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Abstract

Thermal modeling and analysis of the volume absorber in the pulsed excimer laser calorimeters are very
important. In this work, Gaussian distributions are used to model the temporal and spatial distributions of the laser

beam and an exponential decay function is used to model the internal absorption of the laser power. A ®nite-
element method is employed to simulate the space- and time-dependence of temperature in the volume absorber. A
three-dimensional model and an axial-symmetric model are built and used to study the heating e�ects of single pulse

and multiple pulses on the present design, respectively. Furthermore, a new design is proposed, in which the
absorber is not optically thick. A one-dimensional model and an axial-symmetric model, in which the re¯ection at
the interface and the absorption on the copper surface are considered, are used to study the heating e�ects of single

pulse and multiple pulses on the new design. The comparison of the present design to the new design shows that the
energy loss and nonequivalence in the new design are smaller than those in the present design. Hence, the new
design can increase the accuracy and dynamic range of calorimeters. This work will help the future design of optical
calorimeters for measuring the pulse energy of excimer lasers in the deep ultraviolet. 7 2000 Elsevier Science Ltd.

All rights reserved.

1. Introduction

Electrically calibrated laser calorimeters have been

developed during the past 30 years at the National

Institute of Standards and Technology (NIST) as

national reference standards for calibrating laser power

and energy meters used in industry and research lab-

oratories [1,2]. Along with the developments of laser

applications, C-series, Q-series and K-series calor-

imeters have been designed and used as standard

energy meters for lasers with di�erent modes of oper-

ation, powers and wavelength ranges. C-series calori-

meters were developed for measuring the continuous

wave laser radiation in the power range between 1 mW

and 2 W; K-series calorimeters were built for measur-

ing lasers operating at power levels above those appli-

cable to the C-series calorimeters; Q-series calorimeters

were fabricated for measuring the pulsed-laser energy,

especially that produced by Q-switched Nd:YAG lasers

operating at a wavelength of 1.06 mm [1]. Excimer

lasers at the wavelength of 248 nm are widely used in

semiconductor industries and in advanced materials

processing [3±5]. Two calorimeters (QUV-1 and QUV-

2) were designed and built for measuring and calibrat-

ing the radiant energy of 248 nm excimer laser pulses

at NIST [6].
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The trend in microelectronics towards printing fea-

tures of 0.18 mm and below has motivated the develop-

ment of photolithographic techniques using argon

¯uoride (ArF) excimer lasers at the 193 nm wave-

length. Indeed, the recent Semiconductor Industry As-

sociation roadmap lists 193 nm as one of the options

for printing feature of 0.18 mm, along with extensions

of 248 nm. The change in wavelength from 248 to 193

nm requires parallel progress in the calibration tech-

nologies, optical materials and photoresist chemistries

and processes [3]. In order to calibrate the laser power

at the wavelength of 193 nm, it is necessary to design

and construct an electrically calibrated optical calori-

meter that can be used as a standard for absolute laser

energy measurements at 193 nm. This will require the

selection of a volume absorbing material appropriate

for excimer laser at the wavelength of 193 nm and

modi®cations to the existing laser calorimeter designed

for the 248 nm excimer laser. Concerns for this

approach are possible thermal nonequivalence and

radiative heat loss. Presently available commercial

devices based on absorbing glasses show signi®cant

damage when used with 193 nm excimer lasers.

Based on the work of Leonhardt and Scott [6] of the

248 nm calorimeter, a design was made for the 193 nm

calorimeter, as shown in Fig. 1. The calorimeter cavity

is made of 0.2 mm thick copper. An electrical heater is

attached to the back of the bottom plate to calibrate

the calorimeter electrically. Two volume absorbers

used to absorb the energy of excimer laser are epoxied

to the inside walls of the cavity. They are made of

volume absorbing glass plates, whose thicknesses are

chosen according to the glass absorption coe�cient.

Glass plates of low re¯ectance and extremely low dif-

fuse re¯ectance are used to achieve nearly 100%

absorption inside the cavity. In the present calorimeter

design, the copper cavity is suspended to an isothermal

heat sink. The temperature di�erence between the cav-

ity and the heat sink is measured by thermocouples.

The measurement principles of laser calorimeters have

been described in the literature [2,6].

