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Laser-Generated Electron Emission from Surfaces:
Effect of the Pulse Shape on Temperature and Transient Phenomena

Jui-teng Lin* and Thomas F. George
Department of Chemistry
University of Rochester

Rochester, New York 14627

Surface temperatures generated by gaussian, rectangular and tri-
angular laser pulses are determined by solving a heat diffusion equation.
The dependence of the temperature on the pulse shape, and in turn the i

dependence of the thermal diffusivity and absorptance on the temperature,

are investigated. The lifetime of an adspecies on a laser-heated solid

(e.g., Cs on W) is estimated in terms of the temperature, the desorption

P

energy and the coverage. The mechanism of laser-generated electron
emission from the adspecies is analyzed by means of the Richardson
equation. A condition for generating an intense electron beam is that
the laser pulse duration and the rise time of the temperature must be

less than the lifetime of the adspecies.
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I. Introduction

Laser transient. effects in the areas of surface physics and

materials science have been recently investigated, and surface-related
phenomena such as annealing, vaporization, ionization, dissociation
and adsorption have received considerable attention, both experimen- ?
tally and theoretically, due to their potential importance in
applications to microelectronics,1 heterogeneous rate processes,2
nondestructive materials testing3 and new laser developments.

One of the important laser transient effects is the electron
current emitted from low work function materials. The extent to
which the current can be regarded as "photoelectric" or "thermionic”
has not yet been conclusively determined, due to the complexity of

the various competing transient phenomena (e.g., desorption and mi- ]

gration) and to the lack of understanding as to how such phenomena
are related to the coherence of the laser radiation and the thermal !
and optical properties of the solid. From Richardson's equation it
is seen that the thermionic current is governed mainly by the work
function and the surface temperature of the laser-heated solid.4
There is a time delay in the maximum surface temperature and hence
the current with respect to the peak laser intensity. The electron !
emission spectrum is also dependent on the length and overall shape
of the laser pulse. We have therefore decided to analyze the effects

of the laser pulse shape on the surface temperature and its time

delay. By using a generalized Richardson equation, we are able to
incorporate the conditions and processes leading to both thermionic

and photoelectric currents.
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In this paper we present some theoretical aspects of laser-

generated electron emission from low work function materials, e.g.,

a cesiated tungsten surface. By solving the heat diffusion equation,
we are able to analyze the effect of the pulse shape on the temper-
ature and its time delay. In this regard, in Section II we compare
the surface temperatures generated by gaussian, rectangular and tri-
angular pulses. In Section III, the laser-generated electron emission
is analyzed by means of a generalized Richardson equation. While the
main focus is on the thermionic current, photoelectric effects are
discussed for a cesiated tungsten surface. The diffusion equation
with temperature-dependent diffusivity and absorptance is solved in
Section IV. Finally, the desorption mechanism and the residence time
of the adspecies are discussed in Section V.

II. Surface Temperature: Effects of the Pulse Shape and Time Delay

For a heterogeneous system, e.g., Cs/W, subjected to laser radi-
ation, the photon energy can be absorbed by both the adspecies and
the substrate. However, the main absorption is by the adspecies,

' and we therefore will be interested in the temperature associated with
just the surface formed by the adspecies. To begin, let us consider
the laser-generated transient temperature, T(z,t), which depends on
time and the surface depth z and corresponds to the above surface

temperature at z = 0. This obeys the heat diffusion equation5

T 3°T
2L = p—x ,
with the initial and boundary conditions
(l.b)

