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Electron trapping and acceleration across a parabolic plasma density profile
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It is known that as a laser wakefield passes through a downward density transition in a plasma some portion
of the background electrons are trapped in the laser wakefield and the trapped electrons are accelerated to
relativistic high energies over a very short distance. In this study, by using a two-dimen&bnalarticle-
in-cell (PIC) simulation, we suggest an experimental scheme that can manipulate electron trapping and accel-
eration across a parabolic plasma density channel, which is easier to produce and more feasible to apply to the
laser wakefield acceleration experiments. In this study, 2D PIC simulation results for the physical character-
istics of the electron bunches that are emitted from the parabolic density plasma channel are reported in great
detail.
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[. INTRODUCTION however, it does not seem to be easy to produce either a
sharp downward density transition with scale lengthLgf
Ever since Tajima and Dawsdgf] proposed the possibil- <\, or a slowly varying downward density transition with

ity of electron acceleration in a plasma, much attention hascale length oL >\ in a plasma.
been paid to plasma-based accelerators such as laser wake-In this paper, we propose an experimental scheme for
field accelerator§LWFAs) from both theoretica[2,3] and  €lectron self-injection and acceleration method by using a
experimental points of vied,5]. In the conventional LWFA Parabolic plasma density channel, which is easily produced
scheme, for electrons to accelerate they should be injecteRiPerimentally by intense laser and gas jet interactions. The

externally by using an external injection accelerator or highpOtzqtial belnefti)tl of the proposed work is t?ﬁt it rr]“az be
power lasers for optical injectidi6,7]. However, in the self- '€adily applicable to LWFA experiments. Although there

injection cases[8—10], some background electrons in a were some previous LWFA studies performed in a preformed

plasma can be self-injected and the electrons can be accelé(}"-irabOIIC density channgl.3,14, most of the wark was con-

. L : ucted along the axis of the channel in which the electron
ated by the Igser wakefield to relat|V|st|c.h|gh energies over %ensity is minimum to provide optical guiding of an intense
very short distance. Therefore, the major merit of the self1

o : . AR aser pulse. In this paper, we report on a simulation of elec-
injected LWFA is that it may be built with very compact yon trapping and acceleration in a plasma when a short and

tabletop size because it does not require auxiliary heavy faniense laser pulse passes across a parabolic plasma channel
cilities that most conventional accelerators do. That is Whytransversely as shown in Fig. 1. As far as we know, this is the
the advanced accelerator community has shown much intefirst attempt to investigate electron trapping and acceleration
est in the self-injection LWFA method in recent years. In thegcross the parabolic plasma density channel. For this pur-
self-modulatedSM) laser wakefield acceleratf®] the laser pose, a two-dimensiondPD) particle-in-cell (PIC) simula-
pulse lengthL (i.e., L=cr, wherec is the speed of light in tion was performed by using the fully relativistic and elec-
free space and is the laser pulse duration, respectiyely  tromagnetic osiris code [14]. The simulation box(i.e.,
longer than the plasma wavelengtp and for the relativistic =~ moving window was assumed to move with the speed of
self-guiding the laser powdP, should be somewhat larger light in free space.
than the critical poweiP, [11]. In a high-plasma density
regime, the laser pulse will be axially modulated at the
plasma wavelength, because of a self-modulation instabil-  Figure 1 shows one example of a Mach-Zehnder inter-
ity [11]. Another self-injection method was proposed by Bu-ferogram of a plasma channel obtaingb] 5 ns after an
lanov et al. [10] based on “wave breaking phenomena,” intense laser pulse and a gas jet interactiig. 1(a)] and its
which occurs as an intense laser pulse undergoes a slowensity profile[Fig. 1(b)] across the channel. As shown in
varying downward density transition with the scale lengthFig. 1(b) the plasma density profile shows a clear density
Ls>\,. Recently, Suket al. [8] proposed a self-injection minimum on axis(i.e., r=0) and it increases with and
method by using a very sharp downward density transition imeaches the highest value at the edge where it suddenly de-
a plasmal¢<\,. In this method, the background plasma creases to zero with relatively short scale length Lqf
electrons are trapped and accelerated when a fkestthan  ~40 um. Assuming the cylindrical symmetry of the plasma
\p), high-energy electron beam passes through the shaghannel the density profile shows a typical parabolic shape of
downward density transition. Similar phenomena were obn(r)~ny+Anr?/r,. Here,n, and An are the minimum
served in simulations when a short, high intensity laser pulseensity on axis and density change, respectively, rmpds
was used instead.2]. From an experimental point of view, the channel radius. 2D PIC simulations were performed by
using this kind of parabolic density channel and the detailed
scale length, channel width, and proposed laser propagation
*Email address: jukim@keri.re.kr direction are illustrated in Fig.(&). The full width of the

