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We present an indirect method to diagnose the electron beam behaviors and bubble dynamic

evolution in a laser-wakefield accelerator. Four kinds of typical bubble dynamic evolution and,

hence, electron beam behaviors observed in Particle-In-Cell simulations are identified correspond-

ingly by simultaneous measurement of distinct angular distributions of the betatron radiation and

electron beam energy spectra in experiment. The reconstruction of the bubble evolution may shed

light on finding an effective way to better generate high-quality electron beams and enhanced beta-

tron X-rays. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4900412]

In the laser-wakefield acceleration (LWFA),1 the qual-

ities of the accelerated electron beams are mainly deter-

mined by the dynamic evolution of the wakefield, especially

in the bubble regime.2,3 With a stable bubble structure

formed under the matching condition kpw0 ¼ 2
ffiffiffiffiffi
a0
p

,4 where

kp is the plasma wave number, w0 is the laser spot size and

a0 is the peak amplitude of the normalized vector potential

of the laser field, high quality electron beams can be pro-

duced via self-injection. While, the departure from the

matching condition usually causes instability of the bubble

structure. The evolution of the bubble structure can induce

multi-injection,5–9 leading to large-energy spread beams.

Meanwhile, the unstable evolution may cause transverse

oscillations of the bubble structure, leading to collective

transverse oscillations of the electron beam,10,11 which will

enlarge the divergence and the transverse emittance of the

electron beam, and even shorten the dephasing length which

eventually reduces the maximum energy gain of the beam.

Therefore, it is necessary to study the dynamic evolution of

the bubble to control the wakefield structure and hence the

quality of the electron beam.

However, there is no direct method to diagnose the

dynamic evolution of the bubble experimentally so far.

Fortunately, we could still diagnose the bubble evolution and

the behaviors of the electron beams indirectly with the aid of

radiations emitted by the electron beams during the accelera-

tion in the bubble. Betatron radiations are generated when

the relativistic electrons perform transverse oscillations,

referred to “betatron oscillations,” due to the transverse fo-

cusing forces of the wakefiled,12 resonant oscillations in the

laser field,13,14 and the unstable evolution of the bubble

structure which is mentioned above.6 The characteristics of

the betatron radiation, such as photon flux, photon energy

spectrum, angular distribution and the brilliance, are deter-

mined by the characteristics of the accelerated electron

beam, such as beam charge, energy spectrum, amplitude of

transverse oscillations, and beam duration,15–17 and hence

depend on the dynamic evolution of the wakefield.

Therefore, by studying the characteristics of the betatron

radiation, we can retrieve the behaviors of the electron

beams, and, in principle, we can reconstruct the process of

the bubble dynamic evolution.

In this letter, we found through 2D-Particle-In-Cell (PIC)

simulations that for different laser-plasma parameters and at

different stages of the bubble evolution, there are four differ-

ent distinct bubble structures. These four kinds of bubble

structures result in four kinds of different electron beam

energy spectra and transverse oscillations, respectively, and

hence different angular distributions of the betatron radiation.

These simulations are confirmed experimentally from the be-

tatron radiation of multi-hundred MeV wakefield-accelerated

electron beams. By analyzing the angular distributions of the

betatron radiation and the electron beam energy spectra, the

injection regime of the electron beams and their transverse

oscillations behaviors were identified and the dynamic evolu-

tion of the bubble structure were reconstructed.

PIC simulations were carried out with the 2D PIC code

OOPIC.18 The simulation box with a moving window is

100 lm� 160 lm corresponding to 500� 4000 cells in y and x
directions, and each cell contains 9 macro particles. The spatial

and temporal distribution of the laser pulse can be expressed

as aðs;yÞ ¼ a0 sinð2ps=3sLÞ expð�y2=w2
0Þcosð2ps=TÞ for

0< s<3/2sL, where s¼ t � x/c with c the speed of light,

a0¼3.64, sL¼60 fs is the full width at half maximum

(FWHM) pulse duration, w0¼18lm is the 1/e2 spot radius

and T¼kL/c with kL¼800nm. The intensity of the laser pulse

is I¼2.83�1019W/cm2, and the power of the laser pulse is

144 TW. The drive laser pulse is launched into homogeneous

plasma in x direction and linearly polarized in y direction.
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Four kinds of bubble structures are shown in Figs.

