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PREFACE

Documents issued in this series of Technical Memorandums are published
by Willow Run Laboratories in order to disseminate scientific and engineering
information as speedily and as widely as possible. The work reported may be
incomplete, but it is considered to be useful, interesting, or suggestive enough
to warrant this early publication. Any conclusions are tentative, of course.
Also included in this series will be reports of work in progress which will later
be combined with other materials to form a more comprehensive contribution

in the field.

A primary reason for publishing any paper in this series is to invite tech-
nical and professional comments and suggestions. All correspondence should

be addressed to the Technical Director of Project MICHIGAN.

Project MICHIGAN, which engages in research and development for the
U. S. Army Combat Surveillance Agency of the U. S. Army Signal Corps, is
carried on by the Willow Run Laboratories as part of The University of Mich-

igan's service to various government agencies and to industrial organizations.

Robert L. Hess
Technical Director
Project MICHIGAN
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ABSTRACT

Calculations of the ultimate sensitivity and measurements of the practical
performance have been made for the tellurium photoconductive detector. For
the condition that detector sensitivity is limited by fluctuations of background
radiation, the theoretical NEP (noise equivalent power) at the peak of spectral
sensitivity (X = 3.4 u) was calculated to be 5.1 x 10-13 watt, For the "best"
tellurium detector the measured value of NEP was 3.1 x 10-13 watt at the
same wavelength and at the optimum chopping frequency. These values in-

dicate that the tellurium photoconductive detector is background limited and

thus is an ideal detector.

INTRODUCTION

The purpose of this memorandum is to report the results of calculations of the ultimate
sensitivity of the tellurium detector and of measurements of sensitivity for a select few of these
detectors as prepared by Suits, et al. The results indicate that the tellurium detector is an
ideal detector. The fact that only one of six detectors measured approached the ultimate sen-
sitivity indicates the need for coﬁtinued development. Of the other five, two detectors had an
NEP (noise equivalent power) (3.4 u) within a factor of about 10 of the ideal. For the ideal
detector, i.e., one that is background-radiation limited, the addition of a cooled radiation
.shield to match the aperture of the detector to that of the optics should increase the detector

sensitivity by as much as a factor of 10.

The use of tellurium as a photoconductor was first investigated in 1949 by Moss (References
1 and 2), who used evaporated thin films. The most sensitive cell that he reported, when cooled
to liquid-nitrogen temperature, had a signal equal to the rms (root-mean-square) noise in 1-cps
bandwidth for incident radiation of 1.2 x 10-10 watt of monochromatic radiation at 1 y. This
quantity is called the NEP and is defined as the incident radiation necessary to produce a signal
equal to the rmsnoise. This sametellurium film was only moderately sensitive (NEP = 10_6 to

-7
10 watt, at 1u and 1-cpsbandwidth) at room temperature. Loferski (Reference 3) in 1954 made

1
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photoconductivity measurements on single crystals of tellurium with about the same results as

those obtained for evaporated films., Loferski's data were extrapolated and the NEP was found

to be about 10-8 to 10 -9 watt for the most sensitive photoconductor when cooled to liquid-oxygen

temperature. The single crystals used by Loferski were cut or cleaved from large tellurium

crystals, ground, polished, and sometimes etched to the desired dimensions.

Suits (Reference 4) in 1957 found that thin hexagonal single-crystal prisms of tellurium
when cooled to liquid-nitrogen temperature had sensitivities and response times comparable to
those of the lead-salt detectors. These thin single-crystal prisms were grown from the vapor
phase in a low-pressure hydrogen atmosphere, starting with 99. 999+%pure material.' The
electrical contacts were made by welding a hot wire, in most cases platium, to the tellurium.

The crystals were then mounted in a more or less standard glass dewar with a sapphire window.

2
ULTIMATE SENSITIVITY

The ultimate sensitivity was calculated for the tellurium detector for the condition that
fluctuation in background radiation is the fundamental limitation of detector sensitivity, Recent-
ly, several articles have been published (References 5-8) that describe methods for calculating
the ultimate sensitivity of a photoconductor for the background-limited condition. The calcula-

tions reported in the present paper follow closely those of Moss (Reference 6).

The background radiation is taken as a 300°K blackbody with the spectral distribution given
in Figure 1, curve (a). Only that radiation that lies within the sensitive spectral region of the
detector will affect the ultimate sensitivity, The relative spectral response of the tellurium
detector at 77°K is given in Figure 1, curve (b). The product of these two curves is the spec-
tral distribution of the effective radiation incident on the detector (Figure 2). It is seen that the
effective wavelengths are limited to a narrow band centered at 3.7 u. For purposes of calcula-
tion it is assumed to a good degree of approximation that the effective radiation is monochro-
matic with the wavelength of the peak, 3.7 u. The area under this curve is the equivalent energy
falling on the detector and equals 82, 2 microwatts/cmz. This corresponds to No =1.5x 1015
quanta/cmz/sec at 3. 7 u. The number of absorbed quanta producing a detector signal, NS, will

