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The features of interaction of femtosecond laser pulses with photocathode are studied theoretically in this paper.

The surface temperature of the metal cathode film while femtosecond laser pulses irradiation is studied with two-

temperature model. With a simple photoelectric model we obtain the optimum metal film thickness for the back-

illuminated photocathode. The generated ultrashort photocurrent pulses are strongly dependent on the temperature of

the electron gas and the lattice during the femtosecond laser pulse irradiation on the photocathode.
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1. Introduction

The ultrafast electron dynamics and photoelectric
effect when ultrashort laser pulses are incident on solid
surfaces have been widely studied.? =% The electrons
generated by the interaction of femtosecond laser pulse
with metal photocathodes replicate the time duration
property of the pump femtosecond laser pulse through
A high-brightness

electron beam is also necessary for free electron lasers

the ultrafast photoelectric effect.

(FEL),[5] laser accelerators,!® setups of time-resolved
electron diffraction!™®! and generators of short pulse
x-rays by means of nonlinear Thomson scattering.[!
Could this kind of ultrashort electron pulse serve
as the electron source of an electron microscope? This
problem is a part of the research of what we call time-
resolved electron microscopy (TREM).!'%'1 We know
that electron microscopy has reached a high space-
resolved ability at sub-angstrom resolution, but the
time-resolved ability of electron microscopy is seldom
studied. Now, it is possible to capture full structural
details of transition state processes with the advent
of the femtosecond electron diffraction facility.[”-8! In
the structure of TREM, the thermic electron gun is
substituted by the femtosecond photocathode gun.
When the femtosecond laser pulses irradiate the sur-

face of the photocathode, femtosecond electron pulses

are generated. With this kind of electron source, the
electron microscopy will possess comparable time re-
solved ability. In other words, we can watch chemical
reactions occurring in real time and watch the atoms
moving in response to the reaction forces with TREM.
This means that many scientists’ dream of making the

“molecular movie” will come true.

In this paper, we discuss the process of interac-
tion of femtosecond laser pulses with photocathode.
In the femtosecond scale, the nonequilibrium of elec-
tron and phonon becomes very important during the
femtosecond laser pulse irradiation on metal surface.
With the advent of femtosecond laser, scientists have
a crucial tool to study the ultrafast nonequilibrium
electron gas system, such as the transportation and
scattering of the carriers in semiconductors, the elec-
tron behaviour near the Fermi surface, and the move-
ment of electrons in superconductors. Here we devote
more attention to the temperature effect of electron
and lattice during the femtosecond laser pulse irradi-
ation on the metal film surface. Then we study the
ultrashort photoelectric effect when femtosecond laser
pulses are incident on the metal film surface. Combin-
ing the electron temperature effects with the ultrafast
photoelectric effect model, we can find the optimal

copper photocathode thickness.
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2.Temperature effect is a kind of metal material deposited on a substrate.
Compared with the front-illuminated (FI) photocath-
Metal photocathodes have many advantages in  ode, the BI photocathode has an advantage of eas-
terms of responsibility, quantum efficiency, work func- ier designing of the electro-optic system for ultrashort
tion, and energy distribution of photoelectrons. The  electron beams controlling. In this paper, we pay more
metal cathode materials are also inexpensive, have a  attention on the BI photocathode that is constructed
long lifetime, and could operate at a modest vacuum  with the metal films, such as copper, silver or gold ma-
quality. Therefore we choose metal photocathodes for ~ terials, deposited on the quartz glass substrate. The
our TREM. The back-illuminated (BI) photocathode  schematic interaction is shown in Fig.1.

T
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g  — —
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femtosecond ultraviolet laser pulses p

metal film photocathode
quartz glass substrate

Fig.1. Schematic interaction of femtosecond laser with metal film photocathode.

The nonequilibrium dynamics and temperature as denoted respectively by subscripts e and I. C, and

effect of the electron gas and the lattice are the poten- C; are the electronic and phonon heat capacities re-
tial problems that are not fully understood when ul- spectively.
trashort laser pulses irradiate the solid material. The The TTM is described by
energy transportation of electron and phonon in a )
metal, subjected to an ultrashort laser pulse, is ex- Ce(Te)ag;e - K- 883;6 —g-(T. = T)) + G(rt), (1a)
tensively studied within the two-temperature model
(TTM).[12] oT,
. . CI(T’Z)_ :g'(Te_T’l)v (lb)

When femtosecond laser pulses are incident on ot
a solid, the temperature of the electron gas and G(r,t) = a(l — R)Iy(r,t)e >, (2)
the lattice will change rapidly. For the laser pulse
duration Shorter than a few picosecondS, the elec_ Where K is the thermal Conductivity, R is the Surface
tron gas and the lattice in the solid are in a non-  reflectance, a is the absorption coeflicient and g is the
thermodynamic equilibrium during femtosecond laser ~ electron—phonon coupling coefficient. These equations
pulse irradiation.[?! During the process of the interac-  have been used to explain the laser ablation of metal
tion of nanosecond laser pulses with solid, the tem- material®3 and the ultrafast non-equilibrium electron
peratures of the electron gas and lattice in it are char- dynamics in the solid.[>!4] The electron—phonon cou-
acterized by a common temperature 7. In the TTM,  Pling coefficient, thermal conductivity, electronic and

the electron and phonon subsystems are described by ~ lattice capacities of several typical metals are shown

two separate heat baths with temperatures T, and T; in Table 1.

