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a) Least-squares parabolic � t for t >– 0

b) Data replotted against the square root of time elapsed from start
of heating

Fig. 3 Temperature response of RTD subjected to an impingingshock.

where the slope ¸ is obtained from a least-squaresregression to the
data in Fig. 3b for t ¸ 0. For this particularRTD, Pqs D 23:2 W/cm2

§ 11%.
From Fay–Riddell theory, the stagnation-pointheat � ux for per-

fect gas � ow past a hemispherical probe is6

Pqt;ref D 0:763
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RN

2. pt2 ¡ p1/

½t2

0:5

(10)

where p; ½, and ¹ are the pressure, density, and viscosity; H and
h are the stagnation and static enthalpy; Pr is the Prandtl number;
and RN is the nose radius. The subscripts t2 denote stagnation con-
ditions downstream of a normal shock, w the surface conditions, t
the stagnation-point value, and 1 the freestream conditions. The
analysis yields Pqt;ref D 26:2 W/cm2 § 3%. Thus, the experimental
valueswere within 11% from theoryand within acceptableaccuracy
margins.

Conclusion
Resistancetemperaturedetectorsare reliableand rugged and thus

suitable for use in transient facilities. Self-heating tests showed that
ohmic heating is almost zero up to an excitationof about1 V and that
its effect can be accounted for in the � nal calculationsfor excitation
values up to 2 V. However, an inexpensive and convenientdynamic
calibrationtechniqueutilizingself-heatingwas found to be feasible.
Dynamic calibrations indicated that a short pulse between 5 and
10 V was adequate for obtaining accurate thermal product values.
Experiments showed that handmade thin-� lm gauges can be used
to accurately measure heat � ux in transient facilities.
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Introduction

I NTEGRATING spheres have been widely used in the mea-
surements of radiative properties; e.g., Kneissl and Richmond,1

Bober,2 andZhangandModest3 havemeasuredhemispherical,spec-
tral re� ectance of ceramics with integrating spheres together with
lasers. The general theory of the integrating sphere for hemispheri-
cal spectral re� ectancemeasurementshas beenprovidedby Jacquez
and Kuppenheim.4 They formulatedthemultiple re� ectionsin a cav-
ity as an integralequationand solved the equation for a few cases. In
their theory and subsequentapplications,it was assumed that the ra-
diation coming out of an integratingsphere instantaneouslyreached
steady state. Because the speed of light is roughly 3 £ 108 m/s and
the dimension of an integrating sphere usually is around 0.1 m or
less, the time constant for an integrating sphere is of the order of
nanoseconds. With the development of laser technology, nanosec-
ond Q-switched lasers are commercially available. Scientists have
started to look into the radiativepropertiesassociatedwith nanosec-
ond laser–material interactions.It bringsup the questionof what the
limit of an integrating sphere is.

In this study, a Monte Carlo code is developed to simulate the
radiation transport inside an integrating sphere. The time constant
of the integrating sphere is derived by � tting the transient radiative
intensity leaving the sphere with an exponential function.

Problem Formulation and Simulation Results
It is assumedthatwe havea topologicalspherewith two apertures,

as shown in Fig. 1. One aperture is on the side wall; another one
is on the top. The aperture on the side wall is the detector port,
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Fig. 1 Schematic of an integrating sphere.

from which a detector can measure the radiative intensity leaving
the sphere. Directly in front of the detectorport, there is a baf� e that
is slightly larger than the detector port. The purpose of the baf� e is
to ensure that no re� ected radiation from the sample can leave the
integratingsphere without hitting the sphere wall � rst. The aperture
on the top is the entranceport, throughwhich a laser beam can pass.
A sample, which is of negligible size, is placed at the center of the
sphere. The con� gurationof the sphere is such that we can compare
our steady-stateMonte Carlo resultswith analyticalresultsprovided
by Jacquez and Kuppenheim.4

Surface Description

A spherical coordinatesystem is set up in vectorial form, with its
y axis passing through the center of the baf� e. The sphere surface
can be described by

r D r0 sin µ cos Ái C r0 sin µ sin Áj C r0 cos µk (1)

where µ is the polar angle from the z axis [0; ¼ ], Á is the azimuthal
angle from the x axis [0; 2¼ ], and r0 is the radius of the sphere.
For a circular baf� e in the plane y D y0, the baf� e surface can be
described by

r D .y0= tan Á/i C y0 j C [y0=.tan µ sin Á/]k (2)

We may de� ne two unit tangents to the surface of the sphere and
baf� e at any points t1 and t2 as

t1 D
@r=@µ

j@r=@µ j ; t2 D
@r=@Á

j@r=@Áj
(3)

It can be shown that the surface tangents are perpendicular to each
other in our case. The surface normal n can be evaluated as

n D t1 £ t2 (4)

The surface tangents have been arranged such that n is the inward
surface normal. For the surface of the sphere, it is found that

t1;s D cosµ cos Ái C cosµ sin Áj ¡ sin µk (5)

t2;s D sin Ái C cosÁj (6)

ns D ¡sin µ cos Ái ¡ sin µ sin Áj ¡ cos µk (7)

For the baf� e surface, it is found that

t1;b D i; t2;b D k; nb D §j (8)

When the baf� e surface is facing outward, nb takes the positive
value. It takes the negative value when the baf� e surface is facing
inward.