depend on the absorption properties of the material, the quantum efficiency, and the diffusion

length of free carriers. The relation between NS and N0 has been given by Moss (Reference 6) as

lAmerica‘n Smelting and Refining Co., South Plainfield, New Jersey.
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N = 2AN Af/(1-r-1),
S (¢]

where A is the sensitive area of the detector, Af the bandwidth of the measuring equipment, and
r and t are the reflection and transmission coefficients. For a detector with A = 0.0025 cm2
and Af = 5 cps, Ns =9.55x 106 quanta/sec at 3.7 u. The reflection coefficient r (= 0. 48) was
calculated from the weighted average for the index of refraction (Reference 9) m = 5.5. The
transmission coefficient t (= 0. 10) was calculated from the absorption coefficient value of
Loferski (Reference 3) and the sample thickness. This calculated value of NS corresponds to

a theoretical NEP (3.4 u) = 5.1x 10—13 watt at the peak of the spectral response (A = 3.4 pu)

and represents the ultimate sensitivity of the tellurium detector for the background-radiation

limited condition.

3 \
PRACTICAL PERFORMANCE

The absolute spectral sensitivity of the "best" tellurium photoconductor measured is shown
in Figure 3. The measured NEP at 3.4 yis (3.1 +0.8) x 10“13 watt. This was measured for
radiation chopped at 5000 cps and 5 cps bandwidth. The assurﬁptions used in the calculation of
the ultimate sensitivity result in the value of the ideal NEP being larger than the measured
value. A more refined calculation does not seem warranted at this time. The monochromatic
radiation calibration was made with a Reeder? thermocouple that had been calibrated with a
500°K standard blackbody3 and checked with a National Bureau of Standards calibrated lamp.

The rms values of noise and signal voltages were calibrated with a Weston a-c thermocouple.

2Chas. M. Reeder Co., Detroit 3, Michigan.
3Model RS-1A Blackbody, Barnes Engineering Co., Stamford, Connecticut.
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FIG. 1. (a) Spectral distribution for a 300°K blaékbody. (b) Relative spectral response of the
tellurium detector at 77°K.
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FIG. 3. ABSOLUTE SPECTRAL SENSITIVITY OF THE TELLURIUM DETECTOR. At 77°K
with a chopping frequency of 5000 cps and a 5-cps bandwidth,

6



WILLOW RUN LABORATORIES TECHNICAL MEMORANDUM

2900-129-R

REFERENCES

Moss, T. S., Proc, Phys. Soc. (London), 1949, Vol. A62, p. 264.

Moss, T. S., Photoconductivity in the Elements, London, Butterworth,
1952,

Loferski, J. J., Phys. Rev., 1954, Vol. 93, p. 707.

Suits, G. H., "Tellurium Infrared Detector, " presented at the Infrared
Information Symposium, Pasadena, Calif., November 1957,

Burstein, E., and Picus, G. S., ''Background Limited Infrared Detection,
presented at the Infrared Information Symposium, Boston, Mass.,
3 December 1958.

Moss, T. S., J. Opt. Soc. Am., 1950, Vol. 40, p. 603.

Petritz, R. L., Photoconductivity Conference, Atlantic City, Wiley, 1956,

Smith, R. A., Jones, F. E., and Chasmar, R. P., The Detection and
Measurement of Infrared Radiation, London, Oxford University Press, 1957.

Hartig, P. A., and Loferski, J. J., J. Opt. Soc. Am., 1954, Vol. 44,
p. 17.




WILLOW RUN LABORATORIES TECHNICAL

2900-129-R

MEMORANDUM

DISTRIBUTION LIST 2, PROJECT MICHIGAN REPORTS
1 December 1959 — Effective Date

Copies — Addressee Copies — Addressee
1 Commanding Officer, Army Map Service 1 Commanding General
Corps of Engineers, U, S. Army Ordnance Tank-Automotive Command, Detroit Arsenal
Washington 25, D. C. 28251 Van Dyke Avenue, Center Line, Michigan
ATTN: Document Library ATTN: Chief, ORDMC-RRS
1 Commanding General 2  Commander, Chemical Corps Research and Development Command
Quartermaster Research and Engineering Command Department of the Army, Washington 25, D. C.
U.S. Army, Natick, Massachusetts ATTN: Chief, Development Division
’ ih;'ef’ tU' il ;?rsr:‘z‘secu;;i}; Atgoeniyz Virgini 2 Director
riington Ha ation, ngton 12, ginia U. S. Army Snow, Ice and Permafrost Research Establishment, CE
1215 Washington A , Wilmette, Illinoi
2 Commander, Army Rocket and Guided Missile Agency asfington Avenue tmette inois
Redstone Arsenal, Alabama ATTN: Coordination and Publications Branch
ATTN: Technical Library, ORDXR-OTL
7  Director