In order to select the volume absorbing glass appro-

priate for the excimer laser at the wavelength of 193

nm, thermal modeling and analysis are performed to

obtain the temperature distribution of the glass and

copper at the bottom of the cavity, during and after

the pulse heating. The e�ects of various pulse par-

ameters on the maximum temperature increase are

examined. Although the thermal time constant of the

calorimeters is on the order of 10 s, understanding the

heat transfer mechanisms in the bottom plate of the

cavity during short (nanoseconds) pulse heating is very

important for the design and evaluation of 193 nm

calorimeters.

Nomenclature

a absorption coe�cient, 4pk/l (cmÿ1)
b D=2

��������
ln 2
p

(cm)
c constant de®ned in Eq. (2)

cp speci®c heat (J/g K)
D full width at half maximum (FWHM) beam di-

ameter (cm)

h heat transfer coe�cient (W/cm2 K)
k thermal conductivity (W/cm K)
L total thickness of the glass and copper (cm)

L1 thickness of the glass plate (cm)
m pulse number
N repetition rate (sÿ1)
n refractive index

P average power (W)
Q energy per pulse (J)
q0 heat ¯ux on the copper surface (W/cm2)

q
.

total heat generation rate (W/cm3)
q
.
1 heat generation rate caused by the incident

beam (W/cm3)

q
.
2 heat generation rate caused by the re¯ected

beam (W/cm3)
R re¯ectance

r distance to the center of the laser beam (cm)

T temperature (K)
T0 ambient temperature (K)
t time (s)

tm time at which the pulse power is maximum (s)

Greek symbols

a thermal di�usivity (cm2/s)
E total emissivity
y1 angle of incidence (rad)

y2 angle of refraction (rad)
k extinction coe�cient
l wavelength (mm)
r density (g/cm3)

s Stefan±Boltzmann constant, 5.67 � 10ÿ12 W/
cm2 K4

t tp=2
��������
ln 2
p

(s)

tp FWHM pulse width (s)

Subscripts

a air
c copper
g glass
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2. Thermal model

Heat transfer processes during excimer laser ir-
radiation of materials have been investigated by many

researchers. Xu et al. [5,7] performed heat transfer
measurements and analysis on the melting of thin poly-

silicon layers and the plasma induced by laser pulses.
In these studies, heat conduction in the solid near the

center of the laser beam was assumed to be one-dimen-
sional. Fushinobu et al. [8] investigated the thermal

characteristics of polymers irradiated by excimer laser
pulses. They assumed that the laser pulse radiation

supplies a heat ¯ux at the surface of a semi-in®nite
solid with adiabatic boundary conditions.

In the present study, the laser power is absorbed

inside the volume absorbing glass. The absorbed laser
power is regarded as an internal heat source. As

shown in Fig. 2, a thermal model is built based on the
volume absorbing glass and the copper plate attached

to the glass under tilted laser beam incidence. In this

model, the front surface of glass and the back surface
of copper are subjected to convection and radiation
boundary conditions; the side surfaces of the glass and

copper are considered isothermal because the pulse
heating has very little in¯uence on the temperature
®eld away from the center. Gaussian distributions are
used to model the temporal and spatial distributions of

the laser power. An exponential decay function is used
to model the internal absorption. The e�ects of the
angle of incidence y1 and the re¯ectance at the glass

surface Rg are considered. The internal heat generation
rate caused by the transmitted laser power is

_q1�x, y, z, t� � ceÿr
2=b2eÿaz=cos y2eÿ�tÿtm�

2=t2 �1�

In Eq. (1), a � 4pkg=l is the absorption coe�cient of
the glass at the wavelength of 193 nm, D � 2b

��������
ln 2
p

is
the full width at half maximum (FWHM) beam diam-

Fig. 1. Schematic of the calorimeter cavity.