Monte Carlo Relations

In the Monte Carlo method a large number of photon bundles are
traced from their origins to the next points of intersection.To obtain
statisticallymeaningfulresults, a relationbetween the randomnum-
ber generator and the direction of re� ection needs to be developed.
Assume all of the surfaces are diffuse re� ector and absorber. The
direction of re� ection is independent of the direction of incident
radiation. It follows that5

µ 0 D arcsin Rµ ; Á0 D 2¼ RÁ (9)

where Rµ and RÁ are the random numbers, µ 0 is the polar angle
measured from the local surface normal, and Á0 is azimuthal angle
measured from surface tangent t1 . The direction vector s can be
derived as

s D sin µ 0.cos Á 0t1 C sin Á0t2/ C cos µ 0n (10)

The intersection point of a photon bundle re� ected at location r0

that traveled into direction s and intersecting surface at location r
may be determined as

r0 C Ds D r (11)

where D is thedistancetravelingby the photonbundle.The equation
can be solved in a three-dimensionaldomain to determine the three
unknowns, D, µ , and Á.

Numerical Algorithm

A large number of photon bundles are generated for a small time
interval.The numberof photonbundlesgeneratedin each time inter-
val is proportional to the transient intensity of the laser irradiation.
Each of these photon bundles has a time tag to specify the time
at which it is generated. When the photon bundle hits the sam-
ple surface in the center, it is re� ected with a statistical weight of
.1 ¡ ®s/, where ®s is the absorptance of the sample. The direction
of re� ection is speci� ed by µ 0 and Á 0. The photon bundle may be
intercepted either by the baf� e surface or the sphere surface. Be-
cause the re� ection point r0 and the direction of re� ection s are
known, the intersection point of the photon bundle with the baf� e
plane or sphere surface and the distance the photon bundle travels
can be determined by applying Eq. (11). If the distance between
the intersection point with the baf� e plane and the y axis is less
than the baf� e radius rb , it implies that the photon bundle misses
the baf� e and hits the baf� e surface. Otherwise, the photon bundle
hits the sphere surface. If the photon bundle hits the sphere surface,
the distance between the intersection point and the y axis is also
calculated.The photon bundle escapes the integrating sphere if the
distance is less than rd , where rd is the radius of the detector port. If
the photon bundle remains inside the sphere, a new set of µ 0 and Á 0

is generated. By combining µ 0 and Á 0 with t1 , t2 , and n of the cor-
responding surface, the new direction of re� ection can be derived.
Special attention shall be paid to the sign of nb . If the re� ection
point is to the right of the baf� e surface, nb takes positive value and
vice versa. The weight of the photon bundle decreases to a fraction
of .1 ¡ ®i / of its former value after each time hitting the baf� e or
sphere surface,where ®i is the absorptanceof the integratingsphere
surface (sphere or baf� e surface). Using the intersectionpoint as the
new re� ection point, a new intersection point and distance the pho-
ton bundle travels can be determined.The process is continueduntil
either the weight of the photon bundle is too low (e.g.,<0:01) or
the photon bundle escapes from the sphere. When the weight of the
photon bundle is too low, a random number is generated between 0
and 1. If the randomnumber is less than, for example,0.2, the weight
is increasedby a factor of 5. Otherwise, the photon bundle is killed.
This is done to avoid tracing too weak photon bundles while still
conserving energy. The procedure just described is called Russian
roulette, a standard Monte Carlo technique to reduce the variance
of simulation. When the photon bundle escapes from the detector
port, its weight and the total distance it travels inside the sphere are
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recorded. The time for the photon bundle to escape the sphere can
then be calculated.It is added to the photonbundle’s time tag to yield
a new time tag that speci� es the time the photon bundle escapes the
sphere.

The tallyingof thephotonbundle is done accordingto its time tag.
The total weight of all photon bundles escaping the sphere during
a certain time interval is calculated. It is divided by the maximum
total weight of photon bundles that are generated in the same time
span. The result is the fraction of laser irradiation that leaves the
integrating sphere at a certain instant.