20 Commanding Officer
U. S. Army Signal Research and Development Laboratory
Fort Monmouth, New Jersey

ATTN: SIGFM/EL-DR

1 Commanding General

U. S. Army Engineer Research and Development Laboratories
Fort Belvoir, Virginia

(1) ATTN: Chief, Topographic Engineer Department
(3) ATTN: Chief, Electrical Engineering Department
(3) ATTN: Technical Documents Center

U. S. Army Electronic Proving Ground 1 Commanding General
Fort Huachuca, Arizona U. S. Army Combat Development Experimentation Center
ATTN: Technical Library Fort Ord, California
1 Office of the Director, Defense Research and Engineering 1 Com@andant, U. S. Army War College
Technical Library, Department of Defense Carlisle Barracks, Pennsylvania
Washington 25, D. C. ATTN: Library
1 Director, Weapons Systems Evaluation Group 1 Commandant, U, S, Army Command and General Staff College
Room 1E880, The Pentagon Fort Leavenworth, Kansas
Washington 25, D, C.
ATTN: Archives
1 Chief of Engineers
Department of the Army, Washington 25, D. C. 1 Commandant, U. S. Army Infantry School
Fort Benning, Georgia
ATTN: Researchand Development Division
ATTN: Combat Developments Office
1  Office, Chief of Ordnance '
Research and Development Division 1 Commandant, U. S. Army Armor School
Department of the Army, Washington 25, D. C. Fort Knox, Kentucky
ATTN: ORDTB, Research and Special Projects ATTN: Combat Developments Group
1 Office, Chief of Research and Development 2 Assist:?nt Commandant, U. S. Army Artillery and Missile School
Department of the Army, Washington 25, D. C. Fort Sill, Oklahoma
ATTN: Chief, Communications-Electronics Div. 3  Assistant Commandant, U. S. Army Air Defense School
. Fort Bliss, Texas
1  Office, Chief of Research and Development
Department of the Army, Washington 25, D. C. 1 Commandant, U.S. Army Engineer School
ATTN: Army Research Office Fort Belvoir, Virginia
ATTN: Combat Developments Group
1 Office, Assistant Chief of Staff for Intelligence
Department of the Army, Washington 25, D. C. 1 Commandant, U.S. Army Signal School
ATTN: Chief, Combat Developments/G-2 Air Branch Fort Monmouth, New Jersey
ATTN: SIGFM/SC-DO
2 Commanding General
U.s. Continentall A‘r'my Command 1 Commandant, U. S. Army Aviation School
Fort Monroe, Virginia Fort Rucker, Alabama
ATTN: ATSWD-G
1 President, U. S. Army Infantry Board
2  Commanding General Fort Benning, Georgia
U. S. Army Combat Surveillance Agency
1124 N. Highland Street, Arlington 1, Virginia 2  President, U. S. Army Artillery Board
Fort Sill, Oklahoma
2 Chief, Research and Development Division
Office of the Chief Signal Officer 1 President, U. S. Army Air Defense Board

Department of the Army, Washington 25, D. C.

Fort Bliss, Texas



WILLOW RUN LABORATORIES TECHNICAL MEMORANDUM
2900-129-R

DISTRIBUTION LIST 2 1 December 1959 — Effective Date

Copies — Addressee

1 President, U. S. Army Aviation Board
Fort Rucker, Alabama

1 President, U. S. Army Airborne and Electronics Board
Fort Bragg, North Carolina

2 President, Army Intelligence Board
U. S. Army Intelligence Center, Fort Holabird, Maryland

1 Commanding Officer
U. S. Army Signal Electronic Research Unit
Post Office Box 205, Mountain View, California

1 Chief of Naval Operations (OP-37)
Department of the Navy, Washington 25, D. C.

1 Office of the Chief of Naval Operations, Op-07T
Building T-3, Department of the Navy, Washington 25, D. C.

4  Office of Naval Research (Code 463)
Department of the Navy
17th and Constitution Avenue, N. W., Washington 25, D. C.

2 Chief, Bureau of Ships
Department of the Navy, Washington 25, D, C,

ATTN: Code 687C

2 Director, U. S. Naval Research Laboratory
Washington 25, D. C.

ATTN: Code 2027

1 Commanding Officer, U. S. Navy Ordnance Laboratory
Corona, California

ATTN: Library

1 Commanding Officer and Director
U. S. Navy Electronics Laboratory, San Diego 52, California

ATTN: Library

5 Department of the Air Force, Headquarters, USAF
Washington 25, D, C.
(1) ATTN: AFOIN-1B1
(1) ATTN: AFOAC-E/A
(1) ATTN: AFDRD
(1) ATTN: Directorate of Requirements
(1) ATTN: AFCIN-3B3b

4  Commander in Chief
Headquarters, Strategic Air Command
Offutt Air Force Base, Nebraska
(2) ATTN: DINC
(2) ATTN: DORQP

4 Headquarters, Tactical Air Command
Langley Air Force Base, Virginia

(1) ATTN: TOOA
(3) ATTN: TORQ

1 Commander, Air Technical Intelligence Center
Wright-Patterson Air Force Base, Ohio
ATTN: AFCIN-4B/a

10 ASTIA (TIPCR)
Arlington Hall Station, Arlington 12, Virginia

8 Commander, Wright Air Development Center
Wright-Patterson Air Force Base, Ohio

(7) ATTN: WCLROR
(1) ATTN: WCOSI- Library

Copies —_ Addressee
2 Commander, Rome Air Development Center
Griffiss Air Force Base, New York

