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A B S T R A C T   

We theoretically investigated ultrafast thermalization dynamics of spatio-temporal evolutions of temperature 
fields in typical Au/Ni film excited by femtosecond laser double-pulse vortex beam. It is proposed that the 
enhanced energy deposition in the layered Au/Ni film can be unprecedentedly facilitated via applying femto-
second laser double-pulse vortex beam, preferentially giving rise to vortical thermalization for the phonon 
system of bottom Ni layer on picosecond timescale. It can be explained as the intensified dynamics of double- 
pulse vortex beam interacting with the excited intermediate state of Au/Ni film and the following energy 
competitive processes of the electron thermal diffusion and the electron-phonon coupling in respective layers. 
Moreover, the electron-phonon coupling period of Au/Ni film with respect to the crucial laser parameters of 
pulse separation and vortex beam fluence are explored in details. The results can be basically helpful for un-
derstanding the ultrafast dynamics of vortical thermalization for advancing the potential applications of 
compound-cavity fabrication, stimulated emission depletion (STED) imaging and ultrahigh time-resolved spec-
troscopy, etc.   

1. Introduction 

Femtosecond laser possessing ultrashort pulse duration and ultra-
high power density has been proved to be an effective tool for exploring 
advanced applications of materials processing and digging out the novel 
physics in ultrafast carrier dynamics for new types of materials [1–14]. 
Physically, as femtosecond laser pulses interact with materials, the two 
temperature processes are generally considered as the dominant mech-
anism for regulating ultrafast dynamics of electron and phonon ther-
malizations in metal targets. It typically falls into time domains ranging 
from femtosecond-to-picosecond periods which are at least 3 orders of 
magnitude less than Fourier thermal transfer cycles for target materials 
[15,16], giving potential merits of reduced thermal diffusion, hence 
improved processing precision of femtosecond laser interactions with 
metals. 

Recently, it is frequently reported that the femtosecond laser vortex 
beam can provide even more flexible routes for advanced processing of 
materials surface than the conventional laser ablation performed with 
non-vortex pulses [17–22]. The typical optical vortex beam in the form 
of helical shape has a helical wave front characteristics and annular 

intensity profile, providing great opportunity for controlling the 
light-matter interaction processes. Especially, as femtosecond laser 
vortex beam interacts with functional layered-metal film, the laser 
pulses depositing routes into the film system can become increasingly 
diversified in comparation to the single layer film situation. It proposes 
even higher requirements for flexibly controlling the laser energy 
deposition into the layered metallic targets for exploring specific 
light-matter interaction dynamics for advanced applications in fields of 
compound-cavity fabrication, ultrafast STED imaging and ultrahigh 
time-resolved spectroscopy, etc. Unfortunately, structuring and modi-
fication of layered materials using femtosecond vortex pulses pose a 
significant challenge due to technical difficulties hindering the synthesis 
of high-power broadband laser vortex beams and complex energy 
relaxation across the layered thin film targets. It is reported that 
double-pulse femtosecond laser can provide the flexible solution for 
modulating the thermal dynamics in single layer metal film [23–25]. It is 
highly expected that the ultrafast temperature evolution dynamics in 
layered-metal film system can also be well manipulated via femtosecond 
laser double-pulse vortex beam. Nevertheless, the ultrafast thermaliza-
tion dynamics in layered metallic film system is quite different from the 
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single layer film heating, which can be especially more complicated in 
layered film targets as applying femtosecond laser double-pulse vortex 
beam. Therefore, it needs overall investigations for well understanding 
of the particular thermal dynamics via shaping the femtosecond laser 
double-pulse vortex beam. To our best knowledge, the ultrafast ther-
malization dynamics in two-layer metal film system under particular 
laser excitations by the femtosecond laser double-pulse vortex beam is 
not explored so far. 

In this paper, we theoretically investigated the ultrafast dynamics of 
vortical thermalization of electron and phonon systems in typical Au/Ni 
film by introducing self-consistent thermal dynamics model with respect 
to the full temperature-dependent thermal and optical properties for the 
layered film targets. It is revealed that the spatio-temporal evolutions of 
temperature fields for the electron and phonon systems of Au/Ni film 
can be well manipulated via applying femtosecond laser double-pulse 
vortex beam, giving rise to preferential vortical thermalization of 
phonon system of bottom Ni layer. The intensified dynamics of laser 
energy deposition governed by the cooperative effect of double-pulse 
vortex beams coupling into the layered-metal film and the following 
energy competitive routes in respective film layers are proposed for 
explanations of the observed vortical thermalization dynamics for 
electron and phonon systems of the two-layer Au/Ni film. 

