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EVALUATION OF LASER MATERIALS FOR 0.941im OPERATION

1. Introduction and Summary

An efficient laser operating near the 0.94um wavelength

is of interest because with frequency doubling one can have a

470 nm laser with potentially higher overall efficiency than

any primary laser at this wavelength. The requirements for the

0.94pm laser material are that it can be efficiently pumped,

that it has a four level laser transition and that the host

crystal is capable of handling high average power.

Nd3 + in most oxide garnet host crystals has a 0.94im

transition. The terminal level for this transition is the upper

4 -l1level of the ground manifold, 19/2, at about 800 cm or 4kT

at room temperature. This is generally not enough to satisfy

the conditions for a four level laser in that the main contri-

bution to the threshold is overcoming the terminal level popula-

tion. In Nd:YAG for example the necessary upper level population

to yield AN=O for the 0.94pm transition is high enough to make

4 it difficult to prevent the high gain 1.06pm transition from
lasing. What is required for 0.94pm lasing is a low stimulated

emission cross section for the 1.06um transition and a large

branching ratio of 0.94pm emission relative to the 1.06um emission.

That the 0.94pm cross section also would be lower than in YAG is

of less importance as long as the thermal population is the main
contributor to the threshold. It was on the basis of these

considerations that the garnet CAMGAR (CaY2Mg2Ge3012 ) was chosen

as a candidate for investigation. Detailed spectroscopy was

performed on Nd:CAMGAR in order to determine the relevant

p..
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cross sections. The results show that the 1.06 m cross

section in CAMGAR is about 0.25 of the 1.06pm cross section in

YAG whereas the ratio of the 0.94um cross sections is 0.5.

Section II of this report describes in detail the spectroscopy

and analysis of Nd:CAMGAR.

Laser experiments on both Nd:YAG and Nd:CAMGAR by

longitudinal pumping with an Ar laser substantially verified

the relative cross sections of the two materials. The 0.94im

results were limited however and the resulting cross section for

Nd:CAMGAR is higher than the spectroscopically determined value.

The details of the experimental laser work are presented in

the form of a thesis as an appendix. Ho 3 + is an alternate ion

for a 0.94um laser. The Ho 5F5 to 5I7 has been reported lased

Ii at 0.98um both in 2% in LiYF4 and in LiHoF 4. An analysis of

' J Ho:YLF has been done to evaluate its potential as a useful laser

material. Even though the transition is apparently a four level

transition (the terminal level being at 5000 cm-1 ), the terminal

level has a long fluorescent lifetime and is also efficiently

5pumped simultaneously with the upper F5 level. This severely

limits the usefulness of this laser material. Details of the

analysis are given in Section 3.

. ..



A 2. Nd:CAMGAR

2.1. Determination of the /2F -15/2 and 12 energy

levels from absorption

A 5.6 mm thick sample of Nd:CAMGAR was cooled to liquid

nitrogen temperature (77°K). The infrared optical absorption lines were

measured using a Cary 14 spectrophotometer in the 0.8 - 2.6 Jm range.D4

Absorption from the ground state revealed the locations of the 4F3/2'
4152. and 41 energy levels of the trivalent dopant. Figure 1

- depicts these levels. Many groups of strong absorption lines were

observed above the 4F 3 / 2 . The wavelengths for the 4F 3 / 2 levels were

calibrated by comparison to known Nd:YAG lines.
4. 4192 4I

2.2.. Determination of the 42 1/2 energy levels

from emission

A room temperature sample of Nd:CAMGAR was pumped with a

0.5145 jm argon laser. The spectrum of the emitted light was

measured with a Model 218 McPherson scanning monochromator which

uses a rotating diffraction grating to scan through the frequency ranges

of interest. A photomultiplier was used as a detector of spectral

intensity. Wavelength calibration was implemented by detecting a known

line from a mercury arc source. Computer analysis normalized the data

by dividing out the measured spectral response of the grating and photo-

- multiplier.
The measured emission lines in Nd + 3 for 0.8 to 1. 2 um come from

transitions from the F3/2 levels (R and R2 ) to the 19/2 and 4 111/2

levels. By subtracting the energies of the emitted photons from the

energies of the initial states (R 1 and R 2 ), two sets of figures were
Sobtained for the energies of the terminal levels. In cases where

discrepancies existed, it was noted that some of the emission lines

- .k-
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overlapped, creating some uncertainty as to their exact peak wave-

lengths. Therefore the terminal levels in doubt were determined by

using only the emission lines that were less affected by overlap.

There has been some confusion in the determination of the four

* lowest levels of the 41/2 multiplet arising from the difficulty in deciding

whether the initial level for a given transition is R 1 or R2 . Sharp,

Miller and Horowitz of the Night Vision Laboratory at Fort Belvoir,

Virginia, assumed that the R1 -0 Y4 and R 2 -+ Y3 transitions were too weak

to be seen and attributed the strong 1. 059 ;&m line solely to an R 1 -# Y

transition. Table 1 lists the emission lines measured with the McPherson

Monochromator along with the Sharp et al. interpretation, due to

* transitions to YI" Y2 , Y 3 " and Y4 "

Table 1

4F3/2 " ' Y 2* Y 3' Y4

Line No. Sharp et al. X__m) 1 (cm " I ) E (cm - I )
,, 

A air
1 R Y 1  1.0470 9551.1 9548.5

2 R2  Y2 1.0532 9494.9 9492.3

3 R1 "Y 1  1.0590 9492.9 9440.3

4 R Y2  1.0658 9382.6 9380.1

5 R 2  Y4  1.0718 9330.1 9327.5

6R1 3 1.0776 9279.9 9277.3

The Sharp model shows two inconsistencies. R 1 and R 2 are

known to be separated by 121 cm 1 . Yet lines 1 and 3 show only 108 cm

separation and 2 and 4 show only 112 cm " separation, which is not

accountable for by experimental errors. In addition, the Sharp interpreta-

• . - - ,. . ., , . - .'" .,. . . .' . . . . ".-,, , . . . .. ..4:,, ',.:. -I . ,.,., " " " " ' , , - " ' " •,
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t. tion of lines 5 and 6 is arbitrary and impossible to verify with room.
temperature data.

In order to resolve the issue, emission from the sample was

measured at liquid helium temperature so that only R 1 4 411 1 / 2 transitions

were detectable. It was found that lines 1 and 2 disappeared completely.

Lines 4, 5 and 6 were present with the same relative strength as at room

S.temperature. Line 3 was still the most intense line, but only half as

strong relative to 4, 5 and 6 as at room temperature. Neglecting the

thermal shift in the energy of R (which by comparison to YAG should be

small), the energies of levels Y1 through Y4 at liquid helium temperature

-1
are 2002, 2059, 2109, and 2156 cm , respectively. As in YAG, the

shifts in these levels as the temperature approaches 3000K should be

uniform and on the order of 10 cm-1

Table 2 depicts a more sensible interpretation of the room tem-

perature data. The "wrong" energy spacing between lines 1 and 3 and

between 2 and 4 can be explained by a shift in the R1 -4 Y1 and R1 " 2

Table 2

4 F 3 / 2 4 YI" Y 2D Y3 j- Y4

Line Number Aull, Jenssen
S1 R2"*Y

2 R YI
2 R 2 " 2

3 R1  YIR 2 "Y 3

4 R 1  Y2 R2 
" Y4

5 R1 "+ Y 3

6 R 1
"# Y4



lines due to close overlap with the R 2 -* 3 and R- Y4 lines,
respectively. The energies of Y 1 through Y4 are determined from lines

1, 2, 5 and 6 as 2013, 2069, 2115 and 2165, respectively. This shows

a uniform upward shift of about 10 cm - 1 with respect to the liquid helium

temperature values.

Figure 1 also depicts the 419/2 and 411/2 levels. The energies

shown for 4F 3 / 2 are averages between the values determined by emission

to the ground state and those obtained by absorption. In each case these

two figures were consistent to within experimental accuracy. Figure 2

is a computer generated plot of the emission spectrum of Nd:CAMGAR

and Nd:YAG in the 0.8 - 1. 1 /sm range.

2.3. Determination of the neodymium concentration in

the CAMGAR host crystal

The neodymium concentration in CAMGAR was determined by

comparing with a calibration curve the optical absorbance at 575 nm of

a hydrochloric acid solution of a weighed amount of sample.

One gram of CAMGAR crystal chips was dissolved in 12 ml of

concentrated HC1 at 150 0 C in a 25 ml Parr Teflon-lined pressure reactor.

Thirty-six to forty-eight hours is required for complete reaction.

Calcium, Mg and Y are converted to soluble chlorides, while Ge is

converted to liquid GeCl 4 , insoluble in concentrated HCL. The GeCl 4

was separated by distillation from the concentrated HCl solution, leaving

CaCl 2 , MgC12 and YCl 3 dissolved in roughly 6 M HC1. Evaporation was

carried out by heating the Parr Teflon cup in a water bath. The Ge-free

CAMGAR solution was then transferred to a 10 ml volumetric flask.

Absorbance was measured in a 5 cm cell.

Calibration solutions were made up to contain about the same

TI-

.
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Fig. 1. Energy levels of Nd:CAMGAR.
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concentration of HCI, CaC12 , MgCl 2 and YC13 as the unknown and

accurately measured amounts of Nd chosen to bracket the unknown con-

centration. The absorbance of these solutions was also measured in a

5 cm cell. A calibration curve was then constructed from which the

concentration of the unknown solution could be read. This in turn

yields the weight of Nd 2 0 3 in the sample. From the weight of the

sample and Nd20 3 contained therein, the fraction of Y replaced by Nd

was calculated.

The foregoing chemical analysis yielded a concentration of

2.236 x 1020 ions/cm3 . This information is necessary to calculate

absorption cross sections.

2.4. 4 4 F absorption cross sections

The Cary spectrophotometer was used to measure the peak

absorption coefficients of a room temperature 5. 6 mm sample of

Nd:CAMGAR in the 0.85 - 0. 95 /Am range. For each line the initial

level in the 419/2 group and the terminal 4 F 3 / 2 level was identified.

The cross section for each transition was calculated by dividing tlie peak

absorption coefficient by the population of ions in the initial level. This

population was calculated by multiplying the total concentration (Nd + 3 by

the appropriate normalized room temperature Boltzmann factor. Table 3

summarizes the results obtained.

4,

4.
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Table 3

Transition Uair__ m) a (1 0-
2 0 cm 2 )

z 5 R 1 0.9403 2.4

Z 5 -R 2  0.9300 1.5

Z4 -R 1  0.9018 0.6

Z R 0.8888 1.9

Z 2 "R 1  0.8855 2.3

Z 3  R 2  0.8795 1.7

z R1  R 0.8738 0.7

z 1 R 2  0.8645 2.8

2. Stimulated emission cross sections and gains of the

1. 0590 Am and 0. 9403 Am laser transitions

The stimulated emission cross section of the 0. 9403 Am transition

(R 1 -, Z 5 ) is the same as its absorption cross section since these

quantities are proportional to the Einstein B coefficients. The emission
.*cross sections of two transitions from the same upper level are related

by the formula

or nC2 (dI/d) 2  2 1

where the a 1 and a 2 denote the peak cross sections, (dI/dk) 1 and (dI/dX) 2

denote relative peak intensities of the emission lines, and n 2 /n 1 is the

ratio of refractive indices at the wavelengths of emission, X2 and X1 .

If the cross section of one transition in the emission spectrum is already

known from absorption data, the cross sections of other transitions from

the same upper level can be determined from this formula.

Any such straightforward calculation of the 1. 059 Am cross section

4.. ' ,.,. ,,.--, "...'," .'.".., .j .'..~,.....'...,j .'. '.'/ .'.' . - .' -,-.' . - .- : - '



is impossible because this emission line is the sum of two closely over-

lapping lines (R1 -0 Y and R 2 -Y and it must be determined what

proportion of che emitted intensity comes from each transition. Because

the lineshapes are not exactly Gaussian or exactly Lorenzian, mathematical

curve-fitting was difficult and did not produce a close approximation to the

data. Since Ehe 1. 059 Am line doubles in peak intensity with respect to

4 oother R 1  11/2 emission lines when the temperature is raised from 4 K

to 300°K, it can be estimated that this emission at room temperature is

due 5 0% to R - 1 and 500 to R2 -* Y3" The relative peak intensity of

the 1. 059 Am line was found to be 4. 8, so a peak value of 2. 4 is assigned

to each of the two contributing transitions.

