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Abstract

The effect of an external transverse magnetic eld on ionization injection of electrons in a laser

wake eld accelerator (LWFA) is investigated by theoretical analysis and particle-in-cell simulations.
On application of a few tens of Tesla magnetic eld, both the electron trapping condition and the
wake eld structure changessigni cantly such that injection occurs over a shorter distance and at an
enhanced rate. Furthermore, beam loading is compensated for, as a result of the intrinsic trapezoidal-
shaped longitudinal charge density pro le of injected electrons. The nonlinear ionization injection
and consequent compensation of beam loading lead to a reduction in the energy spread and an
enhancement of both the chargeand nal peak energy of the electron beam from a LWFA immersed
in the magnetic eld.

1. Introduction

The laser wake eld accelerator (LWFA) [1, 2] has attracted growing attention over the last decades because it can
sustain ultra-high acceleration gradients (GV/m). The plasma wave in the LWFA is excited by the
ponderomotive force of an intense, ultra-short duration laser pulse. Its phase velocity, v, is close to the group
velocity of the laser pulse in plasma. This sets a threshold requirement for injection of electrons into the
wake eld; to be continuously accelerated, they have to move in phase with the wake eld. An outstanding issue of
the LWFA is how to control the injection process, while optimizing the quality of the electron beam produced. In
addition to the usual self-injection in the blow-out regime [3, 4], injection can also be controlled using additional
laser pulses [5-7], plasma density transitions [8—11], external magnetic elds [12-14], etc. Recently, controlled
ionization injection has also been proposed [15-18].

lonization injection requires inner-shell electrons of high-Z atoms to be released at a particular phase inside
the wake bubble. These electrons will be trapped if they experience suf ciently large potential difference as they
slip backwards to catch up with the wake. Since injected electrons are released inside the wake bubble in
ionization injection, these electrons can get an additional energy gain due to the potential difference between the
edge and the interior of the bubble. As a result, ionization injection can occur at relatively lower laser intensity
and/or lower plasma density in comparison with self-injection [15-18]. However, ionization injection often
results in a large energy spread because electrons are continuously injected at various phases into the wake and
experience different accelerating times. Many schemes have been proposed to reduce the injection distance and
the energy spread, such as using two gas cells to separate the injection and acceleration stages [19, 20], dual-

© 2018 The Author(s). Published by IOP Publishing Ltd on behalf of Deutsche Physikalische Gesellschaft


https://doi.org/10.1088/1367-2630/aac926
mailto:wengsuming@gmail.com
mailto:z.sheng@strath.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1088/1367-2630/aac926&domain=pdf&date_stamp=2018-06-20
http://crossmark.crossref.org/dialog/?doi=10.1088/1367-2630/aac926&domain=pdf&date_stamp=2018-06-20
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0

I0OP Publishing

New J. Phys. 20 (2018) 063031 QZhaoetal

colour lasers to control injection [21], or an unmatched laser pulse to truncate the injection [22, 23]. However,
the narrow energy spread in these schemes is usually achieved at the expense of a lower beam charge.

Inthis paper, we investigate the effect of an external transverse magnetic eld (ETMF) on ionization
injection in the LWFA. In the self-injection scenario, it was previously found that the (longitudinal) trapping
condition can be effectively relaxed by an ETMF of a few hundreds of Tesla [14]. In comparison, herewe nd
that the ETMF required for tuning the LWFA electron beam can be signi  cantly reduced in the ionization
injection scenario. It is found that a nonlinear ionization injection process, characterized by an enhanced
injection rate over ashortened distance, can occur under an ETMF of a few tens of Tesla. The reduction in the
required ETMF is attributed to the reduced self-generated magnetic eld inionization injection, which usually
uses lower laser intensity and lower plasma density [5, 15-18]. More importantly, this nonlinear injection
process optimizes the longitudinal beam current pro le of the injected electrons, which resultsin a linearly
modi edwake eldasaresultof beam loading. Suchalinearly modi edwake eld effectively suppresses the
energy spread because of phase rotation [24, 25] and results in dark-current-free bunch generation. Finally, the
boosted injection rate, together with the tailored beam loading, allows for simultaneous reduction in the energy
spread and enhancement of the beam charge.

