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Abstract
In order to measure the photon emission of a source it is necessary to perform an absolute photon calibration which can be tied back to the national standard.  A low cost optical setup for performing such a calibration on the Zeiss AxioObserver fluorescent microscope is discussed here.  A tungsten ribbon filament standard lamp, which was calibrated by General Electric to a national standard, was used to create a known number of photons based on Plank’s curve, and a custom optical setup was used to channel the light into the microscope.  The tolerance factors for this system are discussed with respect to their effect on the number of photons entering the microscope.  Exact numbers and units are left for Excel spreadsheets and data files.  
Introduction

In order to measure the photon emission from a single quantum dot on a glass cover slide a high resolution Zeiss AxioObserver fluorescent microscope is used.  This microscope only provides a relative light intensity, and is not calibrated for absolute photon numbers from the factory.  Several things must be done in order to provide a photon number reference to the measured, relative light intensity.  An Eppley 30A/t24/13 standard lamp was powered by an Eppley Laboratory, Inc. regulated standard lamp power supply, which was wired in series with a high wattage precise 0.1ohm resistor.  (Image 1 and 2) The lamp is a tungsten filament lamp which uses black body radiation as its photon source.  It has been calibrated by national standards to generate an exact temperature for a given current. (Calibration page)  Plank’s curve is used to determine the radiance of the lamp for the spectral region defined by the microscope. (Equation 1) Details of this are left for the “Lamp Emission” section.  
The geometry of the optical system is used to determine the solid angle of light collected as well as area of the filament emitting the light.  These details are left for the “Radiometry” section.  From this the power or flux of light entering the microscope can be found, (Equation 3), and the number of photons in the chosen spectral region can be determined.  (Equation 4)  
The optical system consists of the standard lamp and stand, two lenses with mounts, an aperture, and a mounted adjustable mirror.  (Image 3 and 4) Each of the components was able to be machined in house out of scrap aluminum to reduce system cost.  Dimensional tolerance of these parts is discussed in the “System Setup and Alignment” section.  The system was painted flat black to reduce stray light reflecting into the system.  
Image 1 and 2
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Image 3 and 4
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Lamp Emission


Since only a perfect blackbody obeys Plank’s curve exactly, Plank’s curve is used to approximate the radiance emitted by the standard lamp.  The temperature specified in the lamp’s calibration is the brightness temperature, Tb.  It is specified for several operating currents.  See calibration form.  Plank’s curve requires the absolute temperature, Ta.  (Kowalski)(Rutgers)  By measuring the voltage across the 0.1ohm resistor the current to the lamp and the brightness temperature are well known.
Equation 1

1/ Ta = 1/ Tb + (λ/C2)*[ln(ε(λ)) + ln(τ(λ))]

Ta = Absolute temperature

Tb = Brightness temperature 

λ = Wavelength of radiation

C2 = Plank’s second constant = hc/Kb
ε(λ) = Emissivity at emitting wavelength

τ(λ) = Transmission of pyrex envelope.  


This absolute temperature, along with the emissivity and transmission are what are used in Plank’s law to obtain the spectral radiance of the entire lamp. (Kowalski)  

Equation 2

L(λ) = ε(λ,Ta)*τ(λ)*[2hc2/λ5]*[(ehc/λKbTa – 1)-1]
This function must be evaluated over the microscope’s individual spectral regions in order to give the radiance for the spectral range being measured.  Once this is known, the power emitted and collected by the microscope can be determined, and the number of photons entering the microscope can be known. (Kowalski)  The reflectivity of the mirror and transmission through the two lenses must be taken into account as well.  
Equation 3
Φ = L(λ)dλ* Rmirror*TLenses*Area of the filament viewed by microscope*Solid angle of light collection

Rmirror = Reflectivity of the mirror.

TLenses = Transmission through both lenses.

