve the capturing coefficient 70...80%.
PACS: 29.17.w, 29.27.Bd

INTRODUCTION

One of the main directions in accelerator technolo-
gy, known as the energy frontier, is the development
towards higher energies. However, the accelerating gra-
dient in both room temperature and superconducting
accelerating structures is limited by the discharge ef-
fects and processes on the surface. Even with the best of
today’s RF technology, the scale of future high-energy
accelerators sets to tens of kilometers in length, and the
fabrication costs are high in both cases. Compact medi-
um energy facilities would also be enabled by higher
acceleration rate to the benefit of smaller laboratories
and universities.

A number of ideas for increasing the rate of the en-
ergy gain have been discussed in the last few decades.
The idea of electrons acceleration in a modulated plas-
ma channel was proposed by Ya.B. Feinberg in the
1950’s [1]. Possible schemes for the plasma wakefield
acceleration (PWA) differing in ways of modulating the
plasma channel were developed later. The first one uses
a high energy (tens of GeV) beam of particles to form a
plasma wave and accelerate a fraction of the injected
particles or a probe beam [2]. Another method is the
laser plasma wakefield acceleration (LPWA) [3], in
which a laser pulse is used to create a plasma wave. The
modulation period of the accelerating field (the wake-
field) is Ly=hw/2=nc/w,, were c is the speed of light in
vacuum, o,=(4neny/m)"? is the plasma frequency, e end
m are the elementary charge and mass, and ng is the
electron density in plasma. Using two lasers with close
frequencies (Aw ~ ) was also suggested for enhanc-

ing the accelerating gradient even further.

The advantage of the PWA technique vs. conven-
tional accelerators is obvious: the accelerating gradient
in a plasma channel can reach hundreds of GeV/m and
hence the accelerator can be very compact. The idea is
very popular at present and a number of international
collaborations are working on analytical and experi-
mental demonstration of LPWA. Large scale projects
based on LPWA are being discussed now.
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However, the step from a novel acceleration tech-
nique to routinely operating facilities has not been made
yet. LPWA has two serious disadvantages: a very high
energy spread of the accelerated electrons and only a
small fraction of electrons is captured into the process
of acceleration. An energy spectrum better than 10%
has not been demonstrated either in simulations or ex-
perimentally without special methods of beam injection
or pre-modulation [4 - 7]. A beam with such a wide en-
ergy spread can not be used for the majority of applica-
tions including medical and particle physics as the beam
can not be transported efficiently. It should be noted that
this problem does not apply to beam driven PWA, in
which the modulated channel is produced by previously
accelerated electrons, and the modulation period is
equal to the bunching period [2].

1. BEAM ACCELERATION IN LPWA
AND METHODS FOR IMPROVING
THE ENERGY SPREAD

Considering LPWA, two regimes are distinguished:
the underdense plasma, in which =°r*/A, >>aj/2y,,

(quasi linear regime) and the non-linear regime with
nh? /L, <<aj/2y,. Here r is the laser spot size,

ap=eA/W, normalized laser intensity, v, = (L+a2/2)".

The electron beam dynamics is different in the two re-
gimes. The theory of the laser-plasma interaction and
acceleration in the plasma channel are discussed in [8 -
10].

Both regimes, however, experience the high energy
spread and low capturing. Conventional accelerators
experienced similar problems in the past, where they
were solved by bunching the beams using Kklystron or
waveguide type bunchers, and later producing short
bunches with photocathodes. Making a bunch shorter
than the accelerating field modulation period L, in a
plasma channel does not seem to be viable. However,
pre-modulation (bunching) of the electron beam can still
be used as discussed below.
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A few methods for improving the energy spread in
the non-linear regime have been proposed. The first is to
use two plasma stages with constant but not equal plas-
ma densities and a transient stage with varying density
between them for the beam modulation [11]. An energy
spectrum better than 3% for a 1 GeV beam has been
numerically and in experiment has demonstrated a low
energy spectrum < + 3% [12] for a similar distribution
of the plasma density (decreasing in the first stage and
constant in the second one).