(1) ATTN: RCVSL-1
(1) ATTN: RCWIR

1 APGC (PGTRI)
Eglin Air Force Base, Florida

1  Director, Air University Library
Maxwell Air Force Base, Alabama

ATTN: AUL-7971

3  Commandant of the Marine Corps
Headquarters, U. S. Marine Corps, Washington 25, D. C.

(2) ATTN: Code A02
(1) ATTN: Code AO4E
4  Central Intelligence Agency
2430 E. Street, N. W., Washington 25, D. C.
ATTN: OCR Mail Room

5 National Aeronautics and Space Administration
1520 H. Street, Northwest, Washington 25, D. C.

1 U.S. Army Air Defense Human Research Unit
Fort Bliss, Texas

ATTN: Library

2 Combat Surveillance Project
Cornell Aeronautical Laboratory, Inc.
Box 168, Arlington 10, Virginia

ATTN: Technical Library

1 The RAND Corporation
1700 Main Street, Santa Monica, California

ATTN: Library

1 Chief, U. S. Army Armor Human Research Unit
Fort Knox, Kentucky

ATTN: Administrative Assistant

1 Chief Scientist, Research and Development Division
Office of the Chief Signal Officer
Department of the Army,» Washington 25, D. C.

1 Stanford Research Institute, Document Center
Menlo Park, California

ATTN: Acquisitions
1 Operations Research Office
The Johns Hopkins University

6935 Arlington Road, Bethesda, Maryland
Washington 14, D. C.

ATTN: Chief Intelligence Division

1 Columbia University, Electronics Research Laboratories
632 W, 125th Street, New York 27, New York

ATTN: Tehcnical Library

THRU: Commander, Rome Air Development Center
Griffiss Air Force Base, New York

ATTN: RCSSTL-1



WILLOW RUN LABORATORIES TECHNICAL MEMORANDUM
2900-129-R

DISTRIBUTION LIST 2 1 December 1959 — Effective Date

Copies —_ Addressée Copies _ Addressee

2 Cornell Aeronautical Laboratory, Inc. 2 Director, Human Resources Research Office
4455 Genesee Street The George Washington University
Buffalo 21, New York P. O. Box 3596, Washington 7, D. C.
ATTN: Librarian ATTN: Library

THRU: Bureau of Aeronautics Representative 1 The U, S. Army Aviation HRU

4455 Genesee Street
Buffalo 21, New York P. O. Box 428, Fort Rucker, Alabama
1 U.S. Continental Army Command Liaison Officer

! Cofxtrol Systems. Latboratory - Project MICHIGAN, Willow Run Laboratories
University of Illinois, Urbana, Illinois : . C
Ypsilanti, Michigan

ATTN: Librarian

THRU; ONR Resident Representative 1 Commanding Officer, U. S. Army Liaison Group
1209 W. Illinois Street Project MICHIGAN, Willow Run Laboratories
Urbana, Illinois Ypsilanti, Michigan

10



-+

QIIAISSVIONN

Aoua§y uorjewraojul [BITUYII T,

S3OTAJISS pawaY

1088L-0S

6€0-9€+-VA 10BIUOD
sdaop) reudig Away ‘S ‘N
‘A praeq ‘spaempd
NVDIHOIN 109foxd :R21ITL
A}TATITSUSS — SI0309319(
20UuBWJIOJIDJ — SJ03109319(d

dATAISSVTIONN

aIIAISSVIONN

Aoua8y uorjRWIOU] TBITUYDD ]

S9OTAJISS PAWIAY

1088L-0S

6€£0-9€-V{ 1I0BIUOD
sdaoD 1eudrs Away 'S ‘0
‘4 praed ‘spaiempd
NVDIHDIN 102loxd BNTL
£1TATITSUSS — SI03093319(d
90UBWIIOJIDJ — SI0309312Q

QHIIAISSYVTIONN

(asa0)

