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Lasing Characteristics of High Quality Nd:YAG -

Crystals Grown by Temperature Gradient Technique,

Zhang Meizhen, Li Chengfu, ZI-ou Yongzong

Shanghai Institute of Optical and Fine Mechanics

Chinese Academy of Sciences

ABSTRACT

-A Nd:YAG crystal of 05x50 mm in size was grown by a

temperature gradient technique. It has good optical

homogeneity (interference fringe number is zero) and an

efficiency of 17. at I or 2 pps. It is easy to be operated in

TEM mode. .
00"

1. INTRODUCTION

Until now Nd:YAG crystal is still the laser material ,-.-

with the best duality and is most widely used in the field

of laser apolications. Until now the production method is

mainly the upward guiding method. But this method has

certain limitation for obtaining large diameter crystal

material with good optical uniformity in a large area.

Thereforea new processina method must be sought. It was known

that the united States recently had grown gooc optical

quality crystals with a size of 0100xl00 mm by heat exchange (

7,



i.e.temperature gradient) method. With this new method, our

country has obtained 050x62 MM Nd:YAG crystal with 0.9-1.3 7.

Nd coping concentration. Such crystal has good optical

uniformity, less scattering centers, low dislocations. In

order to study the lasing characteristics of crystal ..

prepared by such method, we processed the crystal into a 05x50

rod (interference fringe is zero, see Fig. 1.) and made

systematic measurements of its lasing characteristics with

repeating frequency laser devices. The experimental results

show the average efficiency is close to I % and the maximum

Power output can reach 3.0 million watts (pulse width Is 10

ns). Because the optical uniformity of the sample rod is

very good, it is easy to ootafna stable output of sfngIe

transverse mode.

Fig. I. The Tyman-Green interference pattern of the crystal

rod (Dy courtesy of Gu Yazhen)

Received by Oct. 31, 1983.
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2. EXPERIMENTAL METHOD AND RESULTS

v~.
The experimental arrangement is shown in Fig. 2. The

laser deviceis a plano-concave type stable cavity. -The, rear

reflection cavity plate Is a 1.06 jum total reflection

concave lens with R = 3 m. The front cavity plate is a 1.06

pm flat plate with a 40 . transparency. The cavity length

60
is 480 mm. A LiF crystal Irradiated by a Co radiation

source is used as Q adJustment switch. With single lamp "" -

pumping, the repeating rates of the device are 0.5. 1, 2,

and 5 sec -  The ditameter of grating usedl for modle selection "''

is 00.81 mm. The pulse wictnof the laserafter the Q adjustment

is 10 ns.

Fig. 2. The arrangement of the laser device

(1) The distribution of the laser beam spot

(a) Static status (without Q adjustment): The patterns

near the field and I meter from the cavity plate were

3
V. .~ * * ,*. .-.. W." .,. .-

.. . . ° ,,,- , ° , ° , . , .- , ,o'./ ° "o-. -. . . . .. . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . .. o o "..• -.- •. . . . .
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obtained by using photographic black paper. The result

snows the field of the output laser beam is quite uniform.

(b) Field distribution of single transverse mode output

(with Q adjustment): The single transverse mode was selected

by use of a 00.81 mm small hole. Near the threshold (input

energy was 0.37 Joule), we found a stable TEM output can
00

be easi ly obtained by such crystal rod. The field

distribution of 8 meters from the cavity plate was

Photographed (Fig. 3a.). Fig. 3b. shows the result by the

scanning of a blackness meter. In Fig. 3b, the solid line is

the experimentally measured result, and the dashed line is

the calculated curve of Gaussian distribution function

From this figure we can know that the Ie

experimental results fit very well with the theoretical

values and this is a proof of the single transverse mode.

U,, -- sersetical results;

4
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(2) Energy output

(a) Static output efficiency (without Q adjustment, the

pulse width was 100 ns): The experimental results are listed

in table 1. From table 1, we know that the average

efficiency can reach about 1 ..-

(b) Dynamic power output: The laser power output was

measured during the Q adjustment (the pulse width of device

was 10 ns). The experimental result is listed in table 2.

The exoerimental result shows that under our device

conditions, the output power can reach above 3 million

watts.

Table 1. Static efficiency

(input capacitance is 100 uf)

Itt -Q-k) •%

19.2 0. 137 0. 7
.,, 22.2 0.21

e.  
1.0 ""

0.5 96u 27.6 o.2TA 1.0

10'-,0 30.0 0.319 1.0

1 4u 40.2 0.415 1.0

1.0 iiEo 40.2 0.44,j 1.1

2. II' 40.2 0.51 1.1

I-repeating rate (see); 2-charging voltage (volt); 3-input

energy (joule); 4-energy output (joule); 5-efficiency (7.).

5
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Table 2. Dynamic laser power (t=10 ns)

t 960 27.6 29.0 2.9 PLI

-61

I-repeating rate (sec );2-charging voltage; 3-input energy

(joule); 4-energy output (joule); 5-power output (milin

watts).

(c) The laser energy of the single transverse mode: the

output energy in TEMQ mode (with Q adjjustment) is 2.8

miii-3oules when the energy input is 37 joules.

REFERENCE

(1) Znou Yonozong, et a), Journal of Silicates (a magazine

put) i isedlby the Chi nese Acadiemy of Sc iences) , NO. I I, 1983, pp.

357-360.
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Antireflective Coating with High Efficiency at 1.06 jim -

.".%

p1
Fan Relying, Lu Yueniei

Shanghai Institute of Optics and Fine Mechanics,

Chinese Academy of Science

ABSTRACT

% The error of the two-layer antireflective coating is .

analysed. It is shown that optical Droperties of the film V

composed of non-quarter wavelength Stack is more stable than

those of the film composed of quarter wavelength stack. The

two-layer antireflective fi im has been made on K. substrate

and Ta 0 ano SiO 2 used as coating material. Its
2 52

reflectivity at one surface is lower than 0.03% and laser

induced damage threshold is over 7 GW/ em (at 1.06 pm and I

ns).

1. INTROOUCTION

In laser systems. the aperture expansion telescope in a

laser multi-amplification system and all other lenses r

recuire antireflective fi im coating. Low reflection, on the

one hand, enables the great increase of laser output. and on

the other hand. prevents the damage of optical elements bv

7
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the reflected Ilant from the lens surfaces. -

Limited by the film material itself, the antireflection

effect of a single layer film could not be very high, and it

can not meet the requirement of high power laser systems.

Therefore double- or multi-layer antireflection systems have

to be used. Because only single wavelength antireflection is

reauirea and also because of simplicity and the

possibility of processing are considered, a double-layer

antireflection system was chosen. In order to obtain a good

processing reproducibility, we have made error analysis on /

cuarter and non-quarter double-layer wavelength fi lms,and

tne ncn-auarter double-layer system, wnich has a wider al lowed

error of optical thickness, was chosen as a better

antireflective system. We also made experimental studies on

the coating materials, found the processing conditions for

obtaining high efficiency antireflection, and therefore the

oroduct reproducibi lity can be guaranteed.

2. THE SELECTION OF FILM SYSTEM AND ERROR ANALYSIS

When light incidents on a transparent substrate with

double-layer film coating (as shown in Fig. 1.), the

reflection R is decided by the following formulas:

%............ .. ..... ..... .. ... .- *..,.-.......,.--.. .
,_ ,'.c ,' ._-~ c__,_.- .- ,.2 .- ;7 .,.,."- 2.2 •..- - .--. • . 4- '- . 4.-" " , -"-" - " '" ..- " - -. . -.. .... "•- -. ."•
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here r,, r2 r3 are Fresnel coefficients:

Ira n2 ~ : -
a.--a-'

%+n3'

and 06 and *a're thle phase differences,

-2,rn, d1  2xn~ d2

14



When the refractivitles of coating materials are

determined, zero reflection of the film system can be

obtained by adjusting the thicknesses of the two film I

layers, that Is: adjusting and 1 . Generally, in the

coating processing, a high reflection material with

refractivity n 2 is applied to the inner layer which is close

to the substrate until a reflectivity R is obtained and them
phase thickness is Y,, then a low refractivity material (n 1 )

is applied for the second layer coating until a maximum

value is obtained. Then the coating is continued until the

second maximum vaIue is obtained. At tnis stage the phase

thickness of the low refractivity layer is 0. Because the

fi Im at the stage of the first maximum value consists of two

materials, the refractivity of this layer is equal to an

effective refractivity ne (as shown in Fig. 2). For

ee

simplicity we define this layer as effective layer. .:;

• +-

U&

Fig. 2. quarter and non-quarter wavelength double-layer films
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According to the calculation formulas we can obtain:

when n 0 =, ns=1.506, nL=1.4 5 and n H=2.04, zero reflection at

tne center wavelength can be obtained if Rm=10.7 7% and at

this time n e=1.782. The same result can also be obtained by the use

of non-Quarter film with nL=l.
4 5 and n,=ne=l. 7 8 2 . Following

is a comparative error-analysis of these two film systems:

First consider the situation when the refractivities of

the coating materials deviate from the matching values in

these two film systems. When they have same relative errors,

their influences on the total reflection spectra are shown

in table 1 and 2.

TaDle 1. The error of n H is +7.85 % and uL = 1.4 5 is kept

unchanged

I* '4 tI U 7 777F7'I7T 1 X Z , I)

1. 1.7,12
2 J. .( 1 0 9 , , . . 9 = 0 .5 7 - . : ' : '

I u. ! . I .t ' . '-., 

I-non-ouarter wavelength douDle-layer film; 2-quarter

wavelength double-layer film

"*b.'%~

.J...

.2 ..\ .
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Table 2. The error ofq L is + 6.9 % and n,,=2.04 and ne=l. 7 8 2  ,'

are kept unchanged

1.45 C, 1. 1.45 V 1.

1.55 0. I 1.01 1.55 0. 4 1

1.35 U.. .955 1.85 0'.52%

I-non-quarter wavelength double-layer film; 2-quarter

wavelength double-layer film; 3-note: gminf/;min) is the

relative wave number when the reflection is minimum.

From table I and 2 we can know: when the refractivities

of the film materials deviate from the matching values,

their influences to the minimum values of the deflectivity

in non-quarter wavelength double-layer film is less than in

the auarter wavelength double-layer film, and this is

especial ly obvious by the error of the high refractivity

materials.

Furthermore, if we analyze the influence of the

control led errors of these two film systems on the total

optical spectral characteristics of the reflection (when

the refractivities are kept unchanged, it will reflect the

errors of the layer thickness), we found that the influence

of the layer thickness is negligible comparing with the

12
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Influences by the errors of the reflect ivities.

The total errors are mainly introduced by the refractivitles

of the coatina materials (table 3 lists the situation, for

non-quarter wavelength, when the inner and outer layers have

the same controlled error), for the non-quarter double-layer

f ilm. Therefore it is determined thatthe non-quarter wavelength

doublIe-lIayer f i Im system I s more stablIe than the qua rter

wavelength double-layer film system. Furthermore it Is also

less influenced by the refractivitles of film materials.

Thus we chose it as our experimental film system. The

specific system is as follows: A(&.JL, o'2t)G(o , c9 are the -

relative thicknesses to ;"/4, &( (1, c0( M1) the relative phase2

thicknesses of the two layers are: S=1.9967 (radian) and

H=0 .6 0 5 9 (radian), for n 0=1.0, n 5=1.506, n L=1.45, and

n,=2 .04. Their optical spectrum curves are shown in Fig. 3

and R min= 0 at the center wavelength.

13
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Table. 3. The influence of the control led errors of

refractivities of the non-quarter couble-layer film system

%

114

9755

D'.O)000 -,c 1.0 J-00)8I% .965

I-inner film layer; 2-outer film layer

According to table 1-3, we can know that for the non-

Quarter wavelength double layer system either the error of

refractivity or the error of the layer thickness has a larger

influence on the outer layer than on the inner layer.

Therefore it is important to control riqorously the

Processing of the outer layer of the non-quarter couble-layer

f Im system.

3. PROCE55ING

* (1) A study of film materials

(a) Characteristics of Ta 2 0 5 film material

We used 99.95 7 purity white Ta 205 powder to prepare

14
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blocks by pressure. Such blocks were put into an oven at 900

Cfor 8 hlours. Then the refractivity and dispersion were

* studied by the E-type gun evaporation technique. Table 4-7

lists the changes of refractivity and dispersion with the

changes of the processing parameters.

Table 4. The changes of n as a function of substrate

temperature

250 20 3*

2.067 2.077 2.0,93

The data in table 4 were obtained under an oxygen

pressure 2x10 torr and the deposition velocity was 7-8

A/sec.

Table 5. The changes of n as a function of oxygen Pressure

P(rt) 2 210-- 3x10-- 4 10-4

2.071 2..5M

1-torr.



The data in table 5 were obtained when the substrate

0
temperature was 280 C, deposition rate was 7-8 A/sec, and

the Initial pressure was IxlO -4 torr.

Table 6 The changes of n as a function of the deposition

rate

~.(A~ivj 4.-5 1
COW 2.065

I--sec.

The data in table 6 were obtained when the substrate

temperature was 280 °C and the pressure was 3xI0 4 torr.

The above data are the average values of several

experiments. n values are related to )A=6328 A and were

obtained by a TP-77 elliptical polarlization thickness meter.

Table 7. The dispersion of the refractivities of Ta205

A 3 A 1.05 U.94 Oh2 U7 .5U3

2.v52.532.052. '61- 

II
i........................ . :....... +... ... ;......-
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The data of table 7 were obtained under the same

substrate temperature (300 °C), the same oxygen pressure

(l.6x104 ) and the Same deposition rate (8 A/sec).

According to the above experimental results, we know

that the changes of refractivity of Ta 2O 5 material is not

large within certain ranges of temperature, oxygen pressure, --

and film deposition rate.

The results of the scattering coefficient, around 6500

A of single-layer Ta 2 05 on the K9 substrate show that the

scattering loss is equal to ZrO 2, but the absorbing loss is

very small.

Through the experiment, It was found that under the

same deposition conditions, the absorption coefficient of

the film using fresh Ta 205 is different from the films using

Ta 0 material wnfcn has been used for several times. The
2 5

absorption coefficientofthelatteris obviously larger. The

cause for this is mainly because the decomposition of Ta2 0-

in the deposition process, the outgoing ratio of oxygen gas

and Ta molecules is different and thus the content of

the remaining Ta 2 0 5 undergoes some changes. Therefore after

each deposition, some fresh material should be added or the

oxygen gas amount should be increased to make compensation.

(b) Characteristics of SiO film material
2

Many experimental works nave already proved that the

reproducibility of refractivity of SiO is betterin an air

17I. -F i



environment. But is it still true in the vacuum environment? -

Therefore systematic experiments were carried out. The

quarter double-layer films prepared under different 11
processing parameters (X=6328 A) were studied and the

changes before and after heat treatment (the baking

temperature was 280 °C), under air and vacuum environments

were studied. The obtained data are listed in table 8-10. Li
Table 8. The relation between n and vacuum degree

a.35. 1,372 1.40

I-pressure (torr).

The data in table 8 were obtained when the substrate was

not heated, and the deposition rate was 45 A/sec.

Table 9. The relation of n and the substrate temperature

2-_. C.-5

3 R t 2 1V- 4 IT 1. 32 1.3! q 1.4(.8

4A t'P vt 1.4 3 3 .451 1.4Q,

1 s 1.44,% 1.4411

I. atmosphere environment; 2-room temperature; 3-vacuum (2x10 4

torr); 4-atmospnere; 5-before baking; 6-after baking.

18
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The data In table 9 were obtained With samples prepared F

under a vacuum of 2x10 torr and a deposition rate of about

45 A/sec.

Table 10. The relation between n and deposition rate v

V (1/t") 1,

16 45 72

3 S!(2x1O-9ff 1.355 1.872 1.392

* A iq 1.445 1.453 1.457

1* 14) 1."-, 1.447

1-atmosCphere environment; 2-sec; 3-vacuum (10- torr); 4-

atmosohere; 5-nefore baking; 6-after baking.

The data in table 10 were obtained with the samples

prepared with the substrate unheated and In a vacuum of 2x10

4torr.

From table 8-10 we can know that: (1) the refractivity

of Sio increases with the increase of substrate
2

temperature, vacuum Oegree, and deposition rate; (2) the 5

dependence of change of refractivity of SiO on the2

deoosit ion conditions is more sensitive in a vacuum than in

atmosphere; (3) there is a reversible process of the

19
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refractivity of SiO2 from vacuum to atmosphere and then

beina baked. That is: the reflectivity is lower in a vacuum,

and it will Increase If being put in the atmosphere, and it 9"

will decrease slightly again after being baked.

(2) Some important points for the film preparation

There was no special processing technique used in our

antireflection coating. In order to obtain a good product

reproducibility, attention should be paid to the control of

processing conditions, such as the substrate temperature,

oxygen pressure, deposition rate, etc. (it is especially

important for SIO films in a vacuum, because its refractivity
2

in a vacuum is quite sensitive and its change has a larger

influence to the antireflection films). Only In this way a

stable refractivity can be obtained. At the same time,

attention should be paid to the difference of the

refractivities of fi im materials in a vacuum and atmosphere.

Only when the vacuum6 , (it is less than the calculated 6 .

value) is obtained, can the antireflection film which has

the reouired optical spectra characteristics be

prepared.

4. EXPERIMENTAL RESULTS

(1) The opttcal characteristics

The experimental results of the prepared samples with

20
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the point measurements of the low reflectivity meter and

with the scanning of a UV-360 spectrometer are listed in

table 11 and Fig. 3. The results snow the single surface

reflectivity of the Kg substrate; R is less than 0.03 7

around the wavelength of 1.06 pm.

2.0

0.5

-30

-- ; -(, •...'.-

Fig. 3. A comparison of the experimental results and

theoretical calculation

I-wavelength; 2-caption; 3-measured curve; 4-theoretical

curve.

The scattering coefficient measured with a scattering

apparatus is -1.Sx10 - 4 forA=0.65 im and it fs a little

lower than the scattering by the Ta2 05 film.

(2) The damage threshold by laser r

the damage threshold of this antireflection film is

2anout 7-8 billIon watts/cm measured with a 1.06 um laser ".-

beam of I ns pulse width. This can meet the requirement by

21



high) vower laser systems.

1 0.017 U.60..015

2 0.021 0.0116 0.010

3 0. 024 09 0. )13

4 0. C)13 3.015 0.018

5 0.013 U.014 O.A13

6 0. 620 0. 01-2 0.010

7 0.010 0.010 0.011

8 0.016 0.011 0.010

9 0.010) 0.011 O.v12

10 0. 0265 0.0 0.020

Taole 11. The results of the low reflectivity measurement of

the antireflection films

The authors woulcl like to thank Mr. Wang Muzheng of Jiaotong

University for his help) in the low reflectivity measurement.
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