A ponderomotive injection using two synchronized
laser pulses was proposed in [13]. Two lasers can also
excite a beat wave in the plasma, which is then used for
capturing of the shot bunch [14]. With a third laser
pulse this method can produce “cooled” electron beams
[15]. The method of controlled electron self-injection in
wave breaking regime has been also proposed [16], and
an energy spread of + 3% has been demonstrated exper-
imentally.

These methods improve the energy spread to about
3% for a 1 GeV beam. Still, this number is too high for
many applications. The electron capturing efficiency
also remains problematic. All the methods described
above apply to the non-linear or wave breaking regimes.
However, the linear LPWA mode is also interesting for
practical use. The rate of the energy gain can still be
very high, while the laser power requirements are com-
paratively moderate, meaning that compact, laboratory
scale facilities could be designed for accelerating elec-
tron beams to hundreds of MeV.

2. PRE-MODULATION SCHEMES
IN LINEAR LPWA MODE

Two possible schemes of beam pre-modulation n
linear LPWA mode were proposed [17 - 18].

In the first the bunching scheme similar to wave-
guide buncher in conventional RF Inac was studied. The
plasma channel is divided into two stages. The plasma
density slowly decreases in the first, pre-modulation
stage, and is constant in the second, the main accelerat-
ing stage. The following assumptions are made: the
beam is injected externally, the amplitude of the electric
field does not vary on the scale of the time of flight, the
plasma is cold, linear and collisionless, and the space
charge field of the injected electrons is much lower than
the plasma.

The beam dynamics was studied studied analytically
in a way similar to how it is done for electron RF linacs
and simulated numerically in 1D approach. Functions
©,(€) and E(&) describe dependencies of the plasma

frequency and accelerating field on the longitudinal
coordinate & =2nz/A,. A variable similar to the wave

velocity in a conventional accelerator is introduced
A= 1-03(&) " WNeTe 6, (£) =0, (§)4, / 27c TS the
normalized plasma frequency and A laser wavelength.

Hamiltonian formalism was applied to the above
equations for studying the beam-wave system and the
standard energy balance equation written and injection
conditions were analyzed analytically.

In contrast to conventional RF accelerators, the
phase velocity and amplitude of the accelerating field
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are not independent variables, but functions of the
plasma electron density ny,(¢) and are related as

E=mco,/e. Therefore, optimizing the parameters of

the plasma channel is a complex problem in LPWA.
The linearity condition for the plasma wave can be ex-

pressed as E€ Jk€ =E€=0,k€=0_, and hence

the amplitude of the accelerating field o\nly depends on
the longitudinal coordinate. Here k€  describes the

plasma wave number in the longitudinal direction.

It was shown by means of analytical study and 1D
numerical simulation that the beam can be modulated
efficiently, the bunch has the minimal phase spread and
more than half of electrons are captured. The resulting
energy spread is 4% with the capturing coefficient
reaching 40...45% front-to-end. But these results do not
match well with the analytical study and single particle
simulations.

Thus the other beam pre-modulation method was
discussed [18]. This scheme is similar to the multigap
klystron buncher of conventional RF linac and based on
a number of short plasma sub-stages (several A, long
each) separated by drift gaps. The plasma density distri-
bution in the sub-stages can be simulated using standard
functions (step, Gauss, etc.). The step function was cho-
sen for the simulation. The distribution was expanded
into series. Changing the number of terms in the series
allows for shape adjustment of the plasma density pro-
file. The dimensionless accelerating field distribution in
the bunching part is shown in Fig. 1. The phase size A
and energy spread Ay/y after pre-modulation stage
with are necessary for an efficient capturing into main

stage and further acceleration can be achieved with elec-
tric  field amplitude in bunching  stage

E(E=¢&,)/E(E=0)=0.85 and a low value of the accel-
erating field in the bunching part ¢(£=0)=0.009,

