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Abstract—Monte Carlo simulations play an important role in 

developing and evaluating the performance of radiation detection 
systems. To accurately model a reflector in an optical Monte 
Carlo simulation, the reflector’s spectral response has to be 
known. We have measured the reflection coefficient for many 
commonly used reflectors for wavelengths from 250 nm to 
800 nm. The reflectors were also screened for fluorescence and 
angular distribution changes with wavelength. The reflectors 
examined in this work include several polytetrafluoroethylene 
(PTFE) reflectors, Spectralon, GORE diffuse reflector, titanium 
dioxide paint, magnesium oxide, nitrocellulose filter paper, Tyvek 
paper, Lumirror, Melinex, ESR films, and aluminum foil. All 
PTFE films exhibited decreasing reflectivity with longer 
wavelengths due to transmission. To achieve reflectivity in the 
380 to 500 nm range, the PTFE films have to be at least 0.5 mm 
thick—nitrocellulose is a good alternative if a thin diffuse 
reflector is needed. Several of the reflectors have sharp declines 
in reflectivity below a cut-off wavelength, including (420 nm), 
ESR film (395 nm), nitrocellulose (330 nm), Lumirror (325 nm), 
and Melinex (325 nm). PTFE-like reflectors were the only 
examined reflectors that had reflectivity above 0.90 for 
wavelengths below 300 nm. Lumirror, Melinex, and ESR film 
exhibited fluorescence. Lumirror and Melinex are excited by 
wavelengths between 320 and 420 nm and have their emission 
peaks located at 440 nm, while ESR film is excited by 
wavelengths below 400 nm and the emission peak is located at 
430 nm. Lumirror and Melinex also exhibited changing angular 
distributions with wavelength. 
 

Index Terms—Fluorescence, Lambertian reflection, reflection 
coefficient, specular reflection. 

I. INTRODUCTION 
cintillating crystals emit light in a broad range of 
wavelengths, with many of them having their peak 

emissions located between 375 and 480 nm [1-6]. In order to 
convert this optical signal into a sizable electrical signal, the 
light has to be directed into a photodetector by the means of 
surrounding the scintillating crystal with a reflective material. 
This reflector should maximize the light collection and the 
reflector has to be chosen to provide high reflection 
coefficients at the scintillator’s emission wavelengths.  

Monte Carlo simulations play an important role in 
developing and evaluating the performance of radiation 
detection systems. The simulations offer a way of evaluating 
the system as a whole by exploring system parameters without 
the added cost of constructing the system or any of its  
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Fig. 1.  Schematic of an integrating sphere. Note that the light enters at a slight 
angle in relation to the examined sample (~8º) in order to be able to detect the 
specular reflection from the sample. The inside surface of the integrating 
sphere is coated with a diffuse reflector creating a uniform angular 
distribution at the photodetector. To force the light to reflect multiple times 
within the integrated sphere, baffles (i.e., light barriers) are located between 
the illuminated sample and the photodetector as well between the in-port and 
the photodetector, eliminating any direct optical paths. 

 
components. For these simulations, the reflection’s angular 
distribution [7] and the reflection coefficient (as a function of 
wavelength) has to be known for the results to be accurate. 

Reflectivity measurements are generally performed with an 
integrating sphere, where the entire angular distribution of the 
reflected light is collected and thus contributes to the 
photodetector response. As the light is reflected many times 
within the integrating sphere before detection, it is important 
to coat the inside of the sphere with a highly reflective “white” 
material. The reflection data acquired using this technique do 
not always provide sufficient information to perform an 
accurate Monte Carlo simulation—some reflectors are 
fluorescent or change their angular reflectance distributions 
with incidence angle. Integrating sphere materials include 
barium sulfate (BaSO4) [8-14], magnesium oxide (MgO) [8, 
11-17], and polytetrafluorethylene (PTFE) based reflectors 
[18-20], and these reflector materials have been extensively 
studied. Other reflectors that are frequently used in optical 
systems include titanium dioxide (TiO2) paint [11, 16, 21], 
Tyvek® paper [22, 23], ESR (Enhanced Specular Reflector) 
film [24, 25], and Spectralon [19, 26]. In addition, some 
commonly used reflectors have not been reported on in the 
literature, including nitrocellulose, GORE®, Lumirror®, and 
Melinex®. 

