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ABSTRACT 

This paper provides an overview of the Tropospheric Emission Spectrometer (TES) and its 
mission, as a part of NASA’s Earth Observing System (EOS). The design of the re-imaging system and its 
detectors and the test set-up used to characterize the field of view response will be presented. Measured 
system optical response profiles will be presented for each of the four infrared spectral bands (3.5-5.3,5.1- 
9.1, 8.3-12.2 and 11.1 - 15.4 p) supported by TES. Specific emphasis will be placed upon the comparison 
of these measured optical response functions with the results of an analytic model of the response. The 
model includes a simple yet accurate representation of the detector response function, which includes the 
photo-generated electron’s diffusion length. 
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1. INTRODUCTION 

1.1 THE TES MISSION and INSTRUMENT ARCHITECTURE 

The Tropospheric Emission Spectrometer instrument is one of four instruments scheduled to fly aboard the Earth 
Observing System (EOS), AURA satellite. AURA is currently scheduled for launch in January of ’04. The goals of 
the EOS program have been summarized in five “research questions” as reviewed in the TES Science Requirements’. 

1) What are the nature and extent of land-cover and land-use change and 
the consequences for sustained productivity? 

2) How can we enable regionally useful forecasts of precipitation and 
temperature on seasonal to inter-annual time frames? 

3) Can we learn to predict natural hazards and mitigate natural disasters? 

4) What are the causes and impacts of long-term climate variability and 
can we distinguish natural from human induced-drivers? 

5 )  How and why are concentrations and distributions of atmospheric 
ozone changing? 
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Although TES may contribute to answering all five questions, TES is specifically designed to address item five and it 
will do this by providing global maps of chemical concentration through out the troposphere every five days. In 
order to accomplish this feat, TES has been designed as a high resolution Fourier Transform Spectrometer (FTS) 
which is capable of collecting infrared spectra over a large region of the infrared spectrum from 3.3 to 15.5 microns 
at high spectral resolution (.025 cmA-l). 

The primary objective is to measure the global three-dimensional distribution of concentration of a large number of 
molecules important to tropospheric physics and chemistry. These important molecular species include: ozone, nitric 
oxide, nitrogen dioxide, nitric acid, water vapor, carbon monoxide, methane and carbon dioxide which is used for the 
determination of atmospheric temperature. TES will accomplish this through a series of nadir and limb 
measurements using 16-pixel, linear detector arrays in each of four infrared optical bands. In the limb view the 16 
pixels’ IFOVs will rise from the earth’s sufface to -30 km at the top of the troposphere. Each pixel’s IFOV will 
have a spatial extent of 2.3km high by 
IFOV is 0.5 km along track by 5.0 km 

to the earth’s surface at the limb. In the nadir view the pixel 

1.2 THE TES OPTICAL CONFIGURATION 

The TES optical system is divided into b u r  major sub-elements; the gimbal optics, the fore optics telescope, the 
interferometer, and the Focal Plane Opto-Mechanical Assemblies (FPOMA). A drawing of the TES optical system 
is provided in figure 1.  

I l l / / /  
Tmpospheric Emission Spedromder [TES) 

qptieal Schematic Diagram &Temperatun Zones 

Figure 1: TES Optical Layout and Temperature Zones 

There are two FPOMAs, which collect the output signal from the interferometer, band limit the light and re-image 
the signal onto an array of detectors. A crass sectional view of the FPOMA with its temperature zones identified is 
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provide in figure 2 along with a mechanical schematic of the exterior of the FPOMA. The output from the 
interferometer enters the FPOMA through an all aluminum F/8 Cassegrain telescope operating at 177K. The light 

Figure 2: FPOMA Cross Section and Exterior View 

from the telescope is re-imaged at a 65K field stop after which a dichroic beam splitter divides the light. The beam 
then enters one of two F/2 relays, which revcollimates the light before sending it through any of a number of filters in 
the cold filter wheel assembly. The light is then re-imaged onto the detector array at F/2. The FPOMA pupil is re- 
imaged at zero path difference in the inte4rometer. Optical ghost were designed to be < 0.1 % within the field by 
tilting filters (3.5 deg.) and adjusting the fibld lenses' curvatures. The filters and dichroics are also wedged to 
prevent optical channeling. The 1A & 2 4 band relay elements are ZnSe, the 1B relay elements are Germanium and 
the 2B relay elements are CdTe. 

1.3 THE DETECTOR ARRAYS 

The TES detector arrays are housed inside the FPOMAs at the focus of each relay. The detector arrays are 
implemented with a detector amplifier topqlogy that includes one, differential J-FET buffered, transimpedance 
amplifier (TIA) per detector element. 

4 

Picture 1: The 1A Detector and Package 
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- ~ 

X 0.283 0.2274 0.2207 0.204 
Temperature (K) 65 65 65 65 

Detector Optical Area (pm’) 75 x 750 75 x 750 75 x 750 75 x 750 
Detector Band Pass (pm) 3.3 - 5.3 5.1 - 9.1 8.3 - 12.2 11.1 - 15.5 

Diffusion length (pm) (est.) 15 20 20-25 25-30 

The J-FETS, the feedback resistor and decoupling capacitors are placed with the linear detector arrays onto a 
ceramic, multilayer board (CMLB). A Be flange is mated to the CMLB using an adhesive. The Be flange provides 
the mechanical and thermal interfaces for the detector package. This detector package is shown in picture 1. Some 
detector parameters for each of the four spectral bands are summarized in table 1. 

