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Abstract 
This paper is a theoretical study on the photoemission 

properties of metallic photocathodes in the high intensity 
ultrashort laser pulse regime, using Fourier and non 
Fourier models. First of all the Fourier-model was used.   
Next an analysis of the electron gas heating phenomenon 
and how this phenomenon leads to coupled heat equations 
(two temperature models) was conducted. The authors 
also tried to show that it is possible to use, in the second 
approximation, a non-Fourier model instead of two 
temperature models, using a single temperature 
hypothesis (the electron gas temperature equals the lattice 
temperature). The distributions for the thermal fields and 
photocurrents function of space, time, laser-intensity, 
incident angle and relaxation time are also represented. 

 
INTRODUCTION 

Free electron lasers (FELs) operate over a large portion 
of the electromagnetic spectrum, i.e.from a μ-wave to the 
VUV. At the high frequency end of the spectrum, FEL 
operation is severely limited by a number of factors, 
among which the transverse beam emittance, which is 
invers proportional with the square root density current. A 
high electron density implies not only a high peak current 
but also a low rms normalized emittance, εn. For example, 
in the case of X-FEL projects, εn[mm.mrad] has the 
values: 1.4 - XFEL [1], 1.2 - LCLS [2] and 0.85 - SCSS 
[3]. Recent development in the tehnology of photemissive 
electron sources offer promising advances over the 
conventional electron injectors [4], [5].  

All photo-injector concepts share a drive laser which 
produces short bunches of photons and a photocathode 
which converts the photon bunch into short bunches of 
electrons [6], [7]. Photoemission from photo-cathodes is 
possible when the work function (or potential barrier, eФ) 
of the material is less than the photon energy (ћω) used, 
by at least: 1 eV if the material is a metal (in this case 
electrons are extracted from the conduction band) and 2 
eV if the material is a semiconductor (electrons are here 
extracted from the valence band). 

A photocathode is characterized by four parameters: 
quantum efficiency (QE), maximum laser wavelength 
(λm), life time (τ) and its ability to sustain a high electric 
field (E). For FEL nano-Coulomb pulses in picosecond 
time are required. The advantages of photoemission are 
the followings: high peak current density (> 100 A); fast 
time response (picosecond to femtosecond) and 
possibility to generate polarized electrons. As drawbaks: 
the need for very good vacuum, limited lifetime (few 
month) and very expensive (vacuum systems & laser). 
Metal cathodes have poor QE but are robust (τ ~ years).  

 
Alcaline cathodes have good QE but are delicate and 

they need very good vacuum conditions < 10 -10 torr. 
Starting from the above considerations as well as the 
NUCLEU program [8] for to conduct studies by means of 
the Nd:YAG laser system  with 50 mJ at 1064 nm, 24 mJ 
at 532 nm, 8 mJ at 355 nm and 4 mJ at 266 nm, this paper 
represents a start in the metal photocathode studies using 
Fourier and non Fourier models for photoemission [9]. 
 

FOURIER MODELS 
Fourier model starting from the basic Fourier heat 

equation, represented the input of our models [10] 
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where K - the thermal conductivity of the sample; γ - the 
thermal diffusivity of the sample (γ = k/c·ρ ); c -the heat 
capacity of the sample; ρ - the mass density of the sample. 
Q(x, y, z, t) represents the heat rate (per volume and time 
unit) produced by the laser in the solid sample. 

Based on Spatial Transform and Laplace Transform, 
the eigenfunctions from the standard theory and the 
eigenvalues from the boundary conditions were 
determined. 

So for the proposed device a parallelepiped solid 
sample with dimensions a, b, and c was considered. 
Considering a linear heat transfer (h – heat transfer 
coefficient) at the sample surface (the “radiation” 
boundary condition), we have:  
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The semi-analytical solution to Fourier equation is: 
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where we have: 
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and 
( )2222

ojiijo χβαγγ ++= .   (8) 

 
The photocathode employed for the study is 4 mm x 10 

mm for a Kerst injector. Using a laser of the intensity (I0x) 
plotted in Fig.1, by means of equations (5), (6), (7) and 
(8), some thermal distributions in different situations were 
plotted. 

 

 
 

Figure 1: TEM00 classical laser field. 
 

Fig. 2 presents the temperature generated by the 
cathode surface when the incident laser beam acts in 
TEM00 mode  

 
 

Figure 2:  Photocathode temperature. 
 

The thermal fields versus the incident angle of the laser 
beam are given in Fig.3.  

If there is no vacuum than at the margins of the 
photocathode temperature decreases. 
 

 
 

Figure 3: The thermal field produced by a flat laser beam. 
 

The spatial distribution of the thermal field for a given 
incident angle and a flat laser beam (Fig. 4) when vacuum 
around the photocathode exists, is presented. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 4: Photocathode temperature vs. the laser 
incidence angle. 
 

THE NON-FOURIER MODELS 
The Fourier model [10] contains several inconsistent 

implications. The most important is that the model 
implies an infinite speed of heat propagation. 
The non Fourier Models start from the non-Fourier heat 
conduction equation: 
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where a, λ, τ0 are thermal diffusivity, thermal 
conductivity, and relaxation time of the medium. 

