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This work investigates the thermal response of calorimeters that are used for measuring pulsed-laser energies at
a wavelength of 193 nm, based on � nite element models, and evaluates the inequivalence between laser heating and
electrical heating. An axisymmetric model is built to study the thermal response of the cavity under both pulsed-
laser heating and average-power (laser) heating. The small relative differences between pulsed-laser heating and
average-powerheatingestablish the feasibility ofpredicting calorimeter’s thermalbehaviorfor pulsed-laserheating
by using the corresponding average-power heating. A three-dimensional � nite element model of the entire cavity
is developed and then used to predict the thermal response for average-power laser heating and electrical heating.
The calibrationfactors (i.e., sensitivity factors) are obtained,and the inequivalence of the 193-nm laser calorimeter
is calculated to be approximately 0.4%. The theoretical prediction provides a good reference for experimentally
evaluating the inequivalence of the 193-nm pulsed-excimer-laser calorimeters.

Nomenclature
a = absorption coef� cient, m¡1

b = D=2
p

. 2/, m
C1 = constant de� ned in Eq. (2)
C2 = constant de� ned in Eq. (7)
cp = speci� c heat, J/kg K
D = full width at half-maximum (FWHM)

beam diameter, m
D1 = diameter of laser beam, m
E = total deposited energy, J
f = pulse repetition rate, Hz
h = heat transfer coef� cient, W/m2 K
K = calibration factor, J/K
k = thermal conductivity,W/m K
m = mass, kg
N = inequivalence,Eq. (9)
Na = relative difference to average-power

laser heating, Eq. (4)
Ne = relative difference to electrical heating, Eq. (8)
P = heating power, W
Q = energy per pulse, J
Pq = heat-generationrate per unit volume, W/m3

Rg = re� ectance at the glass surface
r = distance to the center of the laser beam, m
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T = temperature, K
T0 = ambient temperature, K
t = time, s
vs = speed of sound, m/s
x; y; z = spatial coordinates, m
® = thermal diffusivity,m2/s
± = thermal diffusion length, m
³ = temperature rise T ¡ T0, K
´ = cooling constant, s¡1

µ1 = incidence angle, deg
µ2 = refraction angle, deg
½ = density, kg/m3

¿ = phonon relaxation time, s
¿p = FWHM pulse width, s

Subscripts

a = average-power laser heating
c = copper
e = electrical heating
g = glass
p = pulsed-laser heating
ss = steady state

Introduction

C ALORIMETERS, known for long-term stability and high
overall accuracy, have been widely used to measure laser

energy and power since the early 1970s. An isoperibol laser
calorimeter consists of an absorbing cavity surrounded by a
constant-temperature heat sink.1 Electromagnetic energy from a
laser is converted into thermal energy (i.e., internal energy) in the
absorbing cavity. The amount of laser-induced thermal energy is
determined by integrating the temperature difference between the
cavity and the ambient over a speci� c time interval. An electrical
heater attached to the absorbingcavity providesa means to calibrate
the response of the calorimeter in electrical units. This eliminates
the requirement for precise measurements of a calorimeter’s ther-
mal properties and provides direct traceability of laser energy to
electrical standards.2 Calorimeters have been designed to operate at
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speci� c wavelengths and power/energy levels by careful geometric
design and selection of appropriate absorbing materials in the
cavity.3 Surface-absorbing materials, such as black paints, have
been widely used in calorimeters for continuous-wave (cw) mea-
surements at low power.1 However, surface-absorbingmaterials are
usually not appropriate for use with pulsed lasers because for high
pulse energies the peak temperature rise could degrade or damage
the materials. For this reason volume-absorbing materials, which
distribute the absorbed energy over a larger volume, are used in
calorimeters for pulsed-laser measurements.4