2. Modeling and methods 

The ultrafast thermalization dynamics of femtosecond laser excita-
tion of metallic target obeys the well-known two-temperature model 
(TTM), in which the thermal equilibrium is broken and rebuilt sequen-
tially from femtoseconds to picoseconds timescales [26,27]. Here, we 
introduce the self-consistent thermal dynamics model for prediction of 
two-layer Au/Ni films thermalization under the particular laser excita-
tion of femtosecond double-pulse vortex beam. Physically, as the 
femtosecond laser double-pulse vortex beam irradiates on the Au/Ni 
film system, the two-temperature processes can normally occur, in 
which the electrons in the skin layer of Au/Ni film are initially excited at 
arrival of the first pulse of double-pulse vortex beam, forming high 
temperature electron gas in the localized skin layer of Au/Ni film. Then, 
the high temperature electron gas dissipates its energy to deeper region 
across the film interface via the electron thermal diffusion channel. 
Simultaneously, the phonon systems across the interface of two-layer 
film are locally heated in respective layers due to the localized 
electron-phonon coupling mechanism. As the second pulse arrives at the 
surface of Au/Ni film, the pre-excited state of electron system of Au/Ni 
film will be stimulated again, then goes under way of the 
two-temperature processes, until the electron and phonon systems get 
the thermal equilibrium. The two temperature processes typically occur 
on picoseconds timescale, depending on the particular materials and 
layered film configurations. The self-consistent thermal dynamics model 
for description of ultrafast thermal dynamics in two-layer Au/Ni thin 
films can be mathematically presented as follows: 
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here, the coupled equation (1) ~ (4) are self-consistently built for well 
describing the ultrafast thermal excitations and the following multi- 
route thermal relaxations in Au/Ni film triggered by femtosecond 

laser double-pulse vortex beam. Te and Tp denotes the electron and the 
phonon temperatures, and I, II represents for the surface and bottom 
layers of Au/Ni film, respectively. Ce and Cp denotes the thermal ca-
pacity for electron and phonon systems of Au/Ni film. S accounts for the 
energy absorption rate of femtosecond laser double-pulse vortex beam 
with topological charge of l = ±1, written as 
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Where r and z is the respective coordinates along the diameter and depth 
of Au/Ni film. ω0 is the waist of the corresponding fundamental 
Gaussian beam, taken as 1.4 μm in simulations. Fi denotes the vortex 
beam fluence for the ith pulse of femtosecond laser vortex beam. tpi is 
pulse duration for the ith pulse, which is defined as full width at half 
maximum. R means the transient surface reflectivity, which is fully 
considered as the temperature-dependent parameter. δ is the optical skin 
depth taken as 15.3 nm for surface Au film, and δb the electron ballistic 
transfer length taken as 80 nm here, accounting for the full thickness of 
Au layer as it is designed to be smaller than 100 nm [28,29]. Δ is the 
temporal double-pulse separation of femtosecond laser vortex pulses. 

As femtosecond laser double-pulse vortex beam excitation of the 
two-layer Au/Ni film, the dielectric function, which is closely dependent 
on the transient temperatures of electron and phonon must be taken into 
account for well exploring the ultrafast thermalization processes in Au/ 
Ni film. The time-dependent complex dielectric function can be split into 
the real and imaginary parts as follows: 
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Where ω2
p = e2ne

ε0me
, denotes the plasma frequency of metallic film mate-

rials. Here, ne and me represents the electron density and mass , 
respectively. The total scattering rate of electrons can be written in the 
form of the sum of rates of the separate mechanisms: νm = 1/τee + 1/τep, 
where τee and τep are the electron-electron and electron-phonon scat-
tering time, depending on electron and phonon temperatures, written as 
τee = 1/Ae T2

e and τep = 1/ BpT2
p , respectively. Applying the Fresnel law at 

the Au film surface, we get the temperature-dependent reflectivity co-
efficient as follows: 
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In this model, the temperature-dependent thermal parameters are fully 
taken into account for investigations of the thermal dynamics in two- 
layer Au/Ni film with respect to the collaborative mechanism of laser 
energy coupling into targets following double-pulse vortex beam exci-
tations. The commonly used approximation for electron thermal ca-
pacity of Ce = γ Te is adopted here and the electron thermal conductivity 
ke is considered as a wide range of electron temperature dependent 
parameter during the electron-phonon coupling period, written as [30]: 

ke = χ
(
θ2

e + 0.16
)5/4( θ2

e + 0.44
)
θe

(
θ2

e + 0.092
)1/2( θ2

e + ηθp
) (8) 