&(&) =eE(E)A, 1 272N, (E=2.75-10" VV/m,
n(E=0)=8-10"cm™®  for an injection  energy
Wi,=10 MeV/m. The beam is accelerated in the main
plasma stage with é(£=0)=0.033, z=1000%,
(E=1-10" V/m, n(é=0)=1.1-10"® cm™, laser beam inten-
sity lo ~ 1.2:10" W/cm™). It has Ay/y < 4% at the output
while accelerating from 12 to 110 MeV.
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Fig. 1. Accelerating field distribution in bunching part
linear mode LPWA with pre-modulation scheme
consisting of a number of short plasma
sub-stages separated by drift gaps
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3.2D BEAM DYNAMICS SIMULATION where p=2nr/A, is the normalized transverse coordi-
The equations of motion for an electron in a plasma  nate, p, =2na /2, is the normalized laser spot size, p

channel in 2D Cauchy form then are: is the degree in transverse plasma density distribution
d R .
27 _ peE)exp(-plp! p))sing, and y Lorentz factor. _
dr New BEAMDULAC-LWAZ2D code [19, 20] version
daé 5 (1)  was designed to study the beam dynamics in LPWA
dz 7% channel. The 2D simulation shows that the results of 1D
dg. R ) 2 study are all correct. The simulations were done with the
—r = 2 Xp(— . .
dp = PEIpol p)exp(=pp/ p))cosé, following beam and channel parameters: an injection
dp energy before pre-modulation stages W;,=10 MeV/m,
ar B, beam injection size 50 um and transverse emittance
dg BT It mm-mrad, injection energy spread 10%,
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Fig. 2. Results of 2D electrons dynamics simulation for beam after pre-modulation (1% stem), for z = 1000,
(2" stem), z = 10002, (3"), z = 2000%, (last stem) are sown (top to bottom): particles distribution in conventional
(v, @) and (B, r [m]) phase planes and in non-conventional (y, r) and (r, ¢) planes, phase spectrum, total energy
spectrum and energy spectrum near peak energy (only for the accelerating stage). Injection distributions are plotted
by red points and lines, distribution after pre-modulation by blue and output by black
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number of pre-modulation stage 8, total pre-modulation
length 240 um, maximal electric field amplitude for pre-
bunching stages decreases from 2.5-10° to 2.15-10° V/m,
laser spot size 100 pm, electric field amplitude for min
accelerating stage E=1.0-10"° V/m. The results of simu-
lation are presented in Fig. 2 for beam after pre-
modulation (1% stem), for z=1000%, (2" stem),
7 =1000%, (3"), z=20002, (last stem). The peak energies
are 120, 210 and 400 MeV respectively. In Fig. 2 are
sown (top to bottom): particles distribution in conven-
tional (y, ¢) and (By, r [m]) phase planes and in non-
conventional (y, r) and (r, ¢) planes, phase spectrum,
total energy spectrum and energy spectrum near peak
energy (only for the accelerating stage). Injection distri-
butions are plotted by red points and lines, distribution
after pre-modulation by blue and output by black.
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It is clear that the electrons are effectively bunched
and captured into acceleration in the main stage. The
spectrum is lower than 3% and decreases with energy.
The part of electrons is decapturing of acceleration and
part of electrons having maximal energy decreases from
70% for 120 MeV to 40...45% for 400 MeV. But such
dependence is typical for conventional RF linac also.

The possible way of decaptured electrons separation
is very interesting. It is clear that uncaptured electrons
are transported in the accelerating plasma channel with-
out of the acceleration but the transverse motion of hun-
dreds-MeV electrons is very slow and such particles not
achieve the channel boundary. But they are transporting
having higher readies comparatively captured electrons.
The easy diaphragm can be effective used to separate
uncaptured and decaptured electrons.
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Fig. 3. The results of simulation taklng |nto account plasma density dlstrlbutlon errors are shown (Ieft to rlght)
plasma density distribution, particles distribution in (y, ¢) and By, r [Mm]) phase planes after pre-modulation stages,
particles distribution in (y, ¢) and (By, r [m]) phase planes and energy spectrum after main accelerating channel.
The figures (top to bottom) are calculated without error of plasma density distribution and taking into account er-
rors for plasma stages forms, stages length and both of them. Injection distributions are plotted by red points and
lines, distribution after pre-modulation by blue and output by black
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4. SIMULATION OF “REAL” PLASMA
DENSITY DISTRIBUTIONS

It is obvious that the all previous simulations were
done for “ideal” plasma density distribution in sugges-
tion that necessary for effective pre-modulation distribu-
tion can be realized on practice. Thus the distribution
errors influence to the beam dynamics should be dis-
cussed.