The adventof laser-basedphotolithographictools havegenerated
a need for the construction of calorimeters and associated calibra-
tion systems for measurementsof pulsed-laserpower and energyfor
KrF (248-nm) excimer lasers at the National Institute of Standards
and Technology (NIST).5;6 The bene� ts of laser-based lithographic
tools for integrated chip manufacturing are twofold: both shorter
optical wavelength and narrower spectral bandwidth lead to smaller
feature sizes, whereas greater average optical power translates into
higher wafer throughput. Such lithographic tools, which employ
KrF (248-nm) and now ArF (193-nm) excimer lasers, have led to
an increased demand for accurate laser measurements in the deep
ultraviolet (DUV) wavelength regime. Researchers at NIST have
recently developed calorimeters and a second calibration system
for excimer laser measurements at 193 nm (Ref. 7). Excimer lasers
have been commercially available since the early 1970s and are
widelyused in a numberof otherapplicationsin additionto semicon-
ductor manufacturing, such as micromachining, materials process-
ing, and photorefractivekeratectomy (a common vision-correction
procedure).8¡10

Long-term exposure to high peak powers, high pulse energies,
and short pulse widths from excimer-laser radiation damages most
conventional optical materials. Hence, the NIST DUV calorime-
ters utilize carefully selected ultraviolet-absorbing glasses as the
volume-absorbing material. The operating principles behind these
calorimeters are similar to those for other previously developed
isoperibol calorimeters used for pulsed-laser measurements.1;3

Our present study focuses on the thermal behavior of the cavity
in the 193-nm calorimeter, shown in Fig. 1. The cavity is made of
thin copper plate approximately 145 ¹m thick. The cross-sectional
dimensionsof the cavity are 3:5 £ 3:5 cm. The inner surfaces of the
cavity are coated with black paint (with an approximatethicknessof
25 ¹m) to absorbany laser energy that is not absorbedby theglasses.
The outer surfaces are gold-plated to minimize loss by radiative
heat transfer. The thickness of this plating is approximately 5 ¹m.
Thereare two volume-absorbingglass plates inside the cavity:one is
epoxiedto the backwall and the other to a side wall. The dimensions
of each glass plate are 3:2 £ 3:7 cm, and the thickness is 0.05 cm.
The absorption coef� cient of the glass is approximately 100 cm¡1

at the wavelength of 193 nm. An electrical heater is attached to the
outside surface of the back wall. The heater ring is made of copper
with an inner diameter of 1.1 cm, an outer diameter of 2.8 cm,
and a thickness of 0.05 cm. The surface of the heater ring is also
gold plated. The heater ring is soldered to the cavity from the inner
circumference,with a 0.05-cm gap between the heater ring and the
back wall of the cavity. The gap is � lled with heater wires and
thermally conducting epoxy.

The cavity is suspended inside the isothermal heat sink by four
stainless-steeltubular supports, and the whole calorimeter is purged

Fig. 1 193-nm laser calorimeter.

Table 1 Density, thermal conductivity, and speci� c
heat of cavity components

Material ½, g/cm3 k, W/cm K cp , J/g K

Glass 2.3 0.0073 0.7
Copper 8.933 4.01 0.385
Gold 19.3 3.17 0.129
Stainless steel 8.055 0.151 0.48
Ni-Cr alloy 8.6 0.19 0.43
Cu-Ni alloy 8.9 0.23 0.38

by nitrogen gas. Each support is 1.27 cm long and has an inner
diameter of 0.16 cm and outer diameter of 0.21 cm. The relative
temperature of the cavity is monitored by 20 type-E thermocouples
whose junctionsare epoxied to the outside surface of the cavity side
walls and to the heat sink, which is held at a constant temperatureof
303 K. The thermocouplesare uniformly distributed on the outside
surfaces of the side walls of the cavity and connected in series to
improve the signal-to-noiseratio. Referring to Fig. 1, there are � ve
thermocoupleson each of the verticalplates, four thermocoupleson
the bottom plate, and six thermocouples on the top plate. Because
of the different locations, lengths of the thermocouple wires vary
slightly. The sensitivityof each thermocouple is 61.391 ¹V/K. The
positivethermoelementis madeofNi-Cr alloy,and the negativether-
moelement is made of Cu-Ni alloy.11 The important thermophysical
propertiesof the glass, copper, stainless steel, gold,Ni-Cr alloy, and
Cu-Ni alloy are listed in Table 1 (Refs. 12–14). The emissivity of
the glass is 0.8 (Ref. 15) and that of the black paint is 0.86 (Ref. 16).
The emissivity of the gold coating is taken to be 0.01.