The aim of this work is to measure the reflection 
coefficients as a function of wavelength for the most common 
reflectors used in the radiation detection field, and to screen 
them for fluorescence and angular distribution changes with 
wavelength. 
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II. BACKGROUND 
We previously measured the angular distribution of the 

reflected light at a fixed wavelength (440 nm) [7] and found 
ESR film and aluminum foil to be specular reflectors. The 
angular distributions of Spectralon, PFTE films, GORE® 
diffuse reflector, magnesium oxide, titanium dioxide paint, 
and nitrocellulose filter are best described as Lambertian 
(diffuse) reflectors. All Lambertian reflectors that were 
measured had a high (>98%) Lambertian component at low 
incidence angles (<50º), but a specular component appeared at 
high incidence angles. Lumirror®, Melinex®, and Tyvek® 
paper were measured to have reflection distributions that 
could not be described by a linear combination of specular and 
diffuse reflection distributions [7]. 

The angular reflection distribution measurements for 
commonly used reflectors [7] were performed at 440 nm, 
dictated by the use of a 440-nm solid-state laser 
[CrystaLaser®, Reno, NV], and we determined the reflection 
coefficient of the reflectors by integrating the reflected light 
collection over the full 2π of solid angle. However, the 
reflection coefficient was only determined at one single 
wavelength. In this work, we measure the relative reflection 
coefficient for commonly used reflectors over a large range of 
wavelengths. The results are normalized to the reflectivity of 
white reflection standards made out of Spectralon. 

There are several confounding effects when measuring the 
reflection coefficient as a function of wavelength for a 
reflector: 1) the reflector can exhibit fluorescence, shifting 
some of the incident light to a longer wavelength, and 2) the 
angular distribution can change with wavelength, so 
measuring the reflectivity at a specific angle can give 
misleading results. Because of this, we have in this work 1) 
screened all reflectors for fluorescence, 2) compared the 
reflectors’ specular and diffuse reflection behavior over 
wavelength, and 3) measured the reflectivity with an 
integrating sphere (which is insensitive to changes in the 
angular distribution of the reflectivity).  

III. METHODS 

A. Reflectors 
The reflectors we examined in this work are summarized in 

Table I. The reflectors’ reflection coefficients at 440 nm were 
determined from literature values or manufacturer data—if 
available—or from our previous measurements [7]. The 
thicknesses of the reflectors were measured and are reported 
on in the table. 

To achieve adequate thickness for the reflectivity 
measurements, several of the reflectors were measured in 
multiple layers, including ACE Teflon® tape, glossy PTFE 
tape, Tetratex® film, and Tyvek® paper. The magnesium oxide 
powder was painted in a 1-mm thick layer onto a black plastic 
holder by first dissolving the powder with ethanol. The 
nitrocellulose reflector was examined in the same manner as 
described in [7] (i.e., by measuring the angular distribution 
over the full 2π of solid angle and integrating over the entire 
light distribution), however, after the original paper had 
already been published. The conclusions from these 
measurements were that the nitrocellulose reflector is an 

 

TABLE I 
EXAMINED REFLECTORS 

 

 
* the reflection coefficient data provided by the manufacturer were used 
† the reflection coefficient was measured to be 103% of the reflection 
coefficient of four layers of ACE Teflon® tape at 440nm (i.e., 1.03 x 0.99) [7] 
 
excellent reflector with >99% of the light being reflected in a 
Lambertian light distribution, and the reflection coefficient 
was determined to be 103% of the reflection coefficient for 
four layers of ACE Teflon® tape. The ESR film was 
examined for both the front and the back surfaces after all 
protective films and glue had been removed (with ethanol). 
The ESR film front-side is in this work defined as the side of 
the film that originally had a protective film covering it, but 
with no glue layer, and the backside is defined as the side that 
originally contained a glue layer as well as a protective film. 
Measurements were performed with both VM2000 and 
VM3000 ESR films. The Spectralon sample, which was 
bought from Ocean Optics as a white reflection standard for 
this project, is manufactured by Labsphere® and has the same 
model number as Labsphere’s SRS-99 (Spectralon Reflection 
Standard) white reflection standard. The only physical 
difference between these two standards is their diameters—
25.4 mm for the WS-1-LS versus 50.8 mm for the SRS-99. 