Table 4 lists the relative peak intensities of the 4F3/2 " 4 19/2

emission lines and the R Y1 and R2  3 lines. From the data in

Tables 3 and 4, two figures for the R 2 -4 Y3 cross section and four for the

Table 4

Transition X_ i n dI/d
-air

R 2 -Z 5  0.9300 0.9

R -Z 0.8795 1.32 3

R 2 4 Y 3  1.0590 2.4

R1 -Z 5  0.9403 2.6

R 1  Z 4  0.9018 1.0

R IZ 3  0.8888 2.4

R 1 Z 2  0.8855 2.9

?.'

R IY11.0590 2.4

OP1
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R "* Y cross section can be calculated, and each set of figures

* averaged. Data for transitions to Z 1 were not included in the analysis

since the thermal population in Z 1 is large and a significant error in the

value of dj occurs due to reabsorption of the emitted light. The average

values obtained for the emission cross sections are

a= 4.1 x 10- 2 0 cm 2
°R 1 "Y1

aR 2 Y = 7.8 x 10 2 0 cm 2

The emitted intensity for each line is proportional to the emission cross

section and to the population in the upper level. At room temperature

640 of the 4F3/2 population is in R, and 36% is in R 2 . This yields a

weighted average for the effective cross section for 10 059 m emission

from the 4 multiplet,

aeff = [0.36 (7.8) + 0.64 (4.1)] x 10 - 2 0 cm 2

= 5.4 x 10 - 2 0 cm 2 .

Table 5 compares the 0. 94 am and 1.06 ism cross sections in CAMGAR to

those obtained for YAG. These are effective cross sections based on the

entire 4F 3 / 2 population, thaL is, they are gains divided by the total

Table 5
Host a 0.94 (10-20 c m 2 1.06 (10-20 c m 2

CAMGAR 1.4 5.4

YAG 3.0 20.0

population in R1 and R2 . For YAG, the results of Singh, Smith and
2

Van Uitert were corrected to be consistent with this averaging procedure.
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2.6. Conclusion

Laser operation of Nd:CAMGAR at 0. 94 im seems much more

practical than in Nd:YAG. The gain of the 1.06 1m line in CAMGAR is
.1

lower than the corresponding YAG line by a factor of 4. 3. The ratio of
.1

the 1. 06 $m gain to the 0. 9 4  m gain is also lower by a factor of 2.0.

IE. J. Sharp, J. E. Miller, and D. J. Horowitz, J. Appl. Phys. 45,

4974 (1974).

2 S. Singh, R. G. Smith, and L. G. Van Uitert, Phys. Rev. 10, 2566

*: (1974).
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3. LiHoF - a 980 nm Laser candidate4

3.1. Introduction

Ho3 doped LiYF4 has successfully been lased at
%4

5 5

several wavelengths ranging from the 750 nm s 2 - 17

transition to the 3900 n 515- 51 
6 transition. Laser

action involving the 5F5  1 17 transition at 979 nm has

also been reported both in 2% Ho in YLF and in LiHoF4 ."
2 In

this work an evaluation of this laser transition has been

performed. Spectroscopic measurements to determine relevant

parameters such as the stimulated emission cross section, the

fluorescent lifetimes and the excitation mechanisms indicate

that LiHoF 4 is a potential efficient 980 nm laser candidate

when operated at low temperature, n100 K. Room temperature

operation should under certain conditions also be possible.

3.2. Description of the system.

Figure 1 shows the energy multiplets of Ho3 t. The

laser transition of interest is from. the 5 F5 multiplet to the

7 multiplet. This constitutes a four level laser where

.55

the pump bands are the F52 5F4 multiplets and all the higher

lying multiplets. With low concentration Ho in YLF, the S

levels fluoresce with high quantum efficiency and only 40% of

the relaxation rate is due to multiphonon relaxation to the

5F5 multiplet. Thus the pumping efficieTicy of the upper

laser level (5 F5 )is low. With indreasing Ho concentration

the 5S2  f 1 u o r e s c e n c e is rapidly quenched and in

.5

9 4 4 W,,.4:.,'¢ .'., , ..,:. .:.'.'.,..- . . [.''"' -> ,2::'-:,v.: :,.;:-
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LiHoF4 no emission from SS is observed. The 5F5 emission is

not seriously quenched however, even when the levels above

( F2, 5F4) are pumped. This means that with high Ho concen-
tration the excitation mechanism at the 5F5 multiplet involves

* S -

energy transfer between neighboring Ho-ions. The most likely

transfer process is the resonant 5F3, I 1 8 F 1 as indicated

in Fig. 1. The pumping efficiency at the 5F 5 levels should

therefore be much higher in LiHoF4 then for low concentration

Ho in YLF.

Laser threshold and efficiency depends on, in addition

to pumping efficiency, the stimulated emission cross section

*. and the terminal level population. For each excitation in the
5F5 multiplet there also is one in the 517 multiplet due to

the transfer process. There is therefore no net population

difference between the SF5 and the 517 multiplets. The

thermal distribution within the multiplets, given by Boltzmann

statistics, still makes it possible to achieve inversion

between the lower level of 5F 5 and the upper level of5S 75

The occupation factor for the and 517 levels at 300 K and

77 K are indicated in Fig. 1.

Referring to Fig. 1 we can now evaluate the performance

of the 5  F 980 nm LiHoF laser. The pump bands are
5 17 Lio 4

assumed to be the multiplets 5F 3and above. There will also

55

- . be some direct pumping of the 5F5 multiplet. 5F3 relaxes b

energy transfer to 5 F5 by energy transfer simultaneously exciting

an equal number of ions to SI This transfer process is

very fast with a rate greater than 107 sec-1. The F

[5,% ",
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fluorescent lifetime in LiHoF4 was measured to be 16 isec at 300K and 33 ;sec

at 77 K. The energy storage time is therefore relatively

short as compared to, for example, Nd:YAG.

For a total of N excitations, the inversion, AN, can

be expressed as:

AN= (f u-fY)N 1

where fu and f are the occupation factors for the upper and

lower laser levels. Thus as long as fu > f z there will be

a net gain given by:

g = U(f u-f )N 2

and the effect of the transfer is to yield an effective lower

stimulated emission cross section a'

' - 3

The fluorescent lifetime of the 517 multiplet is long,

15 ms. High repetition rate operation will therefore be

limited by population buildup in 51 However, only small

amounts of 4uenching centers; either intentionally or un-

intentionally introduced can dreastically reduce the 17

lifetime. In reference Ithe lifetime of 517 is given to be 270 ps

in LiHoF4.

3.3. Spectroscopy

The spectroscopy of LiHoF 4 was performed with the

intention of obtaining the stimulated emission cross section

up", " '. ', '> v"8 .' .' ... = '';, " "" " " """"
".up" , . " .o ..-.-. ' - .• ". ' -" - ' - .. ' .- .



for the 980 nm laser transition. In addition ti:me rcolvcA

fluorescence measurements were performed to obtain the

relaxation rates of the levels involved. The relevant lifc-

times are indicated in Fig. 1.

There are several different methods available to

determine the stimulated emission cross section. The peak

stimulated emission cross section is related to the peak

absorption cross section by the relation

a em = gt/gu aab

where g and gu are the degeneracies of the upper and lower

levels. Thus if these are known and cab can be measured

a e can be found. In a four level laser transition ab. ~em" b

can normally not be measured em can then be. found by comparing

the emission intensity with a line with known cross section.

Very often however there are several overlapping transitions

in a fluorescent line. In this case the best result is obtained

by deducing the gain directly from the fluorescence spectra.N

In this case the cross section obtained is one that when multipli

by the total multiplet population.gives the proper gain. For

the 5F5 -.517 transition in LiHoF 4 we have the problem of over-

lapping transitions. In addition, and because of the over-

lapping lines, the exact positions of the energy levels are

not known. The above gain vs wavelength can be obtained as

described, however, the problem of population in the terminal

o1
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levels are then not included. At low temperature the thermal population

5
in the upper 17 levels is low enough to result in only a small error by

omission. Figure 2 shows a relative plot of the room temperature cross

section for the 5F5  518 and 5F5  517 transitions.

The actual value of the cross section has been omitted from the

figure because of the unknown factors. These are, first, as mentioned
• 57

above, the 17 population, second the radiative quantum efficiency of the

5 5 55F5 manifold and third, the emission to the I levels above 517 has not

been measured. The peak cross section for the 980 nm transition is

-20 2
estimated to be in the range of (2 to 10) x 10 em
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ABSTRACT

The technique of laser end pumping as a method of evaluation of
optically pumped solid-state laser materials has been studied. Nd:YAG,
a well characterized material operated at the 1.06 kn wavelength, was
used as a standard to evaluate the technique.

It has bec. shown t'-.t the technique is better for lasing solid-state
materials in 4he cvr mode and to measure the effective cross section of
the laser transition than techniques where a lamp is used as a pump.
The pump laser characteristics and laser rod length required for use
with this teckniqije were obtained. It was found that the confocal cavity
is the best one for use with this technique.

*.:. Nd:CAMGAR was lased at 1. 06 j-n and 0. 94 jzn. The measuredeffective cross sections for these transitions were 3.4 t 3 x 10-20 cm 2
and 6 t 10 x 10-20 cm 2 , respectively. For Nd:YAG it was 2.1 t 2 x

S10-19 cm 2 .

Nd:CAMGAR has been proposed as a potential candidate for a high
power, frequency coubled, Q-switched laser at 0.47 gin. It has been
shown that it looks like a good candidate for this application.

,....

:... Thesis Supervisor: Arthur Linz

Title: Senic: Research Associate

.'.- ..... " ....... ......-.....- .



ACKNOWLEDGEMENTS

The author is indebted to Dr. Arthur Linz, who supervised this

work, and to Dr. Hans P. Jenssen for his continuous interest, helpful

ideas and constant encouragement.

The author would also like to thank Dr. David Gabbe, who grew

the Nd:CAMGAR crystal, all the members of the Crystal Physics group

and fellow studerts for their friendship and assistance throughout this

work.

He i gratpful to Ms. Delphine Radcliffe for her competent typing

of the manuscript and to Mr. John Mara for his skillful drawing of the

illustrations.

-J

* * .



., - *- . : .---- - . -- -- v ~- •. - . .-----. - - °°. • .° - . ° .

'-9 4

TABLE OF CONTENTS

* ~. Page

ABSTRACT . . . . . . . 2

ACKNOWLEDGEENTS.. . . . . . . . . . . . 3

LIST OF FIGURES 6

LIST OF TABLES .... 7

CHAPTER I INTRODUCTION .... 8

1. 1 Foreword . . . . . . . . . 8
4. 1. 2 Energy Level Model of an Optically

Pumped Solid-State Laser Material . 9

1. 3 CW and Q-switched Laser Operation 15

CHAPTER II THE LASER END PUMPING TECHNIQUE 18918

2. 1 Description of the Lpcsr End Pumping
Technique . . . . . . . .1

" 2.2 Theoretical Analyais of the Technique 26

C PTER III EXPERIMENTAL RESULTS .. .. 42

3. 1 Experimental Technique ..... 42

3.2 Properties of Nd:YAG and Nd:CAMGAR 52

3.3 Results . . . . . . . . . . 57

CHAPTER IV DISCUSSION .......... 65

4. A Thermal Effects in Laser Ros .65

4.2 Measurement of the Effective Cross
Section of the Laser Transition and
Losses . . . . . . . . . 75

4.3 Stability and Sensitivity of Laser
Cavities . . . . . . . . . 82'-.,, 

"

. • . , ,, . .. ,, . . . • .. ., ,-; ... - - .. . ..- .- , . - - . , ,



W.............. . l*.%r .17- Q W1 k -~- .