2. Theoretical analysis

We start by considering the (longitudinal) trapping condition of electrons in the presence of an ETMF. In the
frame co-movingwiththewake (x,y, Y z  wd), the electron motion is governed by a conservative

HamiltonianH ~ H vgu, Z[26],where H /1 u3 uZistheelectron Lorentz factor with the
transverse (u ) and longitudinal (u;) momenta, Z  ¢e( &A) is the wake potential normalized to m.c?, and
and A, are respectively the scalar and vector potentials of the wake eld. Unless otherwise noted, we use
dimensionless units for the equations and variables in the following. Time, length, velocities, momenta, and
magnetic elds, respectively, are normalized to, 1/ ,,¢/ ,, cand mc, and me X,/ewith the plasma frequency
%  (no€’/ kg my)Y/2 and the electron density no, mass m,, and charge e. An electron can be trapped only if its
longitudinal velocity v, reaches v¢ before it slips backwards to the potential through  Zyin [16]. If thereisno
ETMF, the longitudinal trapping condition canbe writtenas %  Z mn & - (1 WR/%/ o 1[27],
where ;isthe wake potential at the ionization positionand H, (1 v3) /2 However, an additional vector

potential thatsatis es < qAext B* t hasto be considered in the presence of an ETMF B!, Assuminga
uniform B®'  byy, themodi ed longitudinal trapping condition is[14]

1 u3

wz- Y- 1 et op ()
H

where % % bovdx  %)/2isthevector potential difference due to the ETMF, x; and xare the initial
ionizationand nal injection transverse displacements, respectively. Physically, the ETMF enhances or
suppresses electron injection depending on the direction of the longitudinal Lorentz force on the newly-born
electrons. Therefore, the modi ed longitudinal trapping condition is relaxed if x; > X, and istightened if
X < X

The longitudinal trapping condition (1) is a necessary, rather than asuf cient, condition for electron
injection. Considering the 3D electron dynamics, injected electrons must also satisfy the transverse trapping
condition, i.e., be trapped in the focusing region that is usually located near the bottom of the wake bucket. The
transverse component of the wake eld canbewrittenasW, E,  Brwiththeradial electric eld E,and the
azimuthal magnetic eldB [28]. Inthe LWFA, the total wake eld is the superposition of the laser wake eld and
the beamwake eld, i.e., the beam loading wake eld. Inthe focusing region located at the bottom of the wake
bucket, E, isdefocusingand B is focusing, and the total transverse wake eld is focusingsince B isdominantin
this region. For the sake of simplicity, we ignore the radial electric elds and only consider the magnetic elds
that include the self-generated magnetic eld B¢ and the ETMF B®¥! . Further, we assume that Bt byy
as before, while the azimuthal Bse!f br/Ry, Fhasalinear pro leuntilacut-off radius R, [29], where Ry, is
de ned asthe position where Bs€ff  reaches its maximum(minimum) value. Now we are interested in whether
anelectroninthey = 0plane can be transversely trapped or not. We therefore assume that this electron has
already satis ed the longitudinal trapping condition (1),i.e.,\,  V,atx = X¢(X¢is the off-axis position where
v, reach vg) with the instantaneous transverse momentum u,o and longitudinal momentum u,o .. Asthe
variationin during one betatron oscillation is usually negligible compared with the betatron oscillation
amplitude, the longitudinal momentum variation U,(X)  uw Uy, due to the betatron oscillation, is given by
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Xdugdx  bOZ xg

U, (x X X3, 2

2(X) e, R bo( 3 2

where v, is the velocity in the x direction. Using the approximationu? ~ u? u2 uZ U2, onecavobtain
uf  u§ [uo  UR1? W 2uoU(3. (3