B. Fluorescence 
The excitation light for our fluorescence measurements was 
produced by a 75W Xenon lamp [Oriel Research Arc Lamp, 
Oriel Instruments, Stratford, CT], which has a usable 
wavelength range of ~230 to 2500 nm. A narrow band of 
wavelengths was selected through a SP-2155 monochromator 
[Princeton Instruments, Trenton, NJ] before being collected at 
the exit-slit of the monochromator by 19 optical fibers 
(arranged in a vertical column). The monochromator was set 
to 200 µm entrance and exit slits, which is equivalent to 
≤4.0 nm dispersion. The optical fibers were UV/VIS fibers 
with a 0.22 numeric aperture (NA). One of the optical fibers 
illuminated a calibrated solid-state photodetector [S2281, 
Hamamatsu, Japan], and this light was used to correct for the 
light intensity variations across the wavelength spectrum of  



 

 
Fig. 2.  Fluorescent measurement setup for reflector samples. The sample is 
positioned with stepper motors, and the reflected light from the sample is 
collected and focused into the spectrometer with two quartz lenses. The 
reflected light is measured over a ~500 nm wavelength spectrum with a CCD. 
The figure is not to scale. 
 
the Xenon lamp and monochromator as well as any temporal 
variations. We used a Keithley 6517A (Keithley Instruments, 
Inc., Cleveland, OH) digital multimeter (DMM) to monitor the 
current on the solid-state photodetector. The other 18 optical 
fibers are bundled together and illuminated the sample, as 
illustrated in Fig. 2. Since the light exiting the optical fibers 
will diverge due to the limited numeric aperture (NA) of the 
optical fibers, a collimating lens was placed at the exit of the 
optical fiber bundle to collimate the light onto the reflector. 

The reflectors were attached to a flat surface, which was 
covered with black tape to minimize the back surface’s impact 
on the fluorescence measurements. The tape was analyzed in 
the setup and verified to be non-fluorescent. The collection 
beam angle (in relation to the reflector) was equal to the 
incidence angle. The light reflected off the sample and any 
fluorescent signal that was produced was collimated into a 
parallel beam by a 50.8-mm diameter, 50-mm focal length 
quartz lens, located 50 mm from the sample. The parallel light 
beam was then focused by a second quartz lens into a SP-2156 
spectrometer [Princeton Instruments, Trenton, NJ] with a 
100B charge-coupled device (CCD) [Acton Research 
Corporation, Acton, MA] cooled to -70ºC. The setup is 
illustrated in Fig. 2. The operation of the setup and all data 
collection was controlled by a LabVIEW program [National 
Instruments, Austin, TX]. 

We illuminated the reflector samples one wavelength at a 
time, stepping from 220 nm to 600 nm in 5-nm steps. At each 
excitation wavelength, an optical emission spectrum from 
200 nm to 1000 nm was collected. Since the CCD can only 
record ~500 nm in a single acquisition, and since we could 
eliminate any second or higher order reflections from the 
emission spectra by using order-sorting filters, the spectrum 
was collected in three separate spectra: 200–360 nm (blue), 
360–620 nm (green), and 620–1000 nm (red). The blue spectra 
were acquired with no order-sorting filters, while the green 
and red spectra used cut-off filters located at 320 nm and 
590 nm, respectively. 

C. Reflectivity measurements at fixed angles 
To measure the reflectors’ specular and diffuse reflectivity 

components as a function of wavelength, we modified the 
fluorescence setup described in the previous section. The 
illumination side of the setup was identical to the fluorescence 
setup, with the exception of that the monochromator was set to 

50 µm entrance and exit slits. These slit widths are equivalent 
to ≤1.0 nm dispersion. The reflectors were attached to a flat 
surface, which was covered with black tape to minimize the 
back surface’s impact on the reflectivity measurements. For 
the specular samples (i.e., the ESR films, Aluminum foil, and 
Tyvek® paper), the reflector sample was placed in relation to 
the incident light beam so the incidence angle (the angle 
between the optical fibers’ direction to the normal of the 
reflector) was equal to the reflection angle (the angle between 
the normal of the reflector to the centerline of the collection 
lens), making sure that all specular light was directed onto the 
center of a second S2281 photodiode. This photodiode was 
read out by a Keithley 485 DMM (Keithley Instruments, Inc., 
Cleveland, OH). For the diffuse samples, measurements were 
performed both with the reflection angle equal to the incidence 
angle (i.e., a specular setup), and a setup where no specular 
light was allowed to make it onto the photodiode (i.e., a 
diffuse setup). In practice, the sample was placed at 45º and 
60º (relative to the incident beam) for the specular and diffuse 
setups, respectively, with the incident light beam and the 
photodetector being placed 90º apart. For the specular 
measurements, the photodetector was placed at a distance that 
created a cone with a 6.0º half-angle for the photodetector, 
which is equivalent to <0.5% of the 2π solid angle, and for the 
diffuse measurements the distance between the sample and the 
photodetector was decreased, which led to a 19º 
photodetection half-angle, which is equivalent to a 5.5% solid 
angle coverage. 