Fig. 2. Illustration of the thermal model, where the side surfaces are assumed isothermal.
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eter, r � ��x� z tan y2�2 cos2 y1 � y2�1=2 is the distance
between the beam line that reaches the point (x, y, z )

and the central line of the laser beam in the air, y2 �
sinÿ1��na=ng�sin y1� is the angle of refraction, tp �
2t

��������
ln 2
p

is the FWHM pulse width, tm is the time at

which the power is maximum and

c � aQ�1ÿ Rg� cos y1
p3=2b2t cos y2

�2�

where Rg depends on the refractive index of the glass
and the angle of incidence [9] and Q is the energy per

pulse. Although the Gaussian distribution extends
from ÿ1 to +1, it decreases quickly away from the
peak. In the present study, the heat generation rate is

computed for r R 2D and from tmÿ2tp to tm+2tp and
it is set to be zero otherwise.
The energy of laser pulse is absorbed inside the

volume absorbing glass. Hence, the transient response
of a volume absorbing glass to the incident laser pulse
can be described by the three-dimensional heat conduc-

tion equation with internal heat generation [10]:

r2Tg � _q�x, y, z, t�
kg

� 1

ag

@Tg

@ t
�3�

The transient response of the copper is described by

the heat conduction equation without heat generation:

r2Tc � 1

ac

@Tc

@ t
�4�

The volume absorbing glass is a square plate whose

back surface is attached to the copper plate. The front
surface of the absorbing glass and the back surface of
the copper are subjected to convection and radiation.
The initial and boundary conditions on the front sur-

face of the glass and the back surface of the copper
are

Tg�x, y, z, 0� � Tc�x, y, z, 0� � T0 �5�

kg

@Tg

@z

����
z�0
� hg�Tg�x, y, 0, t� ÿ T0�

� Egs�T 4
g�x, y, 0, t� ÿ T 4

0�
�6�

ÿ kc
@Tc

@z

����
z�L
� hc�Tc�x, y, L, t� ÿ T0�

� Ecs�T 4
c�x, y, L, t� ÿ T 4

0�
�7�

Notice that the temperatures at the side surfaces of the

glass and copper are set to T0. The boundary con-
ditions at the interface between the absorbing glass
and the copper are

Tg�x, y, L1, t� � Tc�x, y, L1, t� �8�

kg

@Tg

@z

����
z�L1

� kc
@Tc

@z

����
z�L1

�9�

Although the laser pulse is incident at an angle, the
temperature distribution of the absorbing glass and

copper is symmetric about the x±z plane. Only half of
the plate ( yy0) is studied.

3. Numerical modeling

In the present design, the volume absorber 1 is a

square glass plate with a thickness L1 � 0:1 cm and an
area 3.2 cm� 3.2 cm. The thickness of the copper cav-
ity is 0.02 cm. The thermophysical properties of the

glass and copper are assumed constant in the present
study and are listed in Table 1 [10±13].
A commercial ®nite-element software package,

ANSYS 5.4 [14], is employed to model the temperature
distribution in the absorbing glass and copper. Solid
elements are used to model the glass and copper plates,
and surface elements are used to model the free con-

vection and radiation boundary conditions. According
to the spatial distribution of the heat generation rate
and the numerical test results, the element size in the

x±y plane is changed from 0.02 cm close to the center
to 0.2 cm near the side boundaries. The mesh scheme
in the x±y plane is shown in Fig. 3. Three di�erent

sizes are used to mesh the glass in the z direction. The
element size is 0.001 cm for 0 R z R 0.016 cm, 0.003
cm for 0.016 cm R z R 0.04 cm and 0.015 cm for 0.04
cm R z R 0.1 cm. The element size is 0.02 cm in the

copper (0.1 cm R z R 0.12 cm), i.e. there is only one
mesh in the z direction inside the copper. Calculations
show that the maximum temperature increases by

1.6% when the smallest element size in the z direction
is reduced from 10 to 5 mm. The temperature di�erence
is small enough for the numerical solution to be con-

sidered stable, suggesting that the mesh scheme is
appropriate.
The initial condition is a uniform temperature T0 �

Table 1

Thermophysical properties of the absorbing glass and copper

[10±13]

Glass Copper

Thermal conductivity, k (W/cm K) 0.0073 4.01

Density, r (g/cm3) 2.3 8.933

Speci®c heat, cp (J/g K) 0.7 0.385

Total emissivity, E 0.8 0.03

Refractive index, n 1.5 0.958

Extinction coe�cient, k 9.68� 10ÿ5 1.37
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300 K inside the glass and copper. The total time
required to model one pulse is determined by the

inverse of the pulse repetition rate (1/N ). For each
pulse, the heat generation rate is nonzero only at the
initial period equal to 4tp, i.e. the heating process is

from tmÿ2tp to tm+2tp. For the mth pulse,
tm=2tp+(m ÿ 1)/N. In the heating process the time
step size is taken as tp/5. The cooling process (without

heat generation) is from tm+2tp to the beginning of
the next pulse, in which the time step size is increased
with time from a few nanoseconds to tenths of a sec-
ond.