Here, θe = Te/TF, θp = Tp/TF, η = 0.16, χ = 353Wm− 1K− 1 for surface 
Au film. The temperature-dependent electron–phonon coupling strength 
was proposed by Zhang and Chen, which can be analytically represented 
as follows [30]: 

G. Du et al.                                                                                                                                                                                                                                       



International Journal of Thermal Sciences 187 (2023) 108208

3
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(9)  

where, g0 is the electron–phonon coupling strength in room tempera-
ture, and the coefficients Ae and Bp are constants, depending on the 
material properties of different film layers. 

Because of the flexibility of Finite Element Method (FEM) in dealing 
with coupled transient heat transfer equations, the coupling partial 
differential Eq. (1)~(4) are simultaneously solved by applying the 
commercial software package of COMSOL Multiphysics. In this simula-
tion, it is reasonable to assume that the heat energy loss from the Au/Ni 
film system to the front surface can be neglected during femtosecond-to- 
picosecond periods, and the perfect thermal insulation is assumed at rear 
surface and bilateral sides of the two-layer film system. For the interior 
interface of the two-layer film system, the electron system exhibits 
perfect thermal conductivity due to high electron collision rate across 
the film interface, facilitating perfect electron thermal coupling on 
femtosecond-to-picosecond timescales. However, the phonon system 
normally exhibits thermal jump at the film interface because of quite 
large phonon mass compared to electron system, leading to very large 
phonon thermal resistance across the interface of Au/Ni film during 
femtosecond-to-picosecond periods. 

3. Results and discussions 

In this simulation, the femtosecond laser source is treated as non- 
focused vortex beam. Before it reaches the surface of Au/Ni film, the 
distribution of laser fluence of vortex beam with topological charge of l 
= ±1 can be considered as a function of radius coordinate r and time t, 
written as: 
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Where Fp is the maximal fluence value corresponding to the bright edge 
of the vortex beam. At a given time of temporal peak of the pulse, the 
normalized spatial profile of vortex beam spot in air is mapped in Fig. 1 
(a), the extracted line profile is plotted in Fig. 1 (b). It can be clearly seen 
that the vortex beam spot exhibits a zero fluence at the beam center (r/rp 
= 0) and two symmetric peaks of bright edge at the positions (r/rp =

±1), where rp is written as rp = ω0/ 
̅̅̅
2

√
. Generally, the spatial fluence 

profile of vortex beam spot can remain its shape unchanged before it 
reaches the surface of Au/Ni film due to ignorable absorption of vortex 
beam propagation in air. Nevertheless, the laser absorption in Au/Ni 
film definitely plays a crucial role in the ultrafast thermalization dy-
namics of the layered film system, which will be investigated in details 
in the following sections. 

The 2-D images of spatio-temporal evolutions of the electron and 
phonon temperature fields in two-layer Au/Ni film excited by femto-

second laser double-pulse vortex beam is shown in Fig. 2. It should be 
emphasized that the current 2D modeling can be qualified for descrip-
tion of the vortex beam excitations of full 3D Au/Ni film due to rota-
tional symmetry of the two-layer film geometry and the vortex beam for 
saving computation load. The relevant simulation parameters for Au and 
Ni are used as follows [31,32]: For Au film, g0 = 0.21 × 1017 

Jm− 3s− 1K− 1, γ = 68 Jm− 3K− 2, Cp = 2.5 × 106Jm− 3K− 1, Ae = 1.18 ×
107s− 1K− 2, Bp = 1.25 × 1011 s− 1K− 1. For Ni film, g0 = 3.6 × 1017 

Jm− 3s− 1K− 1, γ = 1065 Jm− 3K− 2, Cp = 4.1 × 106 Jm− 3K− 1, Ae = 0.14 ×
107 s− 1K− 2, Bp = 1.4 × 1011 s− 1K− 1. It can been seen that the electron 
system is dominantly heated in skin layer of surface Au layer [Fig. 2 (a)]. 
Also, it clearly exhibits the annular-shaped temperature profile of sur-
face vortical thermalization for electron system, in which the obvious 
two-edged high temperature zones and the central low temperature 
point correspond to the two of maxima bright edges and dark center of 
the femtosecond laser vortex beam. 

We can see that with time at 1 ps, the annular-shaped vortical tem-
perature field of electron system in surface Au film layer exhibits evident 
drop, simultaneously penetrating into inner interface region of Au/Ni 
films [Fig. 2(b)]. As the second femtosecond pulse subsequently arrives 
at surface of Au/Ni film at 2.088 ps, the electron system is violently 
stimulated again, leading to raised vortical temperature of electron 
system, which is evaluated to a value as high as 6647 K at maxima of 
bright edge of the femtosecond laser vortex beam [Fig. 2(c)]. Never-
theless, the electron temperature field is successively declined until time 
at 14 ps, accounting for the termination of electron-phonon coupling 
processes [Fig. 2(d)]. In another hand, the phonon system across Au/Ni 
film almost keeps undisturbed at 88 fs as seen from Fig. 2(e). However, 
the vortical thermalization of phonon system are initially engaged for 
Au and Ni films at 1 ps, producing observable annular-shaped temper-
ature fields in the surface layer of Au/Ni film [Fig. 2(f)]. In fact, the 
electron-phonon coupling mechanism takes place in ballistic electron 
excitation region in effective skin layer, which covers the full Au film 
thickness of 80 nm, leading to the observed results of elevated vortical 
thermalization in Au layer of Au/Ni film at 1 ps. With time, the phonon 
temperature field exhibits layering vortical thermalization across the 
interface of Au/Ni film at 2.088 ps, in which the vortical phonon system 
for bottom Ni layer is preferentially heated compared to surface Au film 
[Fig. 2(g)]. It can be attributed to the competitive energy transfer pro-
cesses of the electron thermal diffusion and the electron-phonon 
coupling in respective layers of Au/Ni film, in which the dominant 
phonon heating governed by the electron-phonon coupling mechanism 
in Ni layer is definitely intensified due to the larger electron-phonon 
coupling strength for Ni film compared to Au film. Here, the phonon 
thermal diffusions between the Au and Ni film layers are reasonably 
ignored due to the ultrafast thermal dynamics processes safely falling 
into the femtosecond-to-picosecond regime, which are at least 3 orders 
of magnitude less than Fourier phonon thermal diffusion cycles. 

Fig. 1. The normalized spatial profile of vortex beam spot before it reaches the surface of Au/Ni film. (a) The 2D distribution of laser fluence of vortex beam spot. (b) 
The extracted line profile of laser fluence of vortex beam spot. 
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Ultimately, the layering vortical thermalization processes across the 
interface are further intensified until 14 ps [Fig. 2(h)], namely a time for 
the electron and phonon system getting their unified vortical tempera-
ture in Au/Ni film. After that, the Fourier phonon thermal diffusion will 
dominate the thermal relaxation processes, not shown here, which are 
not the scope of currently focused investigations for the ultrafast 
nonequilibrium vortical thermalization dynamics in Au/Ni film. 

The surface vortical temperature fields for the electron and phonon 
systems of Au/Ni film excited by femtosecond laser double-pulse vortex 
beam for different total fluences are shown in Fig. 3. Here, the surface 
vortical temperature field for the electron system is defined at the 
maximal peak of electron temperature envelope. It indicates the 
extremely nonequilibrium intermediate state in Au/Ni film, which 
typically occurs after arrival of the second pulse of femtosecond laser 
double-pulse vortex beam. Nevertheless, the vortical phonon tempera-
ture is defined as available maximal one, normally appearing at time of 
the electron-phonon coupling termination at 14 ps. We can see from 
Fig. 3(a) that the surface vortical temperature fields for electron system 
are obviously elevated at the symmetrical bright edges compared to the 
dark center of vortex beam at fluences of 0.1 J/cm2, 0.2 J/cm2 and 0.3 J/ 
cm2, respectively. It can be seen from Fig. 3(b) that the vortical phonon 
temperature field on surface of Au/Ni film has the similar profile to the 
electron temperature field, which is typically originated from the 
electron-phonon coupling mechanism and ignored phonon thermal 

diffusion for locally transferring the absorbed laser energy from electron 
system to phonon system during the electron-phonon coupling period. 
More interestingly, we can see in Fig. 3(b) that the surface vortical 
phonon temperature at the dark center of vortex beam is observably 
evalated for a larger fluence of 0.3 J/cm2 compared to 0.2 J/cm2 and 
0.1 J/cm2. It can be well explained as the transversal electron thermal 
diffusion along the surface dimension and the localized electron-phonon 
coupling in the Au/Ni film at neighbouring of the dark center of vortex 
beam, which can be significantly boosted via applying higher laser flu-
ence of femtosecond double-pulse vortex beam. The results can be 
provide basic guideline for managing the vortical fields of surface 
electron and phonon temperature for Au/Ni film thermalization via 
optimizing the laser fluence of vortex beam, potentially benefiting for a 
wide range of applications like annular heating, ultrafast STED imaging 
and ultrahigh time-resolved spectroscopy, etc. 

The ultrafast dynamics of double-pulse vortex beam interacting with 
the excited intermediate state of Au/Ni film for regulating the transient 
surface reflectivity of femtosecond laser double-pulse vortex beam can 
play a unique role in affecting the totally laser pulses energy coupling 
into the two-layer Au/Ni film. In the current model, we take the 
temperature-dependent dielectric function for the surface Au film. The 
surface reflectivity is calculated according to the well-known Fresnel 
formula, which is fully taken as temperature-dependent function. 
Therefore, the temperature-dependent dielectric function definitely 

Fig. 2. The 2-D images of spatio-temporal evolutions 
of electron and phonon temperature fields in two- 
layer Au/Ni film excited by femtosecond laser 
double-pulse vortex beam. The pulse separation of 
double-pulse vortex beam is 2 ps, the respective pulse 
fluence is set as 0.2 J/cm2. The pulse duration 30fs for 
respective pulses of double-pulse vortex beam. Elec-
tron temperature at different evolutions time: (a) 88 
fs, (b)1 ps, (c) 2.088 ps, (d) 14 ps; Phonon tempera-
ture at different evolutions time: (e) 88 fs, (f)1 ps, (g) 
2.088 ps, (h) 14 ps.   

Fig. 3. The surface vortical temperature fields for the 
electron and phonon systems of Au/Ni film excited by 
femtosecond laser double-pulse vortex beam for 
different total fluences. The pulse separation is 1 ps, 
the laser lavelength 800 nm, pulse duration 30 fs, and 
the vortex topological charge of l = ±1 are set for the 
respective pulses of femtosecond laser double-pulse 
vortex beam. (a) The surface vortical temperature 
fields for electron system(a); (b) The surface vortical 
temperature fields for phonon system.   
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gives rise to modifications of the transient reflectivity, which can be 
especially modified via tuning the pulse separation of double femto-
second pulses. Fig. 4 shows the transient surface reflectivity on Au/Ni 
film at peak of the second pulse via modifying the pulse separation of 
femtosecond laser double-pulse vortex beam. The transient surface 
reflectivity at peak of the first pulse are plotted for comparation purpose. 
It can be seen from Fig. 4(a) that at the double-pulse separation of 500 fs, 
compared to the first pulse, the surface transient reflectivity of the 
second pulse is declined, which gets as low as 0.741 at the maxima of 
bright edges of vortex beam. With double-pulse separation at 1 ps, the 
transient reflectivity for first pulse keeps unchanged, but the transient 
reflectivity of the second pulse slightly rises to 0.752 [Fig. 4(b)]. We can 
see that as double-pulse separation increases to 4 ps, the surface tran-
sient reflectivity for the second pulse becomes slightly differentiating in 
contrast to first pulse [Fig. 4(c)]. The surface transient reflectivity for the 
first and second femtosecond pulses exhibits even less difference at pulse 
separation of 7 ps [Fig. 4(d)]. In fact, as continuously increasing the 
double-pulse separation, the difference of surface transient reflectivity 
for the respective pulses of femtosecond laser double-pulse vortex beam 
gets saturation until the pulse separation gets the electron-phonon 
coupling period of 14 ps, which is not shown here. 

The results can be well explained as the intensified dynamics of 
cooperative double-pulse vortex beam coupling with the excited inter-
mediate state of Au/Ni film, which - closely relates to the pulse sepa-
ration of femtosecond laser double-pulse vortex beam. As for a smaller 
pulse separation, the first leading pulse can be largely beneficial for 
excitation of sub-surface and hance preheating of effective skin layer of 
Au/Ni film, leading to high-temperature driven scattering state of 
electron system for enhancing the second pulse coupling into the target. 
With increasing the double-pulse separation, the electron temperature 
for the preheated intermediate state can be lowered due to the sus-
taining electron-phonon coupling process for dissipating the tempera-
ture of high-temperature electrons to local phonon on picosecond 
timescale. As a result, as increasing double-pulse separation in pico-
second time domain, the surface transient reflectivity discrepancy 

becomes smaller for the respective pulses of femtosecond laser double- 
pulse vortex beam. Once the pulse separation gets close to a time com-
parable to the electron-phonon coupling period calculated as 14ps in 
this simulation, the second pulse will totally interact with recovered 
excitation state at termination of the electron-phonon coupling period, 
leading to invalidity of the merit of enhanced coupling of laser energy 
into the layered target by using the femtosecond laser double-pulse 
vortex beam. 

The spatio-temporal distributions of electron and phonon tempera-
ture fields for Au/Ni film at bright edge and dark center of femtosecond 
laser double-pulse vortex beam are shown in Fig. 5. We can see from 
Fig. 5(a) that the temporal profile of surface electron temperature field 
exhibits sharp two-peaks trait at the brightest edge in comparation to 
dark center of the femtosecond laser vortex beam. Also, the temporal 
profile of temperature field for the electron system can be severely 
weakened at the interface of Au/Ni film compared to film surface due to 
the increased degeneration of the electron thermal diffusion in depth 
direction, simultaneously blurring sharp temporal profile of the electron 
temperature at interface region [Fig. 5(b)]. We can see that the temporal 
profile of surface phonon temperature field correspondingly exhibits 
two-step heating processes at the brightest edge in comparation to dark 
center of the femtosecond laser vortex beam as seen in Fig. 5(c). 
Compared to the dark center of femtosecond laser double-pulse vortex 
beam, the maximal surface phonon temperature at brightest edge of the 
vortex beam gets 560 K at termination of the electron-phonon coupling 
period at 14 ps. It can be seen from Fig. 5 (d) that the surface electron 
temperature is obviously cut down and two-peaks profile becomes 
significantly blunt at the interface region compared to brightest edge on 
Au/Ni film surface. The electron and phonon temperatures at bright 
edge and dark center of vortex beam along the depth of Au/Ni film at 
termination of electron-phonon coupling period is shown in Fig. 5(e) 
and (f). We can see from Fig. 5(e) that the electron temperature fields 
have smooth transition across the interface of Au/Ni film at both the 
dark center and brightest edge of vortex beam. However, the preferen-
tially layering vortical thermalization at interface of Au/Ni film can be 

Fig. 4. The transient reflectivity on surface of Au/Ni two layer film with respect to laser excitations of femtosecond laser double-pulse vortex beam. The respective 
pulse fluence is set as F1––F2= 0.2 J/cm2. The pulse duration is 30fs for respective pulses of double-pulse vortex beam. The pulse separation of double-pulse vortex 
beam is (a) 500 fs, (b) 1 ps, (c) 4 ps, and (d) 7 ps, respectively. 
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evidently observed for phonon system along the depth Au/Ni film, 
especially from the surface point at the brightest edge of the vortex beam 
after termination of the electron-phonon coupling period as seen in 
Fig. 5(f). The difference of the electron and phonon temperature fields at 
the interface can be mainly attributed to the dislike thermal conductivity 
behaviours for the electron and phonon systems on picosecond 

timescale, in which the electron thermal conductivity is considered as 
continuous across the interface, but the phonon thermal conductivity is 
reasonably taken as incontinuous one due to the significant larger 
thermal capacity of phonons compared to electrons system. The pref-
erential vortical thermalization of phonon system of bottom Ni film can 
be engaged based on the fact that the electron-phonon coupling strength 

Fig. 5. The spatio-temporal fields of electron and 
phonon temperatures for the Au/Ni film excited by 
femtosecond laser double-pulse vortex beam. The 
pulse separation is 5 ps, the fluence of respective 
pulse is set as 0.2 J/cm2. The laser wavelength 800 
nm, pulse duration 30fs and the vortex topological 
charge of l = ±1 are taken for the respective pulses of 
the femtosecond laser double-pulse vortex beam. (a) 
Electron temperatures at bright edge and dark center 
of vortex beam; (b) Electron temperatures at surface 
and interface of Au/Ni film; (c) Phonon temperature 
at bright edge and dark center of vortex beam; (d) 
Phonon temperatures at surface and interface of Au/ 
Ni film; (e) Depth distributions of electron tempera-
tures; (f) Depth distributions of phonon temperatures.   

Fig. 6. The electron-phonon coupling period with respect to total laser fluence and pulse separation of femtosecond laser double-pulse vortex beam. The laser 
wavelength 800 nm, pulse duration 30fs and the vortex topological charge of l = ±1 are employed for the respective pulses of the femtosecond laser double-pulse 
vortex beam. (a) Total laser fluence modifications; (b) Pulse separation variations. 
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for bottom Ni film (3.6 × 1017 Jm− 3 s− 1K− 1) is an order of magnitude 
larger compared suface Au film (0.21 × 1017 Jm− 3 s− 1K− 1). 

The electron-phonon coupling dynamics plays a crucial role in gov-
erning the phonon vortical thermalization in two-layer Au/Ni film sys-
tem. Fig. 6 shows the electron-phonon coupling period for Au/Ni film 
excited by femtosecond laser double-pulse vortex beam. Here, the 
identical configurations of pulse duration, wavelength and vortex to-
pological charge are taken for respective pulses of femtosecond laser 
double-pulse vortex beam, but having adjustable pulse separation and 
total pulse fluence of them. The laser lavelength centered at 800 nm, 
pulse duration 30fs and the vortex topological charge of ±1 are 
employed for the simulations. We can see from Fig. 6(a) that the 
electron-phonon periods of Au/Ni film exhibits near-linear extention 
with increasing the total fluence for different double-pulse separations 
of 1 ps, 3ps and 5 ps, respectively. It can be seen from Fig. 6(b) that the 
electron-phonon coupling period for Au/Ni film can be obviously pro-
longed with near-linear trendency as increasing the pulse separation of 
femtosecond laser double-pulse vortex beam. It shows that the crucial 
parameters of laser fluence and double-pulse separation can be defi-
nitely qualified for linearly manipulating the electron-phonon coupling 
process, giving rise to possibly controlling the vortical thermalization of 
phonon system for Au/Ni two layer film. However, it should be 
emphasized that employing very large laser fluence of the femtosecond 
laser double-pulse vortex beam can definitely support for fast phonon 
thermalization process, adversely giving rise to possible degradation of 
phonon excitation accuracy due to the early thermal diffusion cycle for 
phonon system possibly overlaps with the significantly prolonged 
electron-phonon coupling period of the layered metal film target. The 
results can be basically important for understanding the ultrafast ther-
malization of layered metal films excited by femtosecond laser double- 
pulse vortex beam, qualified for a wide range of applications of laser 
excitation and processing of layered film, such as compound cavity 
fabrication, ultrafast STED imaging and time-resolved spectroscopy, etc. 

4. Conclusion 

We theoretically investigated the ultrafast dynamics of spatio- 
temporal temperature evolutions for Au/Ni two-layer film excited by 
femtosecond laser double-pulse vortex beam. It is found that the layer-
ing vortical thermalization are observably emerged across the interface 
of Au/Ni film during the electron-phonon coupling period, in which the 
vortical phonon system for bottom Ni layer is preferentially heated 
compared to surface Au film. It can be attributed to the enhanced laser 
energy coupling across the interface of Au/Ni film as a result of the 
successive electron thermal diffusion and dominant vortical heating for 
phonon system in Ni film due to larger electron-phonon coupling 
strength for Ni film compared to Au film. In addition, it is revealed that 
the electron-phonon coupling period can be near-linearly prolonged by 
increasing separation or laser fluence of femtosecond laser double-pulse 
vortex beam. The results can be basically helpful for well understanding 
the controllable thermalization dynamics in layered metal film via 
femtosecond laser double-pulse vortex beam excitations for advancing a 
wide range of applications of laser micro-annular cavity fabrication, 
ultrafast STED imaging and ultrahigh time-resolved spectroscopy, etc. 
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