Ifan electron is transversely trapped, it should have two turning points % - Ry, where u,(>) 0.
Equivalently, U,(x)  Uchastworootsintheregion X - Ry, whereUy ugv Uyg ufo/ZUZoxThis
prescribes the following transverse trapping condition

b. i 2R(W BR BX/(RBR 3, (4

where bt is the critical amplitude of self-generated magnetic eld required for the transverse trapping. Since Ug
isusually negligible for the injected electrons, bi; is roughly proportional to the ETMF amplitude by. Specially,
b;m thfor xg = 0.

In order to inject the electrons into the wake under an ETMF, both the longitudinal trapping condition (1)
and the transverse trapping condition (4) should be satis ed. On the one hand, the longitudinal trapping
condition is relaxed by the ETMF since it contributes an additional vector potential difference [14]. On the other
hand, the transverse trapping condition becomes tougher under the ETMF that tendsto de ect the electrons,
and then a stronger self-generated magnetic eld is required to focus the injected electrons.

3. PIC-simulations

Three-dimensional PIC-simulations with OSIRIS [30] have been carried out to visualize the ionization injection
under an ETMF. In each simulation, asimulation box with asize of 32.5 x 32.5 x 12.5 (¢/ )&)3 moves along
the z-axis at the speed of light, and it is divided into 260 x 260 x 1600 cellswith1 x 1x 2 particles per cell, the
size of each cell is0.125 x 0.125 x 0.007 8125 (c/ %)3. We assume a typical laser pulse with parameters of 100
TW and 30 fsincident along the z-axis into a region containing helium-nitrogen mixed gas. The background
helium plasmadensityisn,  1.745 18 cm3 ghich is doped with 2% nitrogen atoms. The laser pulse is
linearly polarized and has awavelength of 0.8 mand spotsize 0of 30 m. The laser power is well above the
threshold for relativistic self-focusing (17 TW), and its normalized vector potential ag w ek/ m Xc  1.8is
close to the ionization threshold of nitrogen inner-shell electrons [16]. The plasma is exposed to a uniform
ETMF Bﬁ’“along the y direction. We compare the resultswith BS* 0, 10, 20, and 50 [corresponding to
bp weB maX, 0,0.024, 0.048, and 0.11M is worth pointing out that the applied ETMFs have nearly no
impact upon the background plasmasince by = 1, while they may signi cantly affect the dynamics of
ionization injected electrons.

3.1. lonization injection under an external magnetic eld

Figure 1(a) illustrates that at a propagation distance z 0.7 mma considerable number of energetic electrons
have already achieved the wake phase velocity when they slip backwards to the focusing region. However, these
energetic electronsare de ected upwards by the magnetic eld and cannot be injected as shownin gure 1(b).
Figure 1(b) also shows that the self-generated magnetic eld Byse”is highly asymmetric about the x-axis at this
moment due to the de ection of electrons. As the laser intensity increases during the self-focusing, the self-
generated magnetic eld will increase gradually and trigger the electron injection as long as it exceeds the critical
amplitude required for the transverse trapping. The current of injected electrons will enhance the self-generated
magnetic eld in turn. Finally, an avalanche of electron injection occurs when the increasing self-generated
magnetic eld overwhelms the ETMF. Therefore, a large amounts of electrons are successfully injected at

z; l.3mmasshownin gure1(c), where the bottom of wake bucket is even split apart by the strong Coulomb
repulsion force of the injected electrons.

To illustrate that the transverse trapping force of injected electrons is provided by the magnetic force rather
than the electric force, the representative trajectories of three injected electrons are displayed in gure 2 (a) and
(b) with the instantaneous radial electric eld and azimuthal magnetic eld, respectively. Itis clear that the
electricforce ek is defocusing while the magnetic force ey By is focusing at every turning points of the
trajectories. Therefore, the self-generated azimuthal magnetic eld is dominant in the transverse trapping of
electrons.