When the glass is heated by a single pulse with tp �
30 ns, the thermal di�usion length in the 4tp heating
process can be estimated by

������������
4tpag

p
10:1 mm: Hence,

heat conduction can be neglected during the heating
process. When the surface temperature of the glass is
assumed to be 1000 K, the heat loss by free convection

is 110ÿ7 J=cm2 and that by radiation is 110ÿ6 J=cm2,
which are much less than the laser energy ¯ux at the
center of the glass surface. Therefore, the heating pro-
cess is nearly adiabatic. The adiabatic model is then

used to estimate the maximum temperature increase at
the end of the heating process. The maximum tempera-
ture increase (DTm) is at the center of the glass surface

and can be calculated by the following equation:

DTm � 1

�rcp�g

� tm�2tp

tmÿ2tp

_q1�0, 0, 0, t� dt �10�

For the absorption coe�cient a � 63 cmÿ1, pulse

width tp � 30 ns and pulse energy Q � 5 J, the maxi-
mum temperature increase at the end of the heating
process is 152.8 K calculated from Eq. (10) and 147 K

obtained from the numerical simulation. The relative
temperature di�erence is 3.8%. This di�erence is
mainly caused by the element size in the z direction.

When the element size in the z direction is reduced, the
numerical result becomes closer to the theoretical pre-

diction. For example, when the element size in the z
direction is reduced to 0.1 mm, the temperature
increase is 151.8 K and the relative temperature di�er-

ence is only 0.7%. It takes much more computational
time and disk space to model such small elements.
Because the objective of the present study is to under-

stand the heat transfer process, extremely high accu-
racy is not needed. When the time steps are varied in
the simulation, it has been found that the step size has
little in¯uence on the temperature increase at the end

of heating process, presumably because the heating
generation rate is symmetric about tm.

4. Results

In the present design, the absorber is a volume
absorbing glass [11] with an absorption coe�cient a �
4pk=l � 63 cmÿ1 and thickness of 0.1 cm; therefore,
less than 0.2% of the laser energy penetrates through
the glass. Consequently, the heat ¯ux of the laser beam

on the copper surface contiguous to the glass is so
small that the surface heating and re¯ection by the
glass±copper interface can be neglected. The three-
dimensional model is used to predict the temperature

distributions and histories of the glass and copper
heated by a single laser pulse, whose energy is 5 J,
FWHM pulse width is 30 ns and FWHM beam diam-

eter is 1.0 cm. Pulse energy of 5 J is close to the practi-
cal limit for most applications of 193 nm lasers. The
angle of incidence of the laser beam is 308. In the

three-dimensional model, the in¯uence of the incidence
angle on the temperature distribution is considered; the
ambient temperature and the initial temperature are

Fig. 3. Mesh scheme on the x±y plane.
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300 K. The convection coe�cient is assumed to be
0.0008 W/cm2 K on both sides and the temperature of

the isothermal side boundaries is 300 K.

The temperature increases on the glass surface �z �
0� at the end of the heating process are shown in

Fig. 4. The maximum temperature increase is 147 K at

the center of the glass surface. The diameter of the

area with temperature increase from 130.6 to 147 K is

about 0.4 cm, indicating the central area with high
temperature increases is much smaller than the

FWHM cross-sectional area of the laser beam. As a

result of the oblique incidence, the heat generation rate

inside the glass is not symmetric. In¯uenced by the

heat conduction between the surface and the inside,
the temperature distribution is not symmetric on the

glass surface. When the laser pulse is directly incident

on to the surface of copper, the maximum temperature

increase is calculated to be 4500 K because of the

small radiation penetration depth. The maximum tem-
perature increase for a surface absorbing glass would

be 2.2 � 105 K for the same pulse parameters. This in-

dicates that the volume absorbing glass is essential for

laser calorimeters with short pulses.