*1010919p [B9PT Ue ST SNy}
pue 10309}9p PIITWI[-PUNoISNOeq B ST J0193}9p daTIONpUOI0I0yd
wntaniial ayj} jeyl 31edTPUT Sanjea asay], -Louanbaaj Surddoyd
wnwdo 2y} 3 Pue Y3FUS[2ABM SWES U] 18 Bem o1 01 X 1°¢
sem JEN JO 9N[eA POINSBIW 2y} J031D2319p WNIaniial ,31saq,, 9yl 04
19eM o7 0T X [°¢ 29 03 Pa3eInOTed sem (M 3¢ = ) L31ATIISUSS
Teajoads jo sead ay) e (1amod juarearnba astou) JHN 1BOTIDI
-09Y} 9y} ‘uorjerped punoaSyoeq Jo suorienidonyy Aq pajrwil ST
£ITATITSUSS 1030919p By} UOTITPUOD Sy} J0g °J010919p 9ATIONPUOD
-ojoyd wWInTIn([o} 9Y} JOJ dpeU Uaaq aaey aduewaojrad redor3dead
2y} jo JudWdJANSEdW pue L}JTATIISUSS 91BWTI[N 9Y) JO SUOTIRINI[BD
WNpUBIOW AW PISISSEBIOUN (1088L-DS 6€£0-9€-VA 10BIIUOD)
(94-621-0062% "ou OwaN)
'sypa g “rsnyrr Crour ‘d L 6§ °2d
‘NVOIHDIN 103(0xd Jo WNpUuBIOWSIN “SPpIempd °d Pra®d
£q YOLDELIA TAILDAANODOLOHd WAMHATIAL FHL 40
AONVINHOAYIL TVIILOVHdL ANV ALIAILISNES HLVINILIA
J0qay uuy ‘ueStyorIA JO ‘() ‘S9TI01BJIOQET] UNY MOIIIM

9/cz "at@ av

(aan0)

*J10109}9p [B9PT U® ST snyj
PUE 103}09}9p PI}TWIT-punoadioeq e ST J10}0339p daTIONpuUod03oyd
wnIaniie} 8Y3} 3By} 23edIpur sanfea asay], ‘Lousnbaaj Surddoyo
wnwrrdo Y3 je pue YjSus(osem dWes Y} je PeM o1 01 X T°¢
sem JHEN JO SU[EA PRJINSBAW 3Y] JI0}D3319P WINTIN([3} 3839, Y} IO
“EM o 0T X T°G 2q 03 pajeInd(ed sem (7§ °¢ = X) LytatyTsuas
Teajoads jo xead ayj je (1amod juaiearnbs astou) JHN [BOTISI
-02y3 2y} ‘uoTjerped punoafoeq jo suorien3doniy £q pajrwiil St
K}TATITSUSS J030939p 3By} UOTITPUOD 9y} IO “J0}09}9p 2AT}ONPUOD
-ojoyd WNIJIn({a} 9y} JOJ OpBW Udaq dA®Y dourwWIoyrad redr3doead
2Yj JO jusWAANSEIW pue LJTATJTSUSS 91BWIT}[N dY} JO SUOTIB[ND[BD
WNPUEBIOW W PITITSSBIOU[) (1088L-DS 6£0-9€-VA 30BIUOD)
(4-621-0062 "OU OWIIN)
'syea g ‘snyrr Ctour ‘d L (65 99d
*N'VOIHOIN 103(04d JO WNPUBIOWSIN “SPIempd ‘I Praed
£q YOLDHALIA AAILONANODOLOHd WAIYATIAEL THL A0
HONVINHOAYAL TVIILOVHd ANV ALIAILISNIS ILVINILTIA
J0quy uuy ‘ueSTOTIN JO () ‘STI03RIOQRT] UNY MOITTM

9/¢z "a1d av

l_.l

QIIAISSVIONN

Aoua8y UOT}BWJIOJU] edTU I ],

S30TAJIDS paWIy

1088L-0S

6€£0-9¢-Vd 10BIUOD
sdaoD 1eudis Away ‘S ‘A
‘4 praed ‘SpIeMpH
NVDIHDIN 109loxd #UIL
K)TATITSUSS — SJI010918(J
90oUBWIOIISd — SJI03103190

QHIAISSYIONN

AITAISSVIONN

Loua8y uoTIRWIOJU] [EDTUYDI3 ],

S9OTAJDS PAWIIY

1088L-0S

6€0-9€-Vd 10BIUOD
sdao) 1eusis Away 'S ‘0
‘4 PrAR( ‘SPIEMPHE
NVOIHDIN 193foad #NIITL
L1TATITSUS — SJI010933(d
2oUBWIIOJId — SJ0}29312Q

AATAISSVTONN

(asn0)

*J1010919p [BSPT UB ST Snyj

PUE J0}09}9p PIITWI[-Punoasyoeq e ST 10309319p 2A13dONpuod0joyd

WNIIniiad} Y3} }ey} 23edIpur sanjea asay], Adousnbaaj Jurddoyd

wnwdo 2Y) 1 pue [3ZUd[aAEM SWES U} J8 Pem o1 01 X T°¢

sem JEAN JO nJBA PAINSEIW Y} I0}1919p WNTIN([3} ,3S3q,, Y} IO

‘1M o7 0T X T°G 29 03 pa3eInd(ed sem (7§ ¢ = X) LytatyTsuss

teajoads jo yead ayj je (1amod jusafearnba astou) JAN 1BOTIDJ

-09Yy} 8y} ‘uorjerped punoadiydoeq jo suorienyonyy £q pairwirl St

£1TATITSUSS J0310319p 1BU] UOTITPUOD Y} IO JI0}O3}9P 2AT}ONPUOD

—ojoyd wntan([@} 9y} JOJ dpew usaq A€y ddouewaojrad reoryoead

a3} JO JUDWIAINSEBIW pue £)JTATITSUSS 9}BUWITI[N 3Y] JO SUOTIBINDTED

WNPUEJOW W PITHSSBIOUN (1088L-DS 6£0-9€£-VA 30BIIUOD)