5

TABLE OF CONTENTS (continued)
',

Page

4.4 Evaluation of Nd:CAMGAR as a potential
high power, Q-switched laser at 0. 94 ;n 89

CHAPTER V SUMMARY AND CONCLUSIONS . . . . . 94

REFERENCES . . . . . . . . . . . . . . . 1005'

5,'.

r

'm

p . . .. .... ... ..- ,.. . .. . ., .. ,. ° ° - 5 5 :. . . .. . . . . ° • • . . . . . . °



6

LIST OF FIGURES

" ?igure No. Page

1. 1 Simplified energy level diagram of a solid-state
laser material. . . . . . . . .. . 10

2.1 Contour of a gaussian beam. . . . . . . 21

2.2 Longitudinally pumped laser. . . . . . . 23

2.3 Transversely pumped laser. . . . . . . 24

2.4 Enlarged view of the transverse excitation at the
laser material. . . . . . . . . . . 25

2.5 Energy level diagram of Nd:YAG. . . .a. 29

2.6 Resonator configurations giving uniphase wave
fronts. . 0 * 0 . . . . a . . 37

2.7 Diffraction loss per transit for the TEMoo mode

of various symmetrical and stable cavities. . 40

3.1 Experimental set-up. 43

3.2 Fahry-Perot Resonator . ....... 45

3.3 Exper;nental set-up for measuring the depend-
ence of transmission on angle of incidence.. . 48

3.4 Transmission versus frequency for the input
mhxrcr for an incident beam at the 514. 5 nm
wavelength. . . . . . . . . . . . 49

3.5 Experimental plot of the transmitted power
versus the angle of incidence .... 50

3.6 Power absorbed at threshold versus - In R 1R 2
for a plane-parallel cavity . ..... 61

3.7 Power absorbed at threshold versus - An R1 R2
for a hemispherical cavity . ..... 62

3.8 Power absorbed at threshold 1,-_rsus - R' R
fnr a confocal cavity. 02.. . 63

4.1 Geometry of a cavity containing a thin positive
lens. . . . . . . . . . . . 74

4.2 Stability diagram for the passive laser cavity. - 86

* *-: T:- * *' ' '' " " - 5 ": ' -. ' . -* ; - - - . . . . ' '.*, . - : -. - - . :-,- . ,



5. 7

LIST OF TABLES

Table Number Page

I Spectroscopic Parameters of Nd:YAG

and Nd:CAMGAR . . . . . . . . . 54

II Nd:YAG and Nd:CAMGAR Rod Specifications. 55

III Laser Cavity Specifications. . . . . 58

lV Slope and Intercept of the Line Fit to the

Experimental Path versus - tn R1R 2 for

Nd:YAG and Nd:CAMGAR lased at 1.06 gn. . 64

V Effer.i:'z Cross Section of the 1. 06 ion

Transition of Nd:YAG and the 1.06 Jn and

0.94 J&n Transitions of Nd:CAMGAR. . . . 77

VI Total Losses for the Plane-Parallel. Hemi-

spherical and Confocal Cavities ..... 78

VII Ratio of the Cross Section of Nd:YAG to

Nd:CAMGAR at 1. 06 gn for the Plane-Parallel,

Hemispherical and Confocal Cavities. . 83

%.

•w



8

CHAPTER I

'INTRODUCTION

1.1 Foreword

Optically pumped solid-state lase,- materials offer several

advantages over other types of lasers. Laser action has been demon-

strated in many materials covering tne spectral wavelength range from

0.48 ym (Pr:YLF)(1 ) to 3 nm (Dy 3+:BaY2 F R)* (2) They are better suited

for Q-switched operation than other types of lasers due to their relatively

low gain and high density of active ions. For applications in which

specific wavelength is not required, they offer advantages in size and

ruggedness over other types of lasers. The most important practical

optically pumped solid-state laser devices are the ruby laser at 0. 69 grm

and the Nd:YAG laser at 1.06 Am.

Novel solid-state laser materials continue t. bc developed, so

that it is important to have a system that vi.ll permit'a simple and quick

characterization of these materials. The laser end-pumping technique

was studied a; such a possible system. Nd:YAG at 1. 06 : n was used as

a standard to evaluate the technique, and Nd:CAMGAR at 0. 94 Mrm and

1.06 $m as examples of its use. The importance of Nd:CAMGAR at

0. 94 um is thc.t it has been proposed as a potential, high power,

Q-switched, frequency doubled laser for underwater applications.

in thi; chapter a description will be given of t',e 1 '. :c theory

t ecessary to understand the operation of an optical.ly punped solid-state

laser and will indicate the important laser parameters for its operation

in different modes. A description of the laser end-pumping technique

and its advantages over other methods of evaluation of solid-state laser

<~~~~~~~~~~~~~~~.:-.T-., ....-,.-:.,............--..'-.--" ..-. ..-.-..-... ,
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materials is given in the second chapter. In the third chapter the

experimental results are presented. The discussion cf the resuiLs

obtained and en e-.'aluation of Nd:CAMGAR in the r;,ode of operation

indicaied before is given in the fourth chapter. The summary and

.':' conclusions are presented in the fifth chapter.

1.2 Energy Level Model of an Optically Pumped

Solid-State Laser Material

The different modes of operation of an optically pumped laser

material can be understand using a four energy level model, as shown in

Fig. 1. 1-. The grosser features of operation in the different modes, such

as average and peak powers, threshold conditions, etc., can be predicted

with this model. On the other hand, this approach ignores longitudinal

"%" and radial variation of radiation inside the laser material, the spectral

distribution of the laser emission, and the physical properties of the host

material. Fortunately these factors can often be accounted for

independently.

Optical amplification through stimulated emission of light of

energy 1V = E 2 - E 1 occurs when the population in the second level N2 is

bigger than in the first N1 . That is, the population inversion defined as

AN= N2 -N 1  (1.1)

f2 rositive.

If the relaxation time from level (3) to level (2) occurs with a

time constant -32, much shorter than the fluorescent lifetime of level (2)

I2 , i.e., "32 << r2, the population N2 can be described by a simple rate

equation involving only the pump rate and the fluorescent lifetime:



- _° °, • . . . - ° .-. -° . . - * . .* 7 .- "
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E3 , N3

a.

-'. T32

- Lser
-AbsorpTtion 1 2  trans:.tion

,p"~E Il N (

",

-
[,N •

Fig. 1. 1 Simplified energy level diagram of a solid-state

laser material.

Lj.
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."dN 2  N2  (1.2)
W -d 03

wnere W is the pump rate. In equilibrium

N2  Wo 3 T2  (1.3)

If the material Is excited by a pulse f duration T. short compared to "2 ,

from equation (1.2) we find that N2 is given by

N2 =W 0 3 E e 2 (1.4)

This equation allows the determination of "2 by measuring the radiated

light as a function of time. Typically, the fluorescence lifetime is on the=(3)

order of milliseconds. For example, for ruby it is 3. 0 msec, (3) for

Nd:YAG it is 0.24 msec (0. 73% Nd concentration), and for Nd:CAMGAR

it is 0. 31 msec (1. 06% Nd concentration). The technique used to obtain

these last two values is given in a later chapter.

The pump rate W is proportional to the pump source intensity

and the effective absorption coefficient of the pump band. Cly the latter

is a function of the laser material and can be determined from the absorp-

tion coefficient of the material.

If the relaxation time from level (1) to the ground level occurs

with a time constant, T1 0 , much shorter than the relaxation from (2) to

(1), T"2 1 , i c., 10 <<'2 1' then N 1 is equal to the thermal population of

thiG le-vel, I. .

N 1 = [1 1 / Yjk8Nt = N.t (1.5)

where = exp (VET is the Boltzmann factor and N t is the active ion

concentration. The populations in these levels are related by the equation:
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N N = N +N 1 + N2  1.6)

where N0 is the ground level populatio.

The AN required for laser threshold operation can be found from

the relation:

R 1 R 2 exp[12L (a 2 1 N-) = 1 (1.7)

where L is the length of the laser medium confined between two mirrors

of reflectivities R 1 and R2 , a 2 1 is the peak stimulated cross section for

the transition and 6 the total distributed loss coefficient.

For many laser materials it is possible tc simplify this model

even further. One possibility is to have E 1 >> kT, AN f N2 P and

71 0 "21. This is the so-called four-level laser. For example, for

Nd:YAG, E 1 = 2.1 x 10 cm 1 , (3) which is much larger than kT at room
16 3

temperature and AN P 2 x 1016 ions/cm3 . The population inve'rsion was

- 19 2,(4) ,Y dletvy
- obtained from equation (1.7) with a 2 1 = 5 x 10" 9 cm 2 , 41 h rcflet'vity

-2 1lmirrors (99. 9,6) and 8 v 10" crn. For a typical 1% Nd concentration

(Nt P 1020 ion./cm 3 ) N1  2 x 1015 ions/cm 3 ; therefor'c AN ; N2 .

The other extreme case is when the lower laser level is the ground

* state. In this approximation N 2 is at least N t/2. It is called a three-level

laser model. The ruby laser operated at 0. 69 ;Am is an example of a three-

level laser. From equation (1.7), with a 2 1 = 2.5 x 10 20 cm 2 3 at room

tempe'ature, and the same value vor the losses and mirror reflectivities

17 A
as in the Trece.ding example, we obtain A'N % N 2 - F 0 f 101 ions/em

For a 0. 04 weight % doping with Cr 2 0 3 , the chromium concentration is
Nt 1019 ions/cm 3.  Since Nt = N2 + NO, thenN 2  jN t.

The case when E is equal to a few kT is between these two

extreme cases. If either the losses are high or the m cror rcflectivities

r=, ,¢ ' " "e -e r .. % " .%.. .- ". " ,.o% ° -I.~ .% % . ... * . . . . .
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low, so that AN f N2 , then we have a quasi-four-level laser. That is,

the upper level population is used to overcome the losses. If the losses

are low and the mirror reflectivties high so that AN 4 NI, then we have

a quasi-three-level laser. In this case most of the upper level popula-

tion is used to overcome the lower thermal population. Note that if the

temperature is increased, the quasi-four-level laser becomes a quasi-

three-level laser and vice versa. For example, Nd:CAMGAR operated

* at 0. 94 j.nm has E =814 cm. If it is lased at room temperature, it is1B

a quasi-three-level laser. From equation (1.7) we obtain N f 10 1 7

3 - 20 2(5
ions/cm , with a = 3.2 x 10 crn and the same value for the other

parameters as in the preceding examples. For a 1% Nd concentration

(Nt 1020 ions/cm3 ), N 1018 ions/cm3 . But if it is operated at

liquid nitrogen temperatures (77 0 K), it becomes a quasi-four-level laser,

13 3since N 1 f 2 x 10 ions/cm

We can see from equation (1.7) that the AN required for threshold

is inversely proportional to the material parameter a, with everything

else asszamcd independent of the laser material. For the model we are

*considering the stimulated emission cross section at the center of the

. atomic transition is given by:
I"" 2

a 2 1 = a(\ 2 ) (-21)r. (1.8)

where a is a constant that depends on the transition lireshape, n the
refractive indc:: of the material, X jz 'he vac,-,,m wavelength at the

transitioni peak, AV, the linewidth, and 1/(T21)r is the radiative transition

probability per unit time from level (2) to level (1).

Since ( 21)r cannot be measured directly, the following spectro-

scopic methods are used to n aure a. ( 6)

.,

";") '" " " "" """". "". ". .-- S . '''2: :.- .. : - ,2. .-- :.- . - . . . .'

-i, -- j-,-=,-~~~~~~~~~.. .. - .. .. . ......-..-... ,. ........ . i.. - = ...: . . . ''. '....-.
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1. Dircct measurement of the cross section in absorption; this

method is only possible *f N1 is a-ppreciable.

2. Using equation (1, 8) with the calculated value of (72 1 )r This
value is obtained from the measurement of the branching ratio,

fluorescence decay time and fluorescence quantum efficiency of

the fluorescing state.

3. Comparing the emission intensity associated with the given

transition with that of another emission line for which the cross

section is already known from another method.

Summarizing, according to this model the important laser

parameters are: the stimulated emission cross section, pump band

absorption, fluorescence lifetime, losses and lower level laser population.

With the exception of the losses 8, all the laser parameters

mentioned before can be measured with spectroscopic methods. In

particular, a can be calculated with these methodib u , it requi:,es the

measurement of several quantities and therefore it is a lengthy process.

