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The self-injection of plasma electrons which have been accelerated to relativistic energies by a laser pulse
moving with a group velocity less than the speed of light witf>5x 10'° W uwm?/cn? is found via particle-
in-cell simulation to be efficient for laser wake-field acceleration. When the matching conditon
= (2" wy)?? is met, the self-injection, along with wave breaking, dominates monoenergetic electron accel-
eration yielding up to 100 MeV energies by a 100 TW, 20 fs laser pulse. In contrast to the injection due to
wave-breaking processes, self-injection allows suppression of production of a Maxwell distribution of accel-
erated particles and the extraction of a beam-quality bunch of energetic electrons.
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The laser wake-field acceleratiobWFA) of electrons in  velocity less than the light speed generates an additional
underdense plasms| has been the subject of intense studyelectrostatic wave, which has a group velocity close to the
for many years. This process is expected to be the basis fgroup velocity of the laser pulse according to linear theory.
efficient and compact electron accelerat®s 4]. Recently, ~This wave originates from temporally trapped electrons
the necessity of short-pulse~(10 fs) electron beams with which have been directly accelerated by the laser pulse form-
total charge large enough for probe analy§iraises inter-  ing & bunch at the front of the laser pulse. This bunching of

est in laser wake-field acceleration as a promising source fdtlectrons creates a potential difference, potential c4dity,
such beams. behind the laser pulse due to the evacuation of electrons. The

For relativistically intense laser pulses,I\? number of electrons in this bunch is limited. As the number
>10 W um?/cn?, electron acceleration by the wake field of electrons in the bunch increases eventually there will be a
in relatively low density plasmas is not well understood.Point when the repulsive force of the bunch exceeds the pon-
Several recent experimentf3,4,6| and numerica[7-10]  deromotive one. Once this occurs additional background
works have concentrated on high density plasmas witglectrons are repelled by the bunch, but are accelerated to a
strong wave breaking though new phenomenon in this remaximal energy equal to the potential difference of the cav-
gime, such as cavity formatiofi1] and corresponding ef- ity and, having velocities equal to or larger than the group
fects, seem to appear. In addition to the common wake fiel§y€locity of the laser puls¢if a proper matching condition
and a longitudinal plasma wave with group velooity=0, a occurg, can be efficiently injected for further acceleration
relativistically intense laser pulse can produce a wave thdf! the same cavity. However, this injection, which can be
moves with nonzero group velocity in the wake. This waveconsidered as a self-injection, contends with injection from
generated by temporally trapped electrons does not brak&ave breaking. At low plasma density the self-injection pro-
and may serve as a mechanism for a more efficient produéluces efficient acceleration with a low energy spread while
tion of short electron bunches than the usual wake field du@t high density, wave breaking dominates, producing a Max-
to a longer acceleration length. wellian distribution of energetic electrons with an effective

It is well known that electron injection is a crucial part of emperature. . _
wake-field acceleration. In the usual injection schemes for Propagating in an underdense plasma with group velocity
LWFA, in coincidence with the laser pulse a high quality ¥g. an intense laser pulse can accelerate plasma electrons
electron beam from a conventional linac is injected and thefongitudinally up to the energy e max=mcay2 (for trans-
further accelerated by the wake figl2]]. Other schemes in- Vverse acceleration the maximal energy cannot exoeet,
ject electrons from the background plasma via the interactiob12]), wherea,=eE/mcw with E the laser electric field and
of additional injected laser puls¢d] or by wave breaking o the laser frequency. If the velocity of such electrons ex-
[3,6,8. The latter is the simplest way using an intense laseceeds the group velocity of the linearly polarized laser pulse
pulse to generate energetic electrons and wakes. Howevéd 3], these electrons can be trapped and move with the pulse,
the wave breaking is initially a stochastic process that proforming an electrostatic wave. The matching condition can
vokes rapid randomization in energy of accelerated electronde written in the following form(see alsd 14]):

This makes this kind of injection sometimes inefficient and

usually very sensitive to plasma parameter changes. In the  Yemax= /2= ¥g= 11— 1v5/c*~ 0(7e/2) Y wy (1)
present paper we discuss an alternative mechanism of elec-

tron injection originating from the relativistic character of wherew, is the plasma frequency afg~ \/1+a02/2 is the
the laser-plasma interaction. electron quiver energy.[For a laser intensity |

Along with the common wake field, a relativistically in- =107 W/cn?, A=1um: ay,=5.3, Ne matct™ 5
tense laser pulse moving in an underdense plasma with group10'® cm™3; for a,>1 the matching occurs fora,
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FIG. 1. The temporal evolution of the electron momentum in an 006 012 018 0'?4
electromagnetic field propagating in thex direction with group X [Units of cm]
velocity . FIG. 2. The temporal evolution of the absorption rate of the
laser pulse with intensity=10?° W/cn? for different plasma den-
sities where the numbers beside the solid lines indicate the percent-