The BEAMDULAC-LWA2D code was modified
and pseudo-random error solver was applied in the
code. This solver allows doing the pseudo-random cor-
rection for plasma stages length, centre of the stem posi-
tion and density distribution. The correction can be
made for each stem independently. But the error of each
parameters (and plasma density in each point) will ran-
domize only in user defined limits. Such pseudo-random
approach allows to define the limiting conditions for
plasma density distribution quality and to discuss the
possibility of these distributions experimental realiza-
tion possibility.

The results of simulation are shown in Fig. 3 (left to
right): plasma density distribution, particles distribution
in (y, ¢) and (B, r [m]) phase planes after pre-
modulation stages, particles distribution in (y, r) and
(r, @) phase planes and energy spectrum after main ac-
celerating channel. The figures (top to bottom) are cal-
culated without error of plasma density distribution and
taking into account errors for plasma stages forms, stag-
es length and both of them. It is clear that the random-
ized errors influence is not sufficient for stage form er-
rors up to 20%. But the stage length error influenced
more sufficiently and plasma stems should be posi-
tioned not poorly than 10%. These results are confirms
by simulation done taking into account both errors: 10%
length error and 20% form error gives very serious de-
viation of particle distributions in phase spaces and of
the spectrum.

CONCLUSIONS

The basic idea of klystron-like beam pre-modulation
for linear mode laser plasma wake-field acceleration
was discussed. The idea is directed to beam pre-
modulation using shot low density plasma stages with
gaps between of them. Such idea is similar to known
method of multi-gap klystron.

The new code version BEAMDULAC-LWA2D was
developed to study the 2D electrons dynamics both in
pre-modulation stage and main acceleration stage. It
was shown that the beam can be effectively bunched,
captured into acceleration in the main stage and acceler-
ated up to hundreds of MeV. The energy spread is not
higher than 3% for 100 MeV beams which is much low-
er than for other LPWA bunching schemes.

The capturing coefficient is high also and it is
achieved up to 70...75%. Later some electrons lose
from the acceleration but half of external injected beam
can be accelerated up to 400...500 MeV. This result is
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also much better than for other known bunching
schemes.

Tolerances of plasma density distributions were also
studied.

Using pseudo-random solver added to BEAMDULAC-
LWA2D was shown that the maximal deviation of
plasma density should not exceed than 20 % of the ana-
Iytically defined function. But the tolerance of plasma
stem length should not exceed 10 %. Such plasma den-
sity distributions can be realized in the experiment by
plasma filled capillary or a supersonic gas jet.

The simulation taking into account the beam-plasma
interactions and self-fields is planned to do in future.
The laser intensity attenuation due to plasma excitation
should be also discussed.

This work is supported in part by the Ministry of
Science and Education of Russian Federation under
contract No. 14.516.11.0084.
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MOJIEJINPOBAHUE JIBYMEPHOM JTMHAMUMKMU ITYUKA B KAHAJIE JIA3SEPHO-IIJIA3SMEHHOI' O
YCKOPHUTEJIS, PABOTAIOIIEI'O B IMHEMHOM PEJKMME C IIPEJTPYIIIIUPOBATEJIEM

