‘AD-A169 694 DETERHINING HF _MIRROR REFLECTAMCES WITH THE CAVITY
PHASE-SHIFT METHOD. . (U) REROSPACE CORP EL SEGUNDO CA
AEROPHYSICS LAB M A KWOK ET AL. JUN 86

UNCLASSIFIED TR-0086(6939-81)-10 SD-TR-86-37 F/G 20/5




ST € .

AL el

»

"

e

¢ G A A TArLAME P

tw? X,

™

KX

gf :'1;";.'“,hf.'v",'éﬁ-"q‘,:"‘:ﬂf&o‘é‘n‘ﬂé"‘h‘m b R T LI

~ s
-

- o~

1.8

g NN O
L Y RS
= =

EEEE

HE FEEPIINS

]
|o|

H2

I

16
===

lo
s
—
—

25

MICROCOPY RESOLUTION TEST CHART

NATIONAL BUREAU OF STANDARDS - 1963 ~

dendieadeniSns® 0 SUNNNG & & A B B m

-

Y

Py

a

K

N n\.};

N

AN

.

.
-



' o | el el et oid e g omebs madt Sts  Saed et i aadd andmin ound eridh Gl S aul b sall gl
. g T pTnT—"y N A A A e I A A A A S AT - At fC A A AL A S AR A " ” T - i g gt
. t . .« e -t PN - RN T -

REPORT SD-TR-86-37

Determining HF Mirror Reflectances
with the Cavity Phase-Shift Method

AD-A169 694

M. A. KWOK and R. H. UEUNTEN
Aerophysics Laboratory
Laboratory Operations

The Aerospace Corporation
El Segundo, CA 90245

DTIC

ZLECTE
L. JUL 11 1986

-y

30 June 1986

D

—

5 Prepared for

SPACE DIVISION
AIR FORCE SYSTEMS COMMAND
Los Angeles Air Force Station
P.O. Box 92960, Worldway Postal Center
Los Angeles, CA 90009-2960

APPROVED FOR PUBLIC RELEASE,
DISTRIBUTION UNLIMITED

?;fi‘
ne 7 11 004M




This report was submitted by The Aerospace Corporation, E1 Segundo, CA
h’ 90245 under Contract No. F04701-85-C-0086 with the Space Division, P.0. Box
W 92960, Worldway Postal Center, Los Angeles, CA 90009. It was reviewed and
approved for The Aerospace Corporation by W. P. Thompson, Jr., Director,
Aerophysics Laboratory.
Lt Scott Levinson/YNS was the project officer for Mission-Oriented
Investigation and Experimentation (MOIE) Program.

This report has been reviewed by the Public Affairs Office (PAS) and is
releasable to the National Technical Information Service (NTIS). At NTIS, it
will be available to the general public, including foreign nationals.

This technical report has been reviewed and is approved for publication.
Publication of this report does not constitute Air Force approval of the

report's findings or conclusions. It is published only for the exchange and

stimulation of ideas.

(L

TT LLEVINSON, Lt, USAF J@SEPH HESS, GM-15
MOIE Project Officer Director, AFSTC West Coast Office
SD/YNS AFSTC/WCO OL-AB

v v _*
oo e,
- *_"

IS

- I AL D - ~ R B N e e et e, et et et a e . TR RS S .
e e e e e e e e e s T T T T e . LN T e
e p e S T T T T L T LR P AP T SR VT P PR WS WA WAE Ol Yill Wil U WA Al W O ey ey Saibe e tatendondundindindadiond




L id ML WU FWUE TR TR

UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)
READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
[T REFORT NUMBER 2. GOVT ACCESSION NO| 3. RECIPIENT'S CATAEOG NUMBER
SD-TR-86-37
4. TITLE (and Subtitle) S. TYPE OF REPORT & PERIOD COVERED

DETERMINING HF MIRROR REFLECTANCES WITH
THE CAVITY PHASE-SHIFT METHOD

6. PERFORMING ORG. REPORT NUMBER

TR-0086(6930-01)-10

7. AUTHOR(s) 8. CONTRACT OR GRANT NUMBER(s)

Munson A. Kwok and Robert H. Ueunten
F04701~-85-C-0086

16. .
9. PERFORMING ORGANIZATION NAME AND ADDRESS PROGRAM ELEMENT. PROJECT TASK
The Aerospace Corporation
El Segundo, Calif. 90245
11. CONTROLLING QFFICE NAME AND ADDRESS 12. REPORT DATE
Space Division 30 June 1986
Los Angeles Air Force Station 13. NUMBER OF PAGES
Los Angeles, Calif. 90009-2960 19
14, MONITORING AGENCY NAME & ADDRESS(if different from Controlling Ollice) 1S. SECURITY CLASS. (of this report)
Unclassified