The heat generation rate and the temperature history

of the center point of the glass surface in the heating

process are shown in Fig. 5. The temperature of the

center point on the glass surface increases slowly at the
beginning and rapidly as q

.
1 increases. After 100 ns, the

temperature changes little because the heat generation

rate is small and the heat loss increases as the tempera-

ture increases. When the energy supplied to the center

point by laser heating is less than the energy losses
caused by radiation, convection and the inside conduc-

tion, the temperature of the center point of the glass

surface goes down. This can be seen clearly in Fig. 6,
where the temperature histories on the glass surface

�z � 0� and along the z-axis are shown. In the cooling

process the temperatures on the glass surface decrease,

but the temperatures inside the glass increase slightly

because the heat gained from the glass surface is more
than that transferred towards the copper. The maxi-

mum temperature increase at the center of the glass±

copper interface (0, 0, 0.1) is 10:13 K, which is very

small compared to the 147 K temperature increase at

the glass surface. In the cooling process, the tempera-
ture di�erence at locations (0, 0, 0.1) and (0, 0, 0.12) is

less than 1 mK because the thermal conductivity of

copper is much greater than that of glass. Compared

with the temperature di�erence in the glass, the copper

plate can be regarded as an isothermal layer in the

heating process of single pulse.

The e�ects of laser pulse energy, pulse width and

beam diameter on the maximum temperature increase
have been investigated using the ®nite element model.

The maximum temperature increase is proportional to

the pulse energy Q. When the pulse width increases

from 10 to 300 ns, the maximum temperature increase

decreases by less than 0.02%. The e�ects of the pulse
energy and pulse width on the maximum temperature

increase can be understood from the adiabatic model,

i.e. Eq. (10). As the beam diameter D increases, the

maximum temperature increase decreases by a factor

of D 2. This is because q
.
1 at r � 0 is proportional to

the inverse of D 2 (see Eqs. (1) and (2)).

It takes about 5 h to obtain the temperature distri-

bution of glass and copper for one pulse using the
three-dimensional model in the 400 MHz personal

computer and it takes about 450 Mb disk space to

Fig. 4. Temperature contour of the glass surface at the end of the heating process, showing temperature di�erence TÿT0 in K.
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save the database. In order to reduce the compu-

tational time and the disk space, an axial-symmetric

model is developed to simulate the multiple-pulse heat-

ing process. In this model, the glass and copper are

treated as circular disks with a radius of 1.6 cm and

the laser beam is incident on the glass surface perpen-

dicularly. For comparison, the temperature history is

also studied when the glass is heated continuously by

the average power using the axial-symmetric model.

The average power is calculated by P = Q � N and

the spatial distribution of the heat generation rate is

the same as that described in Eq. (1).

Fig. 7 shows the temperature rises at (0, 0, 0) and

(0, 0, 0.1) during the ®rst ten pulses with a pulse

energy Q � 5 J, width tp � 30 ns, repetition rate N �
50 sÿ1 and beam diameter D � 1:0 cm, together with

those for continuous heating with an average power

P � 250 W: Notice that the temperature at the back

surface of copper (0, 0, 0.12) is very close to that at (0,

0, 0.1). For the pulse heating, the temperature at the

Fig. 5. Heat generation rate and temperature history at the center point of the glass surface in the heating process.

Fig. 6. Temperature histories on the glass surface �z � 0� and along the z-axis �x � 0, y � 0).
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center of the glass surface goes up quickly in the heat-

ing process of each pulse, drops suddenly at the begin-

ning of the cooling process and then goes down slowly

until the next pulse. The temperature at (0, 0, 0) goes

up gradually for continuous heating. The maximum

temperature must not exceed the damage threshold,

which limits the number of pulses that can be

measured by the calorimeter. Because the peak tem-

perature is higher for the pulse heating than for the

average-power heating, the heat loss at the glass sur-

face is greater for pulse heating. This results in a lower

temperature for the pulse heating at the end of the

cooling process, as shown in Fig. 7(a). As the pulse

number increases, the di�erence in the peak tempera-

ture for the pulse heating and the temperature for

average-power heating becomes smaller. The heat con-

duction inside the glass is faster for pulse heating than

for continuous heating. As seen from Fig. 7(b), the

temperature of the back surface for multiple-pulse

heating is higher than that in the average-power heat-

ing. Because of the higher peak temperature in the

multiple-pulse heating, the energy loss by convection

and radiation is more than that in the average-power

heating. Hence, the energy stored in the glass and cop-

per in the multiple-pulse heating is smaller than that in

the average-power heating.

