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The progress in laser-plasma accelerators depends substantially on the possibility to
provide extended quasi-monoenergetic acceleration of short electron bunches. The
inhomogeneity of a comparatively short-wavelength laser wakefield tends to increase the energy
spread of finite length electron bunches [1], but at the same time it is responsible for the effects of
electron bunching in the energy distribution [2]-[4] and in space [5]-[9].

In the present paper we analyze a new scheme of electron beam injection into a laser
wakefield accelerator, which provides a super high compression of the injected beam and highly
monoenergetic acceleration [10]. A comparatively long low-energy electron bunch injected in
front of the laser pulse can be trapped and accelerated in the plasma wakefield behind the pulse
(see Fig. 1). Under certain conditions (on the injection energy and wakefield potential) the
electron bunch compression is extremely high (more than two orders of magnitude) and the
relative energy spread is damped away up to 0.1% in the process of electron bunch acceleration
to GeV energies.

For bunch injected in front of the pulse to be trapped velocity of injected electrons should
be less than the group velocity of the laser pulse, which is assumed to be equal to the phase
velocity of the wakefield Vpn:

Uy =Cyl—mc*/ES <V, Eiy <V, mc’, (1)

where Ejpnj is the injection energy, which is small in comparison with the resonant one determined
by the y— factor associated with the waketield phase velocity:

v, =Y \1-B2 =w,Jw,, B, =V,c, 2)

where @) and @ are the laser carrier and electron plasma frequencies.

The dynamics of an electron bunch can be determined using the energy conservation law
in the commoving with the laser pulse frame [8] that gives in the one-dimensional limit the
following compression ratio at the acceleration stage when the electron energy E(¢), where
¢ =1z-V,t is the commoving variable, starts to exceed substantially the resonant energy (E()

>> 16 mc?) [10]:
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where Lpy and L, are the initial and compressed bunch lengths. This equation shows that the
bunch length is subject to strong decreasing after the bunch is trapped and the bunch compression

is higher for faster wakefield (i.e. lower plasma density, when B, — 1) and lower injection

energy. For example, Eq. (3) predicts that the bunch length can be compressed by a factor of 100
for the injection energy Eijrj = 5 MeV and )y = 100. It should be noted however that with
decreasing injection energy and increasing wakefield phase velocity the amplitude of the
wakefield potential should be higher to trap the bunch in the focusing phase of the wake wave.
While the absolute energy spread AE(&) evidently increases during compression of the
bunch length, the relative value AE(&)/E($) decreases substantially at the acceleration stage when

E(H>n mc” and k,L,(§) <1 (k, =w, /¢ is the plasma wave number):
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where @{&) is the wakefield potential normalized to mc?/|e|. This equation shows that the energy
spread scales linear with the compressed bunch length and decreases especially at the end of
accelerating phase where the wakefield potential approaches maximum.

To demonstrate the potentials and practical applicability of the proposed injection
scheme, and also availability of the simple analytical predictions (3), (4) we present the results
from simulations of the electron bunch compression and acceleration in the wakefield excited by
a laser pulse propagating in a preformed plasma channel with the parabolic density increasing
with radius:
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where the channel radius R, is matched to the laser spot radius r_ by the condition R, [ kprL2
[11], [12], and the initial laser envelope was assumed to be Gaussian:
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The plasma density along the channel axis Ny is chosen to be in the resonance with the laser pulse

duration: kL =2+21In2 [13], where k, =w, /¢ =+/47me’n,/m, /c. The nonlinear structure of

the wakefield and laser pulse dynamics in the channel were modeled on the base of equations
described in [14]. The dimensionless axial and radial components of the force acting upon an
accelerating electron were determined through the normalized wakefield potential as follows:
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These expressions were used for three dimensional test particle simulations of bunch
compression and acceleration. Note that small-scale forces acting to the bunch while it passes
along the laser pulse were also included in the code. For the presented below results ay = 0.8,

k,r, =3.35, )p =100, and E;;, =5.43 mc? =2.78 MeV .

Figure 1 illustrates the proposed scheme of injection and the typical structure of the
wakefield and laser pulse along the channel axis obtained in simulations. The injection energy
was adjusted with the excited wakefield potential so that the electron bunch was trapped at the
boundary of the focusing phase, which is marked by the dotted vertical line in the figure.

Fig. 2 demonstrates an excellent agreement between one-dimensional modeling (with
electron beam radius R, tends to zero) and an analytical result of bunch compression given in
Eq. (3). The compression ratio L, / Lpy is plotted as a function of acceleration length in the

laboratory frame Lacc normalized to the maximum dephasing length L, = yf)/\p = 27Tyf) /k,, for
different initial bunch lengths: Lyy=1/kp and Lyy=100/ Kp.
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Fig. 1. Typical structure of the wakefield and laser pulse along the channel axis obtained in
simulations: normalized laser envelope at the axis a(r=0, &) — red line, wakefield
potential ¢(r=0, &) —blue line, and radial force at r=r/2: F(r /2, &) — dotted line.
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Fig. 2. Compression ratio Ly, / Ly as a function of acceleration length in the laboratory frame
Lacc normalized to the maximum dephasing length Lph = yﬁ/\p for initial bunch

length Lpy=1/k; (green line) and Lpy=100/k, (red dotted line). The agreement between
the theory (blue cycles) and simulation is excellent.




The effect of finite beam radius to the bunch compression is shown in Fig. 3. The results
of tree-dimensional test particle simulations are in a good agreement with a simple analytical
prediction of Eq. (3) for the initial bunch radiuses less than plasma skin depth 1/k, = Ay/27T The
energy of accelerated bunch doesn’t depend on its radius and for discussed example reaches
3 Gev as is shown in Fig. 4.
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Fig. 3. Compression ratio L / Ly as a function of normalized acceleration length for initial
bunch length Ly=1/k, and different bunch radius: Ry=0.1/k, (green line), and
Ry=0.5/K, (red dotted line). For narrow injected bunches 1-D theory from Eq. (3) (blue
cycles) is in a good agreement with 3-D simulations.
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Fig. 4. Energy gain as a function of acceleration length for initial bunch length Ly=1/k, and
different bunch radius: R,=0.1/k; (green line), and R,=0.5/K, (red dotted line).




An ability of the proposed scheme to provide a highly monoenergetic acceleration of
compressed electron bunches is demonstrated in Fig. 5. While the energy spread increases

substantially during the bunch compression (a peak in Fig. 5 corresponding to the bunch trapping
in the wakefield), the relative value AE / E rapidly falls down in the process of bunch acceleration

and reaches a minimum at the end of acceleration phase in conformity with an analytical
prediction given in Eq. (4).
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Fig. 5. Relative energy spread as a function of acceleration length for initial bunch length
Lpo=1/K, and different bunch radius: R,=0.1/k, (green line), and R,=0.5/k, (red dotted
line). The analytical results given by Eq. (4) (blue cycles) are in a good agreement
with tree-dimensional modeling. The insertion shows a high decrease of the energy
spread at the end of acceleration phase in accord with Eq. (4).

In conclusion, we present and analyze a new injection scheme for the laser wakefield
accelerators, which provide very effective electron bunch compression and monoenergetic
acceleration. The analytical estimates confirmed by tree-dimensional test particle simulations
predict the extremely high electron bunch compression, more than two orders of magnitude, and
the relative energy spread less than 1%. The considered practical example of channel guided
LWFA demonstrates a possibility to produce (for 1 pm laser driver) a single 0.1-pm long
electron bunch at the energy of 3 GeV with 0.1% of relative energy spread.
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