Chen and Zhang17 developed several thermal models, includ-
ing one-dimensional,axisymmetric, and three-dimensionalmodels
for studying thermal mechanisms of the volume-absorbingmaterial
used in the 193-nm laser calorimeter. Only the glass plate and an
attachedcopper plate were considered,and electricalheatingmech-
anisms were omitted. These models did not take into consideration
the thermal behavior of the full cavity. Different heating methods
(i.e., laser heating vs electricalheating) can potentiallycause differ-
ent thermal responses, yielding different calibration factors. If the
calibration factor obtained from electrical heating is used to calcu-
late the laser energyduringpulsed-laserheating,an errormight arise
as a result of the differencein thermal response for the same amount
of energy with different heating methods. The relative difference in
the calibration factors between laser heating and electrical heating
is de� ned as inequivalenceof calorimeter.The inequivalenceis very
important for establishingthe accuracyof pulsed-lasercalorimeters.
This work determines the feasibility of modeling the pulsed-laser
heating with average-power heating and predicts the inequivalence
for the 193-nm calorimeter through modeling of the entire cavity.

Axisymmetric Modeling
Numerical Model

An axisymmetric model and a three-dimensional model of the
cavity have been developed using � nite element software, ANSYS
Version 5.6 (Ref. 18). Under the same element sizes and time steps
the axisymmetric modeling is about 15 times faster than the three-
dimensionalmodeling (to be discussed later). A simpli� ed axisym-
metric cavity model is employed to predict the thermal response
for laser heating, as shown in Fig. 2. The square glass plate at the
back of the cavity (the primary absorber) is modeled as a circular
disk, and the other glass plate (the secondary absorber) is modeled
as a ring, both with the same volume and thickness (0.05 cm). The
heat capacity of the gold coating and black paint are added to that
of the cavity. The effective thickness of the cavity is approximately
153 ¹m. Because of the equivalent volume and thickness, the in-
clined rectangularback plate is modeled as a circular axisymmetric
disk, and the cavity is simpli� ed to a cylindrical shell although the
cross section in the real calorimeter is square. The electrical heater
and heater ring with their original dimensions are attached to the
back of the cavity. For simpli� cation, the supports and thermocou-
ples are neglected in the axisymmetric model. Hence, the total heat
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Fig. 2 Simpli� ed axisymmetric cavity model. Ultraviolet-absorbing
glasses were used as the primary and secondary absorbers. G-center:
the center of the glass surface; C-center: the center of the cavity end;
C-end: the edge of the cavity end; C-front: the front opening of the
cavity.

capacity of the simpli� ed axisymmetric cavity is the same as that
of the sum of the actual cavity, two glass plates, and the electrical
heater with ring. In Fig. 2, G-center refers to the center of the glass
plate, C-center refers to the center of the outside surface of the back
wall, C-end refers to the edge of the cavity end, and C-front refers
to the front opening of the cavity.

For the pulsed-laserheating and average-powerheating the heat-
generationrate in the glass plate causedby the absorbedlaser energy
is approximatedby a Gaussian distribution in the r direction and an
exponentialdecay function in the z direction:

Pq1.r; z/ D C1e¡r2=b2
e¡az (1)

where19

C1 D
a.1 ¡ Rg/P

¼b2
(2)

To model pulsed-laser heating, the laser power is taken as a step
function within ¿p (the FWHM pulse width) and P D Q=¿p . The
actual pulse shape might be better approximatedas Gaussian distri-
bution in time; however, the step function results in almost the same
temperature rise after the pulse because the thermal responsewithin
¿p is essentially adiabatic.17 To model average-powerlaser heating,
the laser power is assumed to be continuous and P D Q f .

