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The paper considers the process of excitation of a wakefield in a plasma by a laser pulse. The plasma density
corresponds to the density of free electrons in the metal. A method is demonstrated for keeping self-injected bunch
in the accelerating phase of the wakefield as laser pulse and bunch move in plasma with an increasing density gradi-
ent. Thus, the rate of acceleration of self-injected bunch is maintained and enhanced.

PACS: 29.17.+w; 41.75.Lx

INTRODUCTION

Wakefield acceleration has been a subject of intense
research due to its potential to revolutionize particle
acceleration technology. This method of particle accel-
eration utilizes the electric fields generated in the wake
of a driving pulse, typically a laser or a particle beam,
propagating through a plasma [1 - 5]. The advantages of
wakefield acceleration are numerous and have been
explored in various contexts, including solid-state plas-
mas and longitudinally inhomogeneous plasmas.

One of the primary advantages of wakefield acceler-
ation is its ability to achieve extremely high accelerating
gradients, several orders of magnitude higher than those
achievable with conventional accelerator technology.
This high gradient allows for the production of high-
energy particles over short distances, potentially leading
to more compact and cost-effective accelerators [6 - 8].

In the context of solid-state plasmas, wakefield ac-
celeration can be particularly advantageous. Solid-state
plasmas are dense electron plasmas in solid-state mate-
rials, such as metals, semiconductors etc. The high den-
sity of these plasmas allows for the generation of strong
wakefield and, consequently, high accelerating gradi-
ents. Moreover, solid-state plasmas can be more easily
manipulated and controlled than gaseous plasmas, al-
lowing for more precise control over the acceleration
process [9 - 11].

Wakefield acceleration in longitudinally inhomoge-
neous plasmas also presents unique advantages. Longi-
tudinal inhomogeneity refers to variations in the plasma
density along the direction of propagation of the driving
pulse. These variations can be exploited to enhance the
efficiency of energy transfer from the driving pulse to
the wakefield, thereby increasing the accelerating gradi-
ent. Furthermore, by carefully designing the longitudi-
nal density profile, it is possible to optimize the acceler-
ation of particles [12, 13].

Wakefield acceleration in longitudinally inhomoge-
neous plasmas also presents unique advantages. Longi-
tudinal inhomogeneity refers to variations in the plasma
density along the direction of propagation of the driving
pulse. These variations can be exploited to enhance the
efficiency of energy transfer from the driving pulse to
the wakefield, thereby increasing the accelerating gradi-

ent. Furthermore, by carefully designing the longitudi-
nal density profile, it is possible to optimize the acceler-
ation of particles [14 - 17].

In conclusion, wakefield acceleration offers a prom-
ising avenue for advancing particle acceleration tech-
nology. Its potential for achieving high accelerating
gradients in a compact setup, coupled with its versatility
and applicability in various contexts, makes it a compel-
ling subject for further research and development.

The excitation of the wakefield and the motion of
bunch in an inhomogeneous plasma were studied. The
motion of bunch was considered at the beginning of the
simulation process, not far from the injection point. In
particular, the fields acting on the bunch and the longi-
tudinal momentum of the bunch are investigated.

1. STATEMENT OF THE PROBLEM

With the help of numerical simulation, excitation by
a laser pulse of a wakefield in a plasma is considered.
The plasma density is considered, which is close to the
density of free electrons in metals. Profiled pulse is con-
sidered. Profiling is achieved by using “semi-cosine”
pulse with a cosine intensity distribution ranging from
0 to m/2.

The main parameters of the system were as follows:
the plasma electron density (unperturbed), to which the
density on the graph is normalized is ne.=10%° cm, the
ratio of the plasma frequency to the laser frequency is
0pe/0=0.1008, where w, is the laser frequency, wp. is
the plasma frequency. The laser wavelength was
M=10.6 nm. All lengths, distances and coordinates were
normalized to the laser wavelength A;. The laser pulse
propagated along the axis of the system. The length of
the simulation window was 800, the width 50. The laser
amplitude a=EE," was normalized to the overturning
field Eg=mecoo(27e)™. Force normalization, respective-
ly, Fo=mccwo/2m. The mass ratio of ions and electrons
was 1836. Time was normalized to the period of the
electromagnetic wave Tq. A laser pulse with the follow-
ing parameters is considered: amplitude a=5, half-length
equal to 3, half-width at half-height equal to 4. The spa-
tial dimensions are indicated for a cosine pulse, for a
half-cosine pulse it is half as much. It is known that a
self-injected bunch, moving along the wake bubble,
enters the deceleration phase of the wake wave. The
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process begins after the self-injected bunch reaches the
middle of the wake bubble. This leads to the stop of the
acceleration process and the loss of energy by the self-
injected bunch. The main idea of inhomogeneity is that
during the time until the self-injected bunch from the
injection point reaches the middle of the wake bubble in
homogeneous case, the plasma density will increase by
4 times. This will lead to a twofold decrease in the
plasma wave length and, as a consequence, to stabiliza-
tion of the position of the self-injected bunch in the re-
gion of the accelerating phase of the wakefield.

