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LASER GUIDE STARS FOR ADAPTIVE OPTICAL SYSTEM WITH 
PARTIAL CORRECTION 

Yan Jixiang, Zhou Renzhong, and Yu Xin 
Department of Engineering Optics, 
Beijing University of Science and 
Engineering, Beijing 10081 

Abstract; In this article, the number of the artificial guide stars 

and the brightness of the guide stars used in the partial-correction 

adaptive optical system with 0.5 Strehl rate(or0.13 residual rms wave- 

front error over the subaperture ) have been presented , Comparing to 

the correspondent results of the conventional system, we find that 

the partial  correction   system  is simple and easy   to  realize. 

I. Introduction 

Random phase fluctuations due to atmospheric eddy currents 

seriously restrict the resolving power of large ground-based 

astronomical telescopes. In good visibility, the typical resolving 

power for visible-light wavelengths is only about lrad/s. By 

adopting adaptive optics with wavefront compensation, this 

situation can be significantly improved, achieving imaging quality 

near the diffraction limit. 

An  adaptive  optical  system  is  composed  of  fundamental 



components: wavefront sensor and wavefront corrector. The function 

of the wavefront sensor is to detect anomalous wavefronts at the 

telescope pupil plane.  Normal operating conditions are that there 

should be a certain photon current inside the subapertures.  When 

the brightness of the object to be imaged is weak, reference stars 

that are bright enough in the same isoplanatic region are required. 

However, since the isoplanatic angle in the atmosphere is very 

small, and since natural guide stars are too few to cover the 

entire sky, many objects to be observed lack sufficient brightness 

and there are no guide stars in the vicinity with sufficient 

brightness.  Foy et al. [1] was the earliest to propose, in 1985, 

that artificial guide stars can be generated by using a laser in 

the upper atmospheric layers.  Since lasers can be directed in any 

direction, the artificial stars are able to cover the entire sky. 

Two years later,  Thompson  [2]  developed this concept in two 

aspects.   On the one hand, he calculated the key engineering 

parameters for generating artificial guide stars.  On the other 

hand, he was successful for the first time in generating artificial 

guide stars in the sodium  layer over the Mauna Kea  optical 

observatory in Hawaii, on the night of January 21 of that year.  In 

recent years, the problem of artificial guide stars became a very 

active area of research in adaptive optics. 

Interest in adaptive optics involves mainly compensating for 

wavefront anomalies caused by eddy currents in the atmosphere. In 

seeking perfect correction, the complex structure and high costs 

compel users to begin considering the possibility of partial 



correction. Hardy was the earliest scientist to propose adaptive 

optics in the 1991 annual conference of the International Society 

of Photographic Engineering (SPIE). He proposed to treat them 

separately: the laser emitted adaptive optical system and the 

astronomical imaging adaptive optical system. Moreover, he pointed 

out, in applications for the latter case, Strehl ratio is 0.5 or 

smaller, images with near-diffraction-limit resolution can still be 

obtained. When compared with the requirements on guide stars, in 

the traditional system as reported in the literature, we can see 

that guide stars in a partial-correction system are realized much 

more easily. 

II. Strehl Ratio and P.ms Wavefront Error 

The Strehl ratio (S) was first introduced by German scientist 

Strehl while studying point-source imaging in 1902. The Strehl 

ratio is defined as the ratio between the peak value intensities of 

anomalous wavefronts and anomaly-free wavefronts. The relationship 

between A«s of S with wavelength taken as unity can be approximated 

by 

•9 = exp r - CnAc ;^): ;. (1) 

When the wavefront anomaly is serious, there is no simple 

relationship between S and L<t>. However, only if S>0.3, we can 

derive [3,4] [1-(S/S0xl00%<10%. In the equation, Sß is the precise 

value of the Strehl ratio. This article discusses the situation 

when SKO.5. Therefore, by using Eq. (1), the percentage error of 

the theoretical value of S derived is less than 10%.  Substitute 



percentage error of the theoretical value of S derived is less 

than 10%.  Substitute S=0.5 into Eq. (1) and we get 

A?^0.13/. 

This is the corresponding rms wavefront difference at the 

aperture. 

III. Number of Artificial Guide Stars Required for Partial 
Correction System 

Assume that the isoplanatic angle in the atmosphere is 0^, and 

that the height of the guide stars over the pupillary plane of the 

telescope is hG , then the diameter of a guide star in the reaion 

covered by the telescope aperture is defined as  (see attached 

figure)                          Dif=2k-.ei,                                             (2) 

rt 
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Fig. Area covered with starlight at 
telescope aperture cross section 

Use DG to indicate the maximum telescope aperture for which there 

is only one guide star, and mark D0 as 
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D0 =DiJa = 2h.,6i!,ia (3) 

In the equation, a is determined by the rms residual wavefront 

difference of the maximum allowable value on the aperture plane, 

and is related to the atmospheric mode. Here, two modes are 

considered: one is under the assumption that the eddy currents in 

the atmosphere appear only in a thin layer with height ht, and it 

is briefly referred to as the model of a single thin layer. 

Another mode is the model assumed by Hufnagel, that is, 

C\ (/;)=:■.• x 10" 2ikl °e-* +10"1 ee-*/I.B 

With respect to A0 = O.13A,, then a (corresponding to the first model) 

is about 0.7. Corresponding to the second mode, a is approximately 

0.8 [5].  In addition, the atmospheric isoplanatic angle of any 

eddy current coinciding with the previous model is 

01P*rr/3Ai 

However, the atmospheric isoplanatic angle matching the latter 

model is 

#,p%4xi0-5r0 

In the equation, m is the unit for the Freid constant. However, 

measurements for O^ are in radians. It is assumed that the height 

at which eddy currents appear in the single thin layer model is 

ht=10km. Substitute the above-mentioned results into Eq. (3), then 

we obtain the two models, respectively, 

D,=   (20/21) Xi..-ijr- 
and n - i ,, , A- -i ,-, 

However, the numbers of guide stars required for a telescope with 

an overall aperture D for 

Nj=   (20D/21h9r:)-xiOz (4) 



A'j= (L>/^r5)
2xi0< (5) 

When we compare Eqs. (4) and (5), we can see that for both the 

atmospheric models (but assuming equal rQ) , the numbers of guide 

stars required for telescopes with identical aperture are not very 

different.  Therefore, in the discussion below we rely only on 

Eq. (5) and assume rn=0.20m. 

Up to the present time, the most likely guide stars are 

generated by Rayleigh scattering in the low atmosphere and the 

resonant scattering of sodium D2 rays. The typical heights are, 

respectively, 92 and 12km. Together with r„, these values are 

substituted into Eq. (5), and then the number of guide stars for 

the telescope with D=2m is 1.2 and 67. For a telescope with d=4mr 

the respective values are 5 and 268. The corresponding results 

given f rom 1. 25 (A?s<A/10) given in [4] are, in sequence, 3, 171, 12, 

and 685. We can see that the number of guide stars required for 

partial corrections is considerably reduced. Therefore, it is 

easier to realize than under the conventional systems. 

IV. Requirements on Guide Star Briahtness in Partial-Correction 
Systems 

In a fairly recent paper [6] , the authors discussed the 

brightness requirements of guide stars in a circular aperture 

system. Here, the relationship for a square aperture system will 

be presented. In addition, the principal results will be listed 

for comparison. 

The requirements on guide star brightness are also determined 

by the  performance  of the  adaptive  optical telescope  to  be 
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expected.   In other words,  the rms value A0 of the residual 

wavefront error at the aperture plane after correction can be 

considered as composed of two portions: one portion is caused by 

the inclination of the wave plane, and the other portion is the 

other  wavefront  error  outside  the  wave  plane  inclination. 

Indicated with the difference in optical paths with wavelength 

taken as unity, the latter portion error at the aperture plane d 

for diameter or side length is 

■Vi = W/r0) 5/6 a/17.4) (6) 

The adaptive optical system corrects mainly the first portion, that 

is the error in wave plane inclination.  After correction, the wave 

plane inclination error is 

At?» = Atpd/4 (7) 

However, after correction the overall wavefront difference of the 

aperture is 

Ap = (A<p*+A<pt)"2 (8) 

In the equation, A0 is the measurement accuracy of the wavefront 

inclination rate; this is related to the type and performance of 

sensing, and is determined by the density N of the signal photon 

current.  For a Hartmann sensor, when d is greater than rfj, 

Atf = 0.6lAt?«/ (%/Wro) (9) 

However, when d is less than or equal to rg, Ay is also related to 

aperture shape.  With respect to a circular aperture, 

A^ = 0.6lA77c/(v--Wrf) 

However, with respect to a square aperture 

*V> = 0.52/.T},/(X/Kd) 



t h S        gfiisf-i  one T\T        -i  c?        -t-Kü is    overall    ^hoto"    f ^T
*? ■(-Vip        e-in^l  ü 

UartTTianTi     ancrf nvc T)„   is   the  factor   determined b,r   imrvgv-f grt-i nnc   -in 

+■  V-l £2   CUC+-! 

TT3 [ ii^c 

)ical value is between 1.35 and 1.50.  These A-* 

substituted in Eq. (7) and then we obtain 

'(0.15/7?,/^) W/r„)  d>rb 

^v=  O.IS/.T/CA-'.Y     mTi 
d<i 

r* i  •y- 

0.13/.77. \'X        /j<l - 

cular   aoerture        2   —   souare   a^ertui:0 KEY: 1 

For a partial-correction system, the main interest is the situatici 

when d>rr, then 

02T ^w=:U/r,)5<^   (/./17.J):-    W/ro)ä   (0> 15^c/v/iV): , 

-V=    (0.152/.277c
:^/rc

:)    : _^:=- U/ra)
s'-   (/./17.4): ; -' 

For a circular aperture, the density of the photon current- is 

F = 8.997;c
:/-(ro: C (1.7^9?/;.)-- (rf/ro)( 

(10) 

V Q C T"\ £2 /-< +-   f / 

F~7.06r]c'/{r^  C (1.74A9»/;.)2- (rf/r,,)«^: } (n) 

Again, we assume Ajs = 0.13X.  From reference [7], the optimal value 

of d/rn is 2.  By using r, = 0.2 0m and TJ.= 1.35, we obtain F=8.4/r„- 

(with respect to circular aperture), and F=6.6/r-" (with 

square aperture).  However, based on the above-mentioned 

for Ä0 = Ä/15, the oho ton flow dQr = ■>*-■"■ A c   « 7/>- 2 

\T T . n o o v     TTri^v-rTtr 

By citing the example of sodium guide stars, the total las 

energy required for N* auide stars is r?"1 

E=   (4^k3-kc/vT.K
2Csat}.L)  X9F 

Tn fhp crtnnfi 

(12) 

T) is the efficiency (7.5%) of the telescope and 

^ = f pr<r AT* TL  is  th o   a r\r .luiü-resonant scatterina ^rnco-oünfi ^n 



8.27x10 -°m . TA is the single-pass atmospheric transmissibility at 

0.85.  Cs is the sodium-column abundance, 5xl0"13nf2.   h« is the 

height (92km) of the guide stars over the telescope.  ALK is the 

laser wavelength, 589nm. h is the Planck constant, 6.63xlO~34(J,s) . 

c is the speed of light, 3xl08m/s.  The above-mentioned typical 

data and the derived photon current density are substituted into 

Eq.  (12) .   We can obtain the following: for the laser energy 

required to generate a single guide star: 0.14mJ for a circular 

aperture, and O.llmJ for a square aperture. From the discussion in 

the third section of the present article, we know that the number 

of guide stars required are, respectively, 1.2 and 5 required for 

partial  correction  conditions  considered  in  the  paper  for 

telescopes with apertures 2 and 4m.  Therefore, the total laser 

energy required to generate these guide stars is, respectively, 

0.17 and 0.70mJ for a circular aperture, and 0.13 and 0.55mJ for a 

square aperture.   For other conditions remaining the same, if 

A0 = A./1.75, the diameters for a circular aperture telescope are 2 

and 4m, as given in reference [7].  The laser energies required to 

generate guide stars are, respectively, 1.44 and 5.76mJ. 

VI. Conclusions 

For an adaptive-optical imaging system, for a Strehl ratio of 

7.5 (the residual wavefront error is 0.13A for the corresponding 

aperture, there are interdependent relationships between the number 

of guide stars nd the guide star brightness required, on the one 

hand, and the atmospheric conditions, telescope aperture, and guide 



star height, on the other. Based on these relationship equations, 

calculations were made based on some typical data. By comparing 

the results obtained and the corresponding values for perfect 

correction in the related reference papers, the number of guide 

stars required is apparently reduced, and the required photon 

current density is rapidly reduced. In proportion to the 

multiplication product of the two, the laser energy for generating 

a guide star is further drastically reduced. These indicate that 

rational partial correction can dramatically simplify the system, 

thus further pushing the adaptive optics toward practical 

applications. 
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MILITARY MID- AND LOW-POWERED CO, LASER TECHNOLOGY 

Feng Hongyuan 

Southwest Institute of Technical Physics, Chengdu 610041 

Abstract, The development situation of the military laser technology 

is reviewed . It is proposed that the important subject in tins area 

should   be heterodyne CO-   lidar  in  our country. 

I. Introduction 

Rapidly developed in the sixties, laser technology has 

extensively penetrated into science, technology, industrial and 

agricultural production, medical therapy, public health, and the 

military.  In military applications of radar, there are mostly 

five areas, as follows: 1. ranging and target guidance (laser 

guidance), and laser radar.  2. Destructive directed-energy laser 

weapons (strategic and tactical laser weapons).  3. Laser 

gyroscope guidance technique.  4. Laser communications, and 

5. Laser simulation training equipment.  In the first item, laser 

ranging/target guidance (laser guidance and laser radar) has been 

studied for more than two decades.  This area stands as the most 

important part of military laser weaponry. 
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The early sixties were not long after the appearance of 

lasers.  At the Hughes Corporation in the United States, the 

first primitive ruby pulsed laser ranging device was successfully 

developed.  Since then, laser ranging has become the most widely 

applied and indispensable equipment for the military.  From the 

United States Defense Department, in military lasers the 

investment on mid- and low-powered laser ranging/target guidance 

is the most successful project for investments in the past 20 

years.  Due to the application of these instruments and items of 

equipment, the battle effectiveness of the United States Armed 

Forces has been upgraded by nearly one order of magnitude. 

Laser ranging has completely replaced the previous 

conventional optical ranging.  The fundamental principle is to 

measure the time required for the laser beam from emission to 

arrival at the target and be reflected.  Actually, laser ranging 

is a laser radar with simplified functions.  Since the laser beam 

is narrower than the conventional radar beam, as the pulse width 

between several to scores of nanoseconds, the distance resolving 

power and the ranging accuracy of the conventional laser ranging 

device is higher than conventional radar.  Generally, the 

accuracy of military laser ranging devices is 2 to 5m; a precise 

laser ranging may reach even down to the centimeter level. 

Measurements path for laser ranging, owing to greater attenuation 

due to the atmosphere near the ground, generally has an accuracy 

lower than that for conventional radar.  However, the measurement 

paths at high altitudes (or deep space) and vertical paths, the 
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accuracy is higher.  At present, measurement paths of a military 

ranging device is several to tens of kilometers.  The weight of a 

laser ranging device is also reduced from tens of kilograms at 

the beginning to only several hundreds of grams as the percent- 

day ranging telescope. 

Recalling history, we see that the laser ranging device 

generally passed through three development stages.  These are the 

primitive stage represented by the ruby laser ranging device, the 

practical stage with higher efficiency Nd:YAG as the light source 

and silicon snow light diode as the detecting device, and, 

recently developed, a laser ranging device that adopts various 

wavebands safe to human sight, and the introduction of heterodyne 

reception for carrying out the ranging, speed measurement, or 

even imaging in the multifunctional observation, aiming, and 

measurement integration system as the third stage.  This actually 

is the development from, simple laser ranging to a laser radar 

system with complete radar functions.  This system will be the 

principal tool in the battlefield of the nineties. 

The key to laser ranging includes the laser light source and 

the detection elements.  Whatever the laser, the YAG laser 

ranging device is the most widely used, and the most mature in 

technique; however, since it operates in the 1.06micrometer 

wavelength, it is very unsafe to human sight.  In addition, a 

laser at this wavelength is easily affected by atmospheric 

conditions and smoke in the battlefield, therefore its 

application is limited.  As early as the seventies, researchers 
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proposed the concept of laser ranging with safety for human 

sight.  Later on, the C02 laser operating at 10.6micrometer 

wavelength gradually appeared; the Ho:YULF laser, at 

1.73micrometer wavelength; the Er:YLF laser, at 1.73micrometer 

wavelength; and the Nd:YAG Raman frequency-shift 1.54micrometer 

laser, as well as the 1.54micrometer wavelength erbium glass 

laser ranging device, which passed evaluation certification by 

the United States Army in 1985.  Under present technical 

conditions, at the wavelengths of 2.06 and 1.73micrometers, no 

highly sensitive detection devices suitable for ranging have been 

found and therefore developments have been slow.  Only the 

10.6micrometer CO, and the 1.54 micrometer Raman frequency-shift 

and the erbium glass laser ranging devices are receiving most 

interest.  These lasers have reached the level of practicality. 

From Table 1, the listed specification of hygienically protected 

standards by Stanag 3606 of the United States, the 1.54micrometer 

laser ranging device is the safest.  The energy of a pulse of the 

C02 laser ranging device is in the range of scores of 

millijoules.  Therefore, from the standard of Table 1, the C02 

laser ranging device is also zero-distance safe.  However, since 

the C02 laser ranging technique is complex, and almost 10,000V at 

high voltage (or a radio-frequency power supply is required, in 

addition to expensive HgCdTe, and a detection device as well as 

specialized infrared optical materials, apparently only from the 

safety significance, the performance-price ratio of the CO, laser 

ranging device is well below that of the 1.54micrometer laser 
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ranging device.  Notwithstanding, the authors still consider that 

the C02 laser ranging technology still is highly viable.  This 

represents the new-generation military laser system in its 

development direction.  The light force is included in overall 

consideration of the development demand in the future 

battlefield.  In addition, the CO2 laser has many advantages that 

other lasers lack or are deficient in.  Generally speaking, there 

are the following points to be considered: 

TABLE 1. Human Vision Safety Standards of Stanag 3605 L aser 

•ft*» ,■     !: cA;TR^caiJta   (J/em*) 
 ^                       b ;aÄMlHz)^Rft1(lOHO 

trilTT  e 0.-59-3       5x10-' 

Nd : YAG l.C-S SxlO-« 1.6x10-« 

**«>* i.;4 1 ixio-* 

COt '10.6 1x10-' 3.-: 10_s 

KEY: a - laser device b - wavelength c - maximum 
available light exposure d - repetition frequency 
e - ruby   f - erbium glass 

(1) Its operating wavelength is the same as the infrared 

thermal imaging instruments (FLIR) of the 8 to 12micrometer 

waveband as extensively applied in tomorrow's battlefield. 

Therefore, there are the same capabilities of transmission 

performance, as well as penetration through smoke, rain, fog, and 

frost.  Therefore, both have excellent compatibility.  Based on 

the specifications required by the United States Army on 

compatibility requirements on laser ranging and thermal imaging 

instruments, when the probability that a thermal imaging 

instrument can observe the target is 50%, the compatible laser 
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ranging device should have a probability of 99% of detecting such 

target in the first emission.  Apparently the laser ranging 

device of other wavelengths is not able to meet this requirement. 

Besides, due to the same wavelength, the C02 laser ranging device 

can share the same optical system, detectors and refrigerator, 

with a thermal imaging instrument, thus constituting a compact 

structure and compatible performance in the integration of 

multiple functions in observation, aiming, and surveying in 

optoelectronic fire control systems. 

(2) The efficiency of the C02 laser device (including the 

waveguide C02 laser device and the TEA CO, laser device) is 

high, generally between 8 and 10%, suitable for being built into 

a high-repetition-frequency C02 laser ranging device.  Power 

source modulation or electrooptical modulation Q is applied for 

the waveguide C02 laser device with repetition frequency as high 

as tens to hundreds of kilohertz.  However, for the repetition- 

frequency TEA C02 laser device, the repetition frequency may be 

as high as thousands of hertz; for mixed-type TEA frequency, it 

may attain as high as hundreds of hertz.  Since the C02 laser 

device is high in frequency with convenient cooling, operating at 

a high repetition frequency, the dimensions and weight of a C02 

laser system will not be greater than those of a YAG laser device 

with the same repetition frequency.  However, in the engineering 

perspective, there are many practical difficulties for the YAG 

laser device to be operating at the repetition frequency at 

hundreds or even thousands of hertz, or even an impossibility. 
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However, in the future battlefield, for tracking high-speed, low- 

altitude targets, or for flight near the ground, and for an 

aircraft collision prevention system it is required to use a 

high-repetition frequency device in the laser guidance system. 

Therefore, the development of a high-repetition-frequency laser 

ranging system is a practical demand for future battlefields. 

(3) The 10.6micrometer C02 laser has good capability in 

penetrating fog, frost and battlefield smoke in the atmosphere. 

Although the author does not have detailed data concerning the 

penetrating ability of the 1.54micrometer laser, yet Table 2 

lists the absorption coefficients of battlefield smoke at several 

laser wavelengths. 

TABLE 2. Absorption Coefficients (m2/g) of 
Battlefield Smoke Relative to Lasers at 
Several Wavelengths 

■;J.r:r 
e 

1, C6II m 3~S^ra l0.6Mm 8 ~12|.m 

a 
Sb   « 

3,2 

3.36 

3.6« 

1.93 

0.36 

0.29 

0.047 

0.47 

0.10 

0.27 

«*c   » 3.85 2.19 0.17 0.15 0.23 

xr.LK d 2.33 3.0 0.20 0.79 0.53 

KEY: a - oily fog   b - red phosphorus 
c - acid fog   d - carbon trichloride 
e - visible liaht 

As indicated from comparative results of a CO, ranging 

device, the YAG, and the 1.54micrometer ranging device, recentl" 

studied by the author, the ability to penetrate battlefield smoke 

by the CO, laser is definitely much bett,'=>- than -F^r t-hp van  =nH 

basically corresponds to the 1.54micrometer laser 

1 Q 
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better.  The data are also basically matched with the 

experimental data [4] from abroad concerning the penetrating 

ability through battlefield smoke by the 10.6micrometer laser. 

(4) A set of CO-)- laser devices can very conveniently execute 

an output of multiple spectral lines for selective modulation. 

If consideration is given to the transition of the sequential 

band of an isotopic CO, laser device and a CO, laser, the 

selective wavelength range for a CO, laser is quite wide.  By 

using these selective modulation properties for optical 

heterodyne communications, or atmospheric remote sensing and 

battlefield toxicity measurement, there are very good application 

prospects for the battlefield of the future in the nineties. 

(5) The wavelengths of the CO, laser is relatively long. 

Since the coherence with the long wavelength atmospheric 

turbulence flow is much weaker than those of short wavelengths, 

such as in the situation of intensive eddy currents 

-i i 
(C|j=10 "•'ir.3/2) , the coherence reception radius of 1. Smicrometers 

at a horizontal transmission distance of 10km is only 1/25 of 

that for a 10.Smicrometer xs'avelength; this comes out, 

approximately, to 0.4cm.  Therefore, in applications of the near- 

ground surface for horizontal distance, the long wavelength is 

very beneficial for heterodyne reception.  Based on theoretical 

calculations, if it is assumed that all reception is restricted 

by noise of scattered particles, then the detection sensitivity 

of heterodyne reception is higher, by eight orders of magnitude 

in sensitivity, than for direct detection.  The sensitivity of an 
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actual system is also different, by 10' to 10^.  Therefore  for 

heterodyne detection of the same measurement range, the emission 

power can be greatly reduced.  In addition, it is possible to 

conduct rapid selective wide-range modulation, the 

COnf idSn t i a 1 i t V     and     f vppHo"1     -F>-/~\Yr>      lammi nn     3>-p     T70>--*r     V-1-irrH npe-1 Xoc 

the system can also do range and speed measurements.  The ran^in" 

accuracy is in the meter level . and the accuracTr ^^   cr\at2,r\ 

measurements is also better than lm/s.  These properties are not 

able to be attained b" = c*i v-pz-t- rief p^f-i nn ^-r\rsy~r\^r<\-, 

Based on the above—mentioned advantages, the authors 

consider that, militarilv  in the fnturp tv>a   rn, i = ocv- <-oi-vin<-.i ,^,-nr 

has great potential.  Of course, some technical difficulties 

still exist at present.  However, with the development of 

technoloov of the comoonents  the si?p  LioinVi)-  rp1 i ^bi i i <■"  pn^ 

cost of the CO«) laser system will be gradually improved.  For 

example, the dimensions of a small high-voltage power source can 

be reduced by 70%, although in operating performance of cost the 

HgCdTe detector has some difficulties, yet as stated b" some 

people in this field, the detection components of the CO, laser 

at  DreSent  resemble  tb.P  c1 "I 1 nr\r>     ^ofonti ^T-I  nnmnnnpnfc  nf 

1.06micrometers more than 10 years ago, technology will gradually 

mature with developments, thus the various present-da'" problems 

will be solved. 

II. General Development Situation of Military CO-) Laser Systems 

The development of military CO> laser systems is torturous 
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and lengthy.  In the past period of more than two decades there 

were several ups and downs.  As early as the late sixties, M. G. 

Teich perfected the technical theory of heterodyne reception with 

CO, [2]; at that time, the heterodyne laser radar and optical 

communication system (for atmosphere and deep space) were met 

with researchers' enthusiasm.  However, due to a lack of maturity 

of the components, the reliability, service life, modulation, and 

reception of the basic components of the CO, did not pass the 

acceptance level.  Therefore, only some fundamental experimental 

research could be conducted on the heterodyne CO, laser 

technology without any practical progress.  Later on, in the 

early seventies, due to the emergence of the TEA CO, laser device 

[3,4] and the waveguide CO, laser device [5], with subsequent 

solutions of service life, reliability, frequency stability, and 

modulation techniques of the sealing-off devices, in addition to 

the scanning technique as well as other technical problems, such 

as refrigeration of the wideband HgCdTe detectors, this laid a 

solid foundation for the development of the second stage in 

military CO, laser technology.  In 1974, the experimental results 

[6] of the continuous wave modulation frequency (FM-CW! 

heterodyne C02 laser radar were reported.  Not long afterwards, 

in 1978, the RSRE reported a pulsed C02 laser ranging device [7] 

with direct detection.  Thereafter, there was a developmental 

high tide in military CO, laser technology.  Whether in direct 

detection or in heterodyne detection, all the military CO, laser 

systems have seen practical progress.  Table 3 listed the 
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progress with military CO, laser technology. 

There are the following representative products in the 

military CO, laser systems: from the Feilandi Corporation in the 

United Kingdom, there are models 303, 307, 311 direct-detection 

COj laser ranging devices, and heterodyne receiving model 305 CO, 

laser ranging devices [8], the model 116 high-repetition direct- 

detection CO, laser ranging device [9]; from RSRE, there are 

heterodyne C02 laser ranging instruments [10] ; from the GTE 

Sylvania Corporation in the United States, there is the precise 

tracking system (PATS) [11]; from the Lincoln Laboratories, there 

TABLE 3. Technical Progress in Military CO, Lasers 

V Q a >- 

1964 
1966 

1968-1971 

1970-1972 

i Q7H-1 ana. 

St-.al- atus of Progress 

Realisation of CO, light oscillations 
Realization of heterodyne reception of 

10.6micrometer CO, laser 
Realization of heterodyne mixing of HgCdTe 

device with comprehensive theoretical 
research on CO, heterodyne reception 
technology 

Development of waveguide CO, laser device 
and TEA CO, laser device 

Successful development of continuous—wave 
modulation frequency of heterodyne CO, 
laser radar and pulsed CO, radar* and 
attainment of waveguide CO, laser sTrstem 
for satellite communication^ 
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Year Status   of   Progress 

1975-1978 Dvant-iral      a rir-, 1 -i /-< o +■ -i /-M-I C     ^-F     T\C    w="pr'"iHp     ^^. 

laser device and realization of radio- 
frequency-excited waveguide CO, laser 
device; and attainment of TEA CO, laser 
device with long-lived sealing-off model 
Development of first set of direct-detection 
pulsed CO, laser ranging device.  Successful 
development of CO, laser target indicator; 
development of research in engineering C02 

laser radar, thus the military laser tech- 
nology enters the engineering development 
stage from the laboratory. 

1980 In several western countries, successful develop- 
ments of prototypes of various CO, laser devices 
with evaluation testing. 

1981 Realization of three-frequency heterodyne recep- 
tion and carrying out of full-wave mixed- 
frequency experiments on theoretical principles. 

19 8 5        Accomplishment of engineering development of TEA 
CO, laser ranging device. 

1987       Accomplishment of forerunning work before beginning 
of batch production of TEA CO-, laser ranging 
device 

after 1990   Assembly of CO, laser ranging devices. 

is the Fire Pond system [12]; from the DREV Corporation in the 

United Kingdom, there is the mixed model TEA CO, laser ranging 

device [13]; from the TPC in France, there are the model 137 

direct-detection pulsed CO, laser ranging device and the THC 

model 198 heterodyne pulsed CO, laser ranging device; and from 

Texas Instruments Corporation in the United States, there is the 

laser/thermal imaging instrument combination ranging device {14], 

among others.  In these CO, laser systems, the laser devices 

adopted include the TEA CO, laser device, the mixed model TEA CO, 

laser device, and the waveguide Co, laser device.  The detection 

methods include direct detection and heterodyne detection.  The 



operating frequencies of the laser device range from 1Hz to 

100Hz, or even higher.  We can see that the low-repetition- 

frequency laser ranging device and the high-repetition-frequency 

laser ranging device currently adopting the TEA CO, laser device 

have all completed their engineering development.  The MI-A2 

tanks in the United States will be deployed [15] in the early 

nineties.  The future development direction is the development of 

the CO, laser ranging systems compatible with infrared thermal 

imaging instruments.  Other than the CO, laser ranging with 

direct detection and with heterodyne detection, other important 

aspects of the military CO, laser are guidance, remote sensing of 

battlefield chemicals (toxicity detection) and CO, laser radar. 

It was reported that there are more than 10 companies in the 

United States, the United Kingdom, France, West Germany, and 

other countries, engaging in CO, laser heterodyne detection laser 

radars.  From the level of practical developments, currently on 

the components and parts of CO, laser heterodyne reception 

technique, the development of small engineering models and 

modularization of CO, heterodyne laser devices, there are 

basically matured conditi< 

will be great progress 

ons.  In the nineties, possibly there 

Therefore, it can be said that the 

present-day military CO, lasers have been gradually matured 

entering the stage of practical applications. 

III. Several Views on Developing Military CO, Laser Systems i« 
China "'" "*"" 

it  present, development has certain foundations for milltar" 
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C02 laser technology in China.  Among them, the following devices 

have been successfully developed and have passed certification: 

small TEA CO, device, direct-current and radiofrequency-excited 

waveguide CO, laser device, high-repetition-frequency TEA CO, 

laser device, mixed-model TEA CO, laser device, and grating- 

modulated small waveguide CO, laser device.  The Guangfu model 

HgCdTe detectors have been used in the CO, laser ranging devices 

made in China.  The frequency stability of the passive stable 

frequency CO, laser device has attained an order of magnitude 10~" 
.7 

to 10 ' .  The techniques of NH,D Stark Pond and the SFj saturation 

absorption pond, used for active stabilization of frequencies, 

were also reported.  An isotopic CO, laser device was also 

successfully developed.  However, there are no practical products 

on cryogenic techniques for detectors and techniques of active 

frequency-stabilized CO, laser device and wideband HgCdTe 

detectors, for heterodyne use. 

As to applications of CO, lasers, the multichannel carrier 

wave of a CO, laser was successfully developed.  Technical 

certification of the prototype of a portable pulsed CO, laser 

ranging device has passed; multiple field experiments were 

conducted.  Heterodyne experiments were also conducted on the 

modulation waveguide CO, laser device. 

Generally speaking, the military C02 laser technique in 

China has attained or approached the level of the early and mid- 

eighties abroad in research on direct-detection pulsed CO, laser 

ranging devices.  However, this was just the beginning into 

25 



research on heterodyne reception technique with CO, lasers; this 

is in the early stage.  To cromote the development of t<=>~h«~"i ^T-»- 

in military CO, lasers in China, the authors have the following 

TJT-l OT*TC? • 

(1) On the present research foundation of the prototype 

machine of the direct-detection CO, laser ranging device, 

engineering and practicality stage should be moved forward as 

rapidly as possible, to complete the engineering development 

within the Eighth Five-Year Plan Period.  Moreover, resources 

should be allocated as early as possible to develop the high- 

repetition-frequency CO, laser ranging device.  In research on 

the high-repetition-frequency CO, laser ranging device, the 

achievements of the low-repetition-frequency CO, laser ranging 

device should be utilised as much as possible.  The maximum 

ranging should be determined as between 5 and 10km, and the 

repetition frequency should be selected between 30 and 50Hz. 

(2) The development of the CO, laser ranging device/thermal 

imaging hybrid compatible system should be developed as fast as 

possible.  The key to development lies in long service life 

small high-repetition-frequency devices (including catalysts), 

the shared substrate between the CO, laser and the thermal 

imaging instrument detector (development of a fast high-response 

optical guidance type HgCdTe detector), as well as research on 

synchrcnizincr e^a*n fü^hn-imiüc 

(3) The maximum advantage of the CO, laser is heterodyne 

reception.  Therefore, the research on the CW heterodyne of the 
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radicfrequency waveguide, and pulsed heterodyne of the mixed-type 

TEA CO, la«? ser device should move forward in synchronous steps in 

order to meet the demands of different application occasions 

later on.  Therefore, we should stress the development of 

frequency-stabilized radiofrequency-excited waveguide CO, laser 

devices and mixed-type TEA CO, laser devices, along with their 

modulation technique, frequency-stabilization techniques, as well 

as high-frequency HgCdTe devices of hundreds of megahertz in 

bandwidth.  We should redouble our efforts to have important 

breakthroughs in the heterodyne reception techniques in the 

period of the Eighth Five-Year Plan, to develop the prototype 

machines of heterodyne ranging and speed measurement in order to 

lay a technical foundation for the development of entire machines 

of CO2  laser radar in the period of the Ninth Five-Year Plan. 

(4) The development of the related techniques in military 

CO, laser systems should receive attention, for example, 

cybernetic technique, C02 catalyst and regenerative technique, as 

well as high-repetition-frequency and long-lived fast switching 

techniques, optical beam modulation and demodulation techniques, 

as well as optical beam scanning techniques, among others. 

For a brief resume of the author, Feng Hongyuan, male, was 

born in September 1938.  As a senior engineer, he currently 

specializes in laser technology.  The paper was received for 

publication on July 20, 1992. 
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COATING OF RESONATOR MIRRORS FOR NEAR-INFRARED Ma, OSCILLATION 

Liu Jincheng, Wang Q±, Ma Zuguang 

Institute of Optoelectronics, Harbin Industrial University, 
Harbin 150006 

Abstract;   -k   this pace-,   tli'.-  designing am!  coating of   special   film 

system  for near-infrared   laser oscillation  of  Na,  are reported.   In  1988, 

with   this  film  ,   laser   oscillation   oi    the   lowest   triplet   transition   of 

Na.  «as obtained  for  the first  time. 

I. INTRODUCTION 

The investigation of Na2 near-infrared oscillation is a 

leading topic of the early eighties, generally emphasized by the 

international research community in this field.  In particular, 

the first triplet laser oscillation was predicted by Konowalow 

[1] in 1980 as a resonant coherent light source in the infrared 

range.  The resonant range is between 830 and 900nm; the excited 

emission cross-section is 10 square angstroms.  This is a new 

infrared resonant coherent light source with good prospects of 

applications in laser spectrum technology. 

The first triplet transition (b'c|+_x» E0
+) laser-induced 
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fluorescent spectrum of Na2 was observed in 1981 [2] (see 

Fig. 1).  The search for laser oscillation in this spectral 

region has always been the aim of many countries and many 

research teams. 

A-X 

c?    a    010    00    05(5    r~ 

Fig.   1    Kenr-infran-i fluorescent radiation 

-lowest-triplet  transitirn region ( 8S0~v00 nm ) 

-910 nm ASE region 

II. Design Considerations 

From the fluorescent spectral region excitation regime for 

carrying the Na2 b3E,+—xJi:u*  , there are the following unique 

requirements on the resonator. 

1. The first triplet spectral region is located in the region of 

830 to 900nm.  There are different peak values for the excitation 

regime in different regions.  Based on the regime in [2], the 

peak is at 855.5nm.  According to the regime in [3], the peak is 

892nm.  However, whatever the regime, there is a spontaneous 

radiation amplification at 911nm.  The spontaneous radiation 
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amplification has two possible functions in laser oscillation: 

(1) This is possibly the indirect pumping light exciting the 

Na2 b°E,+ — x'E.*     transition, thus promoting the formation of the 

first triplet laser oscillation. 

(2) This is possibly the radiation transition of another 

channel, for obtaining the upper energy level particles in 

competition with the first triplet state.  In laser oscillation 

at this time, its ratio value will have a wearing down function 

on the first triplet laser oscillation to be obtained.  Thus, its 

high reflection should be avoided, if possible.  This is the 

viewpoint of this present research. 

2. The more effective route in carrying out the Na2 transition is 

ultraviolet excitation.  Therefore, the resonator mirror should 

operate under excitation of intensive ultraviolet rays.  The 

wavelength of the pumping light is 351nm.   ^»^  +_xs E.
+ 

In research on the Na2  b3Et
+—x3i;,+ laser oscillation, the 

appropriate film system of the resonant mirror should be used, 

with correct selection of film material.  Research on coating 

technique and process of the resonator mirror will provide 

convenient conditions for generating laser oscillation.  It can 

be stated that it is indispensable to have a resonator mirror 

satisfying the requirements in order to let the Na,  b3!],*—x3E + 

laser oscillation become a fact. 

There are the following design requirements on the resonator 

mirror: (1) there should be high reflection at 855nm, and high 

31 



transparency at 911nm.  The width (of the reflective band) 

AA<100nm (the center wavelength A.0=855.5nm, plus or minus 50nm). 

(2) There should be high transparency at 351nm of the pumping 

light.  (3) There should be anti-ultraviolet. 

(4) There is a passband in two regions of 132.5 to 550nm, and 600 

to 800nm (within the passband, there should be an absence of a 

reflective peak in order to avoid the gain of the Na2 b-x band 

and the B-X band) in both spectral regions.  (5) There should be 

hard film.  Generally, the all-medium reflective mirror is made 

of high and low reflective materials, with optical thickness of 

A.G/4 in the multilayer film.  Theoretically, with an increase in 

reflectivity of the reflective mirror for the coating layer, 

there can be an unlimited approach to 100%.  Actually, because of 

restrictions on film layer thickness control accuracy and 

absorption and scattering losses in the film layer, when the film 

system has a certain number of layers, that is, the reflectivity 

approaches 100%, the continuous coating is unable to increase the 

reflectivity.  Conversely, owing to increased losses in 

absorption and scattering, the reflectivity is decreased. 

In the authors' design, well-known zirconium oxide and 

silica are used as the cyclic alternating high- and low- 

reflective coating layer materials.  Table 1 shows their 

properties. 

From Table 1 [4], we can see that the transparent region 

meets the requirements, especially the 351nm pumping light.  The 

same evaporative method adopted also creates convenient technical 
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Table 1 ZrOi SiOi properties 

mater») refractivity 

2.1 ( 0.5EM ) 

7.tOi 2.0 C[i) 

1.92 (in) 

SiO» 1.45C0.5EM) 

transmissive re(;ionCMm)       evaporation art        melting point(iC) 

0.3~7 

0.2~8 

electron beam 

electron beam 

2700 

1710 

conditions for coating;.  The zirconium oxide film is hard  not 

absorbing humidity, with seise compressive stress.  The silica 

film, is stable, firm, chemically corrosion-resistant  and has 

tensile stress.  The high melting points of these two materials 

determine that films from both materials satisfy the hard-film 

conditions, and the stress combination is also appropriate. 

For single-layer ZrO, and SiO,, when the coating layer 

thicknesses are one-quarter of the center wavelength, the laser- 

damaged threshold values are 70 and 130J/mm", respectivel". 

However, for 23-layer film composed of these two materials, the 

film system is [HL]-:H, and the laser-damaged threshold 

undertaken is 15J/mnr [4] . 

For alternating evaporated coating high-reflection films 

with thickness at one-quarter of the center wavelength, once the 

material is selected, correspondingly the width of the main 

reflection band is also determined.  Let us assume that on a 

glass substrate with n?=1.52, alternating evaporated and coated 

zirconium oxide with nK=l.9 and silica with nr=1.46, then the 
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relative width of the wave number expressing the known 

reflectivitv to be obtained ■• e 

Ag = 2_sin-'( "H~"L  ) = 0.08.1 

The width of the wavelength of the reflective band corresponding 

to the center wavelength 8 5 ^ . ^r T-i Tn      -i   c 

A;.A2A^A0 = H4 (urn) 

The reflectivity formula of the ter^inatio? 

<l + (nH/nL)
:'(f]H

:/«9)-
j 

We can easily calculate that the reflectivitv can be as hi^h as 

98% when there are 17 coated layers.  In the equations, s is the 

number of fundamental ^■^^T <=><? 

We can see that the difficulty of satisfying the design 

requirements are the width of the reflective band and the region 

of visible light, as well as the high transparency at 351nm of 

the pumping light.  Multiple spectral reaions can = i «>"i <-=no,-,iiei ,r 

require that there is high transparency in some spectral regions, 

and from ultraviolet to near-infrared for high reflection in some 

spectral regions.  This imposes certain difficulties for the X/i 

fill"     eycfprn       Ircfuv     j- /-\     X? -i rr 0       [" t; 1   1 

The width of the reflective band is determined onlTr bv the 

ratio value between the hich and low refractivities of the film 

layer, therefore the width is not related to the number of lavers 

[5] .  Besides the emergence of the main reflective band at ■*-Vic= 
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center wavelength Ar,, there are also high-order reflective bands 

(see Fig. 2) at the wavelengths A„/3, Afl/5, An/7, ....  The widths 

of the relative wave number of the various reflective bands are 

the same, however, the corresponding widths of the wavelength are 

reduced in accroximate ratios of 1/9  1/25  and 1/4Q   T'lipT-af^vc 

after the film material is selected, we can consider the 

application of high-order for the required high—reflection film 

of narrow band in order to meet the requirements.  This is one of 

the principal measures in narrow-band techniques. 

o' i 

- o. s 
V 

| i.o ■r  n* fi 
,V--'N  ' 'vwW^ . IV.-N-WV/V | 

(1 
■    . _»; 

Fig. 2  Reflectivity curves of 9-layer ZeS 

film coated on gloss (nj.-l.52) 

anil icist•>lie 

If 855.5nm is the center wavelength An and we let it be at 

the position of the third order, we thus achieve the width of the 

reflective band at the compressed 855.5nm.  This corresponds to a 

new center wavelength Xr,' =3x8 55. 5nm.  Thus, at the wavelengths of 

855.5nm (V/3), 513.3nm (V/5), and 356.6nm (V/7), the high- 

order reflective bands emerge.  Their corresponding wavelength 

width are, respectively, 

at 8 55.5nm 
CAA]'=/o'/(3-^g)-V/<3 + Ag)=47.9 <nm) 

at 513.3nm   C A/. ; s = ;.//(5 - &g) - ;.0>/(5 + ±g)*.l7m3  (nm) 

at 366.6nm   C ^'' 3 7 = ;-°'/(7_ A*> " V/(7 + Sg) *8.8 (am) 
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These are, respectively, approximately 1/9, 1/25, 1/49, 

the wavelength width of the main reflective band. 

Bes i^ <=>e  +■ 'I a certain wavelength Afi, for all thickn p c? a o c  3 c: 

Ä r. / 4 , for high-reflective f i 1 ^  a n ^ ^ < *r   other   v>n rrVi-rof I Cl /-» 4 1 T7Ü 

films with all thicknesses as 3An/4, with the same ratio of 

values of refractivity, at the wavelength A,, the wavelength 

width of the latter high-reflection region is approximately one- 

third of the for1 
}T~m o v- 

With the above-mentioned analysis, we can see that the 

indicators of bandwidth can satisfy the design requirements 

If the application of the n arrow-band technique shift: 

t-ATjarrl  +■ "h a      1 ong-wave direction for the odd-numbered multiples of 

the controlled wavelength, thus creating a result that although 

the number of film layers is not increased, yet the thickness of 

each film layer is considerably increased.  To remedy this 

shortcoming, the authors let the reflective band fall onto the 

third-order position.  Or, the film layer thickness can be 

considered to only increase a kind of filming material, and the 

+" Vi -i r* b-i less of the fil™ laver ~f =>r^t-h er  fi"'YT1  rnq-t-ci m material is still 

Aj/4.  In other words, this is the use of the method of adiustinc 

the resonant ratio to reduce the increase in film layer 

thickness.  Thus, the cyclic film system is ch = ™^ *>-™ nmn 

to [K3L] or [3HL].  In this way, the results correspond to 

reducing the thickness by one-third.  How MCT7Qr      I- Vl , the calculate'-^T~' ^ ^ 

th e various orders of bandwidth for ad"> justing the resonant rati 

>f the film system, and the utilization of hi~h- 'Order <~**~\Yr\'r>y"ac'C!-i  Trci 
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bandwidth are basically the same. 

It is relatively ideal in applying the design of other than 

Aj-,/4 film systems; however, we still have to use the narrow-band 

technique to satisfy the width requirements for the reflective 

band.  Moreover, by using the broadening technique of the 

passband, the restraining of the high-order reflective peaks is 

not required. 

The coating layer monitoring method for thickness other than 

A.r./4 wavelength is the so-called quartz crystal oscillation 

method 

Due to restrictions on equipment conditions, only the curve 

for the theoretical transmission rate iq (-J-JTTOI-! fov t-h^ f-i im 

system and computer-based calculation (Fig. 3, not included). 

Tl-}p      f T ]m      c- xr c? +■ pYYi      =) /^ ^ T~»-t- «^/3      -i  e 

Among these, 

nA=1.46 nfi = 1.9 nc = 2.39 

G-.n 3 = 1.49   M:«M = 1.0 

thickness    A«B=ALL 
24 

C = _ A,' s = / 

From Fig. 3, we can see that this is an ideal film system. 

Although the number of film thickness is comparative!" more  "et 

the thickness of each layer is much thinner.  Further 

investigation can be conducted when there are appropriate 

conditions 

TTT   fnat-i ng and Preparation of Films 

37 



1. Installation 

(1) In experiments, the film.-coatir.g machine is a DMD-450 

model optical multilayer film-coating machine, made by the 

Beijing Instrument Plant.  After remodeling, a magnetic deflected • 

type e electron gun was installed.  The maximum upper power !=• 

3kW.  The high voltage output is between 0 and 10^W  ^in.fama 

The output beam current is 0 to 300mA, adjustable. 

(2) The model number of the detector is 9684B (™ade in the 

United Kingdom) optoelectronic gain tube, with a sensitivity 

region between 700 and 900nm. 

(3) The monitoring instrument is a model MKY optical film 

thickness control instrument, made by the She^ = n^ I^HH,^ ,-,f 

Instruments and Me+'Qve 

Table 2 Evaporation art parameters 

heater    negative      beam    power  focal spot   power density evaporating 

material current(A) voltage(kV) Current(mA)  (\V)  area(mmJ)   ( W/mm* )   time (rain.) 

ZrOi      14                  9          90      810      113         7.2      >.,,'4 thk 1.2 

S'°i      H       H          60      660      113         S.8      3X0/4 thk 1.2 

2. Mstsv"c' 

The evaporation coating materials are zirconium oxide and 

silica; they are white substances in small cylinders made by the 

Beijing General Academy of Nonferrous Metals.  Their purity is • 

99.9%. 

Refer to Table 2 for evaporation art parameters. 
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3. Fiim system, technical croop5» a^H cvnianafinnc 

(1) The film system is designed as  G|(H3L)7H|A •  Refer to 

Fig. 4 (not included) for its theoretical calculation curve. 

(2) 3L has a thickness of X«' /4   If f10 /-*pn+-pv varrci onni-b 

is controlled at 855.5nm, then there will be three polar value 

points, indicating the increasing control accuracy. 

(3) Zirconium oxide is a high—meltinq—point material. 

During evaporative coating, we should note that the power density 

should not be too hicrh in ordpr to ha"p nham-i ^=>1 KroaU^nun dim t-c, 

overheating.  If there are appropriate technical conditions, 

evaporation with the filling of oxygen can be conducted. 

(4) The temperature of the base plate is approximately 

25Q-C.  Thus, the filming effect of ZrO, and SrO- will be better. 

(5) After the finished product is taken out of the vacuum 

chamber, the product should be placed into a baking oven to be 

heated over 250CC for time-effect treatment.  Generall", the time 

required is more than 4h. 

(6) When coating, a quartz wafer (nQ=1.45) is used as the 

base for coating of 21 layers.  The number of coatin^ lasers is 

slightly more than the theoretical calculation.  This is the 

result of desired reflectivit". 

(7) From Fig. 5, we can see that the first wave fluctuation 

in the right-hand part of the passband of the reflective band is 

slightly lower; this is due to polar value control.  It is 

required to ensure that the value accuracy of each laTrer to be 

accurate, thus the effect will be '"'cod. 
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Fig.   5    Practical  transmi ssivi ty  curvi 

of coated  elements 

V. Results 

Testing of the measured curve was conducted on a Hitachi 

U-3400 spectrophotometer.  From comparison between measured curv? 

and theoretical calculations (Fig. 5 and Fig. 4 (not included)), 

we can see that the coating is successful  sa*-icf"ir^ ^v><= ,-^cH^n 

rSCn]-1 >"cmpnf ments of various s^e^^r^l >~ a m r\t~i c 

T=70% for 351nm; T=82% for 911nm 

BOth       £ ">"* *=S /*" "f- V =3 1 V- , ?ions   of   432.5   to   550nm,    and   600   to   8Q0nr 

are P5ssbsn^c 

The location of 855.5nm is within the high-reflective band 

with R>99% and AA<100nm. 

As mentioned above, by using the resonator coated and 

prepared b'Tr th* ithors, in 1988, the Na-. first triplet laser 

rvr p C5      r* Z2 rried   out   for   +- v* «a   f-irct   i- -i m ^ 

international™ ^r 

Resume   of   one   of   the   authors:   Liu   -Jincheng,   male,   was   born 

i ci/jt; a c an   engineer,   he   is   currentl17 
i t~icir\ 

6 n 



high-power laser technology, mainly on thin-film techniques. 

The paper was received for publication on September 14 

1 QQO 
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