For short-pulse laser heating the validity of the Fourier heat-
conduction equation should be examined. The Fourier equation is
questionablewhen the phonon relaxationtime ¿ is comparable to or
greater than the pulse width (¿p ) (Ref. 20). From kinetic theory the
relaxation time can be expressed as ¿ D 3®=v2

s , where ® D k=½cp
(Ref. 21). With vs D 5640 m/s (Ref. 22) the phonon relaxation time
in the glass determined by the preceding equation is on the order of
10 fs, that is, ¿ ¿ ¿p . Hence, the Fourier heat-conductionequation
is appropriate for studying the thermal response of the glass and
copper components under excimer-laser heating.

The heat-conductionpath and convectionarea in the axisymmet-
ric model are approximately the same as those in the actual cavity.
Heat is transferred from the cavity to the heat sink through convec-
tion and radiation only because conduction through the leads and
supports are orders of magnitude smaller than convection.Here, the
convectioncoef� cient is estimated to be 8 W/m2K, based on the cor-
relation for natural convection with typical temperatures predicted
under adiabatic conditions.12 The view factor from the cylindrical
surface to the cavity opening (i.e., the fraction of radiant energy
leaving the side surface that arrives at the opening) is estimated to
be 0.141and that from the end surfacesto theopeningis estimatedto
be 0.079 (Ref. 12). These view factorsare used to calculateradiative
heat loss from the inner walls, whereas the emissivity of the gold
coating is used to calculate the radiative heat loss from the outer
surfaces of the cavity. The radiative heat transfer between the inte-
rior surfacesdoes not contribute to the energy loss, and heat transfer

between the cavity walls is dominated by conduction. Hence, the
radiative heat exchange between inner surfaces is neglected. Equal
temperatures and heat � uxes are used at the interface between the
glass and copper (i.e., the boundary resistance is neglected). The
initial temperaturesof the glass and copper are set equal to the am-
bient temperature T0 D 300 K. The generalized trapezoidal rule is
employed for solving the equations,and the transient integrationpa-
rameter is set to 1.0, at which the solution is unconditionallystable.

The element sizes and the time steps are carefully selected to
achieve an acceptable accuracy within a reasonable computational
time. The � ne meshing is applied to the primary absorber in which
the element sizes are from 0.025 to 0.09 cm in the r direction and
from 0.001 to 0.005 cm in the z direction. Variable time steps are
used for modeling heating and cooling processes.The relative error
in the temperaturepredictedbymodelingis about5%comparedwith
the theoretical calculation. For heat-generation rate with Gaussian
distributionin space,the accuracyof themodel is stronglydependent
on the element sizes. However, the modeling result is very stable
when the element sizesand the time steps are reducedbyhalf, and an
extremely high absolute accuracy is not necessary because the ob-
jective of using the axisymmetricmodeling is to predict the relative
difference between pulse heating and average-power heating.

The � nite element model is further veri� ed under adiabatic con-
ditions, where the � nal temperature rise is the ratio of the de-
posited energy to the total heat capacity of the cavity. For the adi-
abatic boundary condition the steady-state temperature rise of the
glass and copper disks can be easily calculated from the following
equation:

[.mcp/g C .mc p/c]³ss D .1 ¡ Rg/E (3)

When Rg is set to zero and the total pulse energy E is equal to
12 J, the uniform temperature rise ³ss from Eq. (3) is 1.411 K. The
predicted temperature rises after 200 s for the pulsed-laser heating
and for the corresponding average-power heating are equal to the
theoretical value. This indicates that the deposited energies in the
models are correct.

Results of the Axisymmetric Modeling

For pulsed-laser heating with a pulse energy of 50 mJ, the maxi-
mum energy of 12 J limits the number of pulses to 240 pulses over
an interval of 2.4 s at a repetition rate of 100 Hz. The heat source
is turned off at 2.4 s, and the modeling extends to 200 s. In the fol-
lowing discussion the heating process refers to the � rst 2.4 s, and
the cooling process refers to the time between 2.4 and 200 s.