(4-621-006¢ "OU OWAN)

'sppa g ‘saqrt cpour (d L t6S 99d

"NVOIHDIN 102({0ad Jo wunpueiowsIN ‘Spaempd ‘g piaed

£q 4OLDALITA AAILDAANODOLOHd WNAI¥NTIZL FHL A0

HIONVINHOAHEJ TVIILOVYd ANV ALIAILISNES ILVNILTIN
J0QIy uuy ‘ueSTYOTN JO ‘() ‘SaTI0IRIOQET] UNY MOTITM

9/sz "a1Q av

(aanr0)

*J10309}19p [BOPT UE ST SNyl
pue 103}09}2p PI}TWI[-PuUnoadyoeq e ST J030939p dAr3ONpuo030yd
wWINIIni[o} oYy} jey} 21ed1pur sanjea asay], ‘Adousnbaay Surddoyod
wnwdo 9y} 3 pue YiSudlosem SWES Y} 3B PEM o1 0T X T°€
sem JEN JO onjes paInseaw 9y}l J03}03313p WNIIN([d) ,,3§3q,, 3y} 04
‘WM o1 0T X 1°g 29 0} Pa1Bno[ed sem ("% ¢ = X) L&1TATITSUSS
Teaioads jo sead ayi 1e (xamod jusaiearnba astou) JHN [BOTIDX
-08y} 2y} ‘UoriEIpRJI punoadyoeq jo suorienidn(y Aq parTwiI ST
A)JTATITSUSS J010319p 1BY) UOTITPUOD Y} J04 “J0}D3}2P SAT}IONPUOD
-ojoyd wNTaN[[d} Yl JOJ 9peuwr usaq aary ddouewaojrad (edr3oexd
aY} JO JUSWDINSEBIW pPUE AJTATITSUSS 3}BWITI[N Y} JO SUOTIBRINITED
WNPUBJIOWSW PITIISSBIOUN (1088L-DS 6€£0-9€-VA 3°BI3UOD)
(4-621-0062 "OU OWN)
sypa g ‘rsnyrr crour 'd L g 924
"NVDIHDIIN 102{0ad JOo WNpuelowdN “Splempd ‘g praed
£q YOLDOALEA TAILDONANODOLOHd WNI¥YNTIAL IHL A0
ADONVINHOIHHEL TVIILOVEd ANV ALIAILISNIS ALVINILIN
J0quy uuy ‘UeSTOITIN JO ‘() ‘S3TI0}BIOQERT] UNY MOTITM

9/sz "a1d av



QIIAISSVIONN

Jamod juarearnba astoN
£31AT13TSUSS [RJ}Oadg
uorjerpes punotdyoeg
J10309312Q
2ATIONpPUOO0IOYT
wnrania.j,
20UuBWIIOJIDJ
£Lytanirsuag

SINYHLINN

QHETAISSVTIONN

AIIAISSVIDONN

Jemod juarearnba astoN
A31AT3TSUSS [ea)dadg
uotrjerpes punoadyoeg
1030939
aATIONpUODOIOYT
wntInia L
aouewWI0jIdd
KyaTiTsuag

SINYHALINN

AATAISSVIONN

JHIAISSVIONA

Jomod juaiearnba astoN
Aytaryrsuas [eayoadg
uoTIeTpERI punoIsyoeg
10319919
3AIIONpPUOOOIOYd
wniIniie.L
souBWIOfIDg
£y1amiTsusg

SINHHLINA

av QIETAISSVTIONN

lT

AITAISSVTIONN

Jxamod juatearnba astoN
L11AT1TSUSS [Ba3Oadg
uotjerpes punoadyoeg
103109319
2A1IONpUODOIOY g
wnraniiay,
sdourwWIOJIdg
L11AT)ISUSS

SINYH LINA

av QITAISSYTIONN

av

av



AHATAISSVIONN

AousBy uorjEW.IO U] [EOTUYDD T,

S90TAJSS paway

1088L-0S

6£0-9€-VA 19BIU0D
sdaoD 1eudrs Lway ‘S ‘N
‘4 prARQ ‘SpIEmpE
NVOIHDIIW 399foad :@N1L
L31ATITSUSS — SI030932(
9OUBWIOJIDg — SJ0}0930d

AHETAISSYVTONN

AIIAISSVTIONN

Kously uoT}RWIOU] [BOTUYDS T,

S90TAJISS paway

1088L-0S

6£0-9€-V 108IIU0D
sdao) 1eudigs Lway ‘S ‘n
‘4 PraeQ ‘spaempy
NVOIHOIIW 303foad PnIL
Ly1ATITSUSS — SI030932(
DOENE,HOM.HUQ — SJ03109312q

AIETIAISSVTIONN

(a1240)