Fig. 7. Comparison of the temperature histories for multiple-pulse heating and average-power heating: (a) glass surface (0, 0, 0);

(b) copper surface (0, 0, 0.1).
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5. Discussion

For the present design, the thickness of the glass is
6.3 times the radiation penetration depth (l/4pk ).
When the laser pulse is incident on the volume absorb-

ing glass, almost all of the transmitted energy of laser
pulse is absorbed inside the glass and there is negligible
surface heating on the copper surface adjoining the

glass. The maximum temperature is on the glass sur-
face and the temperature decreases as z increases. It
takes a long time to transfer heat from the glass to

copper because of the lower thermal conductivity of
glass. As a result, the energy loss is larger for pulse
heating than for electrical heating, because in the elec-
trical calibration the highest temperature is located on

the back surface of copper where the electrical heater
is attached. There may exist a large nonequivalence
between laser pulse heating and electrical heating for

the present design; this will decrease the accuracy of
the laser calorimeter. The high peak temperature on
the glass surface may limit the maximum measurable

energy, and hence reduce the dynamic range of the
calorimeter. In order to increase the accuracy and
dynamic range of the calorimeters at the wavelength of

193 nm, a new design is proposed here. As the absorp-
tion coe�cient of the glass decreases, part of the laser
energy will penetrate through the glass and be
absorbed directly by the copper surface. Moreover,

some of energy will be re¯ected by the copper surface,
resulting in additional heat generation inside the glass.
This should help reduce the maximum temperature on

the glass surface and heat losses from the glass surface
by convection and radiation during laser pulse heating.
In the new design, the additional heat generation rate

q
.
2(x, y, z, t ) caused by the re¯ected energy from the
copper surface can be derived from Eq. (1) by re-
placing z by 2L1ÿz and Eq. (2) by the following
equation:

c � aQRc�1ÿ Rg� cos y1
p3=2b2t cos y2

�11�

The heat ¯ux q0(x, y, L1, t ) on the copper surface is
considered. The heat ¯ux absorbed by the copper sur-

face can be obtained from Eq. (1) by setting z � L1

and

c � Q�1ÿ Rg��1ÿ Rc� cos y1
p3=2b2t

�12�

For the heating time of 120 ns, the thermal di�usive

length in the copper is 3.75 mm. Hence, the points
beyond 3.75 mm from the center point have little in¯u-
ence on the temperature of the center point. The heat

generation rate and heat ¯ux change so little within a
few micrometers from the center point that can be con-
sidered uniform. Hence, a one-dimensional model is

used to study the temperature change near the center

of the laser beam, in which the laser beam is incident
normal to the glass surface. The heat generation rate
and the heat ¯ux on the copper surface in the x±y

plane are uniform, equal to the values at the center.
The maximum temperature increase on the glass sur-
face and that on the copper surface adjoining the glass

are shown in Fig. 8 as functions of the absorption
coe�cient for Q � 5 J and tp � 30 ns: As the absorp-

tion coe�cient decreases, the maximum temperature
increase on the copper surface increases due to surface
heating, whereas the maximum temperature on the

glass surface decreases due to the redistribution of the
heat generation rate. When the absorption coe�cient

becomes smaller than 40 cmÿ1, the maximum tempera-
ture increase on the copper surface is higher than that
on the glass surface. Under such conditions, heat is

transferred to copper rapidly and the energy loss on
the glass surface is small. The nonequivalence between
laser pulse heating and electrical heating may be

reduced. Therefore, the accuracy and dynamic range of
the calorimeter can be improved by selecting an

absorbing glass with smaller absorption coe�cient or
simply reducing the thickness of the glass in the pre-
sent design.

The temperatures at the centers of the glass surface
(0, 0, 0) and the copper surface (0, 0, 0.1) in the heat-

ing process are shown in Fig. 9 for a � 30 cmÿ1: The
temperature of the copper surface increases faster than
that of the glass surface because of the surface heating

e�ect. Although the maximum temperature increase on
the copper surface of 188.5 K is much higher than that
on the glass surface, it drops rapidly because the ther-

mal conductivity of copper is much greater than that
of glass. The temperature gradient in the z direction

after the heating process is much less in this case than
in the present design with a � 63 cmÿ1 (see Fig. 6).
The axial-symmetric model has been extended to

study the multiple-pulse heating process for absorption
coe�cients below 63 cmÿ1. In this model, the heat ¯ux

on the copper surface and the additional heat gener-
ation rate caused by re¯ection from the copper surface
are considered. Fig. 10 shows the temperature rises at

the center points on the glass surface �z � 0� and cop-
per surface �z � 0:1� for a � 30 cmÿ1 during the ®rst
®ve pulses using the same pulse parameters as those

for Fig. 7. The results of the axial-symmetric model
and the one-dimensional model are almost the same at

the beginning. After the heating process of the ®rst
pulse however, lateral heat conduction becomes im-
portant and the one-dimensional model fails to predict

the temperature history at the centerline. In the heating
process of each pulse, the temperature at (0, 0, 0.1)
increases and decreases suddenly. Due to the heat con-

duction from the glass to copper, the temperature at
(0, 0, 0.1) increases slightly in the cooling process.
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Compared to the present design (see Fig. 7), the tem-

perature at the center of the glass surface is much
smaller at the end of the heating process of each pulse.

For example, at the end of the ®rst pulse and ®fth
pulse, the temperature rises at (0, 0, 0) are, respect-
ively, 78 and 281 K as shown in Fig. 10, which are

much smaller than the corresponding values of 161
and 462 K in Fig. 7(a). Because of the low thermal

conductivity of glass, the temperatures on the glass
surface do not drop very much in the cooling pro-

cesses. Consequently, the temperature at (0, 0, 0) keeps
rising as the number of pulse increases. The maximum

temperature on the glass surface exceeds that on the

copper surface (0, 0, 0.1) after four pulses. Hence, the

damage threshold of glass limits the number of pulses

in the multiple-pulse heating process. Further analysis

of the new design is needed so that the optimized

absorption coe�cient can be determined. The epoxy

between glass and copper is not considered in the ther-

mal analysis of the new design; however, the thermally

conducting epoxy between glass and copper may act as

an energy absorber. The e�ect of the epoxy layer needs

to be further investigated.

Fig. 8. Comparison of the maximum temperature rise at z � 0 (glass surface) to that at z � 0:1cm (copper surface).

Fig. 9. Comparison of the temperature history at (0, 0, 0) to that at (0, 0, 0.1) in the heating process of one pulse for the new de-

sign.
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6. Conclusions

The present design of a 193 nm pulse laser calori-

meter is analyzed by using ®nite-element models. The

heating process for a single pulse is almost adiabatic

because the heating time is only 120 ns, but the high

temperature on the glass surface and low thermal con-

ductivity of glass cause a large energy loss after the

heating process. In the multiple-pulse heating process,

temperatures on the glass surface and the copper sur-

face increase with the number of pulses and are higher

than those in the average-power heating process.

Therefore, the energy stored in glass and copper for

multiple-pulse heating is smaller than that for average-

power heating. The high peak temperature on the glass

surface may limit the number of pulses that can be

measured. The large heat loss during the laser pulse

heating process may yield a large nonequivalence

between laser heating and the electrical calibration.

A new design is presented to reduce the temperature

increase on the glass surface and the temperature gra-

dient inside glass, and to accelerate the heat conduc-

tion to copper. The maximum temperature increase in

the heating process of one pulse moves from the glass

surface to the copper surface when the absorption

coe�cient of glass drops to below 40 cmÿ1. The large

thermal conductivity of copper can reduce the tem-

perature di�erence in the z direction when the absorp-

tion coe�cient of glass is below 40 cmÿ1. For

multiple-pulse heating, the peak temperature at the

center point of the copper surface increases slowly,

and that at the center of the glass surface is signi®-

cantly reduced compared to the present design. The

energy loss and nonequivalence are smaller than those
for the present design. Hence, the new design will
improve the accuracy and dynamic range of calori-

meters. Future research is needed to ®nd a glass ma-
terial with an absorption coe�cient <40 cmÿ1 at the
wavelength of 193 nm as well as to evaluate the e�ect

of epoxy absorption. This work is useful for the future
design of 193 nm laser calorimeters and, in a broader
scope, for the development of standard energy meters

for measuring deeper ultraviolet laser pulses.
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