T(rrzro)=Tol

9T
— =S - 1-R) I r,z,t .
Kazlz 0 ( ) I )lzso (l.c)
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T(r,z,t) is the laser irradiated target temperature with hot spot
centered at r=0 and surface reflectivity R (at z = 0); D is the

any,
thermalxaﬁffusivity related to the specific heat (c), the mass
density (p) and the thermal conductivity (K) by D = K/pc; and I
represents the incident laser pulse in terms of a spatial gaussian

dependence and a temporal dependence g(t) as

I(r,0,t) = Ijexp [-(x/a)%]q(t). (2)
We shall first consider the case where both the £fhermal and optical
coefficients are temperature independent and shall restrict ourselves
to times satisfying the condition 4 >> (4Dt)l/2, such that thermal
diffusion effects in the radial (r) direction are negligible.
Although the above procedure is valid only for surface heat gener-
ation, it gives satisfactory results for volume heat generation pro-
vided the laser intensity is less than 100 Mw/cm2 and the pulse
length is greater than a nanosecond.6 The rigorous procedure for
volume heat generation applies to arbitrary intensity and pulse

length. In this case the boundary condition is

K(3T/92) _ = 0, (3.2)
where the diffusion equation is

T/t = D(32T/822) + S(r,z,t), (3.b)
with the radiation heat source given as

S = (8/pc) I, (1-R)exp(-Bz)g(t), (3.c)

and B is the absorption coefficient. Hence, for the case of a very
high-power short-pulse heating source, e.g., gigawatt picosecond

laser, we shall rely on volume heat generation for calculating the
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transient temperature ([which would be overestimated by Eq.

(1).]6 The solution of Eq. (3) for volume heat generation is con-
siderably more complicated than that of Eg. (1) for surface heat
generation due to the z-dependent heat source S(r,z,t). However,
for our systems of interest the laser intensity is low enough and
the pulse duration long enough for Eg. (1) to be valid, which we
shall solve below.

Using Eq. (1), we shall now analyze the effect of the laser
pulse shape on the maximum surface temperature and its time delay,
which in turn gives the time delay of the electron current. By em-
ploying the Green's function technique, we obtain an integral ex-

pression for the surface temperature, i.e., solution of the diffusion

equation at z = 0,5 .
T (r,0,t) =T, To 7Y (- (3) f ( VA el g

L =Tp ¥+ ———173 %P (3 2] 9 t-t')/(t’ t’ (4) z

(TKpc) i

For an arbitrary laser pulse shape, the above integration must be
carried out numerically. For the case of a rectangular pulse with

constant intensity I, and duration tp, the integration can be per-

formed analytically. This yields an expression for the maximum

1/2

surface temperature T, = 2I,(1l- R)t /(nKpc)l/Z, which, however,

tends to overestimate actual experimental results. We therefore
propose triangular pulses to better approximate an actual pulse,
e.g., a gaussian or an asymmetric long-tail pulse. The effect of
the triangular pulse shape on the temperature and its time delay can

be analyzed by means of an exact analytic solution of the diffusion

equation.




A triangular temporal dependence of the laser pulse takes the

form
g(t) = Iot/a, 0 <t<a (5.a)
= Io(a+b-t)/b » a < t < a+b (5.b)
=0, otherwise, (5.c)

which has a peak intensity at t = tI = a with a pulse energy (a+b)Io/2,
and whose shape is governed by the ratio between a and b. From
Eq.(4), the surface temperature generated by the above triangular

pulse can be given exactly, in the form

T (r,0,t) =Ty + B(x) I T (t) , 0<t<b (6.a)
3
=Ty +B(r) I, I T;(t) , a<t<a+b (6.b)
i=1
1 b
=T, + B(r)I, I T,(4), a+b<t (6.c)
0 i=1

where B(r) = (1-R)exp [~ (r/&) 21/ (vkpe) 1/? and

T, (6) = 4t¥%/3a, (7.2)
,(6) = -2(t-a) /2 (2t+a) /32, (7.b)
T3(t) = 2(t:-a)1/2 - 4(t—a)3/2/3b ’ (7.0)
T,(8) = 4(t-a-b) ¥?/3b . (7.4)

By setting [aTs(r,o,t)/at] = 0 we obtain the rise time for the

=t*
t t2

maximum surface temperature, t5=aL2/(L2-l), which then gives us the }

delay time by means of the simple expression

st = t§ - £ = a/(L?-1)
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where L = (a+b)/b and ti = a is the rise time of the peak laser
intensity. the