15Sa. DECLASSIFICATION/DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited

17. DISTRIBUTION STATEMENT (of the abetract entered in Block 20, if dilferent from Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse aide {f neceasary and tdentify by block number)
~ Laser applications
Midinfrared optics
Optical component metrology
Reflectance measurement

~

20. ABSTRACT (Continue on reverse side If necessary and identify by bdlock number)

|-, Current work with the cavity phase shift (CAPS) method concentrates on

" HF laser wavelengths between 2.6 and 3.0 pm. This method and continued
-advancements in experimental techniques are described. With use of a
cavity dither the accuracy of reflectance measurements has been improved
over previous work to 30.0004 for reflectances around 0.995. Results of
measurements on dielectric~coated elements are reported, as are studies
on metallic monolayers placed on nontransmitting substrates. The
required CAPS configuration in these cases is a three-mirror arrangement

FORM
0D ., coooe, 1413 UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)




el iindd

A B iy R gt L et MR R o w0

UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE(When Dats Entered)

[ i b Sl A S A0 A4 ia 25 '3 2o Pla'gig iy 2

SECURITY CLASSIFICATION OF THiS PAGE(Whon Date Entered)

~

19. KXEY WORDS (Continued )
!
[30 ABSTRACT (Continued)
That permits angle-of-incidence variation. In this mode the CAPS method :
becomes a technique for verifying the quality of optical coatings on
particular resonator designs. [c, = e s
)
[}
UNCLASSIFIED

o e -

e % e e ATt vamL My g, Py .t a P e BT S
RN ) _-‘ _s. -~ N ﬂ. '.. '¢- _.-'.- '.' -~ “- -~ ‘u".-\‘..:‘. * . =S ‘. .(. I P -,.'_ ]



[ronre Rl Gt £ 0 At J U T R Lk el el o god Bk Aok bk ol Sl Rt S Rui Dol pal 07 Bt kot @b Dol 408 Bt St 8t BabBat Gat At Bt Sut o™ Bk it Sttt 821 By ket §a Ba® B2 e Ba' 2o §a' 62" W

PREFACE

Helpful discussions have been provided by R. A. Chodzko, R. Dyer,
R. R. Giedt, J. M. Herbelin, and H. Mirels. This work was supported in part
by the Defense Advanced Research Projects Agency and conducted under U.S. Air
Force Space Division (AFSD) Contract F04701-83-C-0084. The review of this

material does not imply the Department of Defense's endorsement of factual
accuracy or its opinion.

UALITY
|35p[(;TED

1

7ccesion For P
NTIS CRA&I ]
0
O

DTIC TAB
Unannour.ced
Justification

By ...
Dist. ibution|

Avaitability Codes

. Avail a-dfor
Dist Special

A-1

— —— .




CONTENTS

PREFACEO.I.....‘O.......I.....I..Q....l....l.l"0...'..""..0.0....000.

1. INTRODUCTION. csseeecanvescaocsascsocscscscaacscassssconccsscsnnancse
I1. EXPERIMENT............................................f..........
II1I. RESULTScecocesscocscasecscsonnsessorvsssaceosscscasssocssasasssce
IV, CONCLUSION:ceeevaccessesosocessoscscssnscesnsssoassoscncsnasnsssosncsans

REFERENCES..-.-o'ooooo‘oooonooo-.oo.....caaoo-oo.o.oouco-c-o--...--oo.o.

-y .

- - - r . . . - . - . . . - - - ‘. - - - - _ - -
R S Ty LS LR TR BT 08 L G O T AL R A Sy, S oLt A ST R

. \

11
17

19

e N T T TR T T L e T LT T Tt N e S
4'fn{' o (‘(‘.-..- o \.f,-’:q’:-'!q'l




FIGURES

1. Schematic of the Cavity Phase-Shift Method at HF

Laser wavelength.....l.........C..l...l........0........'........'.
2. TWO‘MitrOI' Test Cavity for Detemining R1R20u-o.aooooooooooo.oooo.o 12
3. Plot of tanf vs. Modulation Frequency for Three-

Mirror CAPS Cavity with Nontransmitting Sample..cecscecssscscccnces 14
4. The Accuracy of the Reflectance as Measured by