*J0}09}9p [BIPT UB ST SNy}
PU® 103093}9p Pa}TWI[-PUNOIINOe] B ST J1010933p 2aT3onpuod0joyd
wntaniia) 9y} ey} 93edIpur sanea asay], ‘Lousnbaaj Surddoyo
wnuwrido 8y} e pue yiSuajasem swes ayj je 33em e1-0T X 1°¢
Sem JHN JO oN[BA P2INSBIW Y} 10309}9P WNTIN([3} ,,3S3q,, Y} IO
"HEM o1 0T X T°G 9q 0} paje[ndred sem (7 § 'g = \) L1ATITSUSS
Teaioads jo yead ayj je (damod juaiearnba astou) JHN [BO132d
-03yl 3y} ‘uorjerped punoaSydeq jo suorjenionyjy £q pajrwir] St
AITATITISUSS 10309319P }BY] UOTITPUOD Y} IO °J0}09}9p 9AT}ONPUOD
-ojoyd wWnraIni(a} 8y} I0j IpBW Udaq dArY dourwWIojIad [RoTIORId
Y} JO JUAWIAINSEIW pu® AJTATIISUSS 9}BWIT}[N dY} JO SUOTIBINOTED
WNpuUeIoW W PIaTFISSeroun (1088L-DS 6£0-9€-VA 19BIIUOD)
(4-621-0062 "Oou OwaA)
‘syea g ‘rsnyrr rour 'd L "gg 99Q
"NVOIHOII 329[04d Jo WnpuelowWdN ‘SpIempd "4 Praed
£q YOLOILAA TALLDONANODOLOHd WAINATIAL FHL A0
HONVINHOA¥Hd TVIILOVEd ANV ALIALLISNAS ALVNILIA
10QIy uuy ‘ueSTYDTIN JO "1 ‘SOTIOIBRJIOQET] UNY MOTITM

9/sz ‘a1d av

(a9r0)

*I0}0919p [BIPT UE ST SNy}

pu® 1030919p PajTWI[-PUNoIS}deq B ST 10303319p 2A13ONpUod0joyd
wnranial 3Yj 1y} 93edTpUr sanfea 9say,], ‘Lousanbaaj Surddoyo
wnwrido ayj e pue Yi1Sua[aAem dWeS 9y} 38 }3em e1-0T X 1°¢
Sem JHEN JO SN[EA P2INSBAUW 3Y} 103}023}9p WNTJN([9} ,,3S3q,, Y} J04
THEM op 0T X T°G 99 0} pajend(ed sem (1 § g = Y) LITATIISUSS
1ea3oads jo yead ayj e (aamod jusiesrnbs astou) JEN 19119
-03Y3} 9y} ‘uorjerped punoasyoeq jo suorienionyjy £q pajrwar] ST
A}TATITSUSS J10109319p 3BY] UOTITPUOD 8y} 104 °J0}09}9P SATIONPUOD
-ojoyd wntan(ia} @y} JOJ IpBW U33q dA'Y dourwaojaad resryoead
Y} JO JUBWISINSEBIW pue LJTATIISUSS }BWITI[N 9} JO SUOTIBRINDTED

(1088L-DS 6€£0-9€-Vd 30BI3UOD)

(4-621-0062 "Ou OWSIA)

snrrr cpour d L tgg 20d

‘NVODIHDIIN 103foad jo wnpueiows]N ‘SpIempd °d4 prasd

£q 4OLOALIA TAILONANODOLOHd WAI¥ATIAL THL 0

HONVINYOAYAL TVIOILLOVYd ANV ALIALLISNAS ALVINILIN
J0Qay uuy ‘uedTYOTIN JO ‘(1 ‘S8TI0}RJIOQqERT] uny MOTITM

WNPUBIOW AW PATJISSBIOUN

‘sjea g

9/sz a1 av

IT

AATAISSVIONN

Aous8y uoryewIOUl [RDTUYDD ],

S90TAISS paway

1088L-0S

6€£0-9€-Vd 10BIUOCD
sdaoD 1eudrg Lway ‘s ‘n
‘A PIAR(Q ‘spaempy
NVOIHDIIN 109foad 1Tl
L1TATITSUSS — 10309390
2OUBWIIOJISJ — SJI030919(

QATAISSVTIONN

AATAISSVIONNA

Aously uoT}RWLIOJU] [BOTUYDS ],

S9OTAJISS paWAY

1088L-0S

6€0-9€-V{ I0BIIUOD
sdaop 1eusdts Auway 'S ‘N
‘d PraRQ ‘spaempi
NVOIHDIN 103foag :#nITL
L31ATITSURS — SI0309320
9oUBWIOJIDd — SJI0310933(

AAETIAISSVTIONN

(a2n0)