To show the effect of‘pulse shape on the surface temperature,
we plot the analytical results for the rectangular and triangular
pulses and the numerical result for a gaussian pulse (with FWHM =
18.8 ns) in Fig. 1. It is seen that when the laser pulse is gaussian,
the surface temperature is overestimated by a rectangular pulse but
is well approximated by a triangular pulse with equal sides (a=b).
Note that in the surface temperature profiles (shown in Fig. 1)
the laser energies (fg(t)dt) of different pulses are all the same,
and the surface temperatures are normalized to the maximum value
generated by a rectangular pulse.

By knowing the rise time of the maximum surface temperature,
t*, we can easily calculate the maximum surface temperature for
different triangular pulse shapes from Eq. (6). Fig. 2 shows the
delay time and the maximum surface temperature as a function of the
value of a. The results suggest that a right-triangular pulse (with
b = 0) generates higher temperature than that of the other shapes

with b > 0.

III. Mechanism of Laser-Generated Electron Emission

Laser-generated electron emission of solids has been studied

7:8,9 There has been some recent dis-

during the past several years.
cussion on two different emission mechanisms - photoelectric
effect and thermionic emission - based on the reported experimental

10,11,12 However, no conclusive interpretation has been made

results.
due to the complexity of the transient phenomena. The mechanism of

the electron emission depends on both the coherence properties of
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the incident laser radiation and the thermal/optical properties of the
heated materials. The former includes intengity, polarization and
frequency, and the latter includes the bond structure.

In order to characterize the electron emission with respect to

the above, we utilize the generalized Richardson equation for the

current density,4'9rl3,l4
N+1
J= L J_, (9)
n=0 °
with
= N, . _o0.2
Iy = aIpA(1-RIT_F(8). (10)

Jn represents pure thermionic emission for n = 0 and the n-photon
photoelectric effects for n > 0; A and a,6 are the Richardson constant
and the appropriate coefficient related to the matrix element of
guantum n~-photon processes, respectively; F(6§) is the Fowler function
with the argument & = nhv - ¢, where hv and ¢ are the photon energy
and system work function, respectively. Here we sum over all integers
from n = 0 to N+1, N being the largest integer less than ¢/hv.

For a low work function material, e.g., a cesiated tungsten
surface with ¢ = 2.0 eV subjected to pulsed laser radiation with
intensity I0 = 50 MW/cm2 and photon energy hv = 1.165 eV, we may use
limiting forms of the Fowler function, for surface temperature
Ts < 2000 K. This results in the following expression for the total
current density from pure thermionic emission and from one-~ and two-
photon photoelectric effects:

J = Jo + Jl + J2, (11)

with

Jo = a,ATZ exp(-¢/KT,), (12)

.iLhh-n---........._...____;;;.____rg. e o
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J, = (a;/a43)1,(1-R)J, exp(-hv/kT.), (13)
2 2 -
3, = a,ATZ1-R) ((2hv-¢) Z/ak? + ( T - &7 g2 ). (14)

The above equations are valid for a material with low work function
or low ionization energy, and hence are more applicable to metal
adspecies rather than nonmetal adspecies. Note that, from the ex-
pression in Eq.(13), the one-photon emission current density Jl is
equivalent to that of the pure thermionic emission J0 enhanced by a
factor alIOexp(hv/kTs), which is photon energy and intensity dependent.
For the two-photon process, the current density J2 is independent of
TS provided Ts is sufficiently low, where the "cold" electrons gen-
erated by two-photon ionization dominate the current density. At
sufficiently high surface temperatures, we expect the pure thermionic
effect to be the major component of the total current density, and a
much higher power law for the intensity dependence, J(t) = JOIm(t),
is expected. This power law provides information about the shape of
the emitted current. For example, a gaussian laser intensity, I(t) =

I.exp (-tZ/Bz), gives a gaussian current density, J(t) = J exp(—tz/ﬁz),

0 0
with a narrower width B = B//m if it follows the power law. 1In
general, we expect an intensity-dependent exponent, m, due to the
mixture of pure thermionic emission and multiphoton ionization.

