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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 brightaess of the guide stars used in the partial-correction
adaptive optical system with 0,5 Strehl rate(or 0,13 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 larce ground-based
astronomical telescopes. In good visibility, the typical resolving
power for visible-light wavelengths is only about 1lrad/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 1later, Thompson [2] developed this concept 1in 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. 1In
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. 1In
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 Rms 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¢ of S with wavelength taken as unity can be approximated

by

S=exp { = (Zalg iy (1
When the wavefront anomaly is serious, there is no simple
relationship between S and Ag. However, only if 820.3, we can

derive [3,4] [1—(5/sox100%510%. In the equation, Sy is the precise
value of the Strehl ratio. This article discusses the situation
when Sx0.5. 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 Eg. (1) and we get

Aox0,137
This is the corresponding rms wavefront difference at the

aperture.

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

Assume that the isoplanatic angle in the atmosphere is O, and

ipr

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 region

covered by the telescope aperture is defined as (see attached

figure) D, =250, @
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Fig. Area covered with starlight at
telescope aperture cross section

Use D, to indicate the maximum telescope aperture for which there

is only one guide star, and mark Dy as
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»DO =D,'p/a:'_)/'l_40|’p//a <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 h,, and it
is briefly referred to as the model of a single thin layer.
Another mode is the model assumed by Hufnagel, that is,
Ci(h)y=2,2X10-"%k1%e~h 4+ 19-18e-0/1,5
With respect to Ag=0.13A, 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
§i.=r./3h,

However, the atmospheric isoplanatic angle matching the latter
model is

0ipx1x10-3p,
In the equation, m is the unit for the Freid constant. However,
measurements for ©;, are in radians. It is assumed that the height
at which eddy currents appear in the single thin layer model is
h,=10km. Substitute the above-mentioned results into Eg. (3), then
we obtain the two models, respectively,

D.= (20/215 x1.-%i,.

and Dy=1%10"ar,
However, the numbers of guide stars required for a telescope with

an overall aperture D for
No= (0D/21her. ) x10° (1)




and Ny= (D/kyr)?x10° (3)
When we compare Egs. (4) and (5), we can see that for both the
atmospheric models (but assuming equal ro), 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 assune ry=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 D, 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=4m,
the respective values are 5 and 268. The corresponding results
given from 1.25(A¢<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 Brightness 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. 1In 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

6




expected. In other words, the rms value Ag¢ 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

Avr= d/ry) ¥ (A/17,9) (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

A, =Aygd/4 )
However, after correction the overall wavefront difference of the
aperture is
Ap= (Apl+Apht’? (8)
In the equation, Ag¢ 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 ry,
Ap=0,612n./ (+/Nro) 9
However, when d is less than or equal to r;, Ay is also related to
aperture shape. With respect to a circular aperture,
Ap=0,61 n:/(\"Nd)

However, with respect to a square aperture

Ap=0.5249./(v/Na)
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8.27x10 np? T, is the single-pass atmospheric transmissibility at
0.85. C; is the sodium-column abundance, 5x10 “m™2. hy is the
height (92km) of the guide stars over the telescope. Mﬁ is the
laser wavelength, 589nm. h is the Planck constant, 6.63x10'M(J‘s).
¢ is the speed of 1light, 3x108m/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 0.11mJ 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
Ag=1/1.75, 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 0.13X 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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technology. Yu Xin, male, was born in 1941. As professor, OSA
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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 this area

should te 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

13




accuracy i1s 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 wvarious
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. 1In 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

14




proposed the concept of laser ranging with safety for human
sight. Later on, the Co, laser operating at 10.6émicrometer
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
fcund and therefore developments have been slow. Only the
10.6micrometer COy 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
CO, laser ranging device is in the range of scores of
millijoules. Therefore, from the standard of Table 1, the CO,
laser ranging device is also zero-distance safe. However, since
the CO, 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 CO,y 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 CO 9 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 Laser

5N SO CﬁﬁﬁkﬂﬁR(meH
a P men (1) ReTC10H )

r$8A e 0.4943 5107

Nd @ YAG 1,05 §5x107¢ 1,6x10-0

SR 1.c4 1 11072

CO: 10,6 1x10-2 31078
KEY: a - laser device b - wavelength ¢ - 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

16



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 CO, 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 COy laser device (including the
waveguide CO, laser device and the TEA CO, laser device) is
high, generally between 8 and 10%, suitable for being built into
a high-repetition-frequency CO, laser ranging device. Power
source modulation or electrooptical modulation Q is applied for
the waveguide CO, laser device with repetition frequency as high
as tens to hundreds of kilohertz. However, for the repetition-
frequency TEA Co, 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 Co,
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 CO, 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

[aur]

aser wavelengths.

TABLE 2. Absorption Coefficients (n@/g) of
Battlefield Smoke Relative to Lacers at
Several Wavelengths
T 1.C6um - 3I~Sum 10,6pm 8~12um
PO e . . L imeme -
@ » 3,2 3.64 0.38 0.047 0.10
a .
Ty & 3.36 1.93 0.29 0.47 0.27
B, % 3.85 219 0.17 0,15 0.23
AELE g 2,33 3.0 0.20 0.79 0.53
KEY: a - cily feog b - red phosphorus
¢ - acid fog d - carbon trichloride
e - vigible light
As indicated from comparative results of a CQ, ranging
device, the YAG, and the 1.54micrometer ranging device, recently
studied by the author, the ability to penetrate battlefield smoke
by the CCy laser is definitely much better than for the YAG, and
basically correspends to the 1.54micrometer laser, or even
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and lengthy. 1In the past pericd of more than two decades there

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

3

eich perfected the technical theory of heterodyne reception with

(@)

0, [2]; at that time, the heterodyne laser radar and optical

ommunication system (for atmosphere and deep space) were met

o]

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

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

5]
(9]

ecepticn of the basic components of the €O, did not pass the

W

9]

~
~

eptance level. Therefore, only some fundamental experimental
research could be conducted on the heterocdyne C02 laser
techneoclogy without any practical progress. Later con, in the
early seventies, due to the emergence of the TEA COy laser device
[3,4] and the waveguide CO, laser device [B], with subsequent
solutions cf service life, reliability, frequency stability, and
mocdulation technigues ¢f the sealing-off devices, in addition to
the scanning technique as well as other technical problems, such
as refrigeration of the wideband HgCdAdTe detectors, this laid a
sclid foundation for the development of the second stage in
military CO,y laser technology. 1In 1974, the experimental results
[6] of the continuous wave modnulation frequency (FM-CW)
hetercdyne CO, laser radar were reported. Not long afterwards,
in 1978, the RSRE repcrted a pulsed CO, laser ranging device [7]
with direct detection. Thereafter, there was a develcpmental
high tide in military Co, laser techneclegy. Whether in direct

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

(]

en practical progress. Table 3 listed the

systems have s

o
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Year Status of Progress
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on of radio-

e .
device; and attainment of TEA CO,
device with long-lived sealing-of
Develcpment of first set of direc
pulsed CO, laser ranging device. Successful
development of CO,laeer target indicator;
development of research in en 1gineering CO,
laser radar, thus the military laser tech-
nology enters the engineering development
stage from the laboratoery.

~

1980 In several western countries, successful develop-
ments of prototypes of var10u= Co, laser devices
with evaluation testing.

1981 Realization of three-frequency hetercdyne recep-
tion and carryving cut of full-wave mixed-
frequency experiments on thecretical principles.

1985 Acconmplishment of engineering development of TEA
CO, laser ranging device.

1987 Accomplishment of forerunning work before beginning

cf batch production of TEA Co, laser ranging
devic

after 1990 Assembly of CO, laser ranging devices.

is the Fire Pond cystem [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 medel 137
direct-detection pulsed COy 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 {147,
amceng others. 1In these CO, lacer systems, the laser devices

a

adepted include the TEA CO, laser device, the mixed model TEA Co

=

aser device, and the waveguide CO, laser device. The detection

3

nethods include direct detection and heterodyne detection. The

+.
-
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C0, laser technclogy in China. Among them, the following devices
have been successfully developed and have passed certification:

small TEA

Q

0, device, direct-current and radiofrequency-excited

waveguide CO, laser device, high-repetition-fregquency TEA COo,

[

laser device, mixed-mcdel TEA €O, laser device, and grating-
medulated small waveguide CO, laser device. The Guangfu model
HgCdTe detectors have been used in the Cozlaser ranging devices
made in China. The frequency stability of the passive stable
frequency CO, laser device has attained an order of magnitude 107
to 107. The techniques of NH,D Stark Pond and the SF; saturation
absorption pond, used for active stabilization of frequencies,
were alsc reported. 2An isotopic CO, laser device was alsc
successfully developed. However, there are no practical precducts
on cryogenic techniques for detectors and techniques of active
frequency-stabilized Cvg laser device and widebkand HgCdTe
detectors, for heterodyne use.

As to applications of C02 lasers, the multichannel carrier

wave cf a CO, laser was successfully developed. Technical

0
o

rtification of the prototype of a portable pulsed CO, laser
ranging device has passed; multiple field experiments were
conducted. Hetercdyne exXperiments were alsc conducted on the
medulation waveguide COy laser device.

Generally speaking, the military CO, laser technique in
China has attained or approached the level of the early and mid-

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

ranging devices. However, this was just the beginning into
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Institute of Optoelectrcnics, Harbkin Industrial University,
Harbkin 1850006
Abstract; Jn this paocey the designing and ccating of special film
svstem for near-infrared laser escillation of Na, arc reported, In 1988,
with this {ilm , laser oscillation of the lowest triplet transition of
Na, wis obtained for the first time,

I. INTRODUCTION
The investigaticn of Na, near-infrared oscillation is =2

leading topic of the early eighties, generally emphasized by the

-

lar,

¢

international research community in this field. 1In partic
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’L,+—xs T.*) laser-induced

29




fluorescent spectrum of Na, 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.
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Fig. 1 Near-infrari {luorescent radiatior
s—lowest-triplet transition region (830~900 nm )
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II. Design Considerations

From the fluorescent spectral region excitation regime for
carrying the Na2b32(h—x!2u¢ » 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

30



amplification has two possible functions in laser oscillation:

(1) This is possibly the indirect pumping light exciting the
Na, b°S,*—x"y,+ 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. 1In 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 Na, transitioﬂ‘is
ultraviolet excitation. Therefore, the resonator mirror should
operate under excitation of intensive ultraviolet rays. The
wavelength of the pumping light is 351nm.'*‘ba:‘+_«s .

In research on the Na, bJS,t—x32.+ 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, bhig,+—x35,+
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
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transparency at 91inm. The width (of the reflective band)
AA<100nm (the center wavelength A;=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 Na, 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
2@/4 in the multilayer film. Theoretically, with an increase in
reflectivity of the reflective mirror for the coating lavyer,
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 punping light. The

same evaporative method adopted also creates convenient technical
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