CAPS as a Function of 2

S R N g N O A T R LT et
AR PN, AL 2 A S A R A A O B X VA AT I T SO ot




r'arm?ar Tl Tl R R TR Ty

I. INTRODUCTIOHN

: The cavity phase-shift (CAPS) method for determining high reflectances
has now been demonstrated at infrared wavelengths using cw HF laser line
emissions as the coherent sources.l In particular, work has been performed at
a wavelength of 2.911 um, the HF P, » ;(8) line. Previously the method had

been successfuly applied at shorter wavelengths in the visible and near-

infrated.z'3

As a step toward the study of more generalized mirror configurations, the
current paper describes the improved accuracy of the method at HF wavelengths
and the use of the three-mirrvor version of the method for mirrors with non-

transmitting substrates.
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II. EXPERIMENT

The CAPS method consists of making a mirror with unknown high reflectance
part of a high=Q 1nterferome§ric optical cavity structure. As a result of a
large number of multiple passes by radiation off the unknown reflectance, high
sensitivity and great accuracy in measuring the unknown reflectance can be

achieved.

The radiation source is an intensity-modulated laser beam that is passed
through the interferometric structure by transverse mode matching. A phase
shift in the sine wave modulation of intensity yields a direct measurement of
the unknown reflectance. The phase shift is determined by means of a phase-
sensitive lock-in amplifier that detects the difference between a reference
phase without cavity and then the phase, including lagging shift, with
cavity. Because the method detects phase changes in the modulated intensity
and not intensity changes, the phase-check mirror system of four simple flat
mirrors does nct require crucial adjustment as it is flipped into and out of

the cavity axis (Fig. 1).

In the three-mirror cavity version of the method, as shown in Fig. 1, the
cavity is defined as beginning from the hatched flat mirror with reflectance
Ry, through the intracavity mirror of unknown reflectance R, to the hatched
spherically curved mirror with reflectance RZ’ Both mirrors R1 and RZ require
transmitting substrates, but it is obvious that the unknown R does not. 1In
this configuration the unknown reflectance 1s related to the measured phase

shift © by

2
LTIEL Rl(l 2A)R R,

[

tanf = 3
1 - Rl(l - 2A)R R2

where f is the intensity-modulation frequency; L is the interferometer length;
c is the speed of light within the cavity; and A is the single-pass, very weak
atmospheric absorbance from R; to Ry. The product RjRj can be determined

s DY)
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absolutely in a prior measurement by using the two-mirror configuration pre-
viously described.1 Then the formula is identical to that above with R taken
as unity. Hence the three-mirror configuration yields an absolute measurement
for reflectance R. The transmitting mirrors are diélectric-layer-coated on
silicon substrates with antireflection coatings on the polished flat backs,

also previously described.

In this work, generally Ry will be flat and Ry will be spherically curved
at a 200-cm radius of curvature. 1In the midinfrared region, absorptions can
occur as a result of water vapor and, to a lesser extent, trace impurities in
the air. This consideration can be totally eliminated in this measurement by
means of a flush box filled with dry N,. For minimally affected lines such as
P,(8) we have chosen, for convenience's sake, to make an atmospheric water-
vapor absorption correction that uses a technique devised by J. Bernatd4 on
the basis of HF laser transmission data provided by D. J. Spencer.5 This
approach requires the day-to-day monitoring of the relative humidity and room
temperature to determine the water density. Then

A =P L

N
A H20

1 ata™!) observed by

where P, is the absorption coefficient at 294 K (in cm™
Spencer, NHZO is the water density in appropriate units, and L is the cavity
lengtt.. Generally, Py is insensitive to slight changes in room temperature,
but NH20 is not. For HF P2(8), PX = 4,133 x 10-4. Quantity A is usually

0(10-4); therefore, this correction affects slightly the size of the uncer-

tainties [0(10—4)] in the reflectance measurement.

In these studies, a particular improvement to be investigated is the use
of the cavity dither to improve the number of possible longitudinal modes that
could be excited in the test cavity. Hence the observed signal stability
could improve, as well as lock in, the signal-to—noise ratio. This dither,
the well-known version with three piezoelectric stacks (Burleigh P2-90),

provides a maximum 6-ym variation in L.
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The detector signal-to-noise ratio can also be improved by making the
round-trip length of the test cavity longer than the coherence length of the
active laser cavity. Consequently, the time-varying coherence effects
involving consecutive multiple passes would be minimized at the mirrors. In
the current work, the effective coherence length of the HF laser is around 2 m
for the ~ 50% grating coupler, The data for the three-mirror configuration
at a 4-m round-trip distance have consequently been observed to be better
behaved with a smaller range of scatter than data taken with the shorter two-

mirror configuration.

The degree of polarization of the laser radiation has been estimated at
various stations by means of an analyzer consisting of six zinc selenide
Brewster—angle plates. The degree of linear polarization of the radiation has
been found to be better than 5 x 10-3, the limit of measurement at the laser;
it is 0.02 after the radiation passes through beamshaping optics and the
three-mirror CAPS cavity. Relative to the test cavity, the linearly polarized

radiation has been kept in s-polarization for all these tests.

An intracavity iris has been placed so as to provide an estimate of the
mode coverage within the test cavity, and to verify optimized mode matching.

The remainder of the experiment and instrumentation are as previously

discussed.1
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IITI. RESULTS

With the dither in place, it was immediately observed that a significant

improvement in accuracy, as reflected in the uncertainty or scatter of the
phase-angle measurement, could be achieved. The uncertainty in the angle was
. reduced by over a factor of five, down to typically +] to 2° on all measure-
ments. This improvement in accuracy was assisted by using the lock-in ampli-
fier (PAR 5202) solely as a phase meter. For this amplifier the stated
instrumental accuracy on relative phase changes can be as fine as 0.2° under
the best circumstances. Therefore, some room for improvement remains. The
. improved signal stability on lock-in time scales of 10 msec to 10 sec provided
: an opportunity for finer alignments that further improved the Q of the cavity.
As the functional variation of the phase meter voltage output was sufficiently
well-behaved during tuning through the minima or maxima of angles, some future

semi-automation by digital control, using phase meter voltage as part of a

Pl NV 2

feedback loop, might be considered. Certainly, the experiment is now amenable

to the data-recording and processing techniques available via microcomputer

devices.

Once the maximum phase—~angle condition is reached with the two-mirror
test cavity, an absolute measurement for RjRp can be made with the specially
cleaned? silicon mirrors, as shown in Fig., 2. For data taken over three days,
the measured tanf is plotted as a function of intensity-modulation frequency

ul f, which ranges from 150 through 600 KHz.

The distribution of points about the straight line for a given test
X series and that for day-to-day studies seems about the same. That is, the
: accuracy and precision are similar. The results for two different days are
E given as circles and triangles. The curved line at the abscissa suggests the
computed range of positive deviation in tan® for a +2.0° uncertainty in

< angle 6. The observed data lie within a phase-angle uncertainty of *2°.

. The straight-line, least-squares~fit yields a slope measurement that {is

then related to R;Ry by

11
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Two-Mirror Test Cavity for Determining R;R Mirrors are

dielectric-coated silicon substrates, one %lat, one with 200-cm
R.D.C. Plot of tan® vs. intensity of modulation frequency.

L = 89.0 cm, HF P2(8), 2.91l-ym wavelength., Test area: & mm
diameter at mirror centers. RjRy = 0.9892.
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In this case we find RjR; = 0.9892 % 0.0009. If both coatings are assumed to
be identical, R} = R, and R} = R, = 0.9946 +£ 0,0004 for the dielectric
coatings. In the previous work! we had reported a reflectance of 0.9920 ¢
0.0050 for uncleaned coatings. The combination of careful cleaning and
improved techniques has raised the deduced reflectarice and significantly
reduced the uncertainty in the measurement. This observation is consistent
with the fact that the CAPS method yields a lower~bound (i{.e., less than or
equal to) reflectance result., Equality is achieved when the optics are
properly prepared and the experiment is properly performed in all its

details. The product RiR, is observed to be stable over several days.

With the product R R, established, a three-mirror CAPS configuration was
constructed with the intracavity mirror consisting of a dielectric-coated flat
on a transmitting silicon substrate., This mirror was carefully cleaned2
immediately before measurement. The deduced reflectance is 0.9955 + 0.0008.
This number compares well with 0.9952, a number deduced from manufacturer's
reflectance traces made immediately after production. Thus the transmitting
HF coatings appear to m@intain their reflectance. At the time of testing:

these coatings were over a year old.

In Fig. 3, data from a witness sample of a potential enhanced-gold coat-
ing, prepared by a commercial manufacturer for the HF laser ring resonator,
are shown. A gold monolayer on a Zerodur flat substrate is overcoated by four
layers of zinc sulfide and thorium fluoride. ' This surface is nontrans-
mitting. With the use of the three-mirror CAPS cavity, the deduced
reflectance is found to be 0.9948 + 0.0008 at the shallow incidence angle of
6.6°. At such a small incidence angle, the reflectance behavior at normal

incidence is reasonably approximated.

Silver monolayers prepared in-house on Zerodur flats were also studied.

A sample placed in a dry box two days after being coated, and left there for

13
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Fig. 3. Plot of tand® vs. Modulation Frequency for Three-Mirror CAPS Cavity
with Nontransmitting Sample. Sample is gold monolayer with four
layers of ThF/ZnS on a Zerodur substrate. End mirrors as in
Fig. 2. Test conditions as in Fig. 2. Measured reflectance
R = 0.9948 + 0.0008 at s-polarization, 6.6° incidence angle.
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three weeks, was tested without cleaning. The reflectance measured was 0.9903
+ 0.0008 at a 7.1° angle of incidence and a wavelength of 2.911 um. The
sample was returned to the dry box after the test and withdrawn two days later

to be cleaned.2 Because the soft silver had no overcoat, some microscratching

occurred, but measurerments showed improvement in the reflectance to 0.9926 *
0.0008. Thus some of the degradation in reflectance which is due to local

atmospheres appears recoverable.

The best accuracies to date for a two-mirror cavity can be summarized in
Fig. 4, where the uncertainty dR/R in the reflectance measurement R is plotted
as a function of R. The curve was generated on the basis of an uncertainty of
20 ppm at 0.9998 reflectances on coatings for a wavelength of 874 nm (black
dot). That uncertainty corresponded to phase-angle uncertainties of #2°. In
the HF-wavelength regime, 2.9 um, the uncertainty in reflectance is found to
be on the same straight line, again representing *2° uncertainties in phase
angle. Figure 4 demonstrates that the inherent accuracy in the measurement of
R depends on R in the CAPS method, and this aspect is one of the impertant

positive features of the method.
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IV. CONCLUSION

The accuracy and precision of the cavity phase-shift method have been
markedly improved by the addition of the test cavity dither and by improved
mode—matching techniques. Various types of three-mirror test cavities,
which provide the capability of studying spherical optics with any type of
substrate, have been provided. The method has been used to support the DARPA

HF optical resonator research program of R. A. Chodzko in our laboratory.
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LABORATORY OPERATIONS

The Aerospace Corporation functions as an “"architect-engineer” for
national security projects, specializing in advanced military space systems.
Providing research support, the corporation's Laboratory Operations conducts
experimental and theoretical investigations that focus on the application of
scientific and technical advances to such systems. Vital to the success of
these investigations is the technical staff's wide-ranging expertise and its
ability to stay current with new developments, This expertise is enhanced by
a research program aimed at dealing with the many problems associated with
rapidly evolving space systems. Contributing their capabilities to the
research effort are these individual laboratories:

Aerophysics Laboratory: Launch vehicle and reentry fluid mechanics, heat
transfer and flight dynamics; chemical and electric propulsion, propellant
chemistry, chemical dynamics, environmental chemistry, trace detection;
spacecraft structural mechanics, contamination, thermal and structural
control; high temperature thermomechanics, gas kinetics and radiation; cw and
pulsed chemical and excimer laser development including chemical kinetics,

spectroscopy, optical, resonators, beam control, atmospheric propagation, laser
effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions,
atmospheric optics, light scattering, state-specific chemical reactions and
radiative signatures of missile plumes, sensor out-of -fleld-of -view rejection,
applied laser spectroscopy, laser chemistry, laser optoelectronics, solar cell
physics, battery electrochemistry, space vacuum and radiation effects on
materials, lubrication and surface phenomerna, thermionic emission, photo-
sensitive materials and detectors, atomic frequency standards, and
environmental chemistry.

Computer Science Laboratory: Program verification, program translation,
performance-sensitive system design, distributed architectures for spaceborne
computers, fault-tolerant computer systems, artificial intelligence, micro-
electronics applications, communication protocols, and computer security.

Electrounics Research Laboratory: Microelectronics, solid-state device
physics, compound semiconductors, radiation hardening; electro-optics, quantum
electronics, solid-state lasers, optical propagation and communications;
microwave semiconductor devices, microwave/millimeter wave measurements,
diagnostics and radiometry, microwave/millimeter wave thermionic devices;
atomic time and frequency standards; antennas, rf systems, electromagnetic
propagation phenomena, space communication systems.

Materials Sciences Laboratory: Development of new materials: metals,
alloys, ceramics, polymers and their composites, and new forms of carbon; non-
destructive evaluation, component failure analysis and reliability; fracture
mechanics and stress corrosion; analysis and evaluation of materials at
cryogenic and elevated temperatures as well as in space and enemy-induced
environments.

Space Sciences Laboratory: Magnetospheric, auroral and cosmic ray
physics, wave-particle interactions, magnetospheric plasma waves; atmospheric
and ionospheric physics, density and composition of the upper atmosphere,
remote sensing using atmospheric radiation; solar physics, infrared astronomy,
infrared signature analysis; effects of solar activity, magnetic storms and
nuclear explosions on the earth's atmosphere, lonosphere and magnetosphere;
effects of electromagnetic and particulate radiations on space systems; space
instrumentation.
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