1(a)–1(d). First, in the bubble regime, the pondermotive force

of a strong laser pulse (a0� 1) is responsible for the forma-

tion of the bubble. As shown in Fig. 1(a), electrons which are

expelled by the laser pondermotive force flow backwards to

the rear of the bubble and then are self-injected. During the

acceleration, electrons perform transverse oscillations due to

the transverse focusing force. The pondermotive force is iso-

tropic in the transverse direction, so do the transverse oscilla-

tions of the self-injected electron beam. The divergence

angles of the betatron radiation in the oscillation plane and

the plane perpendicular to the oscillation are hy¼K/c and

hz¼ 1/c, respectively,16 where K¼ cxbrb/c is a parameter

describing the strength of betatron oscillations, c is the

Lorenz factor, xb ¼ xp=
ffiffiffiffiffi
2c
p

is the betatron oscillations fre-

quency, xp is the plasma frequency, and rb is the amplitude

of the betatron oscillations. Generally speaking, K � 1 is

satisfied with c> 100 and rb> 1 lm. Therefore, hy> hz is

usually satisfied. Since the transverse oscillation of the self-

injected electron beam is isotropic, the angular distribution of

the betatron radiation is also isotropic.

Second, when the plasma density is slightly higher than

that of the matching condition, an unstable state of the bub-

ble structure emerges, as shown in Fig. 1(b). During the

interaction, the laser pulse front is eroded gradually, leading

to the shortening of the pulse duration and the increase in the

laser intensity which eventually causes a longitudinal stretch

of the bubble and a continuous injection of the second

bunch.19 Moreover, when the laser pulse duration is short

enough, the carrier envelope phase effects dominate and the

pondermotive approximation breaks down. As a result, the

plasma response to the laser field becomes asymmetrical

because of the variation of the carrier envelope phase and

causes the transverse oscillations of the bubble10 in the plane

of the laser polarization, i.e., x-y plane in Fig. 1. The oscilla-

tions of the second electron bunch induced by the bubble

oscillations are also along the y direction, and hence, the

angular distribution of the betatron radiation emitted by this

electron bunch should be anisotropic. When the oscillations

of the bubble occur, the acceleration of the first electron

bunch has already stopped and electrons start to dephase.

The bubble oscillations have little influence on the motion of

the first bunch as well as the betatron radiation emitted by it,

leading to an isotropic angular distribution of the betatron

radiation emitted by this electron bunch. Therefore, the spa-

tial distribution of the betatron radiation is composed of two

different parts. The transverse profiles of the radiation at far

field should be a circle rounded by an ellipse or otherwise,

depend on the difference of the energies and oscillation

amplitudes between these two electron bunches, according to

the formula h ¼ K=c ¼ xprb=c
ffiffiffiffiffi
2c
p

.

When the laser spot radius is enlarged to twice that of in

Fig. 1(b) (in this case, the simulation box is enlarged to

180 lm� 200 lm with 900� 5000 cells in y and x direc-

tions), the oscillations of the continuously injected electron

bunch in the y direction are suppressed, as shown in Fig.

1(c). This is because of the fact that, during such a continu-

ous injection, the carrier envelope phase effects on the inter-

action are not significant and the shortening of the laser

pulse has already caused a stretching of the bubble longitudi-

nally. Therefore, we expect that the angular distribution of

the betatron radiation generated in this case should be

isotropic.

Finally, by choosing a much higher plasma density than

that of the matching condition, the pump depletion happens

faster because the pump depletion length Letch is inversely

proportional to the plasma density np according to the for-

mula Letch � csLx2
0=x

2
p / 1=np,4 where x0 is the laser fre-

quency in vacuum. In this situation, the laser pulse

shortening starts very early, and a large number of electrons

are injected into the oscillating bubble continuously and per-

form collective oscillations in the polarization plane, as

shown in Fig. 1(d), producing an anisotropic distributed beta-

tron radiation.