The resultingtemperature rises at different locationsare shown in
Fig. 3a. Figure 3b provides details of the initial temperature history
at the center of the glass surface. Each pulse is modeled as a step
function of heating source with 15-ns duration, and the temperature
at G-center increases sharply during pulse heating and drops as a
result of heat conduction until the next pulse. This explains the
oscillatory feature observed in Fig. 3b. The temperature rise is the
greatest at the center of the glass surface,where the heat-generation
rate is the highest [see Eq. (1)]. The temperature of the center of
the glass surface increasesquickly at the beginningand slowly near
the end of the heating process (t D 2:4 s), owing to the increasing
heat losses by convection and radiation at the glass surface and
heat conduction to other parts of the glass and copper. There is a
large temperaturedifferencebetweenG-centerandC-centerbecause
of the low thermal conductivity of glass. The heat conduction in
copper is much larger than that from glass to copper. Therefore, the
temperature at C-center drops almost at the same time as that of
G-center. The temperatures at the edges continue to increase until
they reach almost the same temperature as the centers.

In the average-power heating the heating process is modeled
with a continuous (i.e., non� uctuating) power source. The heat-
generation rate is given in Eq. (1) during the heating process with
P D Q f . For a laser pulse energy of 50 mJ and repetition rate of
100 Hz, the power for the correspondingaverage-power laser heat-
ing is 5 W, the heating time is 2.4 s, and the cooling process is
calculated up to 200 s. As shown in Fig. 4, the maximum tempera-
ture rises at the centersof the glass and copper are 109.3 and 17.2 K,
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a) Heating and cooling process

b) Initial heating period

Fig. 3 Temperature histories for pulsed-laser heating.

Fig. 4 Temperature histories for average-power heating.

respectively.Variationsof the thermophysicalpropertiesof glass are
neglected in the model. From 300 to 400 K, the thermal conductiv-
ity of glass increases by less than 5%, and the speci� c heat of glass
increases by about 15% (Ref. 23). This suggests that the model
can overpredict the peak temperature.The temperature trend in the
cooling process is very similar to that of pulsed-laser heating. For
example, the temperatures at G-center and C-center drop quickly at
the same time. The temperature at C-front increases slowly until it
is almost equal to those at the centers, and then the temperature of
the whole cavity decreases slowly.

a)

b)

c)

Fig. 5 Temperature history and relative difference at a) C-center,
b) C-end, and c) C-front.

The relative difference Na in the temperature rises (³ D T ¡ T0 )
for pulsed-laser heating, and average-power heating is de� ned as

Na D
j³p ¡ ³aj

³a
100% (4)

The temperature rises for pulsed-laser heating and average-power
heating and their relative difference at C-center, C-end, and C-front
are shown in Fig. 5.

At C-center Na is large initially owing to the small temperature
rise. The maximum temperature rises for pulsed-laser heating and
average-powerheating are 17.22 and 17.20 K, respectively,indicat-
ing Na is 0.12%. As soon as the cooling process starts, the relative
difference drops rapidly and remains constant (0.03%) after 40 s.
The constant relative difference indicates the temperature decays
exponentiallyafter 40 s. A similar trend can be observed for C-end
in Fig. 5b. At C-front Na is initially small and increases to 0.03%,
as shown in Fig. 5c.

Although the axisymmetric model is simple, it captures the most
importantcharacteristicsof thecavityandprovidesthecorrecttrends
of the thermalresponse.This model,however,cannotpredictthe true
temperaturehistoryanddistributionbecauseof thedifferentgeomet-
ric structuresused. In general, the axisymmetricmodel overpredicts
the relative difference as a result of the constant convection coef� -
cient.Hence, the small relativedifferencedemonstratesgood equiv-
alence between the cooling processes from the pulsed-laserheating
and average-power heating for the equivalent deposited energy and
heating time. To save computational time in the three-dimensional
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modeling, the calibration factor of pulsed-laser heating can be ob-
tained through modeling the correspondingaverage-powerheating.
The calibration factor is determined by the following equation5;6:

K D E

,"

.³2 ¡ ³1/ C ´

Z t2

t1

³.t/ dt

#
(5)

where ³1 and ³2 are the average temperature rises of 20 thermocou-
ples at times t1 and t2, respectively; t1 and t2 are times at which
the output can be expressed as an exponential decay function. The
equivalent cooling process indicates the same temperature differ-
ence from t1 to t2 and the same coolingconstant.When times t1 and
t2 are set to 0 and 200 s, the relative differences in the integration

Z t2

t1

³.t/ dt

between pulsed-laserheating and average-powerheating are 0.03%
at C-end and 0.001% at C-front. Even when the time t2 is reduced
to 50 s, the relative difference in the integration remains 0.03%.
Although the relative difference of the temperature rise during the
heating process is larger than that during the cooling process, the
integrated temperature rise from t1 to t2 is nearly the same. This is
because the higher integrated temperature during the heating pro-
cess causes a slightly larger energy loss, which results in a lower
temperature in the cooling process.