Even if an evaluation of the material with these rethod,- predicts that it

will lase, this does not guarantee that it will indeed do so. There might

be other effects, which were either neglected or unknown, that could turn

out to be important.

Therefore it is important to develop a technique that would allow a

si.'mp 1c ar' quick method of lasing a material and an estimate of its laser

p--ameters, including the losses 8.

ln the next section the requirements on the laser parameters for

the different modes of operation will be given. Only two modes will be

discussed, cw and Q-switched. The requirements for long pulse opera-

tion are the same as for the cw case, and for a laser amplifier the sarte

......... . .°. .. .. ........... ,.*y.*. .* . °
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as for the Q-switched case. The laser end-pumping technique, as

applied here, operates in the cw mode. Thus, with the inforfintion

obtained in this mode, the material performance can be ev'uated in

other modes.

1.3 CW and Q-switched Laser Operation

For cw laser operation it is important to have a low threshold and

high gain for high efficiency operation. From equation (1. 7), we bee

that for low threshold a large a 2 1 and small 6 and N are needed. For

example, for Nd:YAG operated in this mode at the 1.06 Ji wavelength,

typically 8 = 0.003 cm - 1, R 1 1, R 2 = 0.9, and L = 5 cm. From Eq. (1. 7):

AN= 1 + . cm (1.9)

U 42 1

In Nd:YAG the upper laser level is the upper level of the

manifold and has 40% of the total 4F3/2 population at room temperature.

15 3-The ther:::=.l N1 population is typically 2 x 10 cm The N2 population

at threshold is then N2 = 7 x 1016 cm " 2 . From (1.3) we get the pump

rate at threshold W03= 3 x 1020 sec
-1 cm - 3.

If a lamp is used for pumping, the pump power absorbed by the

rod is the integral over frequency of the product of three factors: the

lamp power output per unit frequency, the absorption coefficient of the

rod, and the efficiency with which the light output is coupled into the rod.

This calculation is too involved, but experiments done with Nd:YAG

pimped by a krypton arc Th p have shown that approximately 7. 5% of ti.e

electrical input to the lamp is absorbed by Liie crystal and 407 of the

absorbed pump power leaves the crystal as stimulated emission. With

these values, the absorbed pump power at threshold is 140 W/cm 3 and the

-'4 3
lamp input at threshold is 1.9 kW/cm . Typically, cw-pumped Nd:YAG

A..

"'t '~. 4* + *o-.* % . ..................- o
..*, ..'.,::...,...-..- .- .- . ..:,,,.%-,.-..-.... .......... %....,-..,.,-----.-..... . ,......... -.-.. .. .. - S.,. , . ,-..

I u ,I i l 'k ;:" II ~ it= eal il " l~ '--- -'l;'.. ": ':'= z ''a =# '"+' ° :' ' ' '-''' "''" "- -"" '' .; .'.'', A N ..*. .S..,''... :'
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is pumped by krypton arc lamps with a maximum rating of about

. kW/cm 3 . Thus the threshold power is a substantial part of the total

available power.

In the Q-switching techr' iue, energy is stored in the amplifying

medium by optical pumping while the cavity Q is lowered to prevent the

onset of laser emission. Although the energy stored and gain in the

materia'i are high, the cavity losses are also high, lasing action is

prohibited, and the population inversion reaches a level far above the

threshold for normal lasing action. When a high cavity Q is restored,

the stored energy is suddenly released in the form of a very short pulse

of light.

Thus in Q-switching a low threshold is insignificant. The limiting

factor is the maximum energy that can be obtained in one pulse. From

the threshold equation (1. 7), neglecting the losses, we obtain:

2.4 a AN 9 nA ) (.10

22 1
material. The purpose of the Q-switch is to reduce RIR2 as far as

...'""'.+possible before switching. A problem that might appear is the competi-

hrtion beL-cen to laser transitions that share the same upper laser popula-

tion. Then the onset of lasing would be determined by the transition

which has higher gain. For Nd:YAG the gain at 1.06 j.rn is higher than at

0.94 &n; thus a mechanism has to be provided to suppress the first

transition if Q-switched operat'n, at 0. 94 j*n is desired.

I 4 . . .. ** , ,,.*. - , -A.
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In practice R 1 R 2 cannot be made to be much less than 0.01. That

means that the maximum stored energy is limited to:

£E
' t (max) = s4.6 (1.12)

2For Nd.YAG at 1.06 nm- we nave E 0.38 J/cm ; thus the maximum stored

L 2
energy is E st (max) = 0. 87 J/cm. Thus the total maximum stored

energy is independent of the length of the material and is only a function

of thp cross section area of the rod.

Summarizing, we see that for Q-switched operation high gain is

not desirable and therefore a high a is not wanted. In addition, a long

fluorescence lifetime is desired since the pumping efficiency is higher for

a long pulse than for a short pulse of the same energy. Finally,we want

the competing transition to have as low a gain as possible.

-.

..- . ... ..... .-. .. . ... -.... .
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CHAPTER II

THE LASER END-PUMPING TECHNIQUE

2. . Deqerintion of the Laser End-Pumping Technique

-". Optical pumping of the solid state laser materials has been done

using two different sources of optical radiation: broadband and laser.

Pumping cf a laser iod wvith a broadband source is done by enclosing

both elements in a cavity that concentrates the l.ght from the source onto

the rod. A detailed discussion of this scheme can be found in the book

(3)by W. Koechner. Witt a laser source the pumping is done by

focusing the beam into the rod. It can strike the rod either longitudinally

or transversely to its axis. The choice is determined by the absorption

coefficient of the laser material.

For most practical laser devices broadband sources are used.

For our purposes a laser source is Atr convenient. Its advantages

are the following:

1. For a laser source the absorption rate, W 0 3 , of the material is

easier to relate to the pump power incident on the material. In the

direction of propagation of the pump beam, assuming a hQmogeneous

material, the absorption rate is related to the incident intensity I0 by the

equation:i:'..- [a0N0 ( 1) +a,1 N1 ( .1 ]d-1

W3 = a 0 N0 z) + a Nl(z)] e (2.1)

where z i.; the distance from thc point of incidence, a0 and a, the absorr,-

tion cross sections from the ground and lower laser level to an excited

. . level, respectively, at the pump frequency, hv the energy of a photon of

the pump, and 77 the quantim efficiency, which accounts for the fact that

not all of the atoms raised to the pump bands subsequently decay to the
..

;'::.



,--...

19

upper laser level. In the transverse direction, assuming a gaussian

pump beaLl, and an i:sotropic material, the absorption rate distribution is

a gaussian. It is given by the equation:

~~r2 2
W W03,;r) W 0 3 .exp [-2r /W 2 (2.2)

where r is the distance -o the axis of the beam and w is the parameter

that characterizes the radius of the pump beam.

On the other hand, for a broadband source, the absorption rate

distribution over the cross section of the active material is the result of

the combination of severail effects: the spectral output of the source, the

absorption spectra of the material, the illumination properties of the

. pump cavity, the refractive focusing occurring in the rod itself, and the

nonuniform absorption of the pump radiation. Thus, even under ideal-

ized assumptions, calculation of the absorption rate is very tedious.

2. Sin-re most of the encrz- input into the lamp is dissipated as heat,

a cooling system has to be built into the system. For laser pumping,

only a heat sink for the rod hac to be provided. For example, the rod

can be cemented to a copper block.

3. Due to requirements on the lamp, the shortest rods that can be

pumped are 7 cm in length. For laser pumping, very short rods can be

(8)used. For example, laser rods of 1 mm in length have been lased,

the limitation in size being imposed by the absorption of pump power in

the ma~erial.

4. For broadband pumpinp, the rod has to be shaped in the form of a

cylinder with an optically finished surface to obtain efficient transmission

of light. For laser pumping, the rod can be shaped as a parallelepiped,

which is easier to cut than a cylindrical rod. Only if transverse pumping
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' is used has one of the faces to be opt'ally polished (naturally, the end

.faces still need to be polished).

Be',re starting the discussion of laser pumping, the properties

of a propagating laser beam will be stimrarizel. The light emitted by

most lasers contains several discrete optical frequercls, separated

from each other by. frequency differences which can be a~sn.1ated witn

different modes of the optical resonator. It is common practice to

distinguish two types of resonator modes: "longitudinal" modes differ

from one another only in their oscillation frequency; "transverse" modes

differ from one another not only on their oscillation frequency, but also

in their field distribution in a plane perpendicular to the direction of

propagation. Corresponding to a given transverse mode are a number of

longitudinal modes which have the same field distribution as the given

transverse mode but which diffe:. in frequency.

We will assume that the pump and solid-state lasers alt. ,perating

in only one transverse mode, the fundamental mode. The output of this

mode is called a gaussian beam. For this type of beam the ir.Leuity

distribution in every cross section is a gaussian, that is,

I(r) = I0 ,.xp [-2r 2 /W2 ] (2.3)
I0

*:.: where r is the distance from the axis of the beam and ., a parameter we

mentioned before, is the radial distance at which the power density is

- decr, azed to I /e of its axial value. The parameter ,w is called thp beam

radius or "spot size". For a propagating gaussian beam, the V.,dth of the

*-. intensity profile changes along the axis (see Fig. 2. 1). The gaussian

beam contracts to a minimum diameter 2Wo at the beam waist where the

phase front is planar. The spot size at a distance z from the beant wai'st
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Fig. 2. 1 Contour of a gaussian beam.
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e-:pands as a hyperbola. The asymptote of the hyperbola defines the

half ang-p beam divergence, 0 = X/ 0TwJ, as shown in Fig. 2. 1. It is

important to point out that the smaller the spot size t the beam waist,

y the greater the rivergence. At sufficiently large distances from the

beam waist, the wave has a spherical wavefront appearing to emanate

from a point on the beam axis at :he waist; the radius of curvature R is

indicated irf Fig. 2. 1.

There are two schemes to pump a laser material with a laser

source:. longitudinal and transverse. The choice of scheme depends on

the absorption coefficient of the material at the pump wavelength. The

basic geometries for the two schemes are shown in Figs. 2.2 and 2. 3.

For transverse excitation, the pump beam is focused by two

crossed cylindrical lenses -to form a narrow-line image on one side of the

sample. An enlarged sketch of the resulting excitation at the sample is

shown In rig. 2.4; the 1,zcr beam ra-'.us is denoted by UL From the

figure it iE; clear that for efficient pumping an appreciable amount of the

pump power has to be absoilbcd in a distance 2. Typically w is on the

order of tens of microns; therefore a large absorption coefficient is

required. Por example, neodymium pentaphosphate (NdPP) has been

lased using this geometry. (8) It was excited with a cw laser tuned at the

absorption peak at 0. 58 gin; at this wavelength the absorption coefficient

is at = 1.4 x 102 cm - . For the concentric cavity with 5 cm, radius of

(M)curvature mri:rors u!;ed by Chinn et al., the beam radis was w = 15 pm.

The power absorbed in the length 2we is 44% of the incident power. On the

other hand, for Nd:YAG with a 0. 7% Nd concentration pumped with an

argon ion laser at 514.5 nm, the absorption coefficient is a = 0.40 cm 1 .

Thus, the power absorbeI is 0.01% of the power incident. Obviously this

configuration is not suitable for Nd:YAG.

. .-.. . . . .
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Input Output
Lens mirror 2omirror

rodLae

Fig. 2.2 Longitudinally pumped laser. The lens is used to match

the pump and laser beams in the laser rod. wois the

minimum beam radius of the beams.

4FC
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.4Input Output
mirror mirror .*

* .~ ~ Laser

t. Crossed
t zytindrical lenses

Pump beam

Fig. 2. 3 Transversely pumped laser. The crossed cylindrical

lenses are used to form a narrow-line image of the pump

beam on one side of the sample. 8
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Air Laser material

*12,

P um p

Fig. 2.4 Enlarged view of transverse excitation at the laser material.

w is the characteristic radius of the laser beam.~8
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If the absorption coefficient is small, longitudinal excitation is

necessary to absorb an appreciable fraction of the pump power. For

example, for Nd:TxAG, using the same source as before, for a 2.17 cm

length crystal, the ubsorbeu Dower is 58% of the incident power. In this

case, a close match of the two beams in the material is desirable for

efficient pumping. Assuming that both are gaussian, this means that

they should have the same radius. The laser beam radius is determined

by the geometry of the resonator cavity, th,• pump beam radius by the

beam divergence of the pump beam before it crosses the lens and by the

optical elements it hs to cross before reaching the crystal.
A theoretical analysis of this technique will be given in the next

section.