The readout of the DMMs and the movement of the 
monochromator were controlled by a LabVIEW program, and 
the acquired data was saved to a text-file for post-processing. 
Each current measurement was calculated as an average of 10 
individual current measurements, and the value was only 
accepted if the standard deviation within the ten samples was 
below 1% of the average value. If the standard deviation of the 
current was above 1%, indicating transient currents and not a 
steady-state current, the current was re-measured until the 
condition was met. 

We illuminated the reflector samples one wavelength at a 
time, stepping from 230 nm to 800 nm in 2-nm steps. No 
order-sorting filters (to remove higher order light) were used. 
We estimate the absence of order-sorting filters to produce an 
error for our results of <1%. 

The measured reflected light intensity was normalized at 
each wavelength against a white standard (SRS-99), i.e., a 
sample that has a well-defined reflection coefficient at certain 
wavelengths, enabling us to translate our relative reflectivity 
values to absolute values across the wavelength spectrum. 
Since the reflection coefficient for the white standard is 
defined from 250 nm to 2500 nm, we only report on our 
measured reflection coefficients down to 250 nm. We had 
access to two white standards, and we compare the results 
obtained from both these standards. Both white standards are 
made out of Spectralon, a polytetraflouroethylene (PTFE) 
based Lambertian reflector [19, 26]. Each reflection spectrum 
measurement was performed at least five times (with different 
illumination spots on the sample) to evaluate consistency. 

Since these measurements do not collect all the light (i.e., 
the full 2π of solid angle), the reflection coefficient curves 
were normalized to literature values at 440 nm. If the  



 

 

Fig. 3.  Modified reflectivity measurement setup. The Xenon lamp’s light is 
focused with two lenses into a monochromator, where a narrow band of 
wavelengths is selected. Most of the light is then guided to the reflector, 
where a collimating lens (CL) focuses the light onto the reflector sample, and 
a smaller portion of the light is monitored in a single strand of the optical 
fibers with a photodiode for normalization purposes (PDNorm). The sample is 
attached to an Aluminum block, and the reflected light is measured in a 
second photodiode (PDRefl). The photodiode currents are measured with digital 
multimeters (DMMs). The figure is not to scale. 

 

Fig. 4.  Control panel (screen shot) for the reflectivity measurements 
performed with the Lambda 950 UV/VIS spectrophotometer and an 
integrating sphere. See article text for details. 
 
normalized specular and the diffuse measurement curves were 
equal, we assumed that the angular distribution does not 
change with wavelength. 

D. Reflectivity with an Integrating Sphere 
We also measured all the reflector samples in a Lambda 950 

UV/VIS spectrophotometer [PerkinElmer, Inc., Waltham, 
MA]. The screen shot of the control panel illustrating the setup 
is shown in Fig. 4. A deuterium lamp is used for the shorter 
wavelengths (<319nm) and a Tungsten lamp is used for the 
longer wavelengths when illuminating the reflector sample. 
The entrance and exit slits on the monochromator were set to 
produce 1.0 nm dispersion. The sample is placed at ~8º 
incidence angle, and all the reflected light is collected by the 
integrating sphere to a photomultiplier tube. A second beam, 
created from the incidence beam with a beam splitter, is used 
to correct for temporal intensity fluctuations in the 
measurements. The reflection coefficient was measured every 
2 nm. The measurements were normalized to the white 
standard (SRS-99). Each measurement was performed three 
times to evaluate consistency. 