Based on the analysis at C-end and C-front, a limit on the rela-
tive differenceof the calibrationfactorbetweenpulsed-laserheating
and average-power heating can be set at 0.03% for a pulse energy
of 50 mJ and a repetition rate of 100 Hz. The pulsed-laser heat-
ing with low repetition rate is closer to the correspondingaverage-
power heating than that with high repetition rate, and hence, the
inequivalence is smaller for lower repetition rates. In the next sec-
tion the average-power laser heating is used in a three-dimensional
model to predict the calibrationfactor correspondingto pulsed-laser
heating.

Three-Dimensional Modeling
Three-Dimensional Model

A three-dimensional � nite element method has been developed
to predict the temperaturehistoriesat 20 thermocouplelocations for
calculating the calibration factors because the axisymmetric mod-
eling cannot provide the true temperature history and distribution
of the cavity. The � nite element mesh is shown in Fig. 6. Although
the copper and glass plates are very thin, three-dimensional solid
elements are used instead of shell elements for the glass and copper
in order to model the volumetric heat generation in the glass and
electricalheater.The glass and copperplates are divided into several
regular volumes for automatic meshing, and the adjacent volumes
are connected through shared nodes on their interface. The circular
electrical heater and heater ring are simpli� ed to square rings with
the same volumes as the actual rings. A conduction bar is used to
model the heat conduction through the supports.

The laser beam is incident on the glass surface at the back of the
cavity at an incidence angle of 30 deg. The diameter D1 of the laser
beam is 0.5 cm. In the model the laser intensity is approximated as
uniformin spaceand with a squareshapeof the same cross-sectional
area as the circular beam. The in� uence of the spatial distributionof
the laser beam on the temperature history at the thermocouple loca-
tions is small. Of the incoming laser energy the primary absorber at
the back of the cavity absorbs96% and re� ects 4% to the secondary
absorber at the side wall, which absorbs 96% of the re� ected ra-
diation. The radiant energy leaving the secondary absorber is only
0.16% of the incoming laser energyand will essentiallybe absorbed
by the black paint. In the model, however, all of the laser energy re-
� ectedby theprimaryabsorber(4% of the incidentenergy) is treated
as uniform heat generation inside the secondary absorber. Because
the incident laser beam is not normal to the primary absorber, the
transmitted laser beam is not perpendicular to the glass-copper in-

a)

b)

Fig. 6 Schematic of a) the cavity meshing and b) laser-absorber inter-
action. The orientation is different from Fig. 1.

terface. The heat generation rate Pq2 in the primary absorber is given
as

Pq2.x; y; z/ D C2 e¡az= cos µ2 (6)

where19

C2 D
4a.1 ¡ Rg/P cosµ1

¼ D2
1 cos µ2

(7)

The refraction angle µ2 is determined by Snell’s law. Electrical en-
ergy is applied through heat generation within the heater volume,
in which the uniform heat-generation rate is the electrical power
divided by the heater volume.

Based on experimental data, the initial temperature is set to be
the ambient temperature (T0 D 303 K). In the theoretical model the
temperaturerise is relative to the ambient temperatureof 303 K. The
radiative heat transfer inside the cavity is modeled using a radiation
matrix method. A space node representing the ambient is used to
account for the radiative energy loss from the inner surface of the
cavity. A convection boundary condition is applied to the inner and
outer surfaces of the cavity, in which the convection coef� cient is
temperature dependent.