=20/ wy)?2.] To verify this, one can consider a simple N :
fge of the critical density.

model assuming that an initially stationary electron moves i
an electromagnetic plane wave with a group velocity less ) o )

than the speed of lighta(x,t)=a, cost+x/vg)exd — (X/vy To study d_et_a|lls of the s_elf—mjt_acnon mechan!sm,_we apply
+1)%72] where 7 is the pulse duration. Results of a simple & fully r(_elatlwstlc one-dimensional(1D) particle-in-cell
numerical solution of the equation of motion with the fields (PIC), which corresponds to a large focus spbt 30 um
determined above and the group velocity as a parameter a@®d @ more realistic 2D PICfor s- and p-polarized laser
shown in Fig. 1 for a laser pulse with,=8 and pulse du- Pulses,A=1um) simulation with the “moving window”
ration 20 fs. If the group velocity of the wave is close to thetechnique[16,17 with movable He ions. The plasma length
speed of light, the electron acquires the maximal energy IS Set to 3 mm, with a density gradient of length 0.5 mm on
—a2/2 and, then, loses it after falling behind the pulse. Aseither edgelsee Fig. 2 In the 2D simulation, we use nine

seen in Fig. 1 when the matching condition is met, the elecParticles — per —cell in a 16@mx120um (2800

tron spends the longest time in the laser wave and, therefore$ 2048 cells) window which moves at the speed of light. A
gets the largest acceleration. full width at half maximum(FWHM) laser pulse with the

The potential differenceA#, produced by electrons di- duration of 20 fs and intensity df= 10°°-#wien? [18] is

rectly accelerated by the laser field at the front of the pulsdocused on a 17%m spot which corresponds to a Rayleigh
cannot exceed the ponderomotive potentie?a2/2. As a length of 720um. The difference between the absorbed laser
result we get 0 energy and the total plasma energy is controlled to be less

than 1%. The numerical error in the group velocity is smaller
e|A¢|w27rze2Nid2=mcza§/2, ) than thg v_elogity_dgviation from the speed of_ Iight. No

plasma ionization is included. The electron density is varied
from 2x 108 to 5x 10'® cm 2 for the laser intensity to ex-
ceed the critical power for self-focusinB= 17(w/wp|)2
gW since the length of the laser pulse is longer than the
critical N /ag [4].

wherez is the ion chargel; is the ion density, and is the
length of the cavity behind the laser pu[dé&]. From Eq.(2)
one can easily estimate the maximal charge of trapped ele
trons,Q=eNg\ ja,S/27, with \ ; the wake-field wavelength
and S the square of the laser focus spot. Settiig 5

x 10" cm?, we getQ~ 10 nC per 1 J of théaser energy for e A0

N.=10cm 3. The length of the cavity behind the laser 0'_ ol . i

pulse isd=\pao/27. At this distance behind the laser pulse g ] ) i1 T | [(\'

the repelled electrons acquire enekgy |A ¢| and, moving Ew_ 2 | 52r ! ]

with the group velocity, are further accelerated in the cavity. 5 | 5 ook |

For monoenergetic acceleratiod, must exceed the pulse a | 1o |} ;

lengthc 7, whereris the pulse duration. Otherwise, the elec- I '(a) -600 : g

trons interact with the laser field which would accelerate or g | ) 1 [ , L (b)

decelerate the electrons based on their position in the field % Guey oo giig 2 %0 0 40 w0 1200
. . . . (x+ct) { Units of c/w}

The maximal energy finally acquired by such an electron is

Emax=(80/27) Ea, WhereE L, is the corresponding maxi- FIG. 3. The spatial distribution of electron longitudinal momen-

mal energy in acceleration by a longitudinal plasma waveum P, at (a) wt=4000, (b) wt=10000 at the laser intensity

[4]. =10%° W/cn? and plasma densitiN,=5x 10'® cm 3.
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FIG. 4. The spatial distribution of electron longitudinal momen-
tum P, at the laser intensity= 10?° W/cn? and wt=6000; plasma
density (@) Ng=2x10" cm™2 and(b) Ne=5X 10" cm™3,
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The absorption rate of the laser pulse with the intensity
| =107° W/cn¥ is shown in Fig. 2 for different plasma den-
sities. The absorption rate increases nonlinearly with the
plasma density,- Nz/z, though energy losses for the wake- o _ _
field excitation and electron acceleration by the potential dif- _FIG- 6- Electron energy distribution in a 2D simulatidd) ot
ference given in Eq(2) linearly depends on the plasma den- — 6000 and2) »t=12000 at the plasma density,= 109 cm™?.
sity. This nonlinear dependence could be explained by the

frequency downshift; this absorption mechanism is given in The spatial distribution of the longitudinal momentum of
Ref. [10]. For the considered pulse duratiotw, electrons in the plasma at different times is shown in Fig. 3