Table 1. Parameters in the two-temperature model for some typical metal materials.

Metal material g/101%Wm—3K—1 Ce/IJm—3K~2 Ko/Wm~1K—1 C;/108Jm—3K~1!
gold 2.1 71 318 2.5
molybdenum 13 350 135 2.8
nickel 36 1065 91 4.1
copper 10 96.6 385 3.5
silver 2.3 - 429 -
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For the effect of the ballistic electron transporta-
tion, the electron mean free path has been determined
to be more than 100nm in these films at room tem-
perature. As for most photocathodes, the metal film
is deposited on the substrate with a thickness ranging
from 10 to 80nm. Because the metal film thickness
is much smaller than the electron mean free path, we
neglect the heat transportation term in Eqs.(1). We
neglect the thermal conductivity also for the reason of
ultrashort pump laser pulse duration and the feature
of photocathode thickness.

[14] estimated the electron diffusive

Corkum et al
features by neglecting the electron—phonon coupling
terms in Eqs.(1), and gave a critical length for the
diffusion electrons, which is L, = \/m
with 7 = C!T.(z = 0)/g being the electron—phonon
relaxation time. Using the parameters in Table 1, we
can estimate Tg which is about several picoseconds.
The equilibration time for electrons and the lattice
depends on the electron—phonon coupling coefficient,
which will determine the diffusive penetration depth

of electrons.

2000

1600

1200

Temperature/K

800

400

Z distance /pm

Fig.2. Electron temperature decay as function of time

and distance.

As an example, in the copper metal the electron
temperature distribution decays with distance larger
than several microns and with time longer than sev-
eral picoseconds if we take into consideration the ther-
mal conductivity term, as shown in Fig.2. The thick-
ness of photocathode is usually about several tens of
nanometre, so we can neglect the thermal conductivity
during the femtosecond laser irradiation on the metal
film. We numerically resolve the TTM model equa-
tions without taking into consideration the thermal
conduction at the copper photocathode surface. As
shown in Fig.3, the electron temperature rises in a

very short time during the laser heating process, and

then the temperatures of electrons and phonons be-
come the same through the electron—phonon coupling
process. During this process, the electron temperature
distribution will show non-thermal equilibration.?! On
solving the equations, we consider that the laser in-
tensity I is of an order about 10'°W/cm? and the

duration of laser pulses is about 30fs.

2500 [ T T T r T T T T
Ip=2.2x10'' W /cm?
2000 | < Ip=8x10""W/cm?
v - - = Ip=6x10"'W/cm?
m
1500 | ]
g
)
2
1000 | 1
g
I
500F ]  _erm Ll Lol T ”
oL . . . : . ) .
-200 200 600 1000 1400
Duration/fs
Fig.3. Electron and phonon temperature distribu-

tions during the femtosecond laser pulse irradiation

on the metal film.

3. Ultrashort photoelectric effect

We know that if the photon energy is higher than
the work function of the metal material, photoelec-
Since the
birth of femtosecond lasers, the ultrafast photoelectric
effect has attracted scientists’ attention.['*=2%l With a

simple analytical photoelectric model, we can obtain

trons are emitted from the metal surface.

the ultrashort photoelectron current generated from
the metal photocathode irradiated by the femtosec-
ond laser pulses. In this simple model, we find that
the maximum photoelectron current will be dependent
on the thickness of metal film.

The competing factor that limits the photoelec-
tron current in thick films is the difficulty of electrons
escaping from the surface after being excited to ener-
gies greater than the work function. Even though a
large number of electrons are liberated as photons pen-
etrate into a very thick film, the probability of these
electrons propagating through multiple layers of metal
atoms and projecting into the vacuum region becomes
smaller as the film thickness increases. It is reasonable
to expect a maximum photocurrent at a particular
thickness for a given competition between the proba-
bilities of photon interaction and electron escaping.