Availableconvectioncorrelationsfail to predicttheconvectionco-
ef� cients in both the heating and coolingprocesses for the following
reasons: 1) the cavity is enclosed by the heat sink with a small dis-
tanceseparatingthe two; 2)thegeometryof thecavityis complicated
with tilted, vertical, and horizontal plates; and 3) the temperatureof
the cavity is not uniformand changeswith time, and the temperature
rise is very small. At the beginning of the heating process, thermal
diffusion in the nitrogen dominates the heat-transfer process. The
thermal diffusion length ± can be calculatedusing ± D

p
.¼®t/, and

the heat-transfer coef� cient h can be estimated as h D k=±. The
heat-transfer coef� cient can be very high initially but decreases as
the thermal diffusion length increases. Natural convection starts to
play a role when boundary layers are formed near the surfaces. In-
side the cavity convection also carries heat from the inclined back
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plate to the top plate. Near the end of the heating process, the ni-
trogen gas around the cavity has been warmed up. This results in
a lower heat-transfer coef� cient during the cooling process. In the
computational modeling the convection coef� cients are estimated
from curve-� ts to experimentalmeasurementsof electrical heating.
Even though the temperature distribution and history for average-
power laser heating are slightly different from those for the corre-
sponding electrical heating, it is appropriate to use the convection
coef� cients obtained from electrical heating for the average-power
heating because the model employs a linear interpolation.Because
the temperature at the heating center is slightly higher for average-
power heating than for electricalheating, the convectioncoef� cients
obtained from curve � tting are linearly extended and then used in
the average-power laser heating.

The element size and time step have been tested and selected
carefully. For the primary absorber the element size in the z di-
rection is 0.001 cm for 0 · z · 0:01 cm, 0.002 cm for 0:01 · z ·
0.02 cm, 0.005 cm for 0:02 · z · 0:04 cm, and 0.01 cm for 0:04 ·
z · 0:05 cm. Only one layer element is used for the secondary ab-
sorber. The element size in the x-y plane is 0.2 cm for the center
volumewith heat generationand 0.4 cm for the other domain.When
the element size is reduced by 50%, the relative difference of the
predicted temperature is about 0.8%. Different time steps are used
in the heating and cooling process, and a very small time step (on
the order of 10¡12 s) is used at the beginning of the cooling pro-
cess for numerical convergence. When every time step is reduced
by half, the relative difference of the modeling result is less than
0.1%. Hence, the numerical solutions of the model with the current
element sizes and time steps are stable. The adiabatic analysis also
indicates that the deposited energies in the � nite element model are
correct for both average-power laser heating and electrical heating.

Results of the Three-Dimensional Model

In the experiments a 6- 1
2 digit (22 bit) digital multimeter (DMM)

of high accuracy measured the current through and voltage across
the heater. A highly sensitive 7- 1

2 digit DMM with a resolution of
0.1 nV measured the thermocouple output voltage. The energy in-
jection time was 80 s, the settling time was 48 s, the � nal rating
period was 120 s (The � nal rating period was used to � t the cool-
ing constant using exponential decay function). And the sampling
interval was 2 s. The integration period was from the initial time
(t1 D 0) to the beginning of the � nal rating period (t2 D 128 s). The
standard deviation of the calibration factor in the electrical heat-
ing experiments is less than 0.02% for injection energies of 5 J or
greater.

Experimental data for electrical heating were compared with the
simulated results to estimate the convection coef� cients. The de-
positedenergieswere9.022and5.008J fordifferentelectricalpower
and the same heating time, respectively.The � tting process is con-
verged when the relative difference in the cooling constants is less
than 1%, and the relative difference in the calibration factors is less
than 0.1%.