IV. RESULTS 

A. Fluorescence 
The only reflectors listed in Table I that exhibited 

fluorescence were the ESR films, Lumirror®, and Melinex®. 
All of these three reflectors exhibited strong fluorescence and 
their fluorescence spectra are shown in intensity plots in 
Fig. 5. Fig. 5(a) shows the fluorescence plot for the ESR film, 
Fig. 5(b) shows fluorescence for the glue that was originally 
attached to the backside of the ESR film, and Fig. 5(c) shows 
the fluorescence for Melinex®, respectively. All the ESR films 
exhibited very similar fluorescence, and the only noticeable 
difference in all the ESR film measurements was that the 
VM3000 film had a slightly stronger fluorescent signal for 
excitations below 280 nm compared to the VM2000 film. 
There was virtually no difference between the front- and 
backsides of each ESR film. The Lumirror® and Melinex® 
fluorescence were virtually identical, and only the Melinex® 
fluorescence plot is therefore displayed. 

A fluorescence signal was detected from both sides (and for 
both versions) of the ESR film. The emission peak for the 
ESR film’s fluorescent signal is located at 430 nm, and is 
produced by wavelengths shorter than 400 nm. The glue that 
was removed from the backside of the ESR films was 
measured separately for fluorescence on a (non-fluorescent) 
black tape. The glue’s fluorescent signal has its emission peak 
located at 290 nm, and the glue is excited by wavelengths 
between 250 and 285 nm. Lumirror® and Melinex® have their 
emission peaks located at 440 nm, and are excited by 
wavelengths between 320 and 420 nm. Profiles through the 
emission (and excitation) maxima are shown in Figs. 6 and 7; 
Fig. 6 shows the profiles for the ESR film and the ESR glue, 
and Fig. 7 shows the profiles for Lumirror® and Melinex®. 

B. Specular reflectors 
The reflection coefficients as a function of wavelength are 

displayed in Fig. 8 for the specular reflectors, i.e., the ESR 
films and the Aluminum foil, as well as for the Tyvek® paper. 
The protective films from the ESR films and the glue layer 
from the ESR backsides were removed (using ethanol) prior to 
any reflection (or fluorescence) measurements. As can be seen 
in Fig. 8, the VM3000 front-side and the VM2000 backside 
are virtually identical. In the same way, the VM3000 backside 
and the VM2000 front-side are virtually identical above 
380 nm – below 380 nm the VM2000 front-side has a lower 
reflection coefficient. The difference between the front- and 
backsides for both films above 380 nm is minimal, though we 
did measure a 5 to 6 nm difference in the cut-off reflection 
wavelength between the two sides (at ~395 nm). 

Tyvek® paper displays high reflection coefficients for all 
measured wavelengths, staying above 95% for wavelengths 
above 355 nm, and above 90% for wavelengths above 300 nm. 
Aluminum foil displays a flat reflectivity curve, with 
reflection coefficients between 70% and 80% above 265 nm. 



 

 
Fig. 5.  Fluorescence for A) ESR film (VM2000 front-side is shown), B) ESR glue (from VM2000) and C) Melinex®. The excitation wavelengths are displayed 
on the vertical axis, and the resulting intensity in the emission is shown along the horizontal axis. A reflection line is clearly visible in all plots, where the 
excitation and emission wavelengths are equal. The highest intensity in each plot (excluding the reflection line) has been used to normalize the intensity scales. 
 
 

 
Fig. 6.  Excitation and emission profiles for ESR film and ESR glue. The 
profiles are taken from data from Figs. 5(a) and 5(b) and pass through the 
maximum value in the fluorescence spectra.  
 

Fig. 7.  Excitation and emission profiles for Lumirror® and Melinex®. The 
profiles are taken from data from Fig. 5(c) and the Lumirror® data (not 
shown) and pass through the maximum value in the fluorescence spectra. 
 

Fig. 8.  Reflection coefficient for the front- and backsides of two versions 
of ESR film, Tyvek® paper, and Aluminum foil as a function of 
wavelength. The insert shows a zoom-in of the reflection data between 360 
and 500 nm. The data were acquired in the specular setup of the 
Reflectivity measurements at fixed angles setup and normalized to the 
reflectivity values in Table I. The maximum error was measured to be 
<2%, and the average error for all the data points presented above was 
measured to be <0.7%. 
 