"J1030219p [BOPT UE ST SNy}
PU® 10309}3p PajTWI[-punoadyoeq e ST 1030913p 2a13oNnpuocd01oyd
wnianiia) Y3l eyl 23edIpur saniea 9say] -Lousnbaaj Surddoyo
wnwrido 3y} 3e pue y1Susa[oAem awIes 9y} je 11em e1-0T X T°¢
SEM JHN JO 9N[eA P2INSBAW JY)} J0}DS3}9p WNTIN[[D] ,,}S3q,, oY} IO
"WEM o1 0T X [°g 29 0} pajendTed sem (1§ ¢ = Y) L31ATIISULS
1ea30ads jo yead ayj 3e (19mod jusiearnbs asTOU) JEN [EOTIDI
-09Y} 9y} ‘uorierped punoaSyoeq JO suorien}onyy £q paiTwi ST
A1TATJTSUSS 1030339pP 3BY} UOTITPUOD BY3} 10 °J0}09}9p SAT}ONPUOD
-ojoyd wWnran({d} Y} JI0j SPBW UI3q dARY doUBWIOIIad [edT}oRId
U3} JO JUSWSJINSEIW pPUE KJTATIISUSS 91BWTI[N Y] JO SUOTIBINOTED
wnpue.Iowaw payyrsseroun (1088L-DS 6€£0-9€-VA 10BIIUCD)
(d-631-0062 "OU OWN)
‘st Crour td L tgg 99d
"NVDIHDIN 109[01d Jo WNPUBIOWSN ‘SPIEMPE *d Praed
44 YOLDALAA TALLDNANODOLOHd WAITYNTIAL FHL A0
HONVINHOAHAd TVOILOVHdA ANV ALIALLISNAS HLVINILIN
J10qay uuy ‘ueSTYDTIN JO '[) ‘SOTI0}RJIOqET uny MOTTTM

‘syoa g

9/sz “a1d av

(a240)

*J0309}19p [BapT UE ST SNy}

puU® 1010919p PI}TWIT-PUNOISHOBG B ST J10399}9p 2AT3Onpuocd0oloyd

wntaniie} ayj jeyl 9)3edIpur sanfea asay,], -Aousnbaaj Surddoyds

wnwdo ay} 3e pue YiZusa[asem SWES 9y} 3B }3BM e1-0T X 1°¢

sem JdHEN JO 9N[BA PIINSEIW Y} J0}D933P WINTIN[[3] ,,1S3q,, Y} JOJ

"HEBM o7 0T X 1°G 9 0} paje[nd[ed sem (7§ ¢ = X) L31ATIISUSS

1ea30ads jo xead ayj je (1amod jualeArnbs astou) JEN [BOTIDIX

-09Y} Yy} ‘uUoTjeIPEJI PUNOISFOBQ JO Suoryen}oniy Aq pajrwIr] ST

AITATITSUSS 1030939P 3BY} UOTIIPUOD dY} 10, °J0}09}9P SATIONPUOD

-ojoyd wnrania} 8y} JOJ SPEW Ud3q dA®Y dourwWIojaad [eorioead

3y} JO JUSWDINSEBIW PU® LJTATIISUSS 1BWII[N Y} JO SUOTIRINDOTED

WNpuUeIOW W PITIISSBIOU(, (1088L-DS 6€£0-9£-VA 19BIIUOD)

(¥-621-0062 "Ou OWRIAI)

'sgpa g ‘rsnprr pour d L "gg 2@

"NVOIHDIN 193[04d Jo WNpueloWws|N ‘Spiempd ‘d praed

£q 9OLDILIA TAILDAANODOLOHd WAIT¥ATIAZL FHL J0

IONVINHOAHHEd TVIILOVYEd ANV ALIAILLISNAS I LVINILLIA
J10qay uuy ‘ueBSTYDTIN JO [} ‘SOTI0}BJIOQET UNY MOT[TM

9/sz "a1d av



QHATIAISSVTIONN

aamod juateArnba asTON
A31A131SUSS [Ra3Oadg
uoTjerpes punoidyoedg
10109320
9AT30NpPUOO0IOYJ
wntaniiag,
20urwWJIOjI 9
Ay1aTirsusg

SINYH LINN

AITAISSVTONA

AIIAISSVTIONO

aamod juaiearnbs aston
A31ATiTSUSS [eaidadg
UOoT}eIPEI punoadydoeqg
1010919
aATIONpPUODOIOY I
wnranie,L
sduUBWIOJIDg
Li1aTyISuag

SIWYHLINNA

QITAISSVTONN

QETAISSVIONN

aamod justearnbs astoN
K31ATIISUSS Teaidoadg
uotjerpea punouadydoeqg
1010919
aATIONpUOd0IOYd
wnran(ia.L
2OUBWIOJIS
A31ATITSUSS

SINHHLINN
av QITAISSVTIONN

QITJISSVTIONN

Jamod juatearnba astoN
L1aTITSuas [eaidoadg
uorjeIpes punoadyoeg
103109319
2AT30NPUOO0IOYJ
wnraniia,g,
adourwWJIOjIad
KyraTiTsuag
SINYHLINN

av QIIAISSVTIONA

HIG\A

1Y OF

U“lVERSl

0

N

|

Il

M
02841

Il

3 9015

VA

av

av