2.2 Theoretical Analysis of the Technique

-, .. As mentioned in the preceding section, for efficient pumping it is

* necessary to have a cloz n-.atch between t. p, mp and 1_ser beams.

From Fig. 2. 2 it is clear that matching depends on the alignment of the

-'! beams and the equality of their radiuses. Aignment is the most

:Z Important of these two factors. It depends on the choice of laser reson-

-. ator and the mechanical characteristics of the experimental set-up. The

equality of radiuses is achieved by a proper choice of the lens that

focuses the pump beam into the laser rod.

This section will be divided into three parts. In the first one we

will study the cw operation of Lhe lase', assuming perfect matching of

puimip and laser beams, in the second, the procedure to match the beam

radiuses, and in the third part, the fundamental mode characteristics of

laser resonators.

Laser Operation Assuming Perfect Matching

In this case the gain region of the laser beam will coincide with

'a'• ..-.-.
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the pumped volume; therefore all the power absorbed will be used to pump

the laser beam. The pump power absorbed per unit volume is a function

of the distance along the rod axis; therefore th - population inversion will

al?.- be a function of this distance. The laser threshold equation (1.7)

becomnes:

- 2a SLN(x)dx 2L8-InR R 2  (2.4)1 24

where a is assumed to be constaht, A is the length of the rod, and 2 that

of the cavity. In the next paragraphs we will derive an expression for

this equation in terms of the absorbed intensity.

The upper laser level population is obtained from equations (2. 1)

and (1. 3)

N2 (z) = [a 0 N 0 (z)+a 1 Nl(Z)] [.2.]exp [aoNo(L)+a1NI()]dL]

(2.5)

Substituting --quations (1. 5) and (1. 6) in (2. 4), we obtain:

N2 (7) =- exp a(z- d,)

t
(2.6)

a = L I N

where a is the absorption coefficient for small incident intensities, i. e.,

N2 << Nt.

With the expressions for AN, Ni Nt and N2 given by equations

(1. 1), (1.5), (1, 6) and (2. 6), respectively, it is possible to obtain an

expression for LN as a function of z. This calculation will not L e done

since we can express the equations in a simpler form with approximations

that are valid for many solid state laser materials. Besides, this

solution will give moie physical insight than a general solution.

fZ7,
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Before stArting with a discussion of the particular cases, we

would like to point out that there is a further consideration that 11as to be

made regarding %he laser levels. In general, the laser levels are

degenerated. Fo. example, for Nd:YAG at 1.06 um the uppei- laser
• ,4 3 41

manifold F/2 is split into two levels; the lower laser manifold4 111i2

is also split into several laser levels (see Fig. 2. 5). The relaxation

time between these levels is very short, on the order of a nanosecond or

less. Therefore the populations of the levels in the manifold are in

thermal equilibrium. There are several transitions between the degen-

erate levels of the upper and lower manifolds with different cross

sections. It is customary-to define the effective cross section for the

transition in terms of the population of the upper degenerate level for

which there is higher gain. The upper level, N , is related to N2 by

the equation
e &E / kT

N - e/ E  Nz = fBN., (2.7)U. tOeE i Z B

where f is the Boltzmann factor and bE is the energy difference between

the two levels.

Four-Level Laser

Using the approximations indicated in the irtroduction, L and

N2 << Nt. we obtain from equations (2.4), (2.6) ard (2.7) the laser

thresiold equation:

2ar"2 f ,(1 -e = 2A5 2L!)d - r. R (2.8)

where Y is a parameter that characterizes thC Laser pump. The losses

have been expressed in terms of the scattering losses, 6s . and the

rdiffraction losses, 5

4'.d'

'-'-" From this equation we see that tL , re -.s an optimum len-h for

I . .. . . .. ..,.,
4 S'-'' ')-",,'+,, 2",",4 4 4': '''' I-"'-'".-., *"'. . . -.--.
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Fig. 2. 5 Energy level diag-am of Nd:YAG. The transition 4F.'. •3/2

h"-.41 (3)
" 11/2 at 1. 06 Mm is indicated by the arrow.
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"'hich y is a minimum. If L is large, all the incident intensity will be

abso.tc-d. but the scattering losses will also be large. Therefore a

large value for the incident intensity is required. On the o1.er hand, if

1 is smail the ,c,-a.:tering losses are small but the absorbed intensity is

also small. Therefore, once more, a large incident intensity is

necessary.

To obtain the optimal length, Ip we express y as a function of J,

using equation (2. 8)

"-.= ,B 2f + 2L6d -Ln R1R 2

The minimum y(£,) is given by £ = £ which satisfies the equation:

eaOP - a£op 1+ ' (2 L -n R R) (2.9)

As an example of a oui level laser we take Nd:YAG with a 0. 73%

Nd concentration. It has a strong absorption band in the 0. 56 - 0. 60 AMm

region with a strong peak at 0. 589 Ptm with a = 7.4 cm 1  Therefore, it

is reasonable to think that ., cw dye laser tuned to this absorption peak is

a suitable pump. At this wavelength the quantum efficiency is unity(9 )

and the maximum power input on the laser rod is 0. 3 watts (losses due to

reflections from the optical elements have been taken into account).

Assume that high reflectivily mirrors are used for the laser cavity, i. e.,

R = 2  99. 9%, no diffractioa losses and scattering losses of 6
. 007 cm -. Substituting these values in equation (2. 9) we obtain

" - " "o I 0 / u )- I P ) .1 l 1 7 1 1. = 0. 16 cm. And (I /hv) (1 -e OP) 6. 1 x 10 sec where A is

the cross section area of the pump beam.

Another possible pump source is an argon ion laser which,

although the absorption coefficient at the purem wavelength is smaller, has

ii .. . -...- - - -
i . . . * * .. . . . .
.[ o" '"° * * . * *'*''* * *
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a higher power output than a cw dye laser. In particular for the 0. 5145 un

wavelength. O = 0.40 cm', and the maximum power output c. tha h.ser

rod is 4 watts. Using Lhe svi.aie values for the laser ca-,'ty as before, we

find that Ap U. 83 cm and (7I 0 /hV)(1-e 'toP) = 2. 9 x 01 8 ! Tus
op 0 e-c

we see that the argon laser is better than the cw dye laser.

Another example of a four-level laser is Nd:CAMGAR operated Pt

1.06 m. For a sample with 0.76% Nd concentration operated at 1. 06 urn,

Nt = 1020 ions/cm 3 , E 1 = 2 x 103 cm -1, 7.3 x 10- 5 , N 7.3 x 1015
3 ions0cm(510- 2 - 1

ions/cm3 , and a = 8.5 x 1 -20 cm 2 . (5  Thus for6 o w 10 cm , and

14 3high mirror reflectivities, N = 10 ions/cm . Thus we have a four-

level laser once more. The peak in the absorption coefficient in the

0.56 - 0.60 Mn region occurs at 0.584 Jin with a = 4.5 cm 1 . The
%" -1

absorption coefficient for the 0.515 jm wavelength is a = 0. 42 cm 1 .

Repeating the same calculations as for the Nd:YAG case we find that for

the cv- lye laser 1 0. 21 cm and (I Ihv)(1-e- "OP) = 3. 0 x 1018 1 1op 0 "e

Thus the argon ion laser is a better pump.

Quasi-Three-Level Laser

With the approximation indicated in the introduction, L and N 1 , N 2

< Nt. we find that N1 is independent of z and given by:

N1 -- N (2.10)

and the laser threshold equation by:

2ar2f,-/ (1 = YP 2 [6s  + . 2L d "n P'1R2 (2.11)

This is the same as equation (2. 8) for a four-level laser, but an extra

term has been added to the scattering losses. This loss is due to

reabsorption from the thermally populated low.'er laser level.

..............
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As an example, consider AMGAR with a 1.C * Nd concen-
.- 2 (5)

trati '. At the 0.94 pm transit cr = 3.2 x 1020 cm . As shown
1 c3 N

in the ir-troduction, N 2 x 10 . s/cm . so aN= 0.004 cm " . The

scatteIrig !c,- e ark. negligibl, ared with these values. As.quming

t , resonator does not ha,. .ction losses and for high mirror
: 0  "aoP) .5 x 1'17 1 1

ref!cctivities, th-, _ = 0.08 1 /hu)(1 - e " P) = 2.e5 x 1 7 1

for a cw dye laser. For the _ er, Iop = 0.26 cm and (I 0 !hz'),

(1 - ea'e°P) = 1. 1 x 101 8 1 1 the argon laser pump is better.sec 7

Thrce-Level Laser

Using the tpproximap in the introduction we tind that

N + Nt (2.12)

If we also require 4N << Nt,  aser threshold equation is given by:.

,'.- )- "aNt

- )+ 2L6d LnR1R2  (2,13)

Note t:hat the absorption coc half of its value for low intensities.

This :result is expccted sin, 'nly have approximately half of the

activc ions ir the ground le- note that besides the scattering

losse:; there is a loss due to tion of radiation by the ground level.

3+
As shown before, ru :ith Cr is a three-level laser.

Birnbaum et a2. (10) have pu: material with an argon ion laser.

.. sample the Cr3+ C, :on was 1.3 x 1019 ions/cm3 with

an ab,;orption coefficient P+ t! um waveiength of 3. G3 cm . The
- 0 2 (3)

cross section at the 0.69 rn• n is 2.5 x 1020 c te

hsorption r'- -. the ground It ,ulation dominates o-er the scatter-

.S. For high reflectivi rrors, and assuming no diffraction

..', we find that 10  0.12 cm.
op
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Finally, ,ote that the stimulated emission cross section and

losses can be ineas,.,rec -sing th - laser threshold equation. If the power

absorbed at threshold, P a is measured for different mirror refic,.tivi-

ties we obtain n .rtra'ght 1;-e wtse equation is:

P = [ .A 1 i R ) + hvA (2.14)
atb 7L T.B ..7J 12 L Crf -771:~~~ B. zo B,, (.4

where A is the total loss per transit in the material. The value of a can be

determined from the slope if all the otihLr quantities are known. The total

losses can be omtained by extrapolation o' the line to kL R1R 2 = 0.

Matching of Punip and Laser Beam

The shape and beam waist of the laser beam are determined by

the choice of laser cavity. By a suitable choice of optics the pump beam

can be matcle! -o 'the laser beam, that is, the two beam waists coincide.
The beam radius Lo~z) depends not only on the b'eam waist but also on the

wavelength. Therefore even if the beams coincide at the beam waist, it

will not be true for other points along the axis of the rod. The equation

that relates this quantity is:

W(Z) - (2.15)

where n is the index of refraction of the material.

The mismatch produced by this effect is negligible for the wave-

It-rotlis and cavities ncid in this thEsis. Fox, exai-rple, Nd:YAG was

lased at 1.06 kn- using an argon ion laser at 0.515 Wn as a pump. The

beam waist at the center of a 2 cm rod was on the order of 100 gn. The

index of refraction of Nd:YAG is 1. 8. From equation (2. 15) we find that

the beam waist at the end face of the rod is 4% bigger at 1. 06 Am than at

0. 515 ;n.

I " : ,- ' -- , . - ' ."' .,- - ' , -. " " " " i " , " "' - . - :.- -, ,. ,; " '" - -". -
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The vuput of the pump laser can be transformed by a suitable

choice of optical elempnts into a beam that matches the laser beam

position and size in the rod. A discussion of the transformation of

gaussian beanv- can b- found in. Yariv's book. (11) The pu-np beam is

focused into the laser cavity with a lens whose position and focal length

are chosen to match the laser beam waist and position. The specifica-

tions required for tne.lejas can be foa1t in the following way.