II. SIMULATION PARAMETERS
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FIG. 1. (3) One example of the Mach-Zehnder interferogram of TW (i.e., a,~3.21) passes through the plasma of 1
a plasma channel obtained 5 ns after a laser pulse and gas jet intex-10'° cm™° at AZ~588&, * (i.e., 75um in the plasma It
action. (b) Electron density profiles o). The electron density was is clearly seen that some background electrons are trapped in
measured across the channel showiein the first node of the wakefield.e., a bright point marked

with a dotted circle¢ as the plasma wakefield passes just

plasma channel and the width of the parabolic density regiogown the rim(=62 um) of the parabolic density channel. At
were fixed to a value of 314kg1(~400,um) and  further elapsed time, the trapped electrons were injected into
251%, 1(~320um), respectively. The edges of the plasmathe acceleration phase of the wakefi[&iy. 2(b)] and accel-
channel were fixed to a value of A (~40 um) for both  erated furthefFig. 2(c)] until they reach almost the mini-
the upward and downward density transitions. Hkgds the ~ mum density position oAZ= 1512k51 (i.e., ~193 um) of
wave number of the laser in free space. In order to see thie parabolic density channel. In general, accelerated elec-
plasma density dependent characteristics, the maximurions are highly relativistic so its velocity is faster than the
plasma density used in this simulation was varied frogn  phase velocity §,,) of the wakefield, which is nearly equal
=4x10"®cm ™3 to ne=1x10"cm 3 (i.e,, 4x10'% 7  to the group velocity ¢4) of the driving lasef11]. There-
X 10'8 1x10% 3x10% and 1x10°° cm™3, respectively  fore, it is anticipated the trapped electrons would reach the
and a fully ionized plasma channel was assumed. The corraleceleration phase of the wakefield. However, this is not the
sponding minimum plasma density used was approximatelgase as long as we consider the downward density transition
43% of its maximum density. Also, a sh@rt50 fs, i.e., laser in the parabolic density channel in which increased plasma
pulse lengthL=c7~15um) and intense laser pulde.g., Wwavelength can keep the trapped electrons effectively in the
peak power of the laseé?, =10, 20, and 30 TW with wave- acceleration phase of the wakefield. While being accelerated,
length of A\;=1.064um) was assumed to pass across thethe trapped electrons have shown so-called “betatron” mo-
plasma channel as shown in Fig. 1. The normalized vectotion [16], in which their transverse amplitude is continuously
potentiala,, which is dependent on the laser power, was sevaried from maximum to minimum in the wakefield. On the
to 2.27, 3.21, and 3.94 and the laser beam was focused at thgher hand, as the laser wakefield passes through the upward
center of the channel to a spot size of 2. In this simu-  density transition of the parabolic density profile, quite dif-
lation, the laser propagation direction is perpendicular to théerent phenomena are anticipated since the plasma wave-

axis of the plasma channel as shown in Figg) &nd 1b). length (\,) decreases, the very front portion of the acceler-
ated electrons may be gradually laid in the deceleration
Il SIMULATION RESULTS AND DISCUSSIONS phase of the wake field.e., slippage or detunind11]. It

should be noted that, however, in our simulation except for
Figure 2a) shows the driving laser pulse and a typical the very few front part of the electron beam most of the
plasma wakefield produced as an intense laser pulse of 2€lectrons are still in the acceleration phase of the wakefield,
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(a) : 4x10" em”