To quantitatively analyse the transverse trapping process of electrons, the time evolution of the self-
generated magnetic eld amplitude isshownin gure 2(c). Asigni cantenhancementin Byse'fdue tothe
electron injection is clearly observed afterz ; 0.8 mmin gure 2(c). Further,we nd from the simulations that
Ug X uXZo /2u,p  0.022ndR,, = 4 maregood approximations for the transverse trapping model given
above. Substituting these values into equation (4), one can estimate the required b, for the transverse trapping
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Figure 1. (a) and (c) The distributions of the electron density (blue) in they = 0 plane at different propagation distances,
superimposed with energetic electrons (color dots) with > 10and low energy electrons (black dots) with < 10. (b) and (d) The
distributions of the wake eld azimuthal magnetic eld (normalizedto me X,/ 423.7 Tjinthey = 0 plane at different propagation

distances, the olive curves indicate the typical orbits of energetic electrons in the co-moving frame (x, y, z  ¢). Theimposed ETMF
isB™X 50T

condition. Figure 2(d) shows that the minimum b, is about 0.18 for the case by = 0.117 (Bﬁ"t 50 T), which
isone order of magnitude higher than thatinthe case by = 0. We ndthatb.; ; 0.18isroughly approximate
to the amplitude of the self-generated magnetic eld S};':m 0.15atz = 0.8 mmwhen the injection is
triggered in the simulation case with Bth 50 T. Moreover, b,i: for electrons with x¢ > 0is much smaller than
that for electrons with x¢ < 0ifby > 0. Thatisto say, electrons from the upper half space (x > 0) are more
easily trapped, which makes injection asymmetric under an ETMF.

The asymmetric injection under an ETMF is illustrated by the trajectories of injected electronsin gure 3(a),
which shows that the most of injected electrons originate from the upper half space (x > 0). Itisalso seen that
the trapped electrons are injected off-axis and oscillate violently beforez 1.5 mm since the self-generated
magnetic eld in the focusing region is highly asymmetric at the early stage. With the relativistic self-focusing of
the laser pulse and the enhancement of the injected electron current, the self-generated magnetic eld increases
quickly and becomes symmetric. Consequently, the transverse oscillation of electrons will be weakened.

Figure 3(b) compares the initial ionization positions of injected electrons in the cases with and without an
ETMF. Without the ETMF, it seems that the injected electrons come from a hollow ring that is roughly
symmetric around the laser axis. The electrons ionized near the laser axis are not injected because they do not
reach the focusing region due to their small injection positions Y. With the ETMF, however, the injected
electrons mainly come from the upper half of the hollow ring due to the asymmetric transverse trapping
condition equation (4).

More importantly, the trajectories of injected electrons are more chaotic under the ETMF. Figure 3(c)
displays the typical trajectories of four injected electrons from two different ionization phases. Itis illuminated
that under the ETMF the electrons with the same ionization phase can have completely different longitudinal
injection positions, which is distinct from the case without the ETMF. This is because the self-generated
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Figure 2. The representative trajectories of three injected electronsinthey = 0 plane are displayed, with the instantaneous (a) electric
eldinx direction and (b) magnetic eld iny direction. The black circle denotes the turning points, the arrows denotes the directions
of the magnetic force FE ey B, or electric force F5 e. (¢) The minimum negative (B§%,, ) and maximum positive (BSSr.y
self-generated magnetic eld in the focusing region versus the laser propagation distance. (d) be,i; predicted by equation (4) in the cases

bo = 0and0.117 (B 50 T).

magnetic eld in the focusing region rapidly increases and is highly asymmetric under an ETMF as shown in
gure 2.

