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Acceleration of electrons is demonstrated in a beat wave scheme by using a prepulse-free short-pulse

(150 fs) double-line Ti-sapphire laser. To inject electrons, we used a hybrid target composed of a

cone-drilled plate and a gas jet, where the cone-produced electrons were accelerated via the forced

plasma wave excited in the gas jet that was situated behind the plate. This resulted in an increase in

slope temperature from 0.05 to 0.15 MeV. We find a correlation between the slope temperature and

forced relativistic plasma wave. The wake amplitude is 15 GV/m at the resonant density of

2:5� 1018 cm�3 in a hydrogen plasma. The wake acceleration models can explain the increase in

slope temperature.VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4707390]

I. INTRODUCTION

The concept of a laser-plasma accelerator1 has been

demonstrated for ns-pulse double-line CO2 lasers for self-

trapping electrons in a plasma2 and for the external injection

of electrons from a radio-frequency linear accelerator.3 In

addition, a ps-pulse CO2 laser beat wave has been used to

accelerate injected electrons into a 3-cm-long plasma wave.4

Combining a chirped-pulse-amplified (CPA) laser with a

capillary,5 1 GeV monoenergetic electrons have been accel-

erated.6,7 These recent results imply the need for more

powerful lasers such as a petawatt laser. However, as long as

a single-pulse laser drives the wake field, even a bubble/

blowout regime,8,9 further improvements are required to pro-

vide a stable and controllable accelerator. This is because

both (i) injection and (ii) acceleration of electrons should be

accomplished in a single-stage. In the single-stage, since so-

called self-injection occurs through transverse wave break-

ing,10 it is challenging for a fine control of electron bunch.

This wave breaking also causes some modulation into the

designed wake field amplitude.

When we applied a staging scheme,11 conversely, we

can separate (i) injection and (ii) acceleration and control

them individually. Especially, if we focus on (ii) accelera-

tion, a pulse train from the laser beat wave drives the forced

excitation of a stable wake field, as required by stable accel-

erators. In combination with stable electron injectors,12–16

the forced wake field by beat wave can be a candidate for

stable wake field driver.

To address the forced wake field acceleration by laser

beating, we apply a simple scheme to simultaneously inject

and accelerate electrons. To inject electrons, we use a hybrid

target composed of a cone-drilled plate and a gas jet, where

the cone-produced electrons are accelerated via the forced

plasma wave excited in the gas jet, which is situated behind

the plate. The double-line short-pulse laser generates and

injects electrons through the solid cone and simultaneously

accelerates them in the beat-wave-forced wake field.

In this paper, we present our scheme for simultaneously

injecting and accelerating electrons, which is accomplished

by a double-line Ti-sapphire laser beating and a hybrid tar-

get. Section II describes the experimental setup and results

including the beat laser system, experimental setup, forced-

wake-field detection, and acceleration of electrons by a

hybrid target. Section III gives our analysis of the experi-

mental results, which indicates that acceleration can be

explained from a wake model. Finally, we discuss the results

in Sec. IV and conclude in Sec. V.

II. EXPERIMENTAL SETUPAND RESULTS

A. Double-line Ti-sapphire beat laser

To ensure that a few beating pulse bunches will be of

the required pulse duration, we have developed a double-line

Ti-sapphire laser system17 with a pulse duration of 150 fs

and a beat period sbeat of 72 fs, which corresponds to a reso-

nant electron density of 2:5� 1018 cm�3. Figure 1 shows

schematics of BEAT laser and provided pulse shape and

spectrum. Pulses from two oscillators, centered at wave-

lengths of 785 and 815 nm, are overlapped spatially and tem-

porally and injected into an optical parametric CPA

(OPCPA),18 resulting in a prepulse-free 150 fs, 180 mJ out-

put. Here, we operated the laser in two different modes: First

is the double-line mode, which activates two oscillators to

produce a beating trace in the pulse, as shown in Fig. 1. This

mode enables the beat wave operation. The second mode is

the single-line mode, which activates only a single oscillator,

resulting in a single pulse trace without beating in the pulse.