FIG. 3. Examples of typical
shapes of the electron bunch emit-
ted from the plasma channgle.,
4% 10 (a), 7x 10 (b), 1x 10°
(), 3x10® (d, and 1
x10%%cm 3 (e), respectively
when 20 TW laser pulse was used
in these simulations.

gaining more energy from the field. These results can beounded by a dashed circle noted in Fi¢c)3Physical quan-
explained by the “accordion effect” of Katsouleast al. tities of the electron bunch including total charg@.j, av-

[17]; when a I.aser propagates in a tapered plasma channel tlgeage energ)E, r.m.s. (root-mean-squajeenergy spread,
plasma densityr() increases, the plasma wavelengNpX  hich is defined byAE, ,/E, r.m.s. bunch radiusr(),

decreases, but the phase velocity of the wakefield increas?% h . i .
[17]. Thus, a plasma density increase can increase the wal§'§ -S- bunch durationz), and normalized emittances )

phase velocity and thereby avoid electron slippage but th ere obtained from the simulation as functions of the plasma
dephasing length is anticipated to be larger in the tapere?enSIty and laser power. In order to get those physical quan-

. . ties stated above, total numbers of the trapped electrons in
channel. This effect has been recently described by Sprang fie bunch should be calculated by using the following equa-
et al.[18] for a laser propagating in a tapered plasma Chanfion [19,20);

nel.

In order to observe the characteristics of the trapped elec-
tron bunches with respect to the laser power, five plasma
densities(i.e., 4x10'%, 7x10', 1x10% 3x10", and 1 , , ,
X 107° cm~3) were used in the simulations with 10, 20, and Here, N is the total number of the trapped simulation par-
30 TW laser powers. Figure 3 shows examples of typicaficles, No=4 is the number of particles per cell used in the
shapes of the electron bunch emitted from the plasma chagimulations,n is the average electron density in cindx
nel [i.e., 4x 101 (a), 7 1018 (b), 1X10'° (c), 3x 101 (d), @nddx, are the cell sizes in the longitudinal and transverse
and 1x 10?° cm™2 (e), respectivelywhen 20 TW laser pulse directions,Ax; is the assumed extension in the third spatial
was used in this simulations. The electron bunch is indimension, andv, is the plasma oscillation frequenayx,
vacuum now and the location of the electron bunch is ap&nddx,, Axz are in normalized units. We assume thag is
proximately~39 um away from the end of the plasma chan- €qual toAx;, the width of accelerated beam i3, which
nel. These electron bunches can be picked out by using @sumes cylindrical symmetry for the accelerated beam.
magnetic field after it is emitted from the plasma. Unless The characteristics of the electron bunch are investigated
otherwise stated the location of the electron bunch investiand the results are shown in Fig. 4 as functions of laser
gated in this simulation is approximatekt39 um away Power and plasma density. Here, Fig$a)4 4(b), and 4c)
from the end of the plasma channel. represent the results for 10, 20, and 30 TW laser power,

We now focus our attention on the electron bunches surrespectively. Again, it includes average enerEy total