Thus, these four kinds of beam behaviors and bubble

structure evolution can be diagnosed experimentally by ana-

lyzing the betatron beam profiles combined with the electron

beam energy spectra in principal. In fact, the assumption has

been confirmed by a well designed experiment which is dis-

cussed in detail in the following part.

The experiment was performed at the Jupiter Laser

Facility, Lawrence Livermore National Laboratory, using

Callisto laser system.6 This laser system delivers up to 200

TW in power with a FWHM pulse duration of 60 fs at the

central wavelength of 806 nm. The laser pulse was focused

by an f/12 off-axis parabola to a focal spot of 18 lm with

35% energy concentration. The peak power ranged from 60

TW to 155 TW on target. The laser intensity ranged from

1.1� 1019 W/cm2–3.0� 1019 W/cm2, corresponding to a0 of

2.3–3.8. A supersonic helium gas jet with a rectangular

nozzle of size 10 mm� 1.2 mm was used, which could

FIG. 1. Plasma density distributions in PIC simulations. (a) Generation of

a stable bubble and mono-energetic electron beam under the matching

condition with a0¼ 3.64, s¼ 60 fs, w0¼ 18 lm, and plasma density

np¼ 1.5� 1018 cm�3. (b) Oscillations of the bubble structure and the sec-

ond electron bunch when only changes the plasma density to

np¼ 2.0� 1018 cm�3 after laser pulse propagates 8.7 mm while the dephas-

ing length of the first electron beam is Ld¼ 6.3 mm. (c) Generation of an

elongated bubble but without the oscillations of the bubble structure and

the continuously injected electron bunch when np¼ 2.0� 1018 cm�3 and

w0¼ 36 lm, while maintains other parameters unchanged in (a). (d) An

oscillating bubble causes the oscillation of the continuously injected elec-

tron bunch after the laser propagates 5 mm when np¼ 5.0� 1018 cm�3,

while the other parameters in (a) remain the same.
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produce well defined uniform gas density profiles from

1.0� 1018 cm�3 to 3.0� 1019 cm�3.20

The experimental results are shown in Figs. 2 and 3.

Figs. 2(a)–2(d) show the electron beam energy spectra and

the corresponding spatial profiles of the betatron X-rays in

same shots in different color scales, while Figs. 3(a)–3(d)

show the detailed angular distributions in the y and z direc-

tions using Gaussian fitting.

In the first case, as shown in Fig. 2(a), a quasi-

monoenergetic electron beam together with a circular betatron

X-ray profile are generated. Gaussian fitting show that the be-

tatron X-ray is confined in a cone of hy� hz¼ 10 mrad� 10

mrad, as shown in Fig. 3(a), where hy and hz are the FWHM

divergence angles in the y and z directions, respectively. From

the isotropic betatron X-ray profile, we can infer that the

transverse oscillations of the electron beam are also isotropic.

Taking into account the quasi-monoenergetic electron beam

energy spectrum, which is shown in Fig. 2(e), we can come to

the conclusion that, in this situation, the bubble structure is

very stable and self-injected electrons perform isotropic trans-

verse oscillations during the acceleration, as illustrated in Fig.

1(a).

The profile of the betatron X-ray in Fig. 2(b) is more

complicated, i.e., a brighter circular core surrounded by a

dimmer ellipse. We believe that the radiation with such kind

of profile is composed of two different parts. The superposi-

tion of the Gaussian fitting of each part in the y direction is

well consistent with experimental results, as shown in Fig.

3(b). The FWHM divergence angles of the elliptical sur-

roundings and the circular core in the y direction are hy1¼ 30

mrad and hy2¼ 10 mrad, respectively, while nearly the same

in the z direction which are hz1� hz2¼ 10 mrad, as shown in

the inset of Fig. 3(b), where the subscripts 1, 2 denote the

outer part and the inner part of the radiation, respectively.