2. RESULTS OF SIMULATION

At first, let us consider how the bunch energy
changes in the inhomogeneous case. The condition for
the Cherenkov resonance of a laser pulse with a wake
plasma wave:

KVg=pe 1)
or
Vg=Vpn=ope/K, )
K=2n/A; vpn — wave vector and phase velocity of the
Langmuir wave. Vg, o, K — group velocity, frequency
and wave vector of the laser pulse.
o=( mpez +C2k2)1/2 ’ A3)
k=(o*-op) e . (4)
From (3) it can be obtained:
Vy=do/dk=c’k/(wme +c*k?) =c’kl 0=
=C(1-pe’ %) 2~0(L-0pe 12607 (5)
From (2) it can be obtained:
A=271V o pe=271(C/ 0pe) (1-mpe T %) o
~21(Cl pe) (1-0pe [26). (6)

Both factors c/mpe and (1-mne/20°) decrease A as
ne(x) increases. But the 1 multiplier reduces more.

In order for the accelerated bunch to stay in the re-
gion of the maximum accelerating field all the time, the
bunch shear rate relative to the bubble Vy(t)-V4(x)
should be equal to the plasma wave length contraction
rate di/dt.

Vp(1)-Vy(x)=dA/dt=(dA/dz)(dz/dt), @)
dz/dt=V,.

In the ultrarelativistic bunch approximation Vy~c.
And neglecting the change in Vg in an inhomogeneous
plasma, we obtain:

c/Vg-1=dr/dz. (8)

At times t(c-Vg)=A/2 shift by t(c-Vg)=A/2 in the
case of a homogeneous plasma and in the approximation
that in an inhomogeneous plasma the bunch accelerates
to Exmax @and in the approximation that E, is distributed
E=Exmax(1-2x/1) in the case of a homogeneous plasma
the bunch accelerates to

dey/dt=eEv, ©)]
ep=ec|E,dx/(c-V,)=
=€CEmax(MA)(1-2x/1)*/(c-V)|o'*=
=eCEmax(M4)/(c-Vy). (10)

In an inhomogeneous plasma with a constant E,q.x
and with acceleration over an interval of almost 2 times
greater, since it accelerates until the bubble almost
completely collapses.

€p=€CExmax(M2)2/(c-Vg)=

=eCExmaxM(C-Vy). (11)

In the inhomogeneous case, the energy acquired by a
self-injected bunch is theoretically 4 times higher than
the energy in the homogeneous case. In fact in the in-
homogeneous case the accelerating wakefield grows and
the energy of accelerated electrons increases even more.
Let us perform numerical simulation to verify the effi-
ciency of using inhomogeneous plasma.

Obviously, when simulating a real case, taking into
account all factors, including the nonlinearity and loca-
tion of the bunch relative to the accelerating phase of
the wake wave, we will observe a smaller value of the
energy increase but, nevertheless, an increase in energy
will be observed.

Fig. 1 shows a graph of the density during the pro-
cess of excitation of the wakefield in the plasma by a
laser pulse. The pattern of simulation in the homogene-
ous and inhomogeneous cases is the same. One can ob-
serve a self-injected bunch, which has just formed and
begins its movement along the wake bubble (t=60T)).

45 - 0.8 2.5
40 0.6
2.0
35 0.4
= 30 02 ¢ e
= = 15 §
4 25 00 £ £
© 5 % S
> 20 -0.2 % e 0
15 -0.4
0.5
10 -0.6
5 I 1 1 1 1 1 1 1 -0.8 0.0

20 25 30 35 40 45 50 55 60

x [arb. un.]
Fig. 1. Plasma electron density distribution ne(x, y)

and longitudinal accelerating field E,(x), t=60T,.
Semi-cosine distribution of laser pulse both
in the homogeneous and inhomogeneous case

Fig. 2 characterizes the simulation pattern in the
homogeneous case at the moment when the self-injected
bunch approaches the point when the accelerating wake-
field E,=0.