Monte Carlo Results

To validate the presentMonte Carlo simulation, a steady-statere-
sult has beenobtainedfor a relativelysimple case, for which the the-
oretical result has been found.4 The integratingspherehas no baf� e.
The diameter of the detectorport is normalizedagainst the diameter
of the integrating sphere. The normalized diameter of detector port
Nd varies from 0.484 to 9.98 £ 10¡2 . The sample absorptance ®s is

taken as 0:5, and the sphere absorptance®i is taken as either 0:05 or
0:1. For each Monte Carlo simulation, 2 £ 104 photon bundles are
generated. The fraction of laser irradiation leaving the integrating
sphere obtained using Monte Carlo methods, fm , is compared with
the theoretical results ft . The Monte Carlo and theoretical results
are shown in Table 1. It can be seen that the error of the Monte Carlo
simulation is within 1% for all of the cases. The error is due to the
statistical scatter inherent to the Monte Carlo methods.

A transient Monte Carlo simulation is performed to � nd the time
constant of an integrating sphere. A square wave laser pulse is sim-
ulated � rst. The sample absorptance is taken as 0.5, and the sphere
absorptance is taken as 0.05. The diameter of the baf� e is selected
such that no photon bundle can escape the sphere directly. The nor-
malized distance between the center of the sphere and the baf� e
surface Nl, which is normalized against the diameter of the inte-
grating sphere, varies from 0.25 to 0.465. The Monte Carlo results
are plotted against normalized time Nt , which is de� ned as tcl=rs ,
where cl is the speed of light and rs is the radius of the integrating
sphere. Those results are curve � tted with an exponential function,
fm .Nt/= fm0 D [1 ¡ exp.¡Nt=ct /], where fm .Nt/ is the fraction of ra-
diation that escapes the integrating sphere at instant Nt, fm0 is the
steady-state result for the same geometry, and ct is the time con-
stant of the sphere. Typical results for an integrating sphere with
normalized diameter of the detector port Nd of 0.198 are shown in
Fig. 2, where Nl is 0.333 and 0.417 and the normalized diameter of

Table 1 Theoretical and Monte Carlo results

ft fm Nd ®i ®s

0.2857 0.2828 0.484 0.05 0.5
0.1960 0.1975 0.348 0.05 0.5
4.573£ 10¡2 4.635 £ 10¡2 0.198 0.1 0.5
2.385£ 10¡2 2.372 £ 10¡2 9.98£ 10¡2 0.05 0.5

Fig. 2 Transient responses of integrating spheres to a square wave.

Table 2 Time constants
of integrating spheres

Nd ct

9.98£ 10¡2 27.6
0.149 24.2
0.198 23.0
0.247 21.7
0.296 20.9
0.343 20.3

Fig. 3 Transient response of an integratingsphere to a Gaussian pulse.

the baf� e is 0.168 and 0.170. It is found that the time constant is
independent of the size and position of the baf� e. For the geometry
just described, the time constants for all of the baf� e sizes and posi-
tions considered are approximately 23.2. This may be explained as
follows. When the baf� e is closer to the detector port, the fraction
of radiation escaping the sphere at a given time is smaller. How-
ever, the fraction of radiation that leaves the integrating sphere at
steady state is also smaller. Therefore, the ratio fm.Nt/= fm0 and, thus,
the time constant remain the same for differentbaf� e positions.For
different sizes of detector ports, the time constant of an integrating
sphere is listed in Table 2. It shows that the time constant decreases
with the increase of the diameter of the detector port because it
takes less bounces for a photon bundle to escape a larger detector
port.

A transient response of an integrating sphere to a Gaussian pulse
is shown in Fig. 3. The Gaussian pulse follows p.t/ D c exp[¡a.t ¡
tmax/2], where c and a are constantsand tmax correspondsto the time
the laser pulse peaks. The Gaussian pulse has a normalized half-
width of 27.6, which is the time constant for the integrating sphere
used in the Monte Carlo simulation. For an integrating sphere of
10 cm in diameter, the half-width is 9.2 ns, which is typical for a
Q-switched laser. It can be seen that the transient response of the
integrating sphere lags behind the Gaussian pulse, while the pulse
width is broadened by the integrating sphere as well.

Conclusion
A Monte Carlo simulation of radiation transport inside an inte-

grating sphere is performed.A steadystate, simple geometry case is
tested � rst. The results agree well with previous theoretical results.
The transient response of a square wave laser irradiation is simu-
lated to � nd the time constant of the integrating sphere. It is found
that the time constant of an integrating sphere does not change with
the size and position of the baf� e. The time constant decreases with
the increase of the size of the detector port. A simulation of tran-
sient response of an integrating sphere to a Gaussian laser pulse is
conducted as well. The Monte Carlo results show that the response
of a typical integrating sphere signi� cantly lags behind a typical
Q-switched laser pulse, while the shape of the response agrees rea-
sonably well with that of the pulse.