When a laser pulse with an ultrashort duration of

t propagates in the direction z, its intensity Iy atten-
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uated to an amount I, is given by
I = Ip(t)(1 = R)e™%, (3)

where R is the metal film reflectivity and « is the ab-
sorption coefficient of the metal material. What we
are interested in is the photoelectrons emitted in the
direction of the laser propagation. We assume that
the photoelectron yield is isotropic in metal film. In
the infinitesimal distance dz within the film, the ab-
sorbed laser energy dI, and the generated electron

current density d.J,g can be respectively expressed as
dI, = —aly(t)(1 — R)e **dz, (4)

nedl, anely(t)(1 — R)e”**dz
Ao = - G
0 hv hv (5)

where 7 is the photoelectric quantum efficiency, hv is

the pump photon energy, and e is the fundamental
unit of electric charge. Those photoelectrons gener-
ated having a certain energy, i.e. only the electrons
at a distance to the front side of cathode & smaller
than the mean free path, can escape from the metal
film surface. Considering the metal as a collection of
atoms per unit volume, the photocurrent at a distance
z could be expressed as d.J.(t) = dJ.ge ?(®=2) here
[ is the photoelectron current decay coefficient. Sub-

stituting Eq.(5) into the expression of dJ,, we obtain

ane(l — R)Iy(t)

dJ.(t) = =

exp[—B(§ — z) — az]dz. (6)

Integrating Eq.(6) with respect to distance from 0 to
4, we obtain the emitted photocurrent as

ane
(8- a)hv
From Eq.(7), we can deduce the optimal thickness of
the metal film § j_,ax = In(8/a)/(8—«). If the film is

thicker than § j—,ax, the liberated electron should tra-
verse through a longer path length to reach the metal

J(t) = (1 — R)Io(t)e P[P~ —1]. (7)

film surface and its motion would not be so easy.
Theoretical calculations of 8 and « are very diffi-
cult. The coefficients 3 and « are all related with the
electron and phonon temperatures that have been pre-
dicted in Section 2. The coefficient 8 must be larger
than a because the generated photocurrent will decay
rapidly due to electron collisions. The typical absorp-
tion coefficient « for some copper at wavelength of
266 nm is about 5x107/m. The coefficient 3 is also
connected with the photoelectron energy distribution
generated at z. The energy distribution of photoelec-

tron is related with the pump photon energy and work

function. The photoelectron energy distribution is
non-equilibrium Fermi-Dirac distribution during the
femtosecond laser pulse heating. The empirical coef-
ficient 3 we give is about 5.03x107/m for copper at
wavelength of 266 nm. The value of « is the ratio
of transmission and that of 3 is the ratio of charge
decay. The experimental work of Brogle et al,l’! mea-
sured the back-illumination photocathode photoelec-
tron emission. The copper film thickness they used
is larger than 27 nm, while the optimum thickness of
film is actually smaller than 27 nm for copper at wave-
length of 266 nm. Actually, when the metal film thick-
ness decreases, no sufficient free electrons are present
around the Fermi energy surface of the metal volume.
The calculated photocurrent is shown in Fig.4, indi-
cating that the optimum thickness is about 20 nm for
copper film. The calculated photocurrent agrees very

well with the related quantum efficiency (Q. E.).
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Fig.4. Photoelectron current and relative quantum

efficiency versus different thickness of copper film.

Because of the surface reflectivity, the optical ab-
sorption and the photoelectron photocurrent decay co-
efficient are all related to the temperature of the elec-
tron gas and lattice. The coefficient of o, 8 and R

should be expressed as

a=oag + a1 (T. — Tp) + b1 (Te — To),
B = o+ ax(Te — Ty) + ba(Te — Tp),

and

R= Ro + ag(Te — To) + b3(Te - To)

respectively. In order to fully understand the physical
process of the ultrashort photoelectric effect, the coef-
ficient of a; and b; can be determined experimentally.

The emission of photoelectron current is depen-
dent on the temperature of the electron gas and the
lattice. The photoemission model of Fowler!!?! and
Dubridge['®! (F-D) was extended by Bechtell'” to in-

clude N-photon photoemission. Here we just discuss
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the linear and first-order photoelectric effect. The

first-order photocurrent density could be expressed as

J(t) = ao(e/hv)ALy(t)(1 — R) % T%t)F(%),

(8)
where F'(z) is the Fowler function, ag is the Richard-
son constant, k is the Boltzmann constant, R is the
reflection coefficient, T is the mean temperature of the
surface, and v is the work function of metal. Actu-
ally the F-D and Bechtel theory only gives the cal-
culated photoelectron current emission from the sur-
face of photocathode, it cannot give what the opti-
mal thickness is for the BI photocathode. From the
extended F-D photoelectric theory, the excited ultra-
short electron current density depends on 72. In our
theory, we consider the collective effect and obtain a
relation between the photoelectron current and the
surface temperature. The temperature of electron and

lattice and the electron—phonon coupling should be

incorporated into the coefficients a and (3 for more
precise consideration. From this simple photoelectric
model, we can also find that the duration of the emit-
ted photocurrent pulses is similar to the time factor

of laser pulses duration.

4. Conclusions

In this paper, we put forward a simple ultra-
short photoelectric effect model combined with the
TTM model.
ness of the BI copper metal photocathode is obtained.

From our model the optimized thick-

The optimum thickness is related to the optical ab-
sorption coefficient and the photoelectron current de-
cay coefficient, which can be expressed as §j—pax =
In(B/a)/(B — ). This could account for the rapid in-
crease of photoelectron current as the film thickness
approaches d,,.x, and the exponential decay when the

film thickness is larger than §,,.x.
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