C. Diffuse Reflectors 
The reflection coefficients as a function of wavelength 

for Spectralon (WS-1-LS), GORE® diffuse reflector, MgO 
powder, TiO2 paint, and nitrocellulose filter paper are 
displayed in Fig. 9. A zoom-in image of the wavelength 
range from 360 to 500 nm is also shown in the figure. The  

 

 
Fig. 9.  Reflection coefficient for several diffuse reflectors as a function of 
wavelength. The insert shows a zoom-in of the reflection between 360 and 
500 nm. The data were acquired in the Reflectivity with an Integrating 
Sphere setup. The measurements have not been normalized to the 
reflectivity values in Table I since the Lambda 950 instrument is 
calibrated. 
 

 
Fig. 10.  Reflection coefficient for PTFE tapes as a function of wavelength. 
The insert shows a zoom-in of the reflection between 360 and 500 nm. The 
data were acquired in the Reflectivity with an Integrating Sphere setup. 
The measurements have not been normalized to the reflectivity values in 
Table I since the Lambda 950 instrument is calibrated. 
 
GORE® diffuse reflector exhibits an excellent reflectivity 
(>98%) for wavelengths between 250 and 500 nm, while 
MgO and Spectralon—two materials commonly used as 
white reflectors—drop below 90% reflectivity for 
wavelengths shorter than 280 nm. Nitrocellulose and TiO2 
paint exhibit sharp declines in their reflectivity for 
wavelengths below 330 and 420 nm, respectively. 

The reflection coefficients as a function of wavelength 
for PTFE tapes (glossy PTFE tape, ACE Teflon® tape, and 



 

Tetratex® film) are displayed in Fig. 10. As described in 
detail in the following paragraph, all films have a 
decreasing reflectivity with increasing wavelength due to 
transmission. The transmission for a single layer of glossy 
PTFE film is also presented in the figure, as well as the sum 
of the reflected and transmitted signal, i.e., 1 – absorbed. 
The transmission was measured by placing the reflector in 
the incident beam’s path into the integrating sphere. 

The PTFE reflectors are bulk reflectors (as opposed to 
surface reflectors) and longer wavelengths penetrate deeper 
into (or though the material). For instance, a single layer of 
the 80 µm thick glossy PTFE tape allows a significant 
amount of light (>10%) transmitted for wavelengths longer 
than 380 nm. By increasing the number of layers, the 
reflectivity increases, and at for instance 440 nm, goes from 
a reflection coefficient of 85% (1 layer) to 92.6% (2 layers), 
to 94.4% (4 layers), and to 96.2% (8 layers). In order to 
achieve at least 95% reflectivity for scintillator light 
emissions (i.e., 380–500 nm), the examined PTFE films 
will need to be at least 0.5 mm thick. A good alternative, if 
a thin diffuse reflector is needed, is to use nitrocellulose. 

D. Changing angular distributions  
The Lumirror® and Melinex® reflection coefficients as a 

function of wavelength were measured to be different in the 
specular and diffuse reflection measurements. Because of 
this, we decided to measure the reflection over a larger 
range of reflection angles. The results from these 
measurements are displayed in Fig. 11 for Lumirror®. 
Melinex® exhibited similar behavior. The results in Fig. 11 
have not been normalized to the reflection coefficient at 
440 nm and hence show the intensity variations with 
reflection angle. Since the incident beam and the 
photodetector are place 90º apart, the 45º-setup is a specular 
measurement, while all the other angle-setups measure 
various components of the diffuse spectra. As can be seen, 
the slope above 400 nm, as well as the intensity of the 
reflection peak at 260 nm (in relation to the baseline of the 
reflection spectrum) varies with reflection angle. Since 
these two reflectors are fluorescent, a measurement in the 
integrating sphere produces artificially high reflection 
coefficients in the 320 to 420 nm wavelength range, where 
the quantum efficiency for the photomultiplier tube is 
higher for the fluorescent light compared to incident light, 
see Fig. 12. Lumirror® and Melinex® have a decreased 
reflectivity below a cut-off wavelength of 325 nm. 

E. White standards 
The manufacturers’ reflection coefficient data for the two 

white standards are displayed in Fig. 13. The measured 
reflection coefficients for the WS-1-LS standard, when 
normalized to the SRS-99 standard, are also displayed in 
the figure. 