Equation 4

# of Photons = Φλ/hc
System Setup and Alignment


The setup for this system consists of two identical lenses mounted with both axial and radial one time adjustments, as well as an adjustable mounted mirror.  A glass cover slip acts as a shared focal plane for the second lens and the microscope’s objective lens.  (Image 3, 4 and 5)  The machining tolerances were chosen slightly tighter than the adjustment range for each item, so that the final adjustment can compensate for errors in each part.  This allowed for loose tolerances except for hole locations for the adjustable slide for the second mirror.   
Image 5
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The position of the lamp is easily repeatable by using the microscope’s stage as a positioning guide where the lamp contacts the stage, and the stage can be set to the same repeatable position.  This allows the lamp to be removed and repositioned in the same location and orientation.  The mirror, aperture, and second lens assembly is removable, and attaches to the stage in a set position using the microscope’s slide holder.   Again by using the same stage position the mirror can be repositioned in the same alignment each time it is removed.  
The first lens is mounted to the lamp so that the direction between the center of the filament and the center of the lens defines the optical axis.  The distance from the filament to the first lens can be adjusted by threading the lens mount further into the standard lamp housing.   This distance is easily calculated with the mirror removed, by looking at the angular spread of the light on a distant wall.  If the filament to lens distance is equal to the focal length of the lens then the light spread will be due only to the filament width; however, if the lens is closer or further from the filament then there will be a change in solid angle for the system. (Image 6)  Therefore by using the known width of the filament, and measuring the width of the filament’s image on the wall and the distance from the lens to the wall, the distance from the filament to the lens can be found from symmetry.  (Image 5, Equation 5)  The system does not have to be afocal, but the filament to first lens distance must be known in order to find the area of the filament seen by the microscope and the solid angle of light collection.  
Once the first lens position is set and measured, the mirror position can be roughly aligned so that, with no aperture stop or second lens, the filament spot is centered over the objective lens.  The second lens can then be centered, by maximizing the light intensity given by the detector; a slight de-center will lower the radiometric flux into the microscope.  The distance from the second lens to the glass slide is adjustable and must be adjusted after the first lens position and rough mirror position are set.  Maximizing the light intensity is the easiest way to ensure good focus on the glass slide.  Note that the microscope’s objective is focused on the glass slide as well.  The second lens mount was then tacked in place with a small amount of epoxy.

Once the second lens is positioned, a fine adjustment of the mirrors position can be performed.  Adjusting each degree of freedom for the maximum light intensity one at a time ensures that the optical axis, defined by the filament and first lens, is centered on the objective lens.     

The aperture stop can then be placed inline with this axis, and again adjusted so that the light intensity detected is as high as possible.  Several apertures were made in a thin piece of steal shim, 1” x 3”.  The shim slides along a groove in the mirror mount.  The diameter of each aperture was measured using a low powered microscope. 

The distance from the first lens to the stop can then be measured with a caliper.  First measuring the distance from the lens to the mirror’s center, then the distance from the mirror’s center to the aperture.  
There is typically a 20% error in photon emission from a standard lamp, so ensuring that the optical system is aligned, and captures the most light possible is crucial to ensuring that the system is “looking” at the hottest, central, region of the filament.  

Once the lens and mirror positions are set the entire system can be removed and realigned with minimal effort by utilizing the microscopes sample stage in a reference position.  

Radiometry


The filament area and the solid angle are a result of the geometry of the optical system.  For this system the solid angle of collection and the filament size are functions of:  f1, The first lens’s focal length.  Rs, The radius of the aperture stop. DL1s, The distance from the first lens to the aperture stop.   These values need to be known as precisely as possible, as well as two additional measurements made without the mirror in place:  Ww, The width of the filament image on the wall. DL1w, The distance from the first lens to the wall.    From there the area of the filament and the solid angle of light collection can be found.  
Image 6
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Ray diagram for calculating z1.  Wf is known, DL1w and Ww must be measured.
Equation 5

z1 = -Wf/Ww*(DL1w)

Image 7
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Ray diagram for calculating Rf, z1’, and RL1. Rs is known, and DL1s must be measured.
Equation 6

Rf =  z1*(Rs/(DL1s) = Wf/Ww*(DL1w)*(Rs/(DL1s))

Equation 7

Af = π Rf2 

Equation 8
1/z1’ = 1/z1 + 1/f1
Equation 9
RL1 = Rs + [Rs/(z1’ – (DL1s))]*(DL1s)
RL1 = Radius of light spot on first lens
Equation 10
Ω = π RL12/z12
There is no vinetting in this system; the aperture stop is a true stop, so all of the light which enters the stop gets refocused on the microscope’s objective focal plane.  This allows for the energy or flux of the lamp which is focused onto the microscope’s objective focal plane to be calculated.  However, the microscopes field of view is smaller than this image of the filament, so only the light which is focused onto the field of view of the microscope will reach the microscope’s detector.  Therefore the area of the filament must be multiplied by the magnification, and the ratio of the area of the field of view over the area of the magnified image is the appropriate area to use in equation 3.  
Imaging the intermediate image, located at z1’ relative to the first lens, through the second lens gives the filament image distance, z2’, relative to the second lens.  The magnification is found from the ratio of image distances.  If the system is afocal, the magnification will be -1 when f1 equals f2 as in this case.  
Equation 11
1/z2’ = 1/(z1’ – DL1L2) + 1/f2
Equation 12

m = z2’/z1
Equation 13
Φ = L*Rmirror*TLenses*Ω*Ao/(Af*m)

Summary
Combining equations 1 through 13 along with the temperature verses current calibration form for the lamp gives us the number of photons per second being captured by this system as a function of the field of view of the microscope’s objective lens, wavelength region, aperture stop radius, current to the lamp, and the distances between filament and the first lens and between the first lens and the aperture stop.  By taking an exposure and multiplying the photon flux by the exposure time the number of photons entering the camera is known.  This theoretical value can now be compared to the measured detector values.  

Equation 14
Correction factor for the microscope = Φtheoretical (photons) / Φmeasured (digital numbers)
The microscope has three objective lenses, nine wavelength filters, and six gain settings that must be tested one at a time.  Each will have a slightly different correction factor.  Several aperture stops should be used for each microscope setting.  This will provide a standard deviation in the correction factor for each setting without having to change the current to the lamp for each measurement.  

Any future measurements made with this microscope need only be multiplied by this correction factor to give the total number of photons entering the microscope per.  This factor takes into account the losses through the glass slide, microscope, and detector.  To get the number of photons emitted by a source on a glass slide, such as quantum dots, the last correction is to account for the solid angle of each objective lens.
Equation 15
Photons emitted by a quantum dot = Detector value*Correction factor*(4π/solid angle of the microscope’s objective lens)

Total cost for this setup was about 10 hours of machining time, and $10 for nuts and bolts.  
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LAMP ABBREVIATION 3OAT2LL
rvpe___Ribbon Filament Pyrometer  ,mperes  30¢0 T

GLASS Enatarp-

oRDERED BY. . University of Arizona

ORDER NUMBER A 29038

LAMP OPERATED BASE DOWN, WITH FILAMENT NEARLY VERTICAL AS POSSIBLE. AND WITH SIDE ON WHICH LAMP NUMBER APPEARS TOWARD OPTICAL PYROMETER

THE TEMPERATURES WERE MEASURED ON THE CENTER OF THE FILAMENT DIRECTLY IN LINE WITH THE SMALL NOTCH FILED IN THE FILAMENT. THE LAMPS
WERE ALLOWED TO OPERATE FOR TEN MINUTES AT EACH CURRENT BEFORE READINGS WERE TAKEN.

W RELATION BETWEEN CURRENT AND BRIGHTNESS TEMPERATURE

Lamp No. " CURRENT IN.AMPERES TEMPERATURE IN DEGrRees Kelvin
1;31-P~576 10.83 1050
12,75 1250
16.13 1500
22.75 ‘ 1850
30.00 | 2160 '
Wavelength 0,665 Microns g

These measurements are tracegble to the National Bureau of Standards.

é

THESE TEMPERATURES ARE BASED UPON ASSUMPTION OF WIEN'S EQUATION WITH C2 TAKEN AS 1.438 CM. DEG. AND UPON THE MELTING POINT OF GOLD
TAKEN AS 1336°K. ON THIS SCALE THE MELTING POINT OF PALLADIUM HAS BEEN FOUND TO BE 1825°K. FOR CONVENIENCE IN THE CALIBRATION OF OPTICAL
PYROMETERS. A BLACK BODY HELD AT THE MELTING POINT OF PALLADIUM IS USED AS THE POINT OF REFERENCE.
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