3.2. Nonlinear injection rate and modi ed charge pro le
The above analysis illuminates that the electron injection becomesef cient only if the self-generated magnetic
eld Bie” overwhelms the ETMF B)?X‘, whichtendstode ect the electrons. Therefore, at early stages the
injection rate decreases with the increasing Bﬁ’“, and virtually no injection occurs when Bﬁ’“ 50 Tin
gure 4(a). Due to relativistic self-focusing, however, injection will be triggeredatz 0.8 mmwhen Sﬁgm in

gure 2(c) iscomparable to the minimum by,;; when Bf’“ 50 Tin gures2(d) and injection enhances Bﬁe” in
return. In this case, nonlinear injection occurs because of the increasing injection rate, which isevident in the
insetof gure4(a). Furthermore, the longitudinal trapping condition (1) can be relaxed because most of the
injected electrons under an ETMF come from the upper half space and satisfy x; > x;, which results in the peak
of the injection rate being enhanced. In all cases, the injection rates decrease in the latter stages because the beam
loading effect undermines the accelerating eld [18]. Note that the total charge foran ETMF of 50 T can reach
175pC.

Not only can the ETMF shorten the injection distance without reducing beam charge, but it also shapes the

beam density pro le ideally for high beam quality and acceleration ef ciency. Without the ETMF, the relative
longitudinal injection positions  of electrons in the blown-out regime can be determined by [31]

A YR 2 24 vay), H (9

where ;(r;)and (r) are respectively the longitudinal (transverse) coordinates when the electrons are initially
ionizedand nallyinjected,andtheterm H vgU, isnegligible for the electrons that have just been loaded.
Without the ETMF, a lot of ionized electrons can be easily injected within a propagation distance as short as a few
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Figure 3. (a) The trajectories of randomly selected 100 injected electrons with an ETMF Byex‘ 20 T. (b) The initial ionization
positions of injected electrons in (a) (red stars), in comparison with those without the ETMF (black dots). (c) The trajectories of four
typical injected electrons in (a) in the commoving frame. These four electrons originate from two ionization phases, respectively.
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Figure 4. () The beam charge versus the laser propagation distance under B§X‘ 0,10,20and 50 T. Inset: the corresponding
injection rates in units of NC/mm. (b) The charge density pro les of loaded electron beams.

hundreds of micrometers due to the looser transverse trapping condition shownin gure 2(d). According to
equation (5), these injected electrons will be loaded at the beam front with relatively small longitudinal
coordinates Ysince they are ionized at an early stage with relatively small radii r;. In contrast, under the ETMF
most ionized electrons can only be injected after a propagation distance as large as one millimetre. So they are
usually ionized at relatively large radii due to the enhanced laser intensity by the self-focusing. Figure 3(b)
demonstrates that the mean ionization radius of injected electrons under the ETMF ( 11.04 m)isalittle larger
than that withoutthe ETMF ( 9.84 m). Following this larger mean ionization radius, these electrons will be
loaded at more lagged phases, according to equation (5). Furthermore, these electrons will be distributed into a
relatively broad range of longitudinal coordinates due to the uncertain relation between their ionization and
injection positions under the ETMF, asshown in  gure 3(c). That is to say, the longitudinal charge pro le of
loaded electron beams can be modi ed to some extent by an ETMF. Figure 4(b) compares the charge density
pro lesof injected electron beams under different ETMFs. Without the ETMF, the injected electrons will form a
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Figure 5. (a)—(c) Phase-space of injected electrons (color contour) and the accelerating eld E, (black curve) for Bﬁ"‘ 0,20,50T
Insets compare the charge pro les of electron beams from the simulations (red solid curve) with the optimized trapezoidal-shaped
pro les (red dash curve) predicted by equation (6), where R, and r, are obtained from the simulations.

sharp peak at the beam front due to their relatively small ionization radius. In contrast, trapezoidal-like charge
pro lescan be formed by the injected electrons in the cases with appropriate ETMFs.