V. DISCUSSION 
The high reflectance value of nitrocellulose presented in 

Table I indicates that the reflectivity of the ACE Teflon® 
tape sample—the reflector the nitrocellulose sample was 
normalized against—is lower than reported values [18-20]. 
We do not believe that this is due to improper care of the  

 
Fig. 11.  Reflection coefficient as a function of wavelength for Lumirror® 
for a variety of reflection angles. The 45º-setup measured the specular 
component of the reflectivity spectra, while the other angle-setups measure 
various components of the diffuse spectra. The data were acquired in the 
Reflectivity measurements at fixed angles setup. The measurements have 
not been normalized to the reflectivity values in Table I. 
 
 

 
Fig. 12.  Reflection coefficient as a function of wavelength for Lumirror® 
and Melinex®. The data were acquired in the Reflectivity with an 
Integrating Sphere setup, and the fluorescence contribution to the signal 
between 320 and 420 nm (shown in grey shading) produces an artificially 
high signal since the quantum efficiency for the photomultiplier tube is 
higher for the emitted wavelength than for the incident wavelength. The 
measurements have not been normalized to the reflectivity values in 
Table I. 
 
 

 
Fig. 13.  Reflection coefficient as a function of wavelength for the two 
white standars, WS-1-LS and SRS-99 (both Spectralon). Note that the 
“Reflectivity”-axis scale is from 0.85 to 1.0 (and not 0 to 1) in order to 
enhance the differences between the curves. The data for the SRS-99 were 
supplied by the manufacturer. The data for the WS-1-LS were supplied by 
the manufacturer and acquired in the Reflectivity with an Integrating 
Sphere setup. The measurements have not been normalized to the 
reflectivity values in Table I, since the Lambda 950 instrument is 
calibrated. 
 



 

samples (they were stored at stable temperatures and out of 
sunlight, the surfaces were clean, contact with chemicals 
and exposure to UV light was avoided, etc.) but attribute it 
instead to transmission of light through even thick layers of 
PTFE tape. The measurements presented in Fig. 10 show 
that there is a very large amount of transmission through 
PTFE films, and that the values reported in the literature 
must assume very thick or dense samples. The reflection 
coefficients at 440 nm were in this work measured to be 
0.944 for ACE Teflon® tape and 0.962 for nitrocellulose, 
respectively, which gives nitrocellulose a 1.9% higher 
reflection coefficient at 440 nm than four layers of ACE 
Teflon® tape. 

The intensity scales shown on the right of each 
fluorescence plot in Fig. 5 should not be used as absolute 
scales, as the size of the reflectors and the reflectors 
positioning in relation to the incident beam and the light 
collection lens play a very significant role in the detected 
light intensity. Although the fluorescence setup can be used 
to measure the reflection coefficient by filtering out any 
unwanted fluorescence and higher order signals, the 
alignment of the collimated light from the optical fibers, the 
sample, and the “sweet spot” from which the light 
collection lenses focus the light into the spectrometer (see 
Fig. 2), is a very delicate operation and small variations in 
the positions of any of these three parameters easily lead to 
inconsistent (i.e., inaccurate) results in intensity. For this 
reason, although this setup is able to detect and characterize 
fluorescence emission and excitation wavelengths, it should 
not be used for absolute intensity measurements. For 
instance, Lumirror® and Melinex® exhibit nearly identical 
fluorescence spectra, and Lumirror® is only slightly brighter 
compared to Melinex® under a black light (excited at 
365 nm), yet the measured intensity in Fig. 5C for Melinex® 
exhibited a four times weaker signal than for the Lumirror® 
fluorescence data (not shown). 

Fluorescent light is isotropic in its nature, and the 
directionality of the light will therefore be lost for the light 
that interacts with the fluorescent reflector and is reemitted. 
Therefore, the fluorescence exhibited by the ESR films, 
Lumirror®, and Melinex® can be beneficial if the 
directionality of the light is not an issue and if the 
photodetector has higher quantum efficiencies at the 
emission wavelengths compared to the incident 
wavelengths. This effect is clearly demonstrated for the 
Lumirror® and Melinex® reflectors, as shown in Fig. 12. 