C.M. Ilono3zos

YcKkopeHHe 3JIeKTPOHOB B INTa3MEHHOM KaHalle, 00pa30BaHHOM TPH BO3ACHCTBUH JIA3€PHOTO M3ITyIECHUS, SBISCT-
csl B HAacTOsIIIIee BpeMsl OJHUM M3 HanOollee NCCIIelyeMbIX HOBBIX METOZIOB yCKOopeHus. [Ipomecc yckopeHus pasiu-
YaeTcs JUIsl IBYX CIIy4aeB: JIMHEHHOTO W HEIMHEHHOro («Iy3bIpbKOBOI0») pexHMMOB. OIHAKO YCKOpEHHE B IUIa3-
MEHHOM KaHaje UMEET [[Ba CYLIECTBEHHBIX HEIOCTaTKa — IMUPOKUH CIIEKTP SHEPTUH ITyuKa Ha BBIXO/E M HU3KUH
K03(GHUIMEHT 3aXBaTa 3JEKTPOHOB B PEKUM YCKOpeHHs1. [IpoBeieHHbIe MOJIETMPOBaHNE M SKCIIEPUMEHTHI ITOKa3bl-
BaIOT, YTO 0€3 MPUMEHEHNS CIIEIUATBHBIX METOI0B IPEAMOTYIISIIUH MTy4YKa HE MOXET OBITh ITOJTy4EH CIIEKTP JIydIe
10%. Jlns HenmuHEHHOTO peXMMa pa3paboTaHO HECKONBKO TaKMX METOIOB W IPOBEAEHBI MEPBBIE IKCIIEPUMEHTEHI.
JIuHEeHHBIH peXUM yCKOPEHUSI MOXKET OBITh OYEHb MEPCIIEKTHBEH ISl CO3JaHMs KOMIAKTHOTO YCKOPHTEIS 3JIeK-
TPOHOB B JIMAIla30HE DHEPTHH COTHM MeErasjeKTpOHBOJIBT. PaccMoTpeHa IByMepHasl JUHAMHKA ITy4Ka B KaHaie C
MIPEArYNIAPOBATENEM BOJIHOBOIHOIO U KIIMCTPOHHOTO THITOB. MoJelnMpoBaHre NOKa3bIBaeT, YTO P HCIIONb30Ba-
HUM TPYNITUPOBATENS] KIMCTPOHHOTO THIIA MOKHO TIONYYHTh CHEKTp Mydka yxe 1,5% mnpu sHeprum 31eKTpoHOB
200...300 M»3B u koaddunuente 3axsata 70...80%.

MOJIEJIIOBAHHS IBOBUMIPHOI TUHAMIKH ITYUKA B KAHAJII JIA3BEPHO-IIJIA3BMOBOI'O
MPUCKOPIOBAUA, IO MPAIIO€ B JIIHIMHOMY PEXKUMI 3 IEPEJITPYITYBATEJEM

C.M. Ilonoszoe

[IpuckopeHHs eJeKTPOHIB Yy MIa3MOBOMY KaHalli, yTBOPEHOMY IIPY BIUIUBI JIa3€pPHOTO BUTIPOMiHIOBAHHS, € B IeH
Yac OJHMM 3 HaWOUIbII JOCITIDKYBAaHMX HOBHUX METOJIB MpHCKOpeHHs. IIporiec mpucKOpeHHs! pO3Pi3HAEThCS IS
JIBOX BHMNAJKIB: JIHIHHOTO Ta HENiHIHHOTO («0yNb0aIKkoBoro») pexxumMi. OTHAK NPUCKOPEHHS B TUIA3MOBOMY Ka-
HaJll Ma€ JIBa CYTTEBUX HEJOJIIKMA — IIMPOKHUH CHEKTP eHeprii Imyyka Ha BUXOJI 1 HU3bKHH KOe(ilieHT 3aXOIICHHS
EJIEKTPOHIB y PeXXUM NpucKkopeHHs. [IpoBeseHi Mo/ietoBaHHs Ta eKCIIEPUMEHTH MTOKa3YIOTh, 1110 0€3 3aCTOCyBaHHS
CreliaIbHUX METOIB MepeAMOIYIIALlil My4yKa He MOXKe OyTu orpuManuii criektp kpamie 10%. [{nsa neniniiiHoro pe-
UMY PO3pOOJIEHO KiTbKa TAKMX METO/IB i MPOBEACHO Nepllli eKcriepuMeHTH. JIIHIHHUIA pexxuM PHUCKOPEHHST MOXKeE
OyTu Jy)Xe NEepCIEeKTUBHUM Il CTBOPEHHS! KOMIIAKTHOI'O MPHCKOPIOBaya €JIEKTPOHIB y Jliara3oHi eHeprid COTHI
MeraesieKTpOHBOJIbT. PO3risiHyTa NBOBUMIpHA JUHAMIKA Iydka B KaHajli 3 MepearpynyBaTeleM XBWIEBOJHOIO i
KJIICTPOHHOTO THITIB. MOJIENIIOBaHHS IOKa3ye, 110 TPH BUKOPUCTaHHI IPYyNyBaTels KIICTPOHHOTO THITY MOXKHA
OTpUMATH CIEKTp Iyuka Bxe 1,5% mnpu eneprii exextponis 200...300 MeB i koediuienti 3axomnenns 70...80%.
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