3.3. Correlation between energy spread and charge pro le

The charge pro le of loaded electrons can have asigni cant effect on the accelerating ef ciency and beam
quality, because of modi cations of the wake eld [24, 32, 33]. In the ionization injection regime, the energy
spread of LWFA electrons arises from two causes [18]. The rstis due to the different accelerating times for
electrons that are ionized and therefore injected at adjacent phases; while the second cause is due to the different
accelerating elds for electrons that are ionized and injected at various phases.

In gure5, wedisplay the distributions of injected electrons in the S p, phase space for different ETMFs.
Without the ETMF, the energy spread is mainly due to the rst cause because most of the electrons are injected
withinanarrow interval at the beam front. These electrons are injected at the various moments and experience
different accelerating times. As a consequence, they will have a broad range of momenta and form a steep slope
inthe S p, phase space at the beam front.

In contrast, with a strong ETMF, electrons are loaded into a relatively broad range of . Therefore, the energy
spread in this case is mainly due to the second cause. On the other hand, the wake eld can be optimized by the
modi edcharge pro le of loaded electrons under a strong ETMF. In the case of Bﬁ“ 20 T, itis found that the
strength of the wake eld within the electron beam increases linearly with the phase lag Y. Taking advantage of
suchalinearly modi edwake eld, the energy spread of electrons can be greatly reduced after they are injected.
In gure 6(a), we compare the energy spectra of electron beams under different ETMFs. Itisillustrated that the
energy spread at the propagation distancez ; 3.5 mm decreases with the increasing ETMF, and a quasi-
monoenergetic electron beam can be achieved under an ETMF Bj”“ 20 T. If the slope of the linearly modi ed
wake eldistoo large, however, longitudinal phase mixing will occur due to the strong rotation of loaded
electrons in phase space. This kind of phase mixing will increase the energy spread at a later stage. Fortunately,
under astronger ETMF Bf’“ 50 Tanearly uniformwake eld E, is presented within the electron beam in

gure 5(c). Theoretically, such auniform wake eld is achieved by a trapezoidal-shaped beam charge pro le [24]
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W) YR /e JRY W8, Y, Y (9

where Ry, is the radius of the blow-out region,and r, 1, Y) isthe channel radiusat where the loading starts.
The charge pro les from the simulations without and with an ETMF are compared with optimized trapezoidal-
shaped charge pro lesintheinsets of gures5(a)—(c), respectively. Itiscon rmed thatthe charge pro le for
BﬁX‘: 50 T isin rough agreement with the prediction by equation (6), which is of great bene tto the accelerating
ef ciency and beam quality. Asshownin gure 6(b), it is demonstrated that the relative energy spread can

gradually decrease from 6.2% (z = 4 mm) to 4.3% (z = 5 mm), while the peak energy gradually increases from
224t0 290 MeV.

3.4. Magnetic effect on transverse emittance
As another important property of electron beams, the transverse beam emittances of injected electron beams
under different ETMFs are compared in gures 7(a)—(c), while the electron beam charges are compared in

gure 7(d). In the calculation of the emittance and the charge, we only consider the electrons in the quasi-
monoenergetic part of the beam. Above all, we nd that the emittance generally increases with the increasing
charge in each case with an ETMF. In the case without the ETMF, however, the relationship between the
emittance and the charge seems vague. This may be because the injected electrons are not so monoenergetic and
their distribution in the phase space evolves obviously in this case. Figure 7(a) shows that the beam emittance
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O, xinthe x direction, that perpendicular to the ETMF direction, will be slightly increased in an ETMF. This may
be because the ETMF makes the focusing force nonlinear in this direction by its contribution ey E x. Asa
result, the electron oscillation and the emittance are increased in this direction. In contrast, gure 7(b) shows
that the beam emittance g,  in the y direction, that parallel to the ETMF direction, will be slightly decreased in
an ETMF. The suppression of &, y might be attributed to the stronger self-generated magnetic eld under an
ETMF. Finally, gure 7(c) indicates that the total transverse beam emittance @, , will increase slightly with the
increasing ETMF.