Fig. 3 shows the surface temperature (normalized to its peak
value) generated by a gaussian laser pulse (at the hot spot center)
and also shows the corresponding current density (only the pure
thermionic current is plotted). We note that the surface temperature
and the associated current profiles may be well approximated by the
results generated by a triangular pulse with a = b in Eq.(6), which

/2

gives the peak surface temperature T; « Io(a+b)l . Furthermore,
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the numerical results show that these profiles are universal for
gaussian pulses with arbitrary laser intensity. The term "universal"
implies that two gaussian pulses, with intensities and pulse durations
related by Il/I2 = (tz/tl)l/z, will generate the same surface and
current density profiles when the appropriate time scales are chosen.
For example, the profiles shown in Fig. 3(A) and (B) also describe
those profiles generated by picosecond pulses with (intensity, FWHM)
= (1.825 Gw/cmz, 15 ps) and (1.581 Gw/cmz, 20 psk, respectively.
We note that a narrow width of the current density profile is gen-
erated by a short laser pulse. This is an important feature of
laser-generated electron emission, in that one can generate an in-
tense electron beam on a nanosecond (picosecond) time scale by a
nanosecond (picosecond) laser pulse.
F Since the power density in the laser beam is not spatially
uniform, we expect the generated current density J(r,t) to be not
f only time dependent but also radially dependent on the heated surface.
Therefore, it is appropriate to deal with the average emission per
unit area (with hot spot radius d),

d

3,(t) = 25 [ arl(r,t)expl-¢/kT (r,t) 12nrdr, (15)
md™ 0

where Ts(r,t) is the surface temperature with r = 0 defining the hot
. . 2,.2
spot center. For a spatially gaussian pulse,Ts(r,t) = Ts(O)exp(-r /d47),

the average current density becomes

2

e
Tyt) = —5— (e (W-e e + (l-W)e W+W2fly_le-wydy} . (16)

0
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where W = ¢/kTs(0). The last integral term can also be expressed
by the exponential integral function WZ[Ei(W) - Ei(We)]. We note
that the apparent average temperature (Ta) defined by 30 =

ATiexp(-¢/Ta) is higher than the true average surface temperature

= -1
T, = T,(0) (1-e™7).

IV. Temperature-Dependent Absorptance and Diffusivity

In Section II we have assumed both the thermal and optical ab-
sorption coefficients to be independent of the temperature, whereby
the diffusion equation is analytically solvable, for example, by
the Green's function technique. In the case of temperature-dependent
thermal diffusivity and optical absorptance, we can solve the non-
linear diffusion equation numerically by transforming it into a set
of difference equations.15 In this section, however, we present
some analytic methods which allow us to study the effect of the
ﬁemperature dependence of the thermal and optical coefficients.

Let us first allow the absorptance o=1-R to be temperature
dependent while keeping the diffusivity constant. The boundary

condition in Eq.(3.a) becomes
K %) = - a(T)I(z,t). (17)
2 /2=0

Taking the Laplace transform of the time variable in the above
boundary condition and the diffusion equation and letting T(u)

denote the Laplace transform of the surface temperature Ts(t), then

with the initial condition T(z,0) = 0 we obtain
-— azf(u) 18
uT(u) = D——-z'— ' (18)
92
K(iiiil> = L{a(T)I(z,t)] , (19)
92 /=0
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where L denotes the Laplace transform. Multiplying Eq. (18) by
exp[-(u/D)l/zz] and performing the integration by parts, we obtain,

in combining with Eq.(19), the surface temperature by means of the

inverse Laplace transform:

T(u) = (Kepu) /2

L(o(T)I(z,t)]. (20)
T_(t) = M Fw . (21)