I I I I 1 
I I Detector - lA1 I Detector - 2A1 I Detector - lB1 I Detector - 2B1 I Parameter 

Table 1: TES Detector Parameters 

The TES detector arrays are based on a HgCdTe, double-layer planar heterostructure (DLPH), lateral collection 
architecture2. 3,49 

2. CRYOGENIC TEST SYSTEM 

Once the detectors were integrated into the FPOMAs it was necessary to focus the detectors and align them to each 
of the boresight vectors of the FPOMAs and to each other within each FPOMA. Data on the detector location and 
FPOMA bore sights were collected by a cryogenic test set, which simulated the FPOMA interfaces with the TES 
instrument, both thermally and mechanicalpy. The test set also provides a target stimulus and controller. 

The stimulus consisted of an ambient; three axes scan mechanism, which positioned the slit, a blackbody to 
illuminate the slit, a collimator to relay the slit to the FPOMA, and a data acquisition system. The test chamber is a 
4’ vacuum chamber with a ZnSe window qear the focus of the collimator. In side the vacuum chamber is the warm 
collimator with an effective focal length of‘ 1 .O m, a 180K fold mirror, and a 180K reference reflector polished into 
the Invar mounting interface of the FPOMA. 

The FPOMA and detectors require three thermal interfaces. The instrument-mounting interface at the entrance of the 
telescope is an invar interface at 177K. This interface was simulated with an invar plate cooled to 177 K while 
minimizing the distortion of the Invar plate. This was critical since the under side of this Invar plate is parallel to the 
top surface and polished to an optical quality finish. This polished annular reference surface was used to established 
the boresight vector of the FPOMAs and ptovide a reference for the location of the center of each of the 16 pixel 
arrays. 

A 230K A1 thermal shield cooled by a GN2 transfer system surrounds the entire FPOMA. The detectors are cooled 
to their 65K operating temperature through a copper strap, which was isolated by GI0 stand offs and driven by a 
helium transfer system. The temperature was monitored at the end of the copper strap, which interfaced to the A1 
cold link of the FPOMA. The temperature control was stable to < +/- 1 K through most of the testing. 

The optical background to the FPOMA was limited to levels similar to those expected from the instrument 
configuration. This was accomplished through the use of a 180K-fold mirror and an FA0 tube sunk to the 180K, 
cooling loop. The data was acquired through a multiple channel digital voltmeter, which scanned through the 32 
detectors outputs. A PC with custom software managed the acquisition of data and stepped the positioning stage, 
which held the slit. The software provided control through automated macros and provided a real time plotting 
capability. 
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3. TEST RESULTS 

A single scan axis data set, collected after the focus adjustments of each FFOMA were completed, is presented. A 
blackbody at 325 K illuminated the slit. In FPOMA 1, figure 4, the 1Al and 1B 1 filters were selected covering the r pass bands of 4.44 - 5.26 microns and 9.52 - 12.20 microns respectively. Scans are acquired from left to right. 

LINE S C A N  PLOT 
F P O M A 1 - 1  A l - 1 8 1  

1.10 

0.90 
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17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 
Scan; Axis [Detector Coordimates * 10 microns] 

Figure 4: FPOMA1, Spatial Response Functions 

The data for these scans was acquired at each 10-micron step of the slit. These sample points are explicitly shown for 
the first response function in each plot. Each scan required approximately 20 min to acquire. One high resolution 
scan taken with 1 .O micron steps of the slit was acquired to verify that there was no high frequency spatial 
information in the pixel response functions. This data (not shown) supports the use of the interpolated lines as an 
accurate representation of the data. The remainder of the data will be plotted as continuous functions for visual 
simplicity. The data for FFOMAl shows a 225-micron misalignment in this axis, which was later corrected. The 
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I Figure 5: FPOMA2, Spatial Response Functions 

response functions for each pixel with in a particular optical band pass are very uniform in shape. All of the data is 
corrected for gain and offset on a per pixel asis. The data for FPOMA 2, Figure 5, reveals a residual misalignment 
of 2 and 6 microns for the 2B1 and 2A1 ch ne1 respectively. In this case the 2Aland 2Blfilter were used. These 
filters define an optical pass band of 7.55 -I 9.10 microns and 11.1 1 - 15.38 microns respectively. Again the 
uniformity of detector response functions id excellent across the arrays after a two-point, gain and offset correction. 

k 
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4. ANALYTICAL MODEL 

An analysis was undertaken to compare the shape of the measured response functions with the theoretically 
predicted response functions. The method chosen for the analysis is to convolve the measured slit function with the 
theoretical optical response function of the FPOMA and the detector response function. An illustration of these 
functions is provided in figure 6 .  The measured data and analytic functions are then compared in section 5.0. 

lltlcrmu 

Figure 6: Convolved Functions 

The slit function is defined as a normalized boxcar function of width equal to the slit width. The slit width was 
measured to be 70 microns. This function is the same for all convolutions. The detector response function is also 
normalized and is calculated by equation 1.0. This function is an excellent representation of a thin detector with a 
detector junction length less than the photo-generated electron's diffusion length. The function can be viewed as the 
probability density for the collection of a photoelectron by a detector junction of length Jd.  The probability of any 
one collection is -exp (-ad) integrated over the junction length (Jd). Ld is the diffusion length of the photo- 
generated electron and x is the vector from the electron's position to the detector junction. 