Such kind of profile can only be explained by the assumption

that different parts in the radiation come from different elec-

tron beams, i.e., the inner circle comes from an isotropic

transversally oscillated beam, and the outer ellipse comes

from an electron beam which performs dominating oscilla-

tions in the y direction. This assumption is supported by the

electron beam energy spectrum shown in Figs. 2(b) and 2(e),

which is composed of a mono-energetic part peaked at

175 MeV and a continuous part below 150 MeV if it is true

that the monoenergetic bunch oscillates isotropically while

the continuous bunch oscillates anisotropically, as the situa-

tion of Fig. 1(b), although the oscillating behaviors of the

beam cannot be retrieved from the electron beam energy

spectrum alone. In other words, the oscillations, no matter

isotropic or anisotropic, could be diagnosed indirectly by

analyzing the spatial profiles of the betatron radiation. In

addition, the amplitude of the transverse oscillations can be

obtained according to the formula h ¼ K=c ¼ xprb=c
ffiffiffiffiffi
2c
p

as

follows:

hy1

hy2

¼ rby1

rby2

ffiffiffiffiffi
c2

c1

r
¼ 3; (1)

hz1

hz2

¼ rbz1

rbz2

ffiffiffiffiffi
c2

c1

r
¼ 1: (2)

The isotropy of the inner part of the radiation gives

rby2 ¼ rbz2: (3)

Thus,

rby1

rbz1

¼ 3; (4)

which illustrates the anisotropy of the transverse oscillations

of the continuously injected electron bunch.

In the third case, similar to that in Fig. 2(a), the profile

of the betatron radiation in Fig. 2(c) is nearly a circle with

hy¼ 14 mrad and hz¼ 12 mrad, as shown in Fig. 3(c), which

illustrates a nearly isotropic oscillation of the electron beam.

However, the continuous electron beam energy spectrum in

this case, as shown in Fig. 2(c), is quite different with that of

the first case in Fig. 2(a). These two characteristics, i.e., the

isotropy of the electron beam oscillations and the continuity

of the electron beam energy spectrum, are exactly what are

depicted in the simulations results in Fig. 1(c).

Compared with Fig. 2(c), the electron beam energy

spectrum in Fig. 2(d) is also continuous, but the profile of the

betatron radiation is elliptical, with hy¼ 30 mrad and hz¼ 20

mrad, as shown in Fig. 3(d). The underlying physics in this

situation is that, during the continuous injection and the

acceleration process, electron beam performs anisotropic

oscillations which dominate in the laser polarization plane,

just as illustrated in Fig. 1(d) in simulations.

The significant differences between these four situations

are due to slight changes in laser and plasma parameters, as

described in the caption of Fig. 2, which means that the bub-

ble evolution and the behaviors of the electron beams are

FIG. 2. (a)–(d) show the energy distributions of the electron beams and the

profiles of the betatron X-rays in image plates with different color scale, and

(e) gives the corresponding electron beam energy spectra of (a)–(d). The

laser energy and plasma density in each shot are (a) EL¼ 6.5 J,

np¼ 4.0� 1018 cm�3, (b) EL¼ 4.9 J, np¼ 3.8� 1018 cm�3, (c) EL¼ 6.8 J,

np¼ 4.6� 1018 cm�3, and (d) EL¼ 4.8 J, np¼ 4.2� 1018 cm�3, respectively.
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very sensitive to the changes of the experimental parameters.

Therefore, in order to better control the quality of the elec-

tron beams and to enhance the betatron radiation, it is neces-

sary to diagnose the bubble evolution precisely.
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FIG. 3. Gaussian fitting of the profile

of the betatron radiation. In (a), (c),

and (d), the black solid line represents

the direction of laser polarization and

the red solid line represents the direc-

tions perpendicular to laser polariza-

tion. In (b), black dots show the raw

data of the betatron photons in the y
direction which is fitting by two inde-

pendent Gaussian curves. The green

solid line fits the brighter inner part

and the red solid line fits the dimmer

outer part, respectively. The inset of

(b) represents the fitting in the z direc-

tion. Since the divergence angles in the

z direction of these two parts are nearly

the same, so we use a single curve here

to give the divergence angles.
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