Comparison of Figs. 2 and 3, homogeneous and in-
homogeneous cases at the same time points, indicates
that due to the use of longitudinally inhomogeneous
plasma, it is possible to keep the self-injected bunch in
the acceleration phase, almost at the injection point.
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Fig. 2. Plasma electron density distribution ne(X, y)
and longitudinal accelerating field E,(x), t=140T,.
Semi-cosine distribution in the homogeneous case
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At the same time, when the self-injected bunch hits
zero field in the homogeneous case, and later in the de-
celeration phase of the wake wave.
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Fig. 3. Plasma electron density distribution ne(x, y)
and longitudinal accelerating field E,(x), t=140T,.
Semi-cosine distribution in the inhomogeneous case

Fig. 4 shows the case of a full cosine laser intensity
distribution (non-profiled case). Obviously, the ad-
vantage of using profiling, due to which stabilization of
bunches is observed, their transverse expansion is re-
duced.
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Fig. 4. Plasma electron density distribution ne(X, y)

and longitudinal accelerating field Ey(x), t=140T,.
Full-cosine distribution in the homogeneous case

Fig. 5 shows the distribution of the longitudinal
component of the pulse of a self-injected bunch simul-
taneously in the homogeneous and inhomogeneous cas-
es, when the effect of inhomogeneity is not yet felt in
the case of a half-cosine laser. A stable bunch can be
observed, but small momentum values.

Comparing Figs. 5 and 6, we can conclude that in
the inhomogeneous case, when the self-injected bunch
reaches the middle of the wake bubble, there is an in-
crease in the longitudinal momentum by a factor of 2.2
if we compare the bunch momenta at moments t=60T,
and t=140T,. The average momentum in the main re-
gion of the bunch was taken as the momentum based on
the graphic dependences. It has been studied that the
increase in energy in the inhomogeneous case as com-
pared to the homogeneous case reaches 3. In the homo-
geneous case, due to the motion of the self-injected
bunch along the wake bubble, at the moment 140 the
longitudinal field in the bunch region in normalized
units reaches approximately 0.0354. In the inhomoge-

neous case, due to the confinement of the bunch near
the injection point, at the same time in the bunch region,
the value of the longitudinal acceleration field is 0.2681.
Thus, an increase in the bunch acceleration field by a
factor of approximately 7.6 is observed due to the use of
plasma inhomogeneity.
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Fig. 5. Distribution of the longitudinal component
of the momentum P,(x, y) in the electrons of a self-
injected bunch, t=60T,. Semi-cosine distribution
both in the homogeneous and inhomogeneous case
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Fig. 6. Distribution of the longitudinal component
of the momentum P,(x, y) in the electrons of a self-
injected bunch, t=140T,. Semi-cosine distribution

both in the inhomogeneous case

In the case of a semi-cosine intensity distribution,
when the plasma is inhomogeneous, at time t=140T,,
the formation of self-injected bunches with a minimum
spatial distribution in the transverse direction is ob-
served. This contrasts with the homogeneous case of an
unshaped laser pulse. In this case, the decay of the self-
injected bunch into 3 parts is observed, the transverse
size of the bunch is much larger than the bunch in the
case when the driver is semi-cosine and the plasma is
inhomogeneous.

CONCLUSIONS

In the course of the study, the use of inhomogeneous
plasma was considered in the study of self-injected
bunches, which were formed when the wake field was
excited by a profiled laser pulse.

It was shown that the use of profiled pulse and in-
homogeneous plasma has a positive effect on the quality
of self-injected bunch and leads to the retention of
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bunch in the acceleration field, which contributes to an
increase in the energy gain and an increase in the longi-
tudinal acceleration field in the bunch region.

In addition, the advantage of using shaped pulse in
an inhomogeneous case is the increased longitudinal
momentum of the bunch, which provides more efficient
acceleration.
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CIIOCIB MMIATPUMAHHSA TEMITY IPUCKOPEHHSA TA 3BLJIBINEHHSA EHEPTTI
CAMOIH)KEKTOBAHOTI'O 3I'YCTKA IIJIIXOM BUKOPUCTAHHS HEOJHOPIJTHOI IJTA3MHA

/.C. bonoap, B.1. Macnos, 1. M. Oniwenxo

PosrisiayTO MIpotiec 30yIKeHHs KiTbBATEPHOTO TOJISA B TIa3Mi JJa3epHUM iMITyabcoM. ['yCTHHA Ma3Mu BiAImOBi-
Jla€ TYCTHHI BUIBHHMX €JIEKTPOHIB Y MeTaii. [IpoJieMOHCTPOBAaHO METO/l YTPUMAHHS CaMOiH)KEKTOBAHOTO 3IyCTKa Y
(a3l IpUCKOPEHHs KiJIbBATEPHOTO IIOJIS, KOJH JIA3€PHUI IMITyJIbC 1 3TyCTOK PYXalOThCs B IIa3Mi 31 3pOCTArOuMM
IpajlieHTOM IIUTBHOCTI. TaKUM YHHOM, TEMIT IPUCKOPEHHS CaMOiHKEKTOBAHOTO 3I'yCTKa 30epiraeThesl.
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