One of the models is the Anisimov model or the two-
temperature model [11]. The coupled differential 
equations relating the electron temperature Te to the 
lattice temperature Ti are given by the equations (10) 
where g represents the connection between electrons and 
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lattice; C and K are the heat capacities and thermal 
conductivity respectively: 
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Instead of the above model, the hyperbolic heat 

equation was used; assume that: Te = Ti, which is valid 
when the puls length is comparable to the relaxation time 
and the electron temperature is higher than the lattice 
temperature.  

Assume a sample with the thickness L with initial 
temperature distribution T(x,0) = T0. Starting with the 
time t = 0 the front surface of the sample is irradiated by 
a laser-pulse with the laser pulse of energy intensity: 

 
 

    , 0 ≤ x ≤ ΔX, (11) 
 

    ,           ΔX ≤ x ≤ L, 
 

where tp denotes the time duration of the pulse, Q0 is the 
total energy intensity of a single pulse. According to 
common theory, Δx is corresponding to the skin depth of 
electromagnetic waves penetrating into the surface of the 
sample, L is the thickness of the medium. 

The boundary conditions are: 
0/),0( =∂∂ xtT , 0/),( =∂∂ xtLT  and the initial 

conditions are: T(x,0)=T0  and 0/)0,( =∂∂ txT . 

Suppose that: Te=Ti, than the solution is the following: 
 

Te(z) = T0 + [Te(0)-T0]exp(-z/L),  (12) 
 
where: L = n(ħkF/m)τ with: kF - the Fermi momentum and 
the factor  n given the electron scattering will mimic a 
random walk – should be on the order of the square root 
of the ratio of the laser pulse time scale with the 
scattering time scale, or n = (1 ns/0.1 ps)1/2 ≈ 100. τ is the 
relaxation time. The plot is presented in Fig. 5. 
 

 
 
Figure 5: The temperature distribution versus depth in a 
Non Fourier model: the first curve, which is close to 
unity, is for the relaxation time 10-3 s (a), the others are 
for 10-6 s (b), 10-9 s (c) and 10-12 s (d).  

LIMITS OF THE TWO MODELS  
The shorter the relaxation time, the two different 

models (Fourier and non Fourier) would give the same 
results. It is obvious that the classical treatment is more 
powerful than the Quantum Mechanics models for this 
case of laser-solid interaction. The temperature field 
depends on the incident angle. The experiments shows 
that Fourier model is valid up to 10-6 s and the non 
Fourier model is valid up to 10-9 s.  

Our simulations strongly suggest that all the 
phenomena are taking place at the sample surface rather 
than in the volume. Also our simulations prove that the 
higher the vacuum, the higher the temperature field is. 
(A(x,y,z,t)=rS·δ(z); δ(z) - Dirac Function ). 

 
EXAMPLES 

Fig. 6 is a plot of the current densities vs temperature 
for different photocathodes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Variation of the current density vs 

temperature for: bright tungsten (a); lanthanum 
hexaboride (b), thoriated tungsten (c) and impregnated 
tungsten (d).  
 

Fig. 7 presents the 3D (Cartesian coordinates) thermal 
fields for a laser beam heating the FEL photocathode at 
an angle of π/4. The laser beam is supposed to act in a 
Gaussian mode. The exposure time is 10-9 s. (Fourier 
model was used).  

 
 

Figure 7: Thermal field for the exposure time of 10 – 9 s. 
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One can observe the edge effects due to the boundary 
conditions. 

For nano and picoseconds exposure time, Figs. 8 and 9 
(radial coordinates versus time) are suggestive. For 
femtoseconds exposure times the Fourier model breaks -
down. In order to overcome the edge effect, it is possible 
to  use the “state of the art” technologies regarding 
implantations of nano-particle  (Au, Al, Ag, Cu, Ni) 
networks of  100 nm size, at 400 nm distance between 
them, on the  photocathode edges. 

 
Figure 8: The thermal field for nano-seconds exposure 
time (radial coordinates versus time). 

Table 1 
Photocathode 

Material 
Absorption 

coefficient  (cm-1) 
CsI  40 

Au 0.77 x 106 
Ag 0.83 x 106 
Al 106 
Cu 16.6.106 

Ni 13.106 

 
The big difference between the absorption coefficients 

(Table 1) of CsI, on one hand, and Al, Au, Ag, Cu, Ni on 
the other hand, makes our proposal realistic. For example, 
Fig. 9 presents the thermal field at the surface for a 100 
nm diameter Au nano-particle which is at 400 nm depth. 
One can observe that the peak temperature is increased. 

 
Figure 9: Thermal field at the surface for a 100 nm 
diameter Au nano-particle. 

 

CONCLUSIONS 
First of all Fourier models can offer useful information 

about the photochatode thermal field, especially when  
dealing with long a term pulses (μs) and powerful heating 
sources. In the range of picoseconds one has to take into 
account non-Fourier models, which imply a finite 
propagation speed of the thermal waves (in contrast with 
the Fourier models which involve infinite speed 
propagation). For non-Fourier models the problem to deal 
with is the relaxation time. If the heating pulse time is of 
the order of magnitude (or smaller) than the relaxation 
time, the differences between the two models are greater.  
In the range of femto- and atto- seconds one has to deal 
with a quantum heat transfer model.  In fact the non-
Fourier models are semi-classical models which take into 
account the quantum effects via the relaxation time (in an 
empirical style).  

Another conclusion and a suggestion is that nano-
particle networks, with a very high absorption coefficient, 
can improve the photochatode properties. 
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