In principle, for arbitrary forms of the optical absorptance

and the laser intensity, we can find the corresponding surface tem-

perature by Egs.(20) and (21). However, difficulties can arise in
finding the inverse Laplace transforms. For tractable results, let

us consider a linearly temperature-dependent absorptance,which is N

i
1

appropriate for most metallic surfaces, and assume a constant intensity,i.e.i
a(T) = Aj + A;T_(t) and I(t) = I;. EQ.(20) then gives'®

= _ 172 _

T(u) = AOIO/[u(chu) AlIou] . (22)

The inverse Laplace transform leads to the surface temperature17

A
T (t) = 2{[1l+erf(Xt)Jexpl(xt)%] - 1} , (23)
s Al
|
or :
Al n/2-1,n-3 3
00 t X |
T_(t) = — & , (24) ‘
s /Kes n=3 (/2 ;
and ?

where X = AlIOKch)l/z,‘erf(Xt) and T'(n/2) are the error and gamma
functions, respectively. The leading term in Eq.(24) represents the N
surface temperature for Al = 0 (constant absorptance), and the re-

maining terms represent the contribution from the temperature depen-

dence of a(T). It is seen that the error resulting from neglecting
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the temperature dependence of a(T) is large when the series in
Eg.(24) is not rapidly convergent, which is the case for high-power/
energy laser heating of metallic surfaces. This is one of the
major concerns in high-power laser-damage studies. However, in laser-
generated electron emission from a tungsten surface (with a rather
high absorptance =40%), the temperature dependence of a(T) can be
treated as a small correction compared with that of other metallic
surfaces, e.g., with silver for which the absorptance is low (z2%)
and a(T) is strongly temperature dependent.

We next consider the situation where both D and o are temperature
dependent. For tractable results, we again consider the case where
Within the time scale 4a’DT »1,

a = A, + AlTs(t) and I(t) = 1

0 0°
the surface temperature follows the power law

21,2
- 22070 (¢/p) 172 (25)
T (t) = = (t/Dgy)

TRC

for a constant D = D0 and absorptance o = AO‘ When D is temperature
dependent, the diffusion equation can be solved by,e.g., a Boltzmann
transformation5 with a = Ao. The temperature follows the power law5
Ts(t) « tl/(m—2) for D(T) = DOTQ. For weak temperature dependence
of the thermal and optical absorption coefficients, we may use an
iterative or adiabatic approximation to obtain the tgmperature power

law by expressing a and D as a(T) = A, + AlTS(t) and D(T) =

0
Do/[1+ DlTs(t)]' The surface temperature then to first order in o

and zeroth order in D is given by [from Eqg.(24)]

)
cp

1/2

Ts(t) = [2(t/wDO) + Allot/(OcDo)] . (26)
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The next higher-order surface temperature, neglecting terms like

A Dl' etc., is found to be

1
_ 2 1/2
where
2
A.I%t 4A
0°0 0 T
2. = ( ) [ - AI t] , (28.a)
0 ‘kipar?r Po (ppeey? 170
(1)(A°Igt ) (1A, +4A.D.) (28.b)
zZ, = TA, + . .
1 2D0 ’-K(pc) n 1 0-1

When the pulse energy and the intensity are sufficiently high, the

surface temperature power law becomes Ts(t) « Igt, in contrast to

the constant-coefficients limit (A1=Dl=0) where the power law is
1/2

Ts(t) = Iot .

V. Effects of Laser-Stimulated Surface Processes

It is known that in a heterogeneous system with species adsorbed
(chemically or physically) on a substrate surface, laser radiation
not only causes nonselective thermal effects but also selective

guantum effects.18

Laser-stimulated surface processes such as mi-
gration (diffusion), desorption (evaporation) and dissociation
(decomposition) will affect the thermionic and photoelectric current
through the electron emission characteristics, ¢ .g., the coverage-
dependent work function, binding energy and the temperature-dependent
residence time of the low work function adspecies.