The optical response function for the FPOMA is calculated as diffraction limited with a centrally obscured, circular 
aperture at F/2 (equation 2.0)'. This response function is then integrated over the specific optical pass band and 
weighted by the black body function and normalized to unity (equation 3.0). 
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was assumed for all the bands. Only the left half of the optical response function is shown in order to improve the 
visible detail in the plots. The band 1A results are nearly identical to the theoretical predictions for a diffraction 
limited system and a 17-micron photo-generated electron diffusion length. In each of the other cases the measured 
response function is slightly broader than the analytic function by an amount, which increases with wavelength from 
1A to 2A to 1B and finally to 2B. The 2B exhibits the largest variance with the analytic result. Since the 
polychromatic optical response function has already accounted for the wavelength dependence of the analytic optical 
response function and the slit function has no wavelength dependence we postulate that the detector response 
function may be responsible for the observed discrepancy. 

I 

I 5. COMPARISON of RESULTS 

The functions defined in section 4.0 were convolved for each of the four optical bands. Figure 7 shows a direct 
comparison between the analytic and measured response functions for each band. A diffusion length of 17 microns 
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Figure 7: Comparison of measure and analytic response functions (M=17 microns) 
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Figure 8: Comparison of measure and “best fit” analytic response functions (Ld=17,18,20,21 microns) 
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The detector diffusion length parameter is then selected to provide the best fit to the measured response data for each 
band. The diffusion length, which provides the best fits for the IA, 2A, 1B and 2B, bands respectively are 17, 18,20 
and 21 microns. The results are shown in figure 8. 

6. IMPLICATION for DETECTOR DIFFUSION 

As shown in table 2, the actual predicted minority carrier diffusion length for each of the detectors is considerably 
larger than the diffusion lengths selected to fit the spatial response data shown in figure 8. 

1A 15 17 
2A 20 18 
1B 20-25 20 

I 2B I 25-30 I 21 I 
Table 2: Detector Parameters 

Clearly, the actual variability in the detector diffusion length, as shown in figure 9, would have a significant impact 
on the system response functions. However, the data, in figures 7 and 8, shows that it does not. In fact, the 
measured and predicted response functions are very similar without any lateral diffusion length fitting. If the 

....................... 

Figure 9: Detector Response Functions (Left: Ld=17,18,20,21~) (Right: L, = 17,20,25,30~) 

detector response model was a two-dimensional model, the absorber depth, which also increases with wavelength, 
might be the actual factor accounting for the slight broadening of the detector response function with increasing 
wavelength. In addition the detector minority carrier diffusion length may not be the same value as the photo- 
generated electron diffusion length' particularly away from the junction and so the use of the minority carrier 
diffusion length may result in an over estimate of the detector response function width". As well, for the TES 
detector architecture the effect of neighboring pixels tends to reduce the spatial extent of an individual detector's 
response function much in the same way a guard band may be used to reduce the spatial extend of a pixel. For 
example, if an electron appears half way between two detector junctions only one junction will collect that electron 
and thus neighboring pixels through a competition for the signal, limit one another's spatial response function. 

7. CONCLUSION 

The field of view response of two cryogenic imaging systems covering four optical band passes were characterized. 
Each band pass has an HgCdTe detector array with a different cutoff wavelength. The complete field of view 
response was characterized and compared to an analytic model of the response function. It was determined that the 
variation of the detector diffusion length between optical bands did not significantly broaden the field of view 
response of this nearly diffraction limited system. 
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Comparison of the Measured and Analytical Response Profiles of a 
3.3 to 15.5 p Imaging System and the Effect of Detector Diffusion 
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ABSTRACT 

This paper provides an overview of the Tropospheric Emission Spectrometer (TES) and its 
mission, as a part of NASA’s Earth Observing System (EOS). The design of the re-imaging system and its 
detectors and the test set-up used to characterize the field of view response will be presented. Measured 
system optical response profiles will be presented for each of the four infrared spectral bands (3.5-5.3,5.1- 
9.1, 8.3-12.2 and 11.1 - 15.4 p) supported by TES. Specific emphasis will be placed upon the comparison 
of these measured optical response functions with the results of an analytic model or the reponse. The 
model includes a simple yet accurate representation of the detector response function, which includes the 
photo-generated electron’s diffusion length. 

1.0 INTRODUCTION 

THE TES MISSION and INSTRUMENT ARCHITECTURE 

The Tropospheric Emission Spectrometer (TES) instrument is one of four instruments scheduled to fly aboard the 
Earth Observing System (EOS), AURA satellite. AURA is currently scheduled for launch in January of ’04. The 
goals of the EOS program have been summa@ed in five “research questions” as reviewed in the TES Science 
Requirements. 

1) What are the nature and extent of land-cover and land-use change and 
the consequences for sustaiped productivity? 

2)  How can we enable regionally useful forecasts of precipitation and 
temperature on seasonal to inter-annual time fi-ames? 

3 )  Can we learn to predict nahiral hazards and mitigate natural disasters? 



4) What are the causes and impacts of long-term climate variability and 
can we distinguish natural from human induced-drivers? 

5 )  How and why are concentrations and distributions of atmospheric 
ozone changing? 

Although TES may contribute to answering all five questions, TES is sFecifically desimed to address item five md it 
will do this by providing global maps of chemical concentration through out the troposphere every five days. In 
order to accomplish this feat, TES has been designed as a high resolution Fourier Transform Spectrometer (FTS) 
which is capable of collecting infrared spectra over a large region of the infrared spectrum from 3.3 to 15.4 microns 
at high spectral resolution (.025 cm"-I). 