The temporal behavior of the fluorescent emissions was 
measured in an IBH FluoroHub [HORIBA Jobin Yvon Inc, 
Edison, NJ] by exposing the reflectors to pulsed LED light 
close to the reflectors’ maximum excitation wavelengths. 
The pulsed LEDs we had access to have emission peaks 
located at 268 nm (used for the ESR glue), 311 nm (ESR 
film), and 370 nm (Lumirror® and Melinex®). The 
fluorescent light emission as a function of time was 
measured for each reflector through a monochromator in 
which the signal was filtered into a narrow bandwidth 
(1 nm) centered at the emission peak at 430 nm (ESR film) 
or 440 nm (Lumirror® and Melinex®). The ESR glue was 
measured at 300 nm (instead of 290 nm) to minimize the 
light contributions from the LED’s emissions. Each 

measurement was performed until we accumulated 10,000 
counts in the peak bin. The count rate for the ESR glue 
signal was several orders of magnitude smaller (103) due to 
lower efficiencies of the light and the photodetector and due 
to the lower fluorescence, and only 5,000 counts were 
acquired for this material. Since the background signal is 
proportional to the acquisition time, the ESR glue also 
exhibited a much lower signal-to-noise ratio (by >102). The 
temporal emission curves are displayed in Fig. 14. The ESR 
film’s fluorescence was measured to have a half-life of 
14 ns, the ESR glue’s fluorescence was measured to have a 
half-life of 7 ns, while the Lumirror® and Melinex® 
fluorescent half-lives were measured to be ~1 ns. 
 

 
Fig. 14.  Temporal behavior of the fluorescent light emitted from the 
reflectors that exhibited fluorescence. Note that the vertical scale is 
logarithmic. 
 

Several reflectors exhibited “cut-offs” for the reflectivity 
for shorter wavelengths, including TiO2 (420 nm), ESR film 
(395 nm), nitrocellulose (330 nm), Lumirror® (325 nm) and 
Melinex® (325 nm). The lower reflection coefficients below 
the cut-off wavelengths have to be taken into consideration 
when pairing up a scintillator with a reflector, by taking 
into account the scintillator’s emission spectrum and the 
reflector’s reflection coefficients at these wavelengths. 

Our measurements showed great repeatability, where the 
reflection coefficient between several runs in the Lambda 
950 UV/VIS spectrophotometer were typically within 0.1% 
of each other, and never more than 1%, and the accuracy in 
our measurements are thus closely tied to the accuracy of 
the reference standard. The data in Fig. 13 indicate that the 
white reflection standards often used for these 
measurements can be a source of errors, as their true 
reflectivity can differ significantly from the calibration 
provided by the manufacturer. For example, the measured 
reflectivity of WS-1-LS is 2% lower at 380 nm and 5% 
lower at 300 nm than the values provided by the 
manufacturer. The manufacturer-provided reflectivity 
values for SRS-99 contained a small (<1%) dip between 
260 and 290 nm that appears to be an artifact. Using these 
standards with their manufacturer-provided reflectivity 
values leads to >100% reflectivity for wavelengths below 
300 nm (WS-1-LS), or a small peak between 260 and 
290 nm (SRS-99). Both reflection standards were “certified 
reflection standards”, although only the SRS-99 was 



 

provided with a “reflection calibration certificate” (and 
calibrated against a NIST traceable standard within the last 
year). Other groups have measured decreased reflectivity in 
Spectralon samples over time [27], including samples that 
have not been exposed to high illumination levels. In fact, 
Spectralon samples stored in darkness have shown to 
degrade over time, and this is the most likely cause for the 
results presented in Fig. 13. 

VI. CONCLUSIONS 
We have measured the reflection coefficient for several 

commonly used reflectors. The reflectors were also 
screened for fluorescence and changing angular distribution 
with wavelength. The highest reflectivity for short 
wavelengths (<400 nm) was measured for the PTFE based 
reflectors, with the GORE® diffuse reflector having the 
highest reflectivity over the greatest wavelength range. 
PTFE based reflectors were the only examined reflectors 
that had >90% reflectivity for wavelengths below 300 nm, 
but all PTFE films exhibited decreasing reflectivity with 
increasing wavelength due to increased transmission for 
longer wavelengths. To achieve >95% reflectivity, the 
PTFE films have to be at least 0.5 mm thick. If a thinner 
diffuse reflector is needed, nitrocellulose is a good 
alternative. 

Several of the reflectors have sharp declines in 
reflectivity below a cut-off wavelength, including TiO2 
(420 nm), ESR film (395 nm), nitrocellulose (330 nm), 
Lumirror® (325 nm), and Melinex® (325 nm). Lumirror®, 
Melinex®, and ESR film exhibited strong fluorescence, and 
Lumirror® and Melinex® also exhibited changing angular 
distributions with wavelength. 
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