N'=(N/Ng)nedx; dx,Axs[ ¢/w,]°.
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! phase spacep{,z), which corresponds directly to th&x2x1
,g 10 : J phase space of Fig(&.
3 L
2 L closely related to the normalized emittance,), shows a
= 1L ] minimum value ofr,~ 3.5 and 4.Qum for laser powers of 10
® —{J— average energy (MeV) E and 20 TW, respectively. This result is illustrated in Fi¢c)3
ILOJ:::ﬁh:L:rg;i(o[:\C()fs) ] as the electron bunch in the simulations shows bright and
[ O~ bunch radius ¢im) 1 smaller size compared to the others. It is interesting to note
0-(1) S that the general trend of the r.m.s. bunch radius is much
' e 6 s different from that of the total charge of the electron bunch
plasma density (0.001 =2 x 10 "em”) for both the 10 and 20 TW laser power cases. However, for
(b) the 30 TW case, while the average energy shows a maximum
100 S ' of E~37.5MeV at the plasma density of 0.0Gbe., 1
laser power: 30 TW X 10* cm™®) the total charge of the electron bunch shows
its maximum ofQp=~ 10 nC at the plasma density of 0.0035
m M (i.e., 7X 10" cm™3). Also, the minimum r.m.s. bunch radius
’g o M) B bunch duraton (. observe(_j in thg highest total charge for the 10 and 20 TW is
> | T mmmeesymen M i duton not applicable in this case.
£ 10} Figure 5 shows one example of the simulation result of
£ . the momentum phase spacg, (z), which corresponds di-
r rectly to thex2X 1 phase space of Fig(@. Results show
L that the accelerated electron bunpfienoted as a dotted
S B circle in Fig. 3c)] has momenta in the ranges of 5 and
0.001 0.01 25 MeV/c and the r.m.s. bunch duration,~17 fs, which
plasma density (0.001 = 2 x 10'%cm™) corresponds te=5 um in bunch length. However, it should
© be pointed out that the accelerated electron bunch shows

large energy spread, which is due to the dephasing of the
electron bunch to the laser wakefidlill], and it is com-

simulation as functions of laser power and plasma density. It in-

cludes average energkieV), total charggnC), r.m.s. bunch dura- monly observed elsewhef8].

tion (fs), and r.m.s. bunch radiugm). Here, (a) is for 10 TW, (b) The normalized emittances{) of the electron bunches

is for 20 TW, and(c) is for 30 TW, respectively. are calculated fronz,= yor, 6, Wherey,, 1y, and o, are
the Lorentz factor of the average energy, r.m.s. bunch radius,

and angular spread of the electron bunch, respectively, and
charge Qp), r.m.s. bunch radiusr(), and rm.s. bunch du-  the results are shown in Fig. 6. Again, it should be noted that
ration (7). Overall r.m.s. energy spredde., AE,,s/E) of  the normalized emittance is calculated for the electron
the electron bunches calculated in this simulation rangedunches, which are located in exactly the same distance in-
from 18 to 31%. As shown in Figs.(@ and 4b) the total ~ dicated in Fig. &) (i.e., ~39 um away from the plasma
charge of the electron bunch shows peak value®pf 4.9 channel. As shown in Fig. 6, it is clear that at a specific laser
and 9 nC for 10 and 20 TW of laser power, respectively, and?0Wer one can find a corresponding plasma density, which

satisfies the normalized emittance growth to be minimum.
21550 :/lheovws;(tatlattlk:/eelypk;fsr;s;av;;igsyengfrglgéozféfes anld For example, at laser powers of 10, 20, and 30 TW, the

9 . _3 . .~ ._corresponding plasma densities that fulfill the normalized
X 10 cm ). Moreover, the r.m.s. bunch radius, which is emittance growth to be minimum are<0l® 1x101° and

FIG. 4. Characteristics of the electron bunch investigated in this
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FIG. 6. The normalized emittance () of the electron bunches -
growth to be minimum.

calculated frome,= yorp6p , Wherey,, r,, and gy are the Lorentz
factor of the average energy, r.m.s. bunch radius, and angular spread o
of the electron bunch, respectively. duration (r,), r.m.s. energy spread.e., AE,s/E), and

normalized emittanceg(,) of the electron bunches.
3x 10" cm™3, respectively, and they tend to increase with  Despite the large momentum spread, the trapped electrons

the laser power as shown in Fig. 7. can be effectively accelerated with momenta in the range of
5-20 MeVLk, which is similar to the previous results that
V. CONCLUSIONS used sharp downward density transiti@. It is anticipated

that the present work proposes an experimentally easier and

In conclusion, a 2D PIC simulation study was performedmore feasible method for the electron trapping and accelera-
to investigate the electron self-trapping and acceleration in &on in a plasma.
plasma by using a simple parabolic density model, in which
the scale length of the plasma density transition is larger than
Suk’s schemé8] but smaller than Bulanov’s10]. Physical ACKNOWLEDGMENTS
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