>(2)%4a,]~* and the depletion time is T a_nd Fig. 4. For tr_\e_ Iovyer _density pla_lsma, Fig. 3, the _mecha—
nism of electron injection is totally different from that in the
higher density plasma, Fig. 4, where the wave-breaking pro-
ess is dominant. As seen in Fig. 3 for lower density plas-
as, when the maximum charge that can be sustained by the
aser pulse is reached, a second electrostatic bunch is pro-
duced (indicated by 2; electrons repelled from the first
bunch (indicated by 1 and accelerated by the potential dif-
ference form it. Then, electrons from the second bunch are

=(8/3v2)|ag| *whlw3=Ng>%. However, the numerical
depletion time in Fig. 2 is ten times longer than the analytical
prediction for all plasma densities. We attribute this delay to®
the time needed for the formation of a second electron bunc
(explained beloy which is responsible for the frequency
downshift.

800
0.11 further accelerated forming almost monoenergetic bunches at
0.07 £~130 MeV, their maximal energy i£~400 MeV. In
0.03 higher density plasmas, the wave-breaking process becomes
v ’ ’ b - important as presented in Fig. 4. One can see two bunches
-~ originating from different processes: the first bun@hdi-
-0.05 cated by 1 is due to self-injection and the secofiddicated
-0.09 by 2) is due to the wave-breaking injecti8]. According to
013 particle trajectories, the first bunch is formed by electrons
o 1000 which are initially accelerated by the laser pulse and, after
xret passing through the cavity potential produced by ions, get
800 0.00 trapped. With the density increase, the energy distr!bu'_tion_of
- (b) . accelerated electrons approaches a Maxwellian distribution
: in the second, “wave-breaking,” bunch formed by electrons
8 R Y coming from behind the cavity. At the minimal laser inten-
8 = sity, | ~5x 10 W/cn?, the self-injection appears in a nar-
> x > . -0.02 row density range. This density range increases with inten-
1 = : sity and is (0.5—2% 10'° cm™3 at | = 10°° W/cn?.
h 2 Results of a 2D simulation for as-polarized pulse are
b shown in Fig. 5. One can see a clear cavity structure in the
b -0.04 electron density with the trapped electrons in the front of the
o " N 7000 laser pulse in Fig. @), where the circle indicates the laser

x+ct

position after the pulse has propagated 0.5 mm in the plasma;
FIG. 5. The spatial distribution of th@) normalized density of Nowever, there is no wave breaking of the plasma wave ac-
electrons with energy over 4 MeV where the circle indicates thecording to Fig. §b) which shows th9< component of the
position of the lasefponderomotively scattered electrons are indi- €lectrostatic field. The transverse size of the first bunch in the
cated by the arrowsand (b) the normalizedk component of the rear of the first cavity is about 12m. The density of elec-

plasma electrostatic field in a gas jet of dendy=10°cm™%, at  tron bunches which have formed behind the laser pulse de-

wt=4000 forl = 10?° W/cn?. creases with distance from the laser pulse; traces of electrons
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expelled on either side of the pul§adicated by arrowsare  simulation. We have demonstrated that two electron bunches
produced by nonlinear ponderomotive scatteridg]. The can be formed in a plasma by an intense laser pulse; the first
energy distribution of electrons in the bunch behind the pulseonsists of electrons at the front of the laser directly accel-
after propagating 1 mm and 2 mm in the plasma are showgrated by the laser pulse. The second is generated by elec-
in Fig. 6. Both distributions have a pedidicated by ar- trons expelled from the first bunch and then accelerated by
rows) that corresponds to electrons accelerated after the selfbe potential difference in the wake to a velocity equal to the
injection. The energy in the peak is lower than that obtainedroup velocity of the laser pulse. Electrons, which form the
in 1D simulations. We attribute this to the dimensional effectS€cond bunch, are further accelerated by the same field. Due
on the potential difference. The energy spready(from the to the_ regular character of th|§ mechanism, in contrast to the
maximal density is 5% in both cases although the energy|nJect|on due to the stochastic wave breaking, a bunch of
spread in the pedestal increases considerably. Formal calc ceelerated electrons with a total charg@00 pC per 1 J of

. S : . aser energy has a relatively small energy spread; its longi-
lation of the_ longitudinal emittance of the b_unch Q'VESﬂl tudinal emittance is about OZlmm mrad. This process also
mm mrad with a total charge @~ 200 pC. Simulation for a

: ! L g dominates the nonlinear growth of the absorption rate with
p-polarized pulse gives qualitatively similar results.

- lasma density.
In conclusion, we have observed the effect of self—p Y
injection on electron wake-field acceleration by an ultrarela- This work was partially supported by National Institute of
tivistic laser pulse via a fully relativistic particle-in-cell Radiological Sciences, Japan.
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