4. Discussions

Equation (4) indicates that the self-generated magnetic eld B required for transverse trapping increases with
the ETMF B®, which implies that the ETMF should not be too strong, otherwise the ionization injection can
never be triggered. Using the laser and plasma parameters of gure 1,we nd that no electron injection occurs
for Bye"t . 100 T In the self-injection scenario of the LWFA, however, an ETMF of a few hundreds of Tesla is
bene cial to electron injection [14]. This is because it is relatively hard to achieve the longitudinal trapping
condition in the usual self-injection, and a strong ETMF can greatly relax the longitudinal trapping condition by
an additional vector potential difference. In contrast, the ETMF effect upon the longitudinal trapping condition
is not so important in ionization injection since the injected electrons are released inside the wake and they are
relatively easier to achieve the phase velocity of the wake in this scenario. As a result, the ETMF mainly appears to
modify the transverse trapping condition in the ionization injection.

In contrast to self-injection, ionization injection signi cantly reduces the required ETMF for tuning the
LWFA electron beam. In order to dynamically control the transverse trapping condition and then modify the
beam quality, we nd that the ETMF should be on the order of the self-generated magnetic eld according to
equation (4). In the self-injection, the self-generated magnetic eld usually is very large since the laser intensity
and the plasma density are relatively high in this scenario. In contrast, the self-generated magnetic eld in the
ionization injection is relatively small since a lower laser intensity and/or a lower plasma density could be
employed in this scenario. As aresult, an ETMF on the order of a few tens of Tesla is enough to modify the beam
quality in ionization injection. At the early stage, the electron injection can be effectively suppressed by such an
ETMF. Due to relativistic self-focusing, the injection rate will be dramatically increased as long as the increasing
self-generated magnetic eld is comparable to the ETMF.

It is worth pointing out that the strong ETMF offers a new freedom to control ionization injectionina
LWFA. Previously, a few novel schemes have already been proposed to control the ionization injection process
and then reduce the energy spread [19-23]. However, these schemes usually only consider the = rst cause of
energy spread, and narrow the difference in the accelerating time by reducing the injection distance. However,
using an appropriate ETMF, one can not only narrow the difference in the accelerating time via compressing the
ionization injection process, but also provide a uniform accelerating eld by optimizing the charge pro le of
loaded electrons. These two aspects are the unique advantages of magnetic-controlled ionization injection for
aLWFA.

In addition, we notice that strong magnetic elds on the order of a few tens of Tesla in a small volume can be
generated by discharging a high-voltage capacitor through a small wire-wound coil in laboratories [35-37], and
apulsed non-destructive magnetic eld above 100 Teslawas recently recorded in the Pulsed Field Facility at Los
Alamos National Laboratory [38]. Such high magnetic elds are of great interest for controlling laser-plasma
interactions [39, 40]. Particularly, they could provide an alternative powerful means to control the ionization
injection and modify the wake eld structure in the LWFA.

5. Conclusion

In summary, we have proposed a magnetic-controlled ionization injection scheme for the LWFA. Under an
ETMF, electron trapping occurs only when the self-generated magnetic eld is larger than certain critical value
as described by equation (4). Due to relativistic self-focusing, the increasing self-generated magnetic eld
triggers electron injection at a particular propagation distance. As soon as injection is triggered, the current of
the injected electrons rapidly enhances the self-generated magnetic eld, which in turn, leads to an avalanche of
electron injection. As aresult, a large number of electrons are injected over a limited distance. Moreover, the
injected electrons form a trapezoidal-shaped charge pro le for appropriate ETMFs. Such an optimized charge
pro lecan modify the accelerating eld to be nearly constant along the propagation direction, which increases
the electron energy and, in addition, reduces the energy spread. Consequently, our scheme allows for the
generation of high-energy, high-charge beams with narrow energy spread. More importantly, ionization
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injection in our schemesigni cantly reduces the ETMF required for tuning the LWFA electron beam in
comparison with the self-injection.
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