The pump beam waist w0, after being focused, is given by

• = fee (2.16)

where 6 is the half angle beam divergence and f is the equivalent focale

length of the optical system formed by the focusing lens, input mirror and

laser rod. This equation is valid in the far field approximation

/,aLO 2.>> 1. Let I be the distance from the beam waist to the end

face of the rod, 2 from the end face to the input izirror and 11 from this

mirror to the lens (see Fig. 3. 1). Ior a given A and w, the focal

length f1 of the lens and Z1 are given by:

19 1 o1
1 = O 2n 1)l

(2.17)

Description of the Fundamental Mode Characteristics

for Laser Resona%.ors

We showed before that for laser operation a large value of the
7710

parameter Y is preferable. But = /A, where P 0 is the power
ispe~rbl.Bu 0 = 0  0A

incident and A the area of the pump beam in the laser material. There-

fore, for laser operation we would p.-efer a small value of A. This value

' "* q % - b 7 ". . " -. * ~
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is determined by the tyne of laser resonator.

A small area is not all that is required from a laser cavity.

Alignment of the two beams is also a very iportant factor. For

.xample, Nd:YAG was lased at 1.06 ;&n with a laser beam radius on the

order of 100 ;tn. If the pump beam forms an angle of approximately

0. C0 ,'ith the laser beam, then 70% of the laser beam volume is unpumped.

Therefore we also require appropriate sensitivity characteristics of the

resonator to be able to obtain good alignment.

Another factor that has to be taken into account is diffraction

lozs .s. If the resonator has a very small beam waist, then the beam

divergence will be large and would result in large diffraction losses.

SThus we see the necessity of studying the characteristics of the

different resonators. In the discussion that follows we will assume that

the laser rod is acting as a passive element in the cavity. Furthermore,

since it ,a=. possible lase the materials in the fundamental mode using

the laser end-pumping technique, the discussion will only be limited to

this moda. An exccllent discussion on the subject of laser resonators

can be found in the book of W. Koechner. (3)

s4 "The most commonly used laser resonators are composed of two

spherical or flat mirrors facing each other. We will consider the

generation of the fundamental mode by such a resonant structure.

The gaussian beam shown in Fig. 2. 1 has a wavefront curvature

of P.. at a distance z, from the beam w.Pst. If we put a mirror at z. A

whose radius uf curvature equals that of the wavefront. then the mode

' : shape has not been altered. To proceed further, we can go along the z

axis to another point z2 , where the fundamental mode has a radius of

curvatu:- R., and place there a mirror whose radius of curvature R

'. . . . . , .
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equals that of the spherical wavefront at z2 . Again the mode shape

remains unaltered.

Therefore, to make a resonator, we simply insert two refiector3

which match two of the spherical surfaces. Alternatively, given two

mirrors separated by a distance, L, if the position of the plane z = 0 and

the value of the parameter wO can be adjusted so that the mirror curva-

tares roincide with the wavefront surfaces, we will have found the

resonator modes. The most commonly used resonator geometries are

indicated in Fig. 2.6. We will now give a brief discussion of the

characteristics of the fundamental mode for different symmetrical

° cavities.

For mirrors of equal curvature, the beam waist occurs at the

center of the resonator and its value is given by the equation:

WO [L(2R-- L)] (2. 18)

wb.re R is the mirror curvature and L the distance between mirrors.

A special case of symmetrical configuration is the spherical or

concentric resonator which consists of two mirrors separated by tw[ce

their radiuses, that is, R = L12. The corresponding beam consists of a

mode whose dimensions are fairly large at each mirror and which focuses

dowa to a diffraction limited spot at the center of the resonator.

It is clear that, in practice, the actual separation of the mirrors

car never be quite as great as 2R, since this would result in extremely

large diffraction losses at the mirrors together with a "zero" mode

dimension at the middle of the cavity, which Is physically impossible.

'. In practice one makes the mirror separation slightly less than 2R so that

a value of wo is obtained that gives reasonably small diffraction losses.

In a spherical :avity the mode is symmetric with respect to its

I

J " .'," .'i '. " : '" "-" . - "" . -" " " " . ' " ' " " " -- " i.i. -- .- , - " -. - -
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-Rj (mirror radius)=O0__(a) Plana-parctet R2? 00

-h4... ] -. .. I
L "

RI >> L (b) Large-radius mirrors R2 >>L

R-= (c) Confocal R=
4-uo

- (d)~WSpherical R~/

R1 > L (e) Concave-convex R2:-(Ri- L)

R1 ~L (f) I-ImsphericaI R2p 00

Fig. .6 Rlesonator configurations giving uniphase wavefronts

(intracavity radiatiori pattern is shaded).
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center. Therefore, if a flat mirror is placed in the middle, the mode

rattern will not be altered. But its stability and sensitivity will be

different. This new type of cavity is c-Aed heirspherical.

Another important special case is the confocal resonator. The

mirror separation equals the curvature of the mirrors, that is, R = L.

From equation (2. 18) we obtain

0= (R/2ff)i (2.19)

The beam divergence is the smallest of any of the stable symmetric

resonators.

Finally, we have the plane-parallel resonator for which the

mirrors are plane and parallel. It can be considered as a special case

of a large radius mirror configuration with R = R= *-

In any real laser resonator some part of the laser beam will be
lost eith~er L -- "-

lj- .__ovei at 1ie mirrors or by limiting apertures, such as

-the lateral boundaries of the active material. These losses will depend

an the diametec of the laser beam in the plane *of the aperture and the

aperture radius. If we take a finite aperture of radius a within the

:resonator into account, the diffraction losses depend on four parameters

1, R 2 , L and a, which describe the resonator, and on X characterizing

the particular optical beam present in the res.onator. The losses depend

only on certain combinations of these parameters. These parameters

are the ;o-called Fresnel number:

2N = a (2.20)

and the quantity g is defined by:

Lg 1 - w (2.21)

.. , . r,
°

- , , . .*. ,- - ,, ,. , . " . .- . ,,.. . '
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The parameter N can be thought of as the ratio of the acceptance angle

(a/ll) of one mirror as viewed from the center of the opposing mirror to

the diffraction angle (X/a) of the beam. Therefore, when N is small,

especially if N < 1, the loss factor will be high because only a portion of

*--:.the beam will ce intercepted by the mirrors. When N is large, the

losses will be low for the stable resonator configurations. In Fig. 2. 7

we show the diffraction loss per transit for the fundamental mode for

various symmetrical resonators.

Now we will study the stability of the different configurations.

There are two contexts in which the term "stability" is used. First,

laser resonators are said to be optically stable if low-loss modes can

exist in the resonator. Second, the mode size and position are sensitive

to mechanical and optical perturbations of the optical elements. We will

refer to the stability of the mode against these perturbations as the

. resonator s- -;nsitivity.

When designing resonators for an optimum mode size, it will be

of the utmost I nortance to consider the resonator sensitivity to these

mechanical and optical perturbations. Usually one is interested in the

sensitivity of the resonator to two common types of perturbations: first,

a time-varying thermal lensing effect caused by the laser rod and,

second, misalignments of the resonator mirrors. The former perturba-

tion leads mainly to a change in mode size and beam divergence, whereas

the latter perturbation lcads to a lateral displacement and angular tflt of

the output beamn, which causes an increase of the diffractLo, losses and,

more important, to misalignment of the pump and laser beams. First-

order effects on the modes as a function of cavity perturbation are usually

obtained by avaluation of the sensitivity matrix. ( 3) The resonator
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101 TEMoomode Igi =
a) 0
b) 0.50
C) 0.80
d 0.90

, -a 1\ e) 0.95
(-) f) 0.97
0 g) 0.99
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10-I Ioo 10' 102

N a2/XL

Fig. 2.7 Diffraction loss per transit for the TEMoo mode of
various symmetrical and stable cavities.( 3 )

,°4
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sensitivity to mirror misaiignment is related to the fact that the mode

axis must be normal to each of the' two mirrors. This can be satisfied

nnly if the ray is incident Aiong a line which passes through the'center of

curvature of the mirrors.

Measurements performed on various lasers have shown (see

W. Koechner(3)): (1) A hemispherical resonator is more sensitive to

misalignment than a resonator with two curved mirrors. (2) The

confocal resonator is far more forgiving for mirror misalignment than

the other types. (3) The alignment tolerances for a concentric type

resonator (L/R 2) and a resonator having a large radius mirror are

about the same. (4) The plane parallel resonator is the most sensitive

to misalignment.

.* *.-* . 4 .
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CHAPTER III

EXPERIMENTAL RESULTS

P'"- 3.1 Experimental Technique

Experimental Set-Up

The experimental set-up used to lase the materials is indicated in

Fig. 3. 1. The pump laser was an argon ion laser from Spectra Physics,

.. ~..Model 170, operated in the cw mode at 514. 5 nm. The pump beam is

first chopped to reduce the thermal load in the laser crystal. Then,

with a beam splitter, a fraction of the beam is directed to a photodiode

that triggers the dual trace oscilloscope. The beam is then focused with

a lens L 1 into the aser cavity. The remainder of the beam that leaves

the cavity is absorbed by the filter. The output of the laser is focused

with the lens L 2 into a photodiode whose output is fed into the oscilloscope.

The optical elements were aligned by superimposing their reflec-

tions with the incident pump beam. To align the beams, a pinhole was

placed at the output of the pump laser to limit its size. Then the

reflection from the face of the input mirror nearest to the rod was

- reflected back and passed through the pinhole. The reflection vas

-. observed on a screen (not shown in Fig. 3.1) after reflection by the beam

splitter. Then the laser rod, the face of the output mirror nearest to

the rod, and the lens were aligned following the same procedure.

A The reflections from the different surfaces will interfere with the

incident beam and with each other, changing the intensities o tie refiected

and transmitted beams. These reflections produce a coupling of the laser

and pump cavities and change the reflectivity of the laser cavity mirrors.

These effects are explained in terms of the properties of a Fabrv- Perot

resonator, so a summary of its properties will be presented. A detailed

:--:.....•.-..-. . .. .... ,.. .....-.. . ,.. . . . .-. . . .......- .- . . ... .. . - . . . ..... .
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discussion is given in Burleigh's technical report on Fabry-Perots.

Fabry-Perot Resonator

A Fabry-Perot resonator consists )f a plane-parallel plate o2

thickness L and inoex of reiraction n. The reflectivities of the suirfaces

are R and r (see Fig. 3.2). Assuming plane-parallel faces and an

incident plane wave, the reflectivity and transmissivity of the etalon are:

t ( -R) ( - r) (3)
T 2 (31
1 (1 _T)2 + 4 Fr sin, (6/2)

R TI

1

where I, I and I are the intensities of the incident, reflected and trans-
r t

mitted beams, respectively.

The phase difference 6 is given by:

6- 4TnvLcos (3.2)
C

where . Is IS--UJ, atigle of incidence of the incoming beam, V the frequency

of the wave and c the speed of light in vacuum.

The maximum transmissivity of the etalon occurs whenever

C m 1,2,3''" (3.3)

for fixed L and e, the maximum transmission frequencies are separated

b", the so-called free spectral range.

':"AV V . V :
"m+ 1  m 2nL cos (9 (3.4)

The laser cavity, a Fabry-Perot resonator, has an infinite number

of axial'm,des, as seen fro'r the equation above. The number of modes

,-, b
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in the laser is limited by the linewidth of the laser transition. Only

those modes whose gain is above threshola .rill oscillate.

Surn.imarizing, the transmissiun through a Fabry-Perot depends

on: (1) Frequency of the incident beam. (2) Reflec+vity of the faces.

(3) Angle of incidence. (4) Length of the etalon.

In the next section we will discuss what are the con.equences of

this analysis on the reflectivity of the laser cavity mirrors.

Effective Mirror Reflectivities

* The laser resonator is formed by several Fabry-Perots in tandem.

The mirrors, quartz discs with a dielectric coating on one surface, form.

one etalon. The free spectral range of the 1 cm thick mirrors is 10 GHz.