In the double-line operation, as shown in Fig. 2(a), the

second-order autocorrelation image shows that the 150 fs

pulse is modulated at the beat period sbeat of 72 fs, in agree-

ment with the beat period evaluated from the spectral separa-

tion Dk ¼ 30 nm shown in (b).

Figure 3 shows experimental setup for beat wave elec-

tron acceleration. As illustrated in Fig. 3(a), the laser beam is

focused by an off-axis parabolic mirror. The forced relativis-

tic plasma wave is excited in the hydrogen gas jet when thea)Electronic mail: ymori@gpi.ac.jp.
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beat frequency (xb : Dx ¼ x1 � x2) is getting close to the

electron plasma frequency xpe, where x1 and x2 are the fre-

quencies of the laser pulses.

B. Evaluation of wake-field amplitude

In this section, we evaluate the amplitude of the wake

field in hydrogen plasma driven by the beating laser that is

focused at the center of the free-expansion hydrogen-gas jet.

The laser energy was 80 mJ, the pulse duration was 200 fs,

and the focal spot size was 13 lm. The intensity I of

3� 1017 W=cm2
corresponds to a0¼ 0.38. The Rayleigh

range was 250 lm.

The free-expansion hydrogen-gas jet was generated by

a commercial pulsed valve (General Valve Series 9) with a

2-mm-diameter orifice. The electron density profile along

the laser irradiation direction is measured by a shearing inter-

ferometer. Here, the leakage from the compressed beam is

converted into a wavelength of 407 nm and is used to probe

the gas jet plasma perpendicularly to the laser pulse.19 The

electron density profile along the laser irradiation direction is

shown in Fig. 4. The dashed curve is a fitting to eye guide.

The peak density is 1:1� 1019 cm�3 when the backing pres-

sure P is 10 atm. Since the Rayleigh range was 250 lm, from

Fig. 4, we confirm that the electron density profile at the

intense laser interaction region can be uniform.

The plasma-wave excitation was confirmed by the

scattered laser light in the higher-harmonic sidebands,

detected with an imaging 16-bit CCD spectrometer (Acton

InSpectrum 300). The spectral resolution was 0.04 nm/pixel,

and the incident light was reduced to less than

2:0� 106 W=cm2 to avoid nonlinear effects in the window

material.

Figure 5(a) shows the variation of the normalized side-

band intensities I1=I0 versus backing pressure P or normal-

ized electron density ne=nres (solid circles). Here,

ne=nres ¼ 1:0 is given at P¼ 2.2 atm assuming from Fig. 4

that this electron density varied linearly with the backing

pressure from the vacuum. I0 is the main peak at 815 nm and

I1 is the sideband peak between 843 and 846 nm, as shown

in Fig. 4(b). This sideband corresponds the first Stokes

(x2 � xb). The error bars show the average deviation over

five shots. No sideband peak is detected without a gas jet,

which shows that nonlinear effects in the optical measure-

ment system were negligible. In addition, when we operate

the laser as “single-line” mode in which a single pulse trace

without beating in the pulse, no sideband peak was detected.

This indicates that the forced wake-field is not excited with-

out the laser beating.

In Fig. 5(b), the solid circles give the wave amplitude �
versus the backing pressure P or normalized electron density

FIG. 2. (a) Second-order autocorrelation image (upper) and trace (bottom)

of the double-line (785 and 815 nm) laser. The full width half maximum is

150 fs and sbeat ¼ 72 fs. (b) Laser spectrum.

FIG. 3. Experimental setup for beat wave electron acceleration: (a) over-

view, (b) magnification of the hybrid target, combining an Al plate and a

hydrogen-gas jet.

FIG. 4. Electron density profile along the laser irradiation direction. The

backing pressure is 10 atm.

FIG. 1. Schematics of BEAT laser and provided pulse shape and spectrum

for “single-line” and “double-line” operations.
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ne=nres. This wave amplitude is evaluated from the normal-

ized sideband intensities. For a small amplitude, I1=I0 can be

expressed as

I1=I0 ¼ 1=16½ðx=cÞðne=ncrÞ�L�
2; (1)

where x is the laser frequency, c is the speed of light, ncr is

the critical electron density, � ¼ Dne=ne is the modulated

wave amplitude, and L is the laser propagation distance.20 If

we assume L is the Rayleigh range ZR, � becomes 0.1 at

ne=nres ¼ 1 and this � drops to 0.05 at ne=nres ¼ 2 as shown

in Fig. 5(b). The acceleration gradient is 15 GV/m at

ne=nres ¼ 1. In this experiment, the accelerated electrons

were below the detection limit of our electron spectrometer.

C. Acceleration of electrons by hybrid target

To inject electrons into the wake field, we introduced a

plate-gas hybrid target composed of an aluminum plate

500 lm thick placed in front of a gas jet, as shown in

Fig. 3(b). The laser was focused 2 mm below the gas nozzle

on the rear surface of the plate. In a sequence of 100 laser-

pulse shots irradiating a fresh surface, the first 30 shots

drilled a cone structure into the Al plate and the remaining

70 shots went through the plate into the gas flow. The elec-

trons produced by the cone wall flowed into the wake field,

excited by the same laser beating. Because the Rayleigh

range was 250 lm, we expected that the laser, which pene-

trated through the rear surface of the plate into the gas,

would have sufficient intensity to drive the wake field. The

laser intensity I was 8� 1017 W=cm2
, which corresponds to

a normalized vector potential a0 ¼ 0:62. Sentoku et al. simu-

lated the cone-structure production of relativistic electrons

along the cone surface.21 Furthermore, Mori et al. reported

their experimental result in which these electrons were

trapped in a wake field.22 They demonstrated it by a gaussian

laser pulse. We applied this scheme for the forced wake field

excited by laser beating.

The electron spectrometer was set 150 mm from the

focal point along the irradiation axis and consisted of a

35mT permanent dipole magnet and an imaging plate [(IP)

Fuji Film: BAS-SR 2025]. The entrance consisted of a

5-mm-diameter aperture. The energy range of the electrons

was from 0.05 to 1.2 MeV. The detection limit was

dN=dE=dX ¼ 106 electrons/MeV/Sr. We used the sensitivity

curve of the IP reported in Ref. 23.

Figure 6 represents the energy distribution of electrons

for the plate target (no gas flow behind the plate) and hybrid

target (plate target and gas flow) under beat wave operation.

The backing pressure of the gas jet was set to resonate

plasma-wave excitation for laser beating. The laser irradiated

the aluminum plate surface and drilled a cone through it. At

dN=dE=dX ¼ 2� 107 electrons/MeV/Sr, an electron energy

of 0.7 MeV for the plate target increases to 1.2 MeV for the

hybrid target. This is explained as the 0.7 MeV injected seed

electrons being accelerated to 1.2 MeV.

The detection limit made it difficult to trap higher-

energy electrons. Without the plate target, neither the beat

wave nor the single-line operations yield detectable electron

signals, as indicated by the arrow labeled “Gas” in the figure.

FIG. 5. (a) Variation of normalized sideband intensities I1=I0 versus back-

ing pressure P or normalized electron density ne=nres (solid circles). (b)

Sideband peak spectrum intensity scattered around 845 nm: I1. (c) Variation

of wave amplitude e versus P or ne=nres (solid circles).

FIG. 6. Energy distribution of electrons for plate target (blue) and hybrid

target (red) under beat wave operation. The dashed-dotted curves represent

dN=dE ¼ N=Te expð�E=TeÞ, as a function of slope temperatures Te. For the

gas target without the plate target, electrons are below the detection limit.
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This result indicates that, combining the gas-jet with plate,

the laser-excited wake field can accelerate the electrons, pro-

vided there are enough of them injected.

In Fig. 6, we focus on the slope of the spectrum for both

targets, which seems to indicate acceleration effects. The

dashed-dotted curve represents dN=dE ¼ N=Te expð�E=TeÞ
(above 0.1 MeV), which is a function of slope temperature

Te. For the hybrid target, Te increases from 0.05 to 0.15MeV

given for only plate target.

Figure 7 shows the correlation between Te and the back-

ing pressure or normalized electron density for the hybrid

target. The solid circles represent the variation under

“double-line” or beat wave operation. The fitting curve

shows that Te has a peak at ne=nres ¼ 1:5. The displacement

from the resonance density: ne=nres ¼ 1 might be because

the laser interacted with the edge of gas jet where the elec-

tron density is lower than that of center required higher gas

pressure to satisfy the forced beat wave condition. Under

single-line operation (open circles), the fitting curve indi-

cates an absence of peak in Te. In both cases, the error bars

represent the uncertainty arising from electron transmittance

through the electron-collimating aperture of the electron

spectrometer. For the case where there is no gas (P¼ 0 atm),

the temperature of the accelerated electrons is different when

single-line is compared to the double-line shot. It is supposed

that the beat wave operation has several bunches in the

pulse; therefore, a prior bunch produces over-dense plasma

and remaining bunches interact with this over-dense plasma

resulting in high slope-temperature. In contrast, for the

single-line operation, the single pulse interacts with a solid-

surface rather than the over-dense plasma resulting in low

slope-temperature because the BEAT is pre-pulse free.

For P> 10 atm, Te has a dispersion from the fitting. In

this region, since the electron density is beyond 1019 cm�3,

the acceleration mechanism is achieved possibly by a self-

modulation rather than the beat wave. For the beat wave, the

slope temperature Te shows a peak around the resonant

electron density. This peak is not observed for single-line

operation as shown in Fig. 7.

III. RESULTS AND ANALYSIS

From the previous results, as shown in Figs. 5 and 7,

beat wave operations show the forced incremental of the

slope temperature Te and the sideband intensity I1=I0 in rela-

tion to the backing gas pressure or electron density. As

shown in Fig. 8(a), Te has increments in relation to I1=I0,
indicating that the slope temperature has a correlation with

the wake amplitude �, that is, /
ffiffiffiffiffiffiffiffiffiffi

I1=I0
p

=ne.
In Fig. 8(b), the closed circles show the increment of Te

against �. The solid curve comes from the relativistic kinetic

equation of motion given in Eq. (2), which assumes that elec-

trons absorb energy from the wake during an acceleration

phase n ¼ 0 � p,24

dðcbÞ=dt ¼ �ðeEw=mecÞ sinðnþ /0Þ: (2)

Here, c and b are the energy and velocity of the electron,

respectively, and me is the mass in the wave frame.

Ew ¼ eEwb is the amplitude of the wake field and /0 is the

initial phase relative to the wake. Ewb is the wake field of the

wave-breaking limit.

The slope temperature is evaluated from the gain differ-

ence between electrons having an initial energy separation of

50 keV (a value obtained experimentally). This model shows

that the slope temperature increases as the wake amplitude

increases. Therefore, Te can be associated with the wake-

field acceleration both qualitatively and quantitatively.

In this model, for � < 0:24, electrons experience both

acceleration and deceleration as they travel the acceleration

length. When � > 0:24, electrons can be trapped by the wake

and thereby experience, within the acceleration distance,

acceleration with no deceleration.

IV. DISCUSSION

Using the femtosecond ultra-intense laser beating, we

have produced forced-plasma-wave excitation. As deter-

mined by side-band measurements of the scattered laser

light, the wave amplitude is � ¼ 0:1 and the acceleration gra-

dient is 15 GV/m at the resonant density. However, we could

not detect the accelerated electrons with this target setup,

i.e., the gas jet without a plate, because the electron density

was too low to yield a sufficient number of accelerated elec-

trons. Moreover, at the resonant electron density with a laser

FIG. 7. Variation of Te versus backing pressure P or normalized electron

density ne=nres under beat wave (solid circles) and single-line (open circles)

operation with a hybrid target.

FIG. 8. (a) Variation of slope temperature Te versus normalized sideband

intensities I1=I0 under beat wave operation. (b) Te against wave amplitude e

under beat wave operation. The solid curve is from a theory that assumes

that electrons absorb energy from the wake during an acceleration phase.24
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intensity of a0 ¼ 0:38, the wake-field (plasma-wave) ampli-

tude � ¼ 0:1 was far below the threshold at which the wake

can trap electrons from the bulk plasma. The minimum trap-

ping energy Wmin was found to be 1.5 MeV.2 This energy is

higher than that expected from the laser ponderomotive

force,25 which is Thot ¼ ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1þ a20Þ
p

� 1Þmec
2 ¼ 36 keV.

Therefore, to accelerate electrons using forced-plasma-wave

excitation, both higher-density and higher-energy electrons

should be injected into the wake field. Here, these electrons

are supplied from the cone-drilled plate. Using a 10 TW

CPA Nd:glass laser beat, Walton et al. generated a plasma

wave with a beat wave period sbeat of 700 fs.26,27 However,

they did not give the electron acceleration, which might have

been because injection was not achieved with their experi-

mental setup. Here, we show the acceleration of electrons by

femtosecond laser beating by using a plate-gas hybrid target

in which, via the forced plasma wave, cone-produced elec-

trons from the plate are accelerated in the gas jet that is situ-

ated behind the plate. The acceleration increases their slope

temperature from 0.05 to 0.15 MeV.

Because the phase velocity of the wake is much faster

than the electron velocity, the electrons experience both

acceleration and deceleration as they travel the length of the

wake field (commonly given by the Rayleigh range). Elec-

trons below Wmin are not trapped in the wake potential but

are modulated or heated by it. In Sec. III, analysis of slope-

temperature increases can be associated with wake-field

acceleration both qualitatively and quantitatively. This anal-

ysis accounts only for the acceleration phase and gives its

maximum; nevertheless, it explains well the experimental

results.

By using femtosecond laser beating, we excited a

plasma wave of beyond 10 GV/m (or � � 0:1) with no elec-

tron acceleration from the bulk plasma at the electron density

of 1018 cm�3. This result means that the laser beating may be

used as a dark-current-free plasma acceleration cavity. For a

single-pulse wake-field acceleration scheme, a higher laser

intensity is required to increase the wake-field amplitude,

which also implies self-injection of electrons from the bulk

plasma.

Consider the situation where we develop a dark-current-

free laser wake-field accelerator in combination with an

external injector and multi-staging wake acceleration cav-

ities. The driving laser for such an acceleration cavity would

require a moderate-intensity laser (i.e., with sufficiently high

intensity to create a wake field yet with sufficiently low in-

tensity to sustain self-injection). Laser beating can satisfy

these conditions by multibunching and forced wake-field os-

cillation with a moderate peak intensity.

V. CONCLUSIONS

We have demonstrated the acceleration of electrons in a

beat wave scheme that uses a short-pulse (150 fs) double-

line Ti-sapphire laser. The wake amplitude is 15 GV/m at

the resonant density of 2:5� 1018 cm�3 in a hydrogen

plasma. To inject electrons, we used a plate-gas hybrid target

in which, via the forced plasma wave, cone-produced elec-

trons from the plate are accelerated in the gas jet that is

situated behind the plate, increasing their slope temperature

from 0.05 to 0.15 MeV. This increase in slope temperature is

explained by wake acceleration. Laser-beating can also be

used for dark-current-free plasma acceleration by the forced-

wake-field oscillations.
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