An important factor in a laser-generated high-intensity electron

beam from a low work function surface is the lifetime (residence

time) of the adspecies. 1In general, the adspecies total lifetime
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(1) may be related to the desorption rates wi by

-1 _
T = ;Wi(TS,EA,G). (29)

i
The desorption rates depend on the surface temperature (Ts), the
activation energy (EA), the adspecies coverage (8) and the thermal
and optical properties of the material, and the subscript i designates
a particular process such as: (1) migration-induced desorption,
(2) thermal-phonon-enhanced desorption, (3) ionization-induced bond
breaking and (4) direct laser-induced bond breaking (or selective
desorption).lg-21
An accurate estimation of the lifetime including all the
possible desorption mechanisms is a difficult task. For example,
to obtain the phonon-induced desorption rate, we must calculate
matrix elements of the phonon interaction Hamiltonian using wave-
functions based on an actual surface bond potential.22 To obtain
the direct laser-induced bond breaking rate, we must solve the
generalized master equation in energy space2 and then find the de-

sorption rate by employing, for example, Slater's unimolecular

theory.23 For a rough estimation of the lifetime, one can assume a

simple Arrhenius form for the lifetime,24

1. kg expi-[E4-F(8)1/kT} , (30)

where k0 is a preexponential factor (1012 ~ 1013 sec_l), Eq is the

desorption energy given by the bond strength of the adspecies and

F(6) is a coverage-dependent correction factor for the adspecies-
an
adspecies interaction. The lifetime of "adsorbed cesium atom with

Ed = 2.05 eV is about 150 ns for a tungsten surface heated to 2000 K




(assuming F(6)=0). Due to the long lifetime, the work function of

the surface is essentially "frozen" at a low value (¢= 2eV) during
the pulse period, where the cesium remains adsorbed on the metallic
surface and in thermal equilibrium with the surface phonons.

In conclusion, we propose some possible procedures to aid in
the development of high-quality electron beams via laser-activated
low work function materials:

(1) Increase the peak value of the laser-induced surface
temperature by choosing an appropriate pulse shape, e.g., a right-
triangular pulse.

(2) Optimize the thermal and optical parameters of the heated

material such as the work function, diffusivity, melting temperature,

reflectivity (absorptance), ionization energy, etc.

(3) Increase the thermal stability of the adspecies, e.g., by
the co-adsorption of oxygen on a cesiated tungsten surface in which
the layer of cesium oxide can have a work function (=1.0 eV) lower
than that of cesium itself (=2.0 eV).25’26
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Figure Captions
Fig. 1. Normalized surface temperature profiles (TS/T;) for rectan-
gular (solid line —), gaussian (dotted line...) and tri-

angular pulses with a = b/3 (dash-dot-dashed---), a = b

(dashed ---) and a = 3b (dash-dot~dot-dashed ----).

*
Ts « Iotl];/2 is the maximum surface surface temperature
generated by a rectangular pulse with duration t_ = 20 ns.

p
The intensity profiles g(t) are also shown, where the

guassian pulse has a FWHM = 18.8 ns and all pulses with

different shapes have the same energy IOtp'

Fig. 2. The normalized maximum surface temperature (T;/Tﬁ) and the
time delay (At) as a function of the pulse shape factor a,
for triangular pulses with bottom length a + b = 40 ns
and energy Io(a+b)/2. Note that the pulse shape factor
governs the pulse shapes, e.g., a=40 and b=0 for right
triangles and a = b = 20 for isosceles. The maximum surface
temperature generated by a right triangle (with b = 0) is

given by T§=[(1-R)/(nKpc)l/2](410/3)al/2.

Fig. 3. The normalized surface temperature and current density (J/J%)
as a function of time generated by gaussian pulses for
[intensity (MW/cm®), FWHM(ns)] = (A)(57.73,15)., (B)(50,20),
(C) (40.82,30) and (D) (35.35,40). Note that all of these
pulses have the same peak surface temperature T;, which is
well approximated by T;=[(1-R)/(1erc)1/2110(2/{5)351/2 ,

as in the case for an isosceles triangle.
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