The laser rod, with uncoated faces, forms another. For a 2 cm rod

with n = 1.8, the free spectral range is 4 GHz. -Finally, a third one is

' the air gap, a few millimeters between the end faces of the rod -nd the

mirror; the free spectral range is - 40 Gi z. For Fabry-i-~ctz; in

tandem, the free spectral range of the composite resonator is equal to

the largest range of each of the individual etalons, i. e., in o'r case

40 GHz.

The width of the gain at 1.06 $m for Nd:YAG at room temperature

is 120 GHz. This width is larger than the free spectral range of the

tandem Fabry-Perot. Therefore, the laser oscillates at the frequency

for. which the composite etalon has a maximum reflectivity. Due to this

adju .t.ent n he lasing frequency, the mirror reflectivity will not be

that of the dielectric coated surface, but the maximum reflectity of the

tandem Fabry-Perot formed by the mirror and the air gap.

This new reflectivity, which we call "effective mirror reflectivity",

is calculated in the following way. First, the maximum ref'ectivity of

.. . * . * '. . . .*.

* . . . .j..--. *
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the etalon formed by the air gap is calkulated, call it a, The total• -i- max"

reflectivity is given by the maximum reflectivity of the e ioq forrmed by

the mirror, bu". now the reflectivity of the surface izacing the rod-is taken
h' 4

,.- as Ras-max"

-' Coupling of Laser and Pump Cavities

The pump beam reflected by the laser cavity re-entcrs the pump

* laser cavity, and this feedback changes the apectral properties and

intensity of the beam. To analyze these effects a simple case will be

studied, i.e., the coupling of the pump cavity with the input mirror.

The experimental set-up used to study this effect is shown in

3N_ Fig. 3. 3. The reflectivity of the coated surface of the F-inch thick

input mirror was 10% at the 514. 5 nm pump wavelength; the other face

was uncoated. The transmissivity and free spectral range are, from

equations (3. 1) and (3.4):

-- T - 0.98 T = 0.76 v = 10 GHz.-::-ma m

A plot of transmission versus frequency is shown in Fig. 3. 4.

The free spectral range of the argon laser cavity is 71.4 MHz.

The doppler gain profile had a bandwidth of more than 5 GHz, so there is

(13)oscillation at more than 20 frequencies. When the etalon reflects the

beam back into the laser cavity, it will be acting as an extra mirror.

Since the free spectral range of the etalon is larger than that of the laser

cavity, the frequency of the laser will be pulled towards the frequency
region in which the etalon has highest reflectivity, i. e., minimum trans-

missivity.

Another important characteristic of the transmissivity of a Fabry-

Perot is its dependence on the beam's angle of incidence. In Fig. 3. 5 we

• "; ':'-" . . .-" '.- ". - • -.- . " ".. ..- .v -. - .-- . - . . . . . . . .. ..
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DetetorInpt -Argon-Ion laser
mi r ror

Fig. 3. 3 Experimental set-up for measuring the dependence

of transmission oil angle of incidence.
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show the experimental plot of tran-ritted power versus angle of inci-

dence. The power output of the argon iase- wis censtant (it was stabil-

ized using a control built into the laser). For the input mirrors we are

-::, studying the calculated angle difference betwPen tl," maximum and mini-

mum transmission was 0. 230 which, within the experimental error, is

equal to the measured difference.

From these results we can draw the following conclusions: (1) For

angles for which there is no reflection back into the laser 'avity (larger

than 0. 10 in Fig. 3. 5), the relation 1,etween transmission and angle of

incidence is given by equation (3.1). (2) For small angles the beam is

reflected back into the laser cavity, minimizing the transmitted intensity.

This effect is explained by the frequency pulling mentioned before, that

is, the laser will adjust its frequency of oscillation to the maximum

mirror reflectivity. For small changes in angle of incidence the

frequancy at which the etalon has a maxiLlurn reflectivity ,, i,1. change,

but the laser will readjust its frequency of oscillation to reach maximum

reflectivity. This explains the flat region on the transmis.lun curve

for small angles.

' -: The same effects will occur in the general case of reflections from

the laser cavity. In this case the reflectivity will be determined by the

tandem Fabrv-Perot that forms the laser cavity.

Measurement of the Po'.,er Absorbed

As mrnpioned before, it is necessary to ktiow the amount of power

absorbed by the crystal. The following method was used. The output

mirror was removed, but the rest of the elements that the pump beam

crossed remained in the same position as when the cavity was lasing.

Then the power of the pump beam transmitted through the r."d, P 0 was

-,,:: ,- . . .-... -....:: '...." ., . ... -.. .... . . .. ... - . -. . ---..- - - .. - - .

...,% , . d . . , . .'., ' - . . , . - - -: -• - : - " :"': :: .- i - "
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measured. The laser rod is an etalon but, since approximately 60% of

the pump beam power is absorbed in a single transit of the rod, we need

consider only one internal reflection. The polwer absorbed, P a is

- ven by:

" 1 (et - 1)(l +re P (3.5)- a t 0

where r and t are the Fresnel reflectivity and transmissivity of the rod

V end face, respectively. The factor r e is due to the reflection from

the end face. This factor is small compared to 1. For example, for

the Nd: YAG rod with r = 8%, its value is 0. 03. A linear relationship

between the transmitted pump beam power and the power meter of the

laser was obtained. Using this relation, the power absorbed was

measured in terms of the power in the laser meter. With this technique,

we do not have to measure how the pump beam intensity is changed by

the etalons prect-Llir- the rod.
The -'ower was measured with a Coherent Radiation Power Meter

(Model 201). This detector was calibrated with respect to a calibrated

power meter borrowed from the Spectroscopy Laboratory at M. I. T.

which had an accuracy of t 10%.

3.2 Properties of Nd:YAG and Nd:CAMGAR

Nd:YAG was lased at 1. 06 -n, and Nd:CAMGAR at 1. 06 1 and

K 0. 94 pm. The 1. 06 j~sm transition takes place between the F32and
111/2 manifolds, the U. 94 ;&n transition btween the 4 F 3 / 2 and the upper

level of the -1 manifold. The energy level diagram fu± Nd:CAMGAR
9/2

can be found In reference (5). The 4 F 3 / 2 manifold is split by the crystal

field into two components with the same degeneracy; for Nd:YAG the

upper leve. transition has higher gain, for Nd:CAMGAR that of the lower

[ , >.. . - .% *, ,. .'
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level.

The spectrosccp'z paraneters of these materials are indicated in

Table I. The '.Zd:YAG rod was obtained from a commercial suppiler and

the Nd:CAMCAR crystal ased for the rod was grown by Dr. D,vid Gabbe

of M.I.T.

The stimulated emission cross sections indicated in the table were

(4)obtained by spectroscopic methods by Singh et al. for Nd:YAG, and by

Jenssen and Aull(5) for Nd:CAMGAR. These values are subject to much

controversy, different authors giving values that differ much more than

the claimed experimental error.

The fluorescence light was monitored using the same experimental

set-up of the laser end pumping technique, with the output mirror

removed. The fluorescence lifetime was measured from the exponential

decay of the fluorescence light after the end of the pump pulse.

The Nd concent-ation was obtaine by comparing an absorption peak

for the sample with that of a standard. The occupation factor of the

upper laser level and the thermal lower level population were calculated

from the energy of these levels. The rods were pumped with an argon

ion laser at the 514. 5 nm wavelength; the absorption coefficients at this

wavelength were measured using a Cary 14-R spectrophotometer.

Finally, we assume a quantum efficiency of unity for the transition from

the pump band to the 4F level in Nd:CAMGAR; it is unity for Nd:YAG. (9 )

The lasei iod specificAtions are shown in Table Ii. In the next

paragraphs we discuss the importance of these specifications.

The importance of a good surface finish on the end faces is obvious,

i. e., the scattering losses depend on it. A good surface finish was

obtained by polishing with *-mm grit.

... .. .. ., ,.. . . . . , . • .... .. . , . . . .•.
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The lack of parallelism and flatness of the end -~-es of the crystal

will decrease the effective reflectivity of the cavity mirrors. 'hi e.T'ect

can be analyzed by studying the finesse of the etalon foemed by the rod

end face and the opposing dielectric coated surface of the mirror. The

finesse can be thought of as the effective number of interfering beams

involved in forming the output of the Fabry-Perot. The factors wh'ich

deter/nine the net finesse are: (1) Reflectivity of the faces of the Fabry-

Perot; the reflectivity finesse FR is given by:

F 1T (R r) 1/ 4

FR

• .2. ;"'" FR - /lrRr)/

where r is the Fresnel reflectivity of the end face of the rod and R that of

*.. the dielectric coated surface of the mirror. (2) Lack of flatness of the

--.. faces; the flatness finesse is given by:

-.-- 4/2

-,her_ M is the fractional wavelength de.viation from flatness across the

beam diameter. (3) Lack of parallelis.m of the faces; the parallelness

finess Fp is given by the same equation as for the flatness finesse, but

now M is interpreted as the fractional wavelength deviation from parallel-

ism of the faces within the beam diame:er being used.

The net finesse is given by:
. 1 - 1 + 1 + 1 3 )

-+ +~ (3.6)
F F F F

For a mirror zeilecti-vit of R = 90% and with the 8To Fres.nel

reflectivity for the faces of the rods, we obtain FR 2.2. The flatness

finesse for the rods is FF 12 for a beam radius of 100 -n. As indicated

before, the input mirror and front face of the rod were made parallel by

overlapping t!.c reflections of the pump beam. The parallelism that

. . . .o
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could be achieved with this procedurc was on the oracr of a tenth of an

arc second. If the reflection from the front face of the o uiX mrrrJ

was also overlapped with the pump beam, then the ar.5le beween the end

faces of the v'od -will be equal to the angle between the rcar face of the

rod and the output mirror. For the latter case, with a beam radius of

100 in, Fp = 9, where the worst case, 1 minute of angle between the

end faces of rod, was taken. Substituting these values in equation (3.6)

V we obtain F = FR ( - 0. 03), that is, the net finesse of the etalon is

decreased by 3% due to the lack of parallelness and flatness of the rod

faces. Thus, these two effects are negligible for the rod specifications

we have.

The non-flatness of the rod end faces has another effect, i.e., if

they are not flat the rod will be acting as a lens. For the rods used in

the experiments the faces were concave with a radius of curvature of

: x 10 1 m, which implies that the rod had a focal length of 2 x 101 m.

The change in the laser cavity characteristics produced by this focal

-length is negligible.

3.3 Results

Nd:YAG and Nd:CAMGAR were lased at 1.06 an using three

different types of cavities: confocal, hemispherical and plane parallel.

Nd:CAMGAR was lased at 0. 94 o using a plane parallel cavity.

The specifications fk, r each one of the cavities are indicated in

Table III. The pump beam and iaser beam waists we;-e calc'ilated

assuming that the laser rod is acting as a passive element of the cavity.

First, a qualitative discussion of the characteristics of the

different cavities will be given. It was found that the most important

limitation '.2 the laser end pumping technique is the precision with which

::: -: -'.. .: .. . . . . . ... :. :. . ..... -. :.. .? .:. : .-- , .~- - . --.. . . - - . • ...
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Tabir III

Laser kCavity pc~ificaticous

M Mirrors, Laser Pump
Type jLength Radius of FDeam Beam

Curvature Waist Waist

Confocal 10. 9cm 10 cm 0. 13 mm 0.14 0.02

mm

Hemispherical 6. 1 cm. Output mirror At the input 0. 12 + 0. 02
10 cm; mirror, m
Input flat 0. 13 mm;

at the output

Plane-parallel 3.2 cm. Flat j0. 12 + 0. 02

mm

Loh'._ ___ _ _ __I_ __ _ _
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the laser and pump beams can be aligned. The power adsorbed at

threshold was measured for different mirror reflectivities for each on,'

of the cavities. Using equation (2. i4) tl-.e cross sections and losses

were determined.

After lasing the material, the orientation of the mirrors xas

adi:1sted to o'Lain the minimum possible power absorbed at threhok.

The confocal cavity was the most tolerant to mirror misalignment, if

the pumnp power was well above threshold, i. e., twice its value, it was

possible to change the orientation of the mirrors by a few tenths of a

degree and still obtain lasing. The plane parallel cavity was very

sensitive to misalignment; even when lasing well above threshold, a

change of 1/10 of a degree was enough to prevent lasing. The herni-

spherical resonator had a sensitivity intermediate between the other two.