The � tted curve and experimental data with a deposited energy
of 9.022 J are shown in Fig. 7a, in which T ¡ T0 is the tempera-
ture rise averaged over the 20 thermocouple locations. The � tted
curve agrees very well with the experimental data. The relative dif-
ferenceof the cooling constant is 0.17%, and the relative difference
of the calibration factor is 0.07%. The heat-transfer coef� cient at
the beginningof the heating process is on the order of 100 W/m2 K
owing to the small thermal diffusion length. With the development
of boundary layers, the natural convection coef� cient slowly ap-
proaches the theoretical prediction (2–3 W/m2 K) at the end of the
heating process. During the cooling process, the convection coef-
� cient was about 1 W/m2 K and changes slightly within 1%. This
was caused mainly by heat diffusion from the outside surfaces of
the cavity to the heat sink through the nitrogen gas. This can also
be observed in the experimental data. The cooling constant was
almost the same when the deposited energy was changed from 9
to 5 J. The convection coef� cients obtained by � tting the experi-
mental data were linearly extrapolated to model the corresponding
average-power laser heating.

a)

b)

Fig. 7 Experimental data for electrical heating and � tted curve at
deposited energy of a) 9 J and b) 5 J.

The � tted curve and experimental data at the deposited energy of
5.008J are shown in Fig. 7b. The � tted curve follows the experimen-
tal data very well. The cooling constant was 0.004352 s¡1, which
is 0.26% larger than the experimental value. The calibration fac-
tor predicted from the � tted curve was 12.461 J/K, which is 0.01%
larger than the experimental result.

The convectioncoef� cients obtained from � tting the experimen-
tal data of the electrical heating with the energies of 9.022 and
5.008 J were used to model the correspondingaverage-power laser
heating. For average-power laser heating, the total deposited en-
ergy, the heating time, and the cooling time were the same as those
for the correspondingelectrical heating. The relative difference Ne

in the temperature rise between average-power heating and electri-
cal heating is de� ned as the following:

Ne D
j³a ¡ ³e j

³e
100% (8)

The temperaturehistoriesand relativedifferencespredictedby the
three-dimensional model for average-power heating with energies
of 9 and 5 J are shown in Fig. 8. At the beginning of the cooling
process, the relative difference dropped quickly and then remained
nearly constant during the cooling process. The cooling constant
was the sameas the correspondingelectricalheating.The calibration
factors were 12.537 and 12.511 J/K for average-powerheating with
energies of 9.022 and 5.008 J, respectively.

The inequivalence is the relative difference between the calibra-
tion factorsfor laserheatingandelectricalheatingof thecalorimeter.
Hence, the inequivalence N can be calculated using the following:

N D
jKa ¡ Kej

Ke
100% (9)
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a)

b)

Fig. 8 Temperature rise for average-power heating at deposited
energy of a) 9 J and b) 5 J.

where Ka and Ke are the calibrationfactors for average-powerheat-
ing and electrical heating, respectively. Based on Eq. (9), the cal-
ibration factors predicted by the three-dimensional cavity model
were used to calculate the inequivalencebetween laser heating and
electricalheating.The calculatedinequivalenceis 0.42% for the de-
posited energy of 9 J and 0.40% for the deposited energy of 5 J.
Hence, the inequivalence of the 193-nm laser calorimeter is about
0.4% for the deposited energy from 9 to 5 J.

Conclusions
The equivalencebetweenpulsed-laserheatingand average-power

laser heating was investigated using an axisymmetric full cavity
model. The relative differences of the temperature rise and its inte-
gration at the front opening of the cavity and the edge of the cavity
end are about 0.03%. The axisymmetric modeling establishes the
equivalence between the pulsed-laser heating and average-power
heating. Therefore, the average-power laser heating was employed
to calculatethecalibrationfactorforpulsed-laserheatingconditions.

A three-dimensional full cavity model was developed to predict
the calibrationfactors for laser heating and electricalheating.Based
on the experimental data for electrical heating, a high convection
coef� cient for the initial heatingprocesswas predictedas a result of
the transient and nonuniform temperature distributions.A low con-
vection coef� cient for the cooling process was observed because
the surroundingnitrogen was heated as energy was injected into the
calorimeters. The convection coef� cients obtained from the exper-
imental data were used to model the corresponding average-power
laser heating, and the calibration factors for laser heating were pre-
dicted. The inequivalence of the 193-nm laser calorimeter was es-

timated to be 0.4% based on the results of the three-dimensional
modeling. The theoretical prediction provides a quantitative esti-
mate of the inequivalenceand helps evaluate the overall uncertainty
of the pulsed-lasercalorimeter.
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