The primary objective is to measure the global three-dimensional distribution of concentration of a large number of 
molecules important to tropospheric physics and chemistry. These important molecular species include: ozone, nitric 
oxide, nitrogen dioxide, nitric acid, water vapor, carbon monoxide, methane and carbon dioxide for the 
determination of atmospheric temperature. TES will accomplish this through a series of nadir and limb 
measurements using 16 pixel, linear detector arrays in each of four infkared bands. In the limb view the 16 pixels' 
IFOV will rise from the earth's surface to -30 km at the top of the troposphere. Each pixel IFOV will have a spatial 
extent of 2.3km high by 23 km parallel to the earth's surface at the limb. In the nadir view the pixel IFOV is 0.5 km 
by 5.0 km. 

THE TES OPTICAL CONFIGURATION 

The TES optical system is divided into four major sub-elements; the pointing mirror and fold, the input telescope, 
the interferometer, and the Focal Plane Opto-Mechanical Assemblies (FPOMA). A drawing of the TES optical 
system is provided in figure 1 .O. 

I I I / / /  
Tmposphcric Emission gedrometcr (TES) 

Optical Schematic Diagram & Temperatun Zones 

F i p r e  1 .O - TES Optical Layout and Temperature Zones 



There are two FPOMAs, which collect the output signal from the interferometer, band limit the light and re-image 
the signal onto an array of detectors. A cross sectional view of the FPOMA with its temperature zones identified is 
provide in Figure # 2.0 along with a mechanical schematic of the exterior of the FPOMA. The output from the 
interferometer enters the FPOMA through an all aluminum F/8 Cassegrain telescope operating at 177K. The light 
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Figure 2.0 - FPOMA Cross Section and Exterior View 

from the telescope is re-imaged at a 65K field stop after which a dichroic beam splitter divides the light. The beam 
then enters one of two F/2 relays, which re-collimates the light before sending it through any of a number of filters in 
the cold filter wheel assembly. The light is then re-imaged onto the detector array at F/2. The FPOMA pupil is re- 
imaged at the cube comer in the interferometer. Optical ghost were designed to be < 0.1 % within the field by tilting 
filters (3.5 deg.) and adjusting the field lenses curvatures. The filters and dichroics are also wedged to revent 
optical channepg. The 1A & 2 A band relay elements are ZnSe, the 1B relay elements ar + ermanium and the 2B 
relay elements are CdTe. The Space Dynamic Laboratory provided the FPOMAs to JPL under contract. 

54 1 

THE DETECTOR ARRAYS 

The TES detector arrays are housed inside the FPOMAs at the focus of each relay. The detector arrays are 
implemented with a detector amplifier topology that includes one differential J-FET buffered transimpedance 
amplifier (TIA) per detector element. 

Picture 1 .O - The 1A Detector and Package 



The J-FETS, the feedback resistor and decoupling capacitors are placed with the linear dete 

the mechanical and thermal interfaces for the detector package. This detector package is shown in Picture 1 .O. A 
low thermal conductance, flex print cable, made of Constantan and Kapton, connects the detector package with the 
warm amplifier board. The detector parameters for each of the four spectral bands are summarized in Table 1. 

r arrays onto a 
ceramic, multilayer board (CMLB). A Be flange is mated to the CMLB using an adhesive. f The Be flange provides 

Table 1 .O TES Detector Parameters 

The detector arrays for TES are based on a HgCdTe, double-layer planar beterostructure (DLPH) with a lateral 
collection architecture. 

CdTe Passivation A /  Contad Metal 

pe Arsenic 
anted Region 

Figure 1. Schematic cross section of 
passivated p-on-n planar arsenic- 
doped HgCdTe Double Layer 
Planar Heterostructure (DLPH) 
diode. 

Fi,we 3.0 - FPOMA Cross Section and Exterior View 

The key feature of the DLPH approach is the planar p/n device geomehy with a wide-bandgap surface layer covering 
the narrow-bandgap active layer. The layers are all grown n-type by MBE. The formation of planar p-on-n 
photodiodes is achieved by selective area arsenic (As) ion-implantation through the cap layer into the narrow gap 
base layer. A thin polycrystalline MBE deposited CdTe layer provides the device passivation. Holes are then etched 
in the CdTe layer, and ohmic contacts are deposited. The wafer is then over coated with ZnS, which serves to 
provide better adhesion for the interconnect metal. After etching via holes in the ZnS to expose the ohmic contact 
metal, the interconnect metal is deposited. The process is completed with a backside polish and deposition of a 
backside anti-reflection (AR) coating. The Rockwell Science Center of Rockwell Intemational provided the 
detector assemblies to JPL under contract. 

2.0 CRYOGENIC TEST SYSTEM 



Once the flight detectors were integrated into the flight FPOMAs it was necessary to align the detectors to each of 
the boresight vectors of the FPOMAs and to each other withim the FPOMAs. Data on the detector location and 
FPOMA bore sight were collected by a cryogenic test set which simulated the FPOMA interface with the TES 
instrument, thermally and mechanically. The test set also provides a target stimulus and controller. The stimulus 
consisted of an ambient three axis slit scan mechanism a blackbody and a data acquisition system. The test chamber 
is a 4’ vacuum chamber with a ZnSe window. In side the scum chamber is a warm collimator with an EFL=lOOmm, 
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i’ Figre 4.0 - FPOMA Cross Section and Exterior View 
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a 180K fold mirror on a commercial adapted to vacuum cryogenic operation and a 
reference reflector polished into the Invar interface with the FPOMA. 

The FPOMA and detectorsrequire three thermpl interface>. The mounting interface at 
the entrance of the telescope is an invar interface at 177K. This interface was simulate 
with an invar plate cooled to 177K through a GN2, alumindcopper transfer tube w 
braded copper flex links so as to minimize the distortion of the Invar plate. This was 
critical since the interface to the FPOMA was specified to be flat to 0.1 thousands of 

/ 

. .  inch. The under side of this Invar plate was parallel to the top surface interface to less 
than 1 milliradian and polished to an optical quality surface approaching 1 wave peak to 
peak. This annular reference surface was used to established the boresight vector of the 
FPOMAs and provide a reference for the location of the center of each of the 16 pixel 
arrays. 

A 230K AI thermal shield cooled by a GN2 transfer system surrounds the entire FPOMA. 
The detectors are cooled to their 65K operating temperature through a copper strap, 
which was isolated by G10 stand offs and driven by a helium transfer system. The 
temperature was monitored at the end of the copper strap, which interfaced to the A1 cold 
link of the FPOMA. The temperature control as stable to < +/- 1 K through most of the 
testing. 

The optical back ground to the FPOMA was limited to levels similar to those expected 
from the instrument configuration. This was accomplished through the use of a 180K- 
fold mirror and an F/10 tube sunk to the 180K-heat loop. The data was acquired through 
a mutli-channel digital voltmeter, which scanned through the 32 detectors out puts. A PC 
with custom software managed the acquisition of data and stepped the positioning stage, 
which held the slit. The software provided control through automated macros and a real 
time plotting capability. Figure 5.0 -Test Set 



3.0 TEST RESULTS 

The fmal data set collected prior to delivery of the FPOh4As to the interferometer integration are presented. A 
blackbody at 325 K illuminated the slit. In FPOMA 1, figure 6.0, the 1Al and 1B1 filters were selected coving the 
pass bands of 4.44 - 5.26 microns and 9.52 - 12.20 microns respectively. 
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Figure 6.0 - FPOMAI, Spatial Response Functions 

The data for these scans was acquired at each IO-micron step of the slit. These sample points are explicitly shown for 
the frst response function in each plot. Each scan required approximately 20 min to acquire. One high resolution 
scan with 1 .O micron steps of the slit was acquired to verify that there was no high frequency spatial information in 
the pixel response functions. This data (not shown) supports the use of the interpolated lines as accurate 
representation of the data. The remainder of the data will be plotted as continuous functions for visual simplicity. 
The data for FPOMAl shows a 225-micron misalignment in this axis. The response functions for each pixel with in 
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Figure 7.0 - FPOMAZ, Spatial Response Functions 

a particular optical band pass are very uniform. The data for FPOMA 2, Figure 7.0, reveals a residual misali,gnent 
of 2 and 6 microns for the 2B1 and 2Al channel respectively. In this case the 2Aland 2B1 filter were used giving 
optical pass bands of 7.55 - 9.10 microns and 11.1 1 - 15.38 microns respectively. Again the uniformity of detector 
response functions is excellent across the arrays. 



4.0 ANALYTICAL MODEL 

An analysis was undertaken to compare the shape of 
the measured response functions with the theoretically 
predicted response functions. The method chosen for 
the analysis is to convolve the measured slit function 
with the theoretical optical response function of the 
FPOMA and the detector response function. An 
illustration of these functions is provided in figure 8.0. 
The measured data and analytic functions are then 
compared in section 5.0. 

The slit function is defined as a normalized boxcar -Iw-iz( -ua -75 -JD -z( o 2( m 75 IW 125 110 

width was measured to be 70 microns. This function is 
the same for all convolutions. The detector response 
function is also normalized and is calculated by equation 1.0. This function is an excellent representation of a thin 
detector with a junction length greater than the photo-generated electron's diffusion length. The function can be 
viewed as the probability density for the collection of a photoelectron by a detector junction of length Jd. The 

function of width equal to the slit width. The slit ni- 

Figure 8.0 -Convolved Functions 

-100 0 100 
mi"% 

Figure 9.0 -Detector Response Functions 
probability of any one collection is -exp (-ad) integrated over the junction length (Jd). Ld is the diffusion lene& of 
the photo-generated electron and x is the vector fiom the electron's position to the detector junction. Figure 9.0 
shows detector response functions with L d =  17,18,20 and 21 microns. The optical response function for the 
FPOMA is calculated as dieaction limited with a centrally obscured, circular aperture at F#2 (equation 2.0). This 
response function is then integrated over the entire optical pass band and weighted by the black body function 
(equation 3.0) and normalized to unity (equation 4.0). The resulting normalized; chromatic optical response 
functions are shown in figure 10.0. 
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Fi,we 10.0 - Polychromatic Optical Response 
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5.0 COMPARISON of RESULTS 
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the bands. Only the lee half of the optical response function is shown in order to improve the visible detail in the 
plots. The band 1A results are nearly identical to the theoretical predictions for a difffaction limited system and a 
17-micron detector diffusion length. In each of the other cases the theoretical response function is larger than the 
measured data by an amount, which increases with wavelength 6om 1A to 2A to 1B and finally to 2B. The 2B 

microns 

exhibits the largest variance with the analytic result. Since the polychromatic response function has already 
accounted for the wavelength dependence of the analytic optical response function we postulate that the detector 
diffusion length is responsible for the observed discrepancy. The detector diffusion len-gb parameter is then selected 
to provide the best fit to the measured response data for each band. The diffusion length, which provides the best fits 
are for the lA, 2A, 1B and 2B, bands respectively are 17, 18,20 and 21 microns. The results are shown in fi,pre 
12.0. 



6.0 IMPLICATION for DETECTOR DIFFUSION 

As shown in table 2.0 the actual diffusion Ien-d for each of the detectors is considerably larger than the diffusion 
lengths selected to fit the spatial response data shown in figure 12.0 

1A 
2A 
1B 
2B 

15 17 8 
20 18 10 

20-25 20 12 
25-30 21 14 

Table 2.0 Detector Parameters 

Clearly the actual variability in the detector diffusion length, as shown in figure 13.0, would have a significant 
impact on the system response functions. However, the data shows that it does not and indeed the measured and 
predicted response functions are very similar without any lateral diffusion length fitting. In fact, if the detector 
response model was a two-dimensional model the absorber depth, which also increases with wavelengh, might be 
the actual factor accounting for the slight increase in detector response function with wavelength. 

-m -Im -9 o B Im im 

Figure 13.0 -Detector Response Functions 
P m  

7.0 SUMMARY 
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Comparison of the Measured and Analytical Response Profiles of a 
3.3 to 15.5 p Imaging System and the Effect of Detector Diffusion 

C. F. Bruce Jr. 
Jet Propulsion Laboratory, Pasadena, CA 9 1 109 

California Institute of Technology 

ABSTRACT 

This paper provides an overview of the Tropospheric Emission Spectrometer (TES) and its 
mission, as a part of NASA’s Earth Observing System (EOS). The design of the re-imaging system and its 
detectors and the test set-up used to characterize the field of view response will be presented. Measured 
system optical response profiles will be presented for each of the four infixed spectral bands (3.5-5.3, 5.1- 
9 . 1 ,  8.3-12.2 and 1 1 . 1  - 15.4 p) supported by TES. Specific emphasis will be placed upon the comparison 
of these measured optical response h c t i o n s  with the results of an analytic model of the response. The 
model includes a simple yet accurate representation of the detector response function, which includes the 
photo-generated electron’s diffusion length. 

Keywords: Detector, HgCdTe, Diffusion Length, Response 

1. INTRODUCTION 

1.1 THE TES MISSION and INSTRUMENT ARCHITECTURE 

The Tropospheric Emission Spectrometer (TES) instrument is one of four instruments scheduled to fly aboard the 
Earth Observing System (EOS), AURA satellite. AURA is currently scheduled for launch in January of ’04. The 
goals of the EOS program have been summarized in five “research questions” as reviewed in the TES Science 
Requirements’. 

1) What are the nature and extent of land-cover and land-use change and 
the consequences for sustained productivity? 

How can we enable regionally useful forecasts of precipitation and 
temperature on seasonal to inter-annual time frames? 

Can we learn to predict natural hazards and mitigate natural disasters? 

What are the causes and impacts of long-term climate variability and 
can we distinguish natural from human induced-drivers? 
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5) How and why are concentrations and distributions of atmospheric 
ozone changing? 

Although TES may contribute to answering all five questions, TES is specifically designed to address item five and it 
will do this by providing global maps of chemical concentration through out the troposphere every five days. In 
order to accomplish this feat, TES has been designed as a high resolution Fourier Transform Spectrometer (FTS) 
which is capable of collecting infiared spectra over a large region of the infrared spectrum fiom 3.3 to 15.5 microns 
at high spectral resolution (.025 cmA-l). 

The primary objective is to measure the global three-dimensional distribution of concentration of a large number of 
molecules important to tropospheric physics and chemistry. These important molecular species include: ozone, nitric 
oxide, nitrogen dioxide, nitric acid, water vapor, carbon monoxide, methane and carbon dioxide which is used for the 
determination of atmospheric temperature. TES will accomplish this through a series of nadir and limb 
measurements using 16-pixel, linear detector arrays in each of four infiared optical bands. In the limb view the 16 
pixels’ IFOVs will rise from the earth’s surface to -30 km at the top of the troposphere. Each pixel’s IFOV will 
have a spatial extent of 2.3km high by 23 km long, parallel to the earth’s surface at the limb. In the nadir view the 
pixel IFOV is 0.5 km by 5.0 km. 

1.2 THE TES OPTICAL CONFIGURATION 

The TES optical system is divided into four major sub-elements; the gimbal optics, the fore optics telescope, the 
interferometer, and the Focal Plane Opto-Mechanical Assemblies (FPOMA). A drawing of the TES optical system 
is provided in figure 1. 

Tropospheric Emission SptrAromder (TES) 
Optical Schematic Diagram & Temperatun Zones 
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Figure 1 : TES Optical Layout and Temperature Zones 
There are two FPOMAs, which collect the output signal from the interferometer, band limit the light and re-image 
the signal onto an array of detectors. A cross sectional view of the FPOMA with its temperature zones identified is 
provide in figure 2 along with a mechanical schematic of the exterior of the FPOMA. The output from the 
interferometer enters the FPOMA through an all aluminum F/8 Cassegrain telescope operating at 177K. The light 

1 - t,W 9.i Le 

Figure 2: FPOh4A Cross Section and Exterior View 

from the telescope is re-imaged at a 65K field stop after which a dichroic beam splitter divides the light. The beam 
then enters one of two F/2 relays, which re-collimates the light before sending it through any of a number of filters in 
the cold filter wheel assembly. The light is then re-imaged onto the detector array at F/2. The FPOMA pupil is re- 
imaged at zero path difference in the interferometer. Optical ghost were designed to be < 0.1% within the field by 
tilting filters (3.5 deg.) and adjusting the field lenses curvatures. The filters and dichroics are also wedged to prevent 
optical channeling. The 1A & 2 A band relay elements are ZnSe, the 1B relay elements are Germanium and the 2B 
relay elements are CdTe. The Space Dynamic Laboratory provided the FPOMAs to JPL under contract. 

1.3 THE DETECTOR ARRAYS 

The TES detector arrays are housed inside the FPOMAs at the focus of each relay. The detector arrays are 
implemented with a detector amplifier topology that includes one differential J-FET buffered transimpedance 
amplifier (TIA) per detector element. 
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Detector - 1Al 

Picture 1: The 1A Detector and Package 
The J-FETS, the feedback resistor and decoupling capacitors are placed with the linear detector arrays onto a 
ceramic, multilayer board (CMLB). A Be flange is mated to the CMLB using an adhesive. The Be flange provides 
the mechanical and thermal interfaces for the detector package. This detector package is shown in picture 1. The 
detector parameters for each of the four spectral bands are summarized in table 1. 

Detector - 2A1 Detector - 1BI Detector - 2B1 Parameter 

Temperature (K) 65 65 

Detector Optical Area (pm2) 75 x 750 75 x 750 
65 65 

75 x 750 75 x 750 

I I I I 

X 0.283 0.2274 0.2207 0.204 1 

Detector Band Pass (pm) 

Absorber Thickness (pm) 
Difhsion length (pm) 

3.3 - 5.3 5.1 - 9.1 8.3 - 12.2 11.1 -15.5 
15 20 20-25 25-30 
8 10 12 14 

Table 1 : TES Detector Parameters 

The detector arrays for TES are based on a HgCdTe, double-layer planar heterostructure (DLPH) with a lateral 
collection architecture2, 33 49 '. 

CdTe Passivation D Contact Metal 
\ 

Higher Bandgap 
Cap Layer 

Absorber Lay 

p-Type Arsenic 
Implanted Region 

Figure 3. Schematic cross section of a P-on-N, HgCdTe (DLPH) diode. 

The key feature of the DLPH approach is the planar p/n device geometry with a wide-bandgap surface layer covering 
the narrow-bandgap active layer. The layers are all grown n-type by MBE. The formation of planar p-on-n 
photodiodes is achieved by selective area arsenic (As) ion-implantation through the cap layer into the narrow gap 
base layer. A thin polycrystalline MBE deposited CdTe layer provides the device passivation. Holes are then etched 
in the CdTe layer, and ohmic contacts are deposited. The wafer is then over coated with ZnS. After etching via holes 
in the ZnS to expose the ohmic contact metal, the interconnect metal is deposited. The process is completed with a 
polish and deposition of a backside anti-reflection (AR) coating. A cross section of the detector is shown in figure 3. 
The Rockwell Science Center of Rockwell International provided the detector assemblies to JPL under contract6, '. 

2. CRYOGENIC TEST SYSTEM 

Once the detectors were integrated into the FPOMAs it was necessary to align the detectors to each of the boresight 
vectors of the FPOMAs and to each other within the FPOMAs. Data on the detector location and 
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FPOMA bore sights were collected by a cryogenic test set, which simulated the FPOMA interfaces with the TES 
instrument, both thermally and mechanically. The test set also provides a target stimulus and controller. 

The stimulus consisted of an ambient, three axis scan mechanism which positioned the slit, a blackbody to illuminate 
the slit, a collimator to relay the slit to the FPOMA, and a data acquisition system. The test chamber is a 4’ vacuum 
chamber with a ZnSe window near the focus of the collimator. In side the vacuum chamber is the warm collimator 
with an effective focal length of 1 .O m, a 180K fold mirror, and a I80K reference reflector polished into the Invar 
interface with the FPOMA. 

The FPOMA and detectors require three thermal interfaces. The instrument-mounting interface at the entrance of the 
telescope is an invar interface at 177K. This interface was simulated with an invar plate cooled to while minimizing 
the distortion of the Invar plate. This was critical since the under side of this Invar plate was parallel to the top 
surface and polished to an optical quality. This annular reference surface was used to established the boresight 
vector of the FPOMAs and provide a reference for the location of the center of each of the 16 pixel arrays. 

A 230K A1 thermal shield cooled by a GN2 transfer system surrounds the entire FPOMA. The detectors are cooled 
to their 65K operating temperature through a copper strap, which was isolated by GI0  stand offs and driven by a 
helium transfer system. The temperature was monitored at the end of the copper strap, which interfaced to the A1 
cold link of the FPOMA. The temperature control was stable to < +/- 1 K through most of the testing. 

The optical background to the FPOh4A was limited to levels similar to those expected from the instrument 
configuration. This was accomplished through the use of a 1 SOK-fold mirror and an F/10 tube sunk to the 180K, 
cooling loop. The data was acquired through a mutli-channel digital voltmeter, which scanned through the 32 
detectors outputs. A PC with custom software managed the acquisition of data and stepped the positioning stage, 
which held the slit. The software provided control through automated macros and provided a real time plotting 
capability. 

3. TEST RESULTS 

A single axis data set collected after the focus adjustments of the FPOMA were completed is presented. A 
blackbody at 325 K illuminated the slit. In FPOMA 1, figure 4, the 1Al and 1Bl filters were selected coving the 
pass bands of 4.44 - 5.26 microns and 9.52 - 12.20 microns respectively. Scans are acquired fiom left to right. 

LINE SCAN PLOT 
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Figure 4: FPOMAI, Spatial Response Functions 
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The data for these scans was acquired at each 10-micron step of the slit. These sample points are explicitly shown for 
the first response h c t i o n  in each plot. Each scan required approximately 20 min to acquire. One high resolution 
scan taken with 1 .O micron steps of the slit was acquired to verify that there was no high frequency spatial 
information in the pixel response functions. This data (not shown) supports the use of the interpolated lines as an 
accurate representation of the data. The remainder of the data will be plotted as continuous functions for visual 
simplicity. The data for FPOh4Al shows a 225-micron misalignment in this axis. The response functions for each 

L I N E  S C A N  P L O T  
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Figure 5: FPOMA2, Spatial Response Functions 

pixel with in a particular optical band pass are very uniform in shape. All of the data was corrected for gain and 
offset on a per pixel basis. The data for FPOMA 2, Figure 5, reveals a residual misalignment of 2 and 6 microns for 
the 2B 1 and 2A 1 channel respectively. In this case the 2A 1 and 2B 1 filter were used. These filters define an optical 
pass band of 7.55 - 9.10 microns and 11.1 1 - 15.38 microns respectively. Again the uniformity of detector response 
timctions is excellent across the arrays after a two-point, gain and offset correction. 

4. ANALYTICAL MODEL 

An analysis was undertaken to compare the shape of the measured response functions with the theoretically 
predicted response functions. The method chosen for the analysis is to convolve the measured slit function with the 
theoretical optical response function of the FPOMA and the detector response function. An illustration of these 
functions is provided in figure 6 .  The measured data and analytic h c t i o n s  are then compared in section 5.0. 

I I I I I I I I I  1 1 1  

150-12s -100 -7s -10 -2s o LT M 75 im ILT IM 
M"l 

Figure 6: Convolved Functions 

The slit function is defined as a normalized b xcar function of width equal to the slit width. The slit width was 
measured to be 70 microns. This function is e same for all convolutions. The detector response function is also 
normalized and is calculated by equation 1 .O. P This function is an excellent representation of a thin detector with a 
detector junction length greater than the photd-generated electron's difision length. The function can be viewed as 
the probability density for the collection of a fihotoelectron by a detector junction of length Jd. The probability of 
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2 
- E .  

any one collection is -exp ( - a d )  integrated over the junction length (Jd). Ld is the diffkion length of the photo- 
generated electron and x is the vector from the electron's position to the detector junction. 

r 

- 

1 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  o.5 

The optical response function for the FPOMA is calculated as difiaction limited with a centrally obscured, circular 
aperture at F/2 (equation 2.0)*. This response function is then integrated over the specific optical pass band and 
weighted by the black body function and normalized to unity (equation 3.0). 

I I 
............................................ 

. . . . . . . . . . . . . . . . . .  
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B (A .  T) . S (x, Y, X. A) dh J:: 
ss x.y,X,A l . xz )  := ( 

B(A.T).l dA J:: 
5. COMPARISON of RESULTS 

The functions defined in section 4.0 were convolved for each of the four optical bands. Figure 7 shows a direct 
comparison between the analytic and measured response functions for each band. A diffusion length of 17 microns 
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Figure 7: Comparison of measure and analytic response functions (Ld=17 microns) 
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was assumed for all the bands. Only the left half of the optical response function is shown in order to improve the 
visible detail in the plots. The band 1A results are nearly identical to the theoretical predictions for a diffraction 
limited system and a 17-micron photo-generated electron d i a s i o n  length. In each of the other cases the measured 
response function is slightly broader than the analytic function by an amount, which increases with wavelength from 
1A to 2A to 1B and finally to 2B. The 2B exhibits the largest variance with the analytic result. Since the 
polychromatic response function has already accounted for the wavelength dependence of the analytic optical 
response function and the slit function has no wavelength dependence we postulate that the detector diffusion length 
is responsible for the observed discrepancy. 

1 SO 200 300 12.0 zm 250 
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..... ~ 

2B 1 

microns 

Figure 8: Comparison of measure and “best fit” analytic response functions (Ld=17,18,20,21 microns) 

The detector diffusion length parameter is then selected to provide the best fit to the measured response data for each 
band. The diffusion length, which provides the best fits for the IA, 2A, 1B and 2B, bands respectively are 17, 18,20 
and 21 microns. The results are shown in figure 8. 

6. IMPLICATION for DETECTOR DIFFUSION 

As shown in table 2.0 the actual minority carrier difhsion length for each of the detectors is considerably larger than 
the diffusion lengths selected to fit the spatial response data shown in figure 8. 

Table 2: Detector Parameters 

Clearly, the actual variability in the detector difhsion length, as shown in figure 9, would have a significant impact 
on the system response functions. However, the data shows that it does not. In fact, the measured and predicted 
response h c t i o n s  are very similar without any lateral diffusion length fitting. If the detector rzsponse model was a 
two-dimensional model, the absorber depth, which also increases with wavelength, might be the actual factor 
accounting for the slight broadening of the detector response function with increasing wavelength. In additions the 
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detector minority carrier diffusion length may not be the same value as the photo-generated electron diffusion lengthg 
particularly away from the junction and so the use of the minority carrier diffusion length may result in an over 
estimate of the detector response fimction width. As well, for the TES architecture the effect of neighboring pixels 
tends to reduce the spatial extent of an individual detector’s response function much in the same way a guard band 
may be used to reduce the spatial extend of a pixel. For example, if an electron appears half way between two 
detector junctions only one junction will collect that electron and thus neighboring pixels through a competition for 
the signal, limit one another’s spatial response function. 

-is0 -im -Io 0 YI im IYI -IYI -im -so 0 SO LW IS0 
m i s r m u  rmnonr 

Figure 9: Detector Response Functions (Left: Ld=17,18,2O,21p) (Right: L, = 17,20,25,30p) 

7. CONCLUSION 

The field of view response of two cryogenic imaging systems covering four optical band passes were characterized. 
Each band pass has an HgCdTe detector array with a different cutoff wavelength. The complete field of view 
response was characterized and compared to an analytic model of the response function. It was determined that the 
variation of detector diffusion between optical bands did not significantly broaden the field of view response of this 
nearly difiiaction limited system. 
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