For the confocal cavity a 70% variation in the pump pow.er at

threshol'd could be cb)tainEd for different experiments, using the same

experimental set-up and alignment process. The plane parallel cavi*v

was rore reliable; a difference of only 105 was found between different

experiments. The hemispherical cavity had characteristics intermediate

between the other two.

In Figs. 3. 6, 3. 7 and 3. 8 we present the graph of the power

absorbed at threshold versus - Ln R R for the plane-parallel, hemi-
1 2

spherical and confocal cavities; R 1 , R 2 ar- the effective mirror

oeflectivities. The power absorbed nt thresheld for each set of mirrors

was obtained from the plot of power output versus power hbsorbe2, fhi

values plotted correspond to the minimum values obtained for *h,- pa:m

:_ power absorbed at threshold. In Table IV we present the cu ffici n's u:

equation (2. 14). Using neai:y the maximum power output o t:l, ar 'on

-

- '~*. \* .7.
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laser, Nd:CAMNGAR was lased at cV. 94 ja- with high reflectivity plane-

parallel mirrors. The power absorb-d -At Lhrc,;hold was 2. 8 + 0. 02

wuatts and -LnR 1 R2 =0.001. These r-sults will be analyzed in the next

chapter.
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Table IV

Slope and Intercept of the Line Fit to the Experimental Path versus

- R R 2 for Nd:YAG and Nd:CAMGAR Lased at 1. 06 prn

C avity Laser hVA "hvA
Type Material 2a a2 fBOT f[a 77

(watts) (watts)

Nd:YAG 3.5 t 0.5 0.06+ 0.01
C onfo cal Nd:CAMGAR 6.0 + 0.9 0.095 + 0.01

'Nd:YAG 1.7 + 0.6 0.15 + 0.05
-eHemispherical +

_-_._ Nd:CAMGAR 9.4 t 1.3 0.25 + 0.05

- Nd:YAG 2.1 + 0.4 0.15 + 0.05.
- 5. Plane-parallel-- Nd:CAMGAR 5.8 + 0.8 0.26 + 0.05

-. * - *- . . . ... ... . . . . . . . . . . . . . . . . . . . . .
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CHAPTER IV

DISCUSSION

4. 1 Thermal Effects in Laser Rods

Any solid-state laser material operating in the cw mode must

dissipate an appreciable amount of heat. The heat arises because:

1. The excited electrons lose their energy through nou-

radiative phonon transitions from the pump to the upper

laser level and from the lower laser level to the ground

state.

2. The quantum efficiency of the fluorescence processes

involved in the laser transition is less than unity;

therefore some of the photons lose their total energy

to the host lattice.

Thermal effects in laser rods are brought about by a combina.on

of heat generation due to absorption of pump radiation and heat flow e-e

to cooling processes. Heating and cooling of the laser material leads to

a nonuniform temperature of the rod, which results in a distortion of the

laser beam due to a temperature and stress dependent variation of the

index of refraction. The type of optical distortions which occur in a

laser rod as a result of a nonuniform temperature distribution are thermal

lensing and thermally induced birefringence due to the photoelastic effect

of thermal strains. In addition, _ptical dictrrtions can arise a r'-"*!

of an elongation and bending of the rod.

Before starting with an exact calculation of the temperature distri-

bution in the laser rod, let us make some order of magnitude calculations

to find the thermal regime in which the laser is operating. The thermal

--.
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regime is characterized by the thermal relaxation time T; for a cylin-

." drical rod it is given by
2"': r

Tr = r(4.1)

where r is the radius of the rod and k the thermal diffusivity. For
i-.:-.2 - 1

example, for Nd:YAG, k = 0. 046 cm sec .

The relaxation time of the whole rod andi of the pumped filament

are the relevant times if the laser end-pumping technique is used. For

example, for the Nd:YAG rod which had a radius of 1. 5 mm, T = 0. 5 :3ec;

for the pumped filament, assuming a radius tequal to W= 100 arn,

r= 2 msec.

To calculate the temperature rise in the rod we assume a longer

time period between pump pulses than the relaxation time of the rod. If

the rod is in good thermal contact with a heat sink, it will return to room

temperature by the time the next pulse occurs. This is equivalent to

s-ingle-shot operation. The duration of the pump pulse, -T, has to be

longer than the fluorescence lifetime to guarantee cw operation. For

example, in the experiments done we used T 5 msec.

An approximate calculation of the rise in temperature in the rod

K: follows. Since the pump pulse is much s. orter than the relaxation time

of the rod, the heat generated will only have time to "spread" over a

small radius. From equation (4. 1) with t = T we obtain r = T. For

example, for Nd:Y.G, r x 150 ;4n and, assuming no heat flow out of this

Lradius, all tie heat produced by the pump pu!e is dIssipated in thi

region, increasirg the temperature by:

T aAT (4.2)

cplT r

- . .. . c . .r
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where P is the power absorbed per unit length, c the fraction of this
a

power converted iw.c, hcat, c the specific heat, and p the density. As a

further approximation we take P = P a where P is the power iticidert
a 0

on the crystal arid Q the ab-,r)tion coefficient. For Nd:YAG pumped

with an argon ion laser, C = 0.52, a= 0.42 cm' Po 3
g-1 K-13o

0.59 J g K, and p 4.56 g.'c-m ; then^T = 1.6 K.

An exact solution will now be derived. Note that lasing action

occurs during or at the end of the purnp cycle; therefore the optical

distortion arises from thermal gradients produced during the pump cycle

and not from the heat flow as 1 result of cooling. So we only need the

temperature distribution during the pump pulse, i. e., for the time

interval [0, T].

We want to find AT (r,t), the temperature increase as a function of

the radius in the time interval [0,T]. To solve the problem the following

assumptions will .e made:

1. A uniformly pumped cylinder of radius w0 .

2. A rod of infinite length.

3. That during the pump pulse the radius of the heated region is

much smaller than the radius of the rod. Thus we assume

that the rod radius is infinite.

4. Single-shot operation, i. e., before the onset of the pumip pulse

the rod is at room temperature.

The two-dimensional hert equation satisfied by AT (r, t) is:
2 2

-AT F 2 T b2 T-
. k L-r + 2-4- + H(x,y,t) (4.3)

where H(x, y, t) is the heat source. Taking the two-dimensional Fourier

transform of the above equation, we obtain:
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dA k2 2kd -t + k AT = H (4.4)

where ti:e wiggle denotes the Fourier transfurm of the function. The

above equation was obtained by assuming that LT and all its space deriva-

tives vanish at great distances from the origin.

Solving equation (4.4) with the initial condition 0(p, )- 0. and

taking the inverse transform of this solution, we obtain:

°.."t t ekp 2(tt' i (4.5)

A&T (rt) = _ o _ e' t r H(A t')dP (.5

22
"k -(t - t')""But F( ) =e- is the Fourier transform of the function

._f(I -r /4k(t - t')
f- (r kt 1 e.

Using this result and the convolution theorem for Fourier transforms, we

obtain:

"T1 S d t 4k(tt') H(r', t') drI (4.6)

But ( C

if0 sc r 9

rH(,t) = 0

0 otherwise

And using polar coordinates we obtain:

2K AT(i, t) - *- dt' t-' 21T e

41f cpwk 0 0 0

(4.7)

* From the equation we see that the temperature rise will be largest at the

origin. To calculate its value we obtain for r = 0:

a.
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2

" A (ot) - a e' + L (4.8)

cplrw x
001

Note that if t - =, then AT o, t) - =, since e-Xdx C o. For Nd:YAG0 x
2 2

we obtain cU /4k = 0. '3 msec, and with t = T 5 msec we have (K /4k)
0x 0

(1/T)=O. 11 and eX t 1. 3. Substituting these values in
x-0.1 Ii

equation (4.8), we obt i- AT (o, T) = 4 K.

Another case for which an explicit expression can be found is

whe -> " Ten r -, 2 2
when. r >> w. Then r r , and equation (4. 7) becomes:

(P_ a. -x dx(49
AT (r,t) a e x (4.9)rircpk" r2 1 x

ifi-

At this distance the r ';e in tcy. erature is negligible for t = T. For

example, take r = 5 uo , then for Nd:YAG:

T(r. t) = (0. 4°K) e-x dx < 10-5

The temperature rise during the pump pulse is negligible for a radius

larger than a few w 0

We now obtain the solution for r w u, which is the most important

one since the maxitrur stresses and optical distortions occur in this

region.. Integrailhg (: uation (4.7) ,ith respect to time, we obtain:

AT t) 72a2 2r -x dx

AT(r, = a r'dr' d' e -7
41T cpw k 0 "'0 I 2  1

4k t

(4. 10)

U . . *' • , . ° .* * . .- ': ... .. ..

- " ,: :, , .'. ,' + .,_ .- " -" " .- . .............. • .- .'-. .'. . -. ". . ,-..." - - - - - - - . .... ' .- - . .
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From this equation we see that, as expected. AT increases as t increases.

For r W 4k and t = T, we have - 1• ince, fr Nd:YAG,S4k T * 'neTrNdYG

W /4kT -= G.4, th- time integral can be appruximated by:
0

e - = 5_' --- I - 1

2

x dx -k 1 +

.:: T4k T

. 5.-e ]

-4k-

uBut nx g(x i ei o in(x - ea so

cc 2  +

S e-X dx ,, j[ 1r - ; ' 12  _ ]

1Tr-rt) I ~ck -

2 2 2

'~ 

+ 'or, osO

"4kT-1

£'"Substituting this equation in equation (4. 10), we obtain.

"Ca WO 1o 2]

(4.11)

22

From this equation we see that the temperature difference depends

quadratically on the radius. * cing th~is t .moerat- re distribu~ion~ we will

calculate the thermal stresses and optical distortions, in the rod. We

start with the thermal stresses.

Thermal stresses are important because they limit the maximum

power absorbed by the rod. It will be shown that the stress depends not

on the power absorbed, P a but on the power absorbed per unit length,

/°,-° °- • . . . . . . . . ... . . . . . .
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and is independent of the area of the pump beam. Therefore the product

&P a is the factor that determines the maximum power input, where P" 0 0

is the power input.

Or. the other hand, the optical effects depend on the power absorbed

per unit area, but not on the length of the laser rod. As mentioned

before, wi are interest, d in operating the laser with the maximum

possible power absorbed per unit area. Thus these effects will play a

major role in the design of the laser.

The temperature gradients generate mechanical stresses in the

laser rod, zince the hotter inside area is constrained from expansion by

K. the cooler outer zone. The highest stress occurs at the center of the

* rod. If the temperature depends quadratically on the radius, the order
, : is(3)
of magnitude of the stress at the center of the rod is:

oE
0- CPo ) (4.12)

L 160k(1- 0

whereo is the thermal coefficient of expansion, E the Young's modulus,
--- '~- ~r AG x -6 0

and V the Poisson ratio. For Nd:YAG, a 6.9 x 10 /K -I at 300 K,
0

12 2E = 3.3 x 10 dynes/cm , v = 0. 3. With these values we obtain a-

6 23 x 10 dynes/cm 2 . On the other hand, the tensile strength of Nd:YAG

is 2 x 108 dynes/Icm . Thus we are well below the rupture stress.

Having explored the stresses in the laser rod, we now turn to the

optical distortions which are a result of both temperature gradients and

stresses. As a result of these effects the laser rod will be actirig s a

lens in the reson, tor. This effect is called thermal lensing.

W. Koechner has shown that for Nd:YAG the temperature-dependent

variation of the refractive index constitutes the major contribution to

thermal lensing, so " e will only analyze this problem.

. o oL
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To illustrate the importance of this effect. c- sider the following

* -. example. Using a cavity with plane-parallel mirrors Nd:Y A was

lased. Assuming that th- laser rod is a passive element of the cavity,.Y

the limiting aperture is the pump beam. With X 1.0b prn, a w

0. 1 mm and the separation between mirros, L = 3. 1 cm, we find that

the Fresnel number is N = 0.30. From Fig. 2. 7, with g = 1, we rind

that the power loss per pass is 4. 5 dB and thus the diffraction loss per

unit length 0. 33 cm The experimental value of the losses was

0. 033 cm
- I

The temