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A B S T R A C T   

Ultrafast electron pulses generated using femtosecond lasers offer a direct means for investigating ultrafast 
processes, but the yield of electron emission remains a significant practical limitation. This study demonstrates a 
substantial enhancement in yield of electron emission from carbon nanotubes induced by two-color (ω + 2ω) 
pulses with an 80 MHz repetition rate and this enhancement is non-delay-dependent. Compared to the sum of 
photocurrents induced by each color pulse individually, the combined two-color pulses result in a remarkable 
enhancement in yield of electron emission by more than 25 times. We attribute this enhanced yield to carrier- 
assisted optical field emission: carbon nanotubes sustain high carrier concentration state under laser radiation 
thereby enhancing yield of electron emission. We propose the carrier migration emission model to provide a 
semi-quantitative description for the carrier-assisted optical field emission. This phenomenon introduces a new 
method to increase the yield of ultrafast electron pulses from CNTs and paves the way for next-generation ul
trafast electron emitters and on chip ultrafast optoelectronic device.   

1. Introduction 

The generation of ultrafast electron pulses (UEPs) induced by ultra
short laser fields on nanoscale tips is a fundamental technique enabling 
ultrafast imaging and attosecond measurements, such as ultrafast elec
tron microscopy [1–3], PHz electronic devices [4–9], and electromag
netic waveform detectors [10]. The mechanism of ultrafast electron 
emission induced by ultrashort laser has conventionally been catego
rized into two regimes: from multiphoton ionization to strong-field 
tunneling with increasing the strength of incident optical-field 
[11–20]. In contrast with multiphoton ionization, the photoemission is 
controlled by the incident optical waveform rather than the envelope of 
laser pulses in strong-field tunneling regime [21,22]. This characteristic 
enables the generation of UEPs with optical sub-cycle durations and high 
optical phase synchronization, thereby achieving attosecond resolution 
[23]. As a consequence, the stability of electron emitters in strong laser 
fields becomes crucial for ultrafast electron sources. However, 

conventional metallic emitters are susceptible to damage caused by laser 
pulses in the strong-field tunneling regime [24]. In contrast, carbon 
nanotubes (CNTs) hold promise as ideal emitters in the strong-field 
tunneling regime due to their high damage threshold [25–27]. Addi
tionally, CNTs possess advantageous properties, including a high aspect 
ratio [28], wide spectral response [29], and mechanical stability [30], 
making them suitable candidates for generating more efficient, 
controllable, and stable UEPs. 

Despite CNTs have excellent properties as electron emitters, their 
electron emission efficiency (average yield of electrons for single laser 
pulse) remains a significant limitation for the development of ultrafast 
electron source devices. Enhancing the electron emission efficiency 
makes it available to use laser with lower pulse energy and helps to 
mitigate damage from laser fields. In the past, improving the emission 
efficiency of UEPs has often involved using advanced nanostructures 
with small tip radii to obtain a higher local field enhancement factor [21, 
22,31–39]. However, further improvements through this method are 
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challenging due to the extreme tip radius of CNTs is about 1 nm. 
Modifying the external conditions applied to the emitter can also in
fluence its electron emission efficiency. For instance, the combined laser 
and static electric fields can be employed to modulate the electron 
emission yield of CNTs [40,41]. While this method brings limited cur
rent enhancement and more complex structures of emitters. Given the 
longstanding research focus on improving the efficiency of UEPs, further 
investigation is needed to enhance the emission efficiency of UEPs from 
CNTs, which are considered superior and promising electron emitters. 

In this work, we present a novel approach to substantially improve 
the emission efficiency of UEPs induced by delayed fundamental (ω) and 
second harmonic (2ω) femtosecond laser pulses, with a maximum delay 
of 500 ps. We introduce the concept of carrier-assisted optical field 
emission as an explanation for the delay-independent enhanced current 
signal. The emission spot of CNTs sustains a high carrier concentration 
state under the radiation of 80 MHz laser pulses (with 12.5 ns time- 
interval between each pulse) due to the nanosecond-scale carrier life
time of CNTs [42–44]. As a result, a significant enhancement of emission 
efficiency occurs even with large delay for two-color pulses. In this 
experiment, 30 times or even higher enhancement of current was ob
tained, compared to sum of current induced by individual pulse. The 
electron emission current from CNTs can reach 20th order of laser field 
strength. Furthermore, we investigate electron emission efficiency from 
CNTs using various repetition rate combinations of incident two-color 
pulses. As expected, this phenomenon does not occur when using 
non-temporal overlap 1 kHz two-color pulses because of their long pulse 
time-interval (~1 ms). We propose carrier migration emission (CME) 

model to provide a semi-quantitative description of this carrier-assisted 
optical field emission. This research demonstrates that pulse 
time-interval significantly impacts the electron emission efficiency in 
systems with long carrier lifetimes. For a given carrier lifetime, suffi
ciently short pulse time-interval can markedly improve the electron 
emission efficiency. These findings are crucial for enhancing the overall 
performance of ultrafast electronic sources and advancing the devel
opment of PHz operating frequency devices. 

2. Experimental section 

Diagram of electron emission from CNT is depicted in Fig. 1(a). The 
two-color pulses, 800 nm (ω) and 400 nm (2ω), are used to induce 
electron emission from the CNTs. The samples (purchased from Kenye 
Technology), single-walled carbon nanotube arrays are grown vertically 
on highly doped n-type silicon wafers with an area of 0.5 cm × 0.5 cm 
and a thickness of 0.5 mm. The height of the CNT clusters is about 100 
μm, as shown in Fig. 1(b). The diameter of the nanotubes (d) ranged from 
0.78 to 2.53 nm according to the radial breathing mode frequency 
(ωRBM = 248/d(cm− 1nm− 1)) in Raman spectra is evaluated (see Fig. S1) 
[45]. The measured work function of CNTs is 4.42 eV (see Fig. S2). Fig. 1 
(c) is the scheme of experimental setup. Our experiments were carried 
out in a low-vacuum chamber (0.1 Torr) and at room temperature. The 
cathode (CNT sample) was fixed on insulated specimen holder which is 
made of PEEK (Polyether ether ketone). To precisely adjust the location 
of the focal spot on the sample, the specimen holder was fixed on a 
three-dimensional nano-positioning stage capable of movements with a 

Fig. 1. Using two-color laser pulses to generate photocurrent from CNTs. (a) Diagram of electron emission from CNT. The same polarized ω+ 2ω two color laser field, 
with a delay τ, was focused on the CNT resulting in electron emission from the CNT-tip. (b) Scheme and SEM images of the sample. i. Longitudinal sections image of 
the vertically CNT-arrays, scale bar 20 μm; ii. Diagram of the vertically CNT-arrays grown on Si wafer; iii. SEM image at the top of the CNTs, scale bar 500 nm. (c) 
Scheme of experimental setup when using 80 MHz laser pulse. The diaphragm, outlined with a dotted line, replaces the objective specifically when using 1 kHz 
laser pulses. 
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minimum step size of 30 nm. The anode was a permalloy plate with an 
area of 1 cm × 3 cm and a thickness of 1 mm, and it was positioned 2 mm 
away from the CNT arrays to collect emitted electrons. 

The laser pulse trains with different repetition rates were employed 
to change average pulse time-interval in our experiment. The high 
repetition rate laser is delivered by a laser oscillator with a repetition 
rate of 80 MHz, while the low repetition rate laser is delivered by a Ti: 
sapphire amplifier with a repetition rate of 1 kHz. The temporal delay 
between both laser fields is controlled by a Mach-Zehnder interferom
eter. The objective (ThorLabs LMM40X–UVV) and diaphragm were used 
to illuminate laser pulse on the sample through 2 mm gap between 
cathode and anode. The choice between using the objective or dia
phragm was dependent on whether we were utilizing 80 MHz or 1 kHz 
laser pulses, respectively. The objective with a focal length of 5 mm was 
positioned inside the vacuum chamber and the location of diaphragm 
was positioned outside vacuum chamber as shown in Fig. 1(c). In our 
measurements, the diameters of focal spot were achieved to be 4 μm for 
the ω laser pulse and 2 μm for the 2ω laser pulse respectively. Due to 
such small focal spot and high nonlinearity of the current, we estimate 
that the number of CNTs contributing electron emission in the focal spot 
is less 10 when using 80 MHz laser. The diaphragm reduced the laser 
beam diameter to 1 mm, allowing the laser beam to pass through 2 mm 
gap between cathode and anode. The number of CNTs contributing to 
electron emission illuminated by 1 kHz laser was ~ 105 times that 
illuminated by 80 MHz laser. The durations of the ω and 2ω pulses are 
approximately 100 fs (see Fig. S3). These two pulses are highly spatially 
overlapped, and their intensities and polarizations can be individually 

adjusted. This adjustment is achieved using M1 and M2, each 
comprising a polarizer and two half-wave plates. The 2ω field has a fixed 
phase relation with respect to ω field due to parametric process for 
generating second harmonic [46]. Therefore, the ω and 2ω fields remain 
phase synchronization even if the carrier envelope phase (CEP) is not 
stable. 

In the strong-field tunneling regime, electrons are emitted from CNTs 
only when the electric field points into the CNTs (downward-bent po
tential). The emitted electrons move toward the anode and generate 
current signal. We employed source measurement unit (Keithley 6517B) 
to apply bias voltage and measure the current signals on the anode. A 5 V 
bias voltage was applied to facilitate the electron collection. The noise 
signal was ~0.5 pA measured in the vacuum chamber with laser turned 
off. In our experiment the gas discharge can be excluded because the 
peak field of laser pulse (less than 0.5 V/nm) was far below the threshold 
of gas discharge (more than 10 V/nm) and no gas discharge signal was 
observed. 

3. Results and discussion 

When irradiating the CNTs with a 1 kHz two-color laser, a noticeable 
delay-dependent photocurrent is observed, as illustrated in Fig. 2(a). 
The two-color laser field comprises pulses at frequencies ω and 2 ω. The 
optical delay between the two fields is well controlled by a linear 
translation stage, with resolution of 0.66 fs. We observe an enhancement 
of the current signals in regions where ω and 2ω pulses are temporally 
overlapped, and this enhancement depends on the delay between the 
two fields. Similar to experiments conducted with metal emitters [47], 

Fig. 2. Current signals as a function of delay. (a) Blue circles are measured current signals induced by 1 kHz ω and 2ω pulses. Black curve is the gaussian fit of the 
current signal. FWHM is about 400 fs. (b) Blue curve is the current signals induced 80 MHz ω and 2ω pulses. Red rhombus and circle markers are the photocurrent 
excited by separate pulses as a function of time. (c), (d) The results of calculation for FN (Fowler-Nordheim) model and CME model respectively. Gray solid lines are 
the calculated current signals and orange solid lines correspond to the experimental measurements. 
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we fit the delay-dependent current signals using a Gaussian function: 

G=A + B exp
(
− (τ − τ0)

2 /D2) (1)  

with A the offset, B the peak height, τ0 the delay offset, and D the width. 
Besides, we define the enhancement factor of current signals as M =

Iω+2ω/(Iω +I2ω) to quantify the enhancement of emission efficiency. 
Iω+2ω represents total current induced by the two laser pulses and Iω+ I2ω 
represents sum of current induced by individual pulses. In Fig. 2(a), the 
DC offset Iω + I2ω is represented by A, the amplitude of the current signal 
variation (Iω+2ω)max − (Iω +I2ω) is represented by B and D corresponds to 
the width of the enhanced current. The full width at half maximum 
(FWHM) of the enhanced current signal is about 400 fs, approximately 
200 fs longer than the pulse duration, which agrees with the dephasing 
time of the CNTs [48]. The ratio of A to B corresponds to the enhance
ment factor M. In this experiment, similar delay-dependent current 
signals are observed using different intensity combinations of the 
two-color pulses. The range of laser intensity covers both the multi
photon regime and the strong-field tunneling regime. More details are 
provided in Fig. S3. 

However, when using the combination of 80 MHz two-color pulses 
delivered by the oscillator, the current signals exhibit distinct features 
compared to those shown in Fig. 2(a). These features are as follows: (i) 
The two-color field increases the emission rate by more than ten times, 
even when the two fields have a considerable delay that thousand times 
than pulse duration. (ii) It becomes hard to distinguish delay-dependent 
current signals from the measurement noise because the variation in 
current signals within the temporal overlap of the two-color pulses is too 
small. As shown in Fig. 2(b), Iω+2ω remains around 1.2 nA, and the 
current enhancement factor M stays approximately 30 within the delay 
range of zero to several hundreds of picoseconds. The currents Iω and I2ω 
induced by the separated pulses are 10 pA and 30 pA, respectively. The 
regime of photoemission is marked by the Keldysh parameters γ =

ω
̅̅̅̅̅̅̅̅̅̅̅
2mΦ

√
/eβF (ω is optical frequency, Φ is work function, m is the mass of 

electron and e is its charge, β is the field enhancement factor). In this 
case, the power of ω and 2ω laser pulses are 3 mW and 0.5 mW, 
respectively, resulting in γω = 0.8 and γ2ω = 2, supporting strong field 
tunneling. This non-delay-dependent enhanced current signals may 
represent an intriguing process of ultrafast electron emission. 

Traditionally, for femtosecond pulses, the impact arising from 
varying repetition rates of the incident laser (ranging from kHz to MHz) 
was commonly disregarded. An underlying factor is that the pulse time- 
interval was generally much larger than the carrier lifetime of the 
emitters. The carrier lifetime induced by incident lasers in metallic 
nanostructures is usually less than 1 ps [49]. However, for CNTs, some 
experiments have shown that the carrier lifetime can be on the nano
second scale or even up to 100 ns [42]. Given that the pulse 
time-interval of 12.5 ns of the 80 MHz laser pulse is comparable to the 
carrier’s lifetime in CNTs, we hypothesize that this unique phenomenon 
is mainly caused by the cooperative interaction of pulse time-interval 
and carrier lifetime. Additionally, the combination of the two pulses 
facilitates the study of this process. Based on this assumption, we pro
pose CME model to semi-quantitatively calculate the ultrafast electron 
emission in the system of 80 MHz laser-excited CNTs (theory section for 
details). While for CNTs excited by a 1 kHz laser, the traditional FN 
(Fowler-Nordheim) model is applicable [50]. Fig. 2(c) and (d) show the 
results of calculation for the FN model and CME model, respectively. In 
this simulation, the pulse durations are decreased to τω = 52 fs and τ2ω =

26 fs to ensure good visibility. Both pulses are still within the multi-cycle 
regime, and this does not affect the feature of calculated results. The 
gray solid lines represent the current trace as a function of delay, while 
the orange solid lines represent the envelope signal of the current (G in 
equation (1)). The photocurrent measured in the experiment corre
sponds to the orange solid line, and the oscillations in the optical 
sub-cycle are absent due to the complex energy band structure of CNTs. 
The envelope line in Fig. 2(c) provides a good agreement with the 

delay-dependent current signal in (a). As shown in Fig. 2(d), B/A is 
significantly reduced compared to that in (c), consistent with the faint 
delay-dependence of current signals in (b). CME model provides a 
description for the disappearing delay-dependence of electron emission 
using 80 MHz two-color laser pulses and the huge enhancement of 
current signals will be specified in Fig. 5. 

The experiments investigating CNTs excited by different repetition 
rate combinations of two-color pulses were conducted to study the in
fluence of the cooperative interaction of pulse time-interval and carrier’s 
lifetime on the efficiency of electron emission, as illustrated in Fig. 3. 
Fig. 3(a) and (b) show the current signals excited by the non-temporally 
overlapped (temporally overlapped) combination of 1 kHz ω and 2ω 
pulses in the same experiment, respectively. The horizontal coordinate 
represents the time of measurement. When the two pulses are non- 
temporally overlapped, no enhancement is observed, i.e. M ≈ 1. 
Similar to Fig. 2(a), as the delay approaches zero (center of temporal 
overlap), M increases to 1.2, demonstrating that the enhancement is 
delay-dependent. The current signals induced by 80 MHz 2ω pulses and 
1 kHz ω pulses with non-temporal overlap are shown in Fig. 3(c), with 
M ≈ 3.7. This enhancement is larger than that of the combination of the 
two-color 1 kHz pulses shown in Fig. 3(a) and (b) and it is non-delay- 
dependent. Considering the average pulse time-interval, combining 
the 80 MHz and 1 kHz pulses induces little change in the average pulse 
time-interval compared to the 80 MHz pulse alone. Under our assump
tion, the carrier’s concentration excited by these two pulses is almost 
equal to that excited by the 80 MHz pulse individually. Consequently, 
the electron emission yield induced by the 80 MHz 2ω pulses remains 
almost unchanged, while that induced by the 1 kHz ω pulses is greatly 
enhanced. Only considering the enhancement factor of Iω, (Iω+2ω −

I2ω)/Iω ≈ 22. Fig. 3(d) displays the current signals induced by the 
combination of 80 MHz two-color pulses, with M ≈ 25. These experi
mental results demonstrate that the repetition rate of incident pulses 
plays a crucial role in the enhancement of current signals. We consider 
that the emission point of CNTs has high carrier concentration excited by 
the pulses with a repetition rate of 80 MHz, significantly promoting 
electron emission efficiency. 

To describing the cooperative interaction of pulse time-interval and 
carrier’s lifetime on electron emission, we employ carrier migration 
emission model (CME model) to semi-quantitatively calculate the elec
tron emission efficiency. Fig. 4illustrates the schematic diagram of op
tical field emission under low repetition and high repetition rate pulse, 
respectively. In Fig. 4(a), the orange line represents the allowed bands 
for CNTs, while the blue shaded area represents electron-filling states of 
the valence band (VB), and the pink area corresponds to electron-filling 
states of the conduction band (CB). For low repetition rate pulses, the CB 
electron population remains unaffected and is almost in thermodynamic 
equilibrium. Electron tunneling occurs due to the relatively low barrier 
height induced by the laser field. However, for high repetition rate 
pulses, the CB electron population persists at relatively high levels 
excited by the frequent pulses and this promotes electron tunneling, as 
shown in Fig. 4(b). The decay formula describing the variation in the 
electron population is defined as follows: 

Z(E, t)= exp ( − (t − t0) / τ)Z(E, t0) (2)  

with τ the lifetime of carriers, Z(E, t0) the variation in electron distri
bution caused by the pulse at time t0. When the second pulse is applied at 
time t, the pulse time-interval T = t − t0. For low repetition rate pulse, 
T≫τ, the carriers excited by the previous pulse have almost vanished by 
the time the next pulse is applied. For high repetition rate pulse, T ≈ τ, 
part of the carriers excited by the previous pulse are still residual when 
the next pulse is applied. After a sufficient number of pulses, the carriers 
will reach a relatively stable high concentration state. 

CME model regards the state of electrons as a functional of f0(E), 
which could be used to describe the transition of carrier (electron or 
hole) in energy band for solid under strong fields. The initial state of the 
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electron population in CME model is given by the following equation: 

f0(E)=D(E)F(E,T) (3)  

with D(E) the DOS of SWCNT, F(E,T) the Fermi-Dirac distribution at 
temperature T. When the energy of an electron is greater than the work 
function of solid, the electron is considered to be excited to the contin
uous state and emitted into vacuum. 

This model has the following assumptions: (i) Under the action of an 
external field, the proportion of electrons excited on a certain energy 
level, or the probability P of electron absorption of photons, is propor
tional to the laser intensity; (ii) Electrons can only be excited to energy 
levels with holes; (iii) The energy difference between the initial state and 
the higher state which the electron is excited depends on the energy of 
the photon, and the energy distribution of photons depends on the 
spectral intensity. 

According to the above assumptions, if the electron population dis
tribution is fn(ε) and the hole distribution is kn(ε) = 1 − fn(ε) when the 
number of experienced pulses is n, the electron population for n+ 1 
pulses: 

fn+1(E)=
∫

[(1 − P)fn(ε)δ(E − ε)+Pfn(ε)σ(E − ε0)kn(ε)]dε (4) 

For right side of equation (4) the first term represents unexcited 
electrons, while the second term represents excited electrons, which the 
proportion of excited electrons is P. The spectral distribution is σ(ε), and 
the photon energy is ε0. σ(E − ε0) represents the probability that an 
electron with energy E will gain one photon energy. When the action of 
the last pulse was completed, we obtained Z(E, t0) = fn+1(E) − fn(E) and 
bring this to equation (2) for next step of calculation. 

In CME model we consider one ω pulse and one 2ω pulse as a set of 
pulses. Every set of pulses is applied on CNTs, carriers are generated. In 
order to determine the electron emission efficiency of the nth set of 
pulses, we calculate the carrier distribution that has been excited by the 
previous n-1 sets of pulses. The electron emission based on the carrier 
concentration is calculated using the FN model. 

IFN(E)∝F(t)2Θ(− F(t))exp
((

4
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2m(Φ − E)3
√ )/

3ℏeF(t)
)

(5)  

Fig. 3. Current signals induced by different repetition rate combinations of two-color pulses. (a), (b) Measured current signals using temporally overlapped or 
delayed 1 kHz ω and 2ω pulses respectively. Rhombus markers are the current induced by the combine of two-color pulses. Triangle and circle markers are the 
current induced by separated pulses, M is 1 or 1.2, respectively. (c) Current induced by delayed 80 MHz 2ω pulses and 1 kHz ω pulses, M is 3.7. (d) Current induced 
by delayed 80 MHz ω and 2ω pulses, M is 25. 

Fig. 4. Schematic diagram of CNT optical field emission. (a) Diagram of electron emission excited by laser pulse with a relatively low repetition rate. Orange line 
represents allowed bands and shaded areas (CB-pink and VB-blue) represent electron-filling states. Gray line is the potential barrier effected by laser field. Blue balls 
represent the tunneling electrons. (b) Diagram of electron emission excited by laser pulse with a relatively high repetition rate. Electrons population in CB is higher 
than that in (a). (A colour version of this figure can be viewed online.) 
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ICME =

∫

IFN(E) • fn− 1(E)dE (6)  

with Θ(− F(t)) the Heaviside step function, m the mass of electron, F(t)
the local enhanced field, Φ the work function of the CNTs and E the 
energy level of the carriers (taking the Fermi energy as 0). The electron 
emission efficiency for each set of pulses can be obtained from equation 
(6). 

The results of calculation based on CME model are presented in 
Fig. 5. Fig. 5(a) illustrates the calculated efficiency of electron emission 
for the nth pulse set using CME model. As the number of pulse sets in
creases, the efficiency of electron emission tends to saturate. In the ex
periments using 80 MHz laser pulses, we assume that the lifetime of 
carriers for CNTs is 10 ns, and the emission efficiency becomes saturated 
after tens of pulse sets. Fig. 5(b) displays the electron emission efficiency 
for different fixed 2ω pulse intensities when varying the ω pulse 

Fig. 5. Simulation results of CME model and compared with experiments. (a) Cumulative effect of laser pulse on electron emission efficiency. (b) Laser-intensity- 
dependence of electron emission efficiency calculated by CME model. Horizontal coordinate is the intensity of ω pulses. Legend represents different intensities of 
second harmonic pulse. (c) Results of calculation inside the dashed line in (b). The purple dashed line and the yellow dashed line are the electron emission efficiency 
induced by the 2ω pulses individually (without ω pulses). (d) The enhancement of electron emission efficiency at different ratios of ω + 2ω pulses calculated by CME 
model. (e), (f) Comparison of experimental data and results of calculation. 

J. Cao et al.                                                                                                                                                                                                                                      



Carbon 221 (2024) 118900

7

intensity using CME model. The horizontal axis represents the relative 
intensity of the field. As the ω pulse intensity increases, the total electron 
emission efficiency also increases, but the enhancement factor M de
creases. When the ω pulse intensity becomes sufficiently high, the total 
electron emission efficiency becomes almost identical to that induced by 
ω pulses individually. Moreover, we calculated the enhancement factor 
M under a wider range of two-color pulse intensity ratios, as depicted in 
Fig. 5(d). As the intensities of each pulse increase, the enhancement 
factor M decreases. To achieve ideal enhancement factors, the intensities 
of the two pulses need to match the proper ratio. 

Due to the potential damage to CNTs caused by excessively high laser 
intensity and the limitations of the measurement device’s resolution, we 
validated our theoretical calculations within a relatively narrow range 
of laser intensities in the experiments. Fig. 5(c) corresponds to the red 
dashed line in Fig. 5(b) and can be considered as the range of light in
tensities measured in the experiment. By fixing the intensity of 2ω pulses 
and varying the intensity of ω pulses, we obtained the current signal 
dependent with field strength, as shown in Fig. 5(e). The power of 2ω 
pulses was fixed at 0.2 mW, corresponding to a Keldysh parameter of γ ≈

3. While the power of ω pulses ranged from 2.5 mW to 5.5 mW, Keldysh 
parameters γ ranging from 0.5 to 0.8. The dashed line represents the 
result of the CME model calculation in Fig. 5(e). With the increasing 
intensity of ω pulse, the predictions of CME model closely aligned with 
the experimental data, particularly in aspects of nonlinearity and the 
current enhancement factor. Similarly, Fig. 5(f) shows the result ob
tained by fixing the intensity of ω pulses and varying the intensity of 2ω 
pulses. The power of ω pulses was fixed at 2.7 mW, and the power of 2ω 
pulses ranged from 0.5 mW to 1 mW. The CME model is suitable for 
semi-quantitative analysis of the enhanced photoemission observed in 
our experiment, thus supporting the carrier-assisted optical field 
emission. 

4. Conclusion 

In conclusion, our investigation focused on the effect of carrier life
time and pulse repetition rate on the efficiency of laser-induced ultrafast 
electron pulses (UEPs) generation from carbon nanotubes (CNTs). A 
remarkable enhancement in the emission efficiency of UEPs was 
observed when using delayed two-color pulses with a high repetition 
rate (80 MHz), resulting in an enhancement factor of current signals (M) 
ranging from 10 to 100. However, this significant enhancement dis
appeared when using 1 kHz two-color pulses. The pulse repetition rate 
played a crucial role in this enhancement, and the pulse time-interval 
becoming close to the carrier’s lifetime led to increased carrier con
centration in the emitters, which promoted the enhanced photoemis
sion. To describe the enhancement of photoemission considering the 
effect of carrier’s lifetime, we propose the carrier migration emission 
(CME) model. The simulation results of CME model were found to be in 
good agreement with the experimental results. We demonstrate a 
meaningful approach to increase the generation rate of UEPs through 
using emitters with long carrier lifetime and incident pulses with high 
repetition rate. Our experiments and theoretical model indicate that 
carriers play a significant role in ultrafast electron emission. Addition
ally, it provides new design possibilities for electronic source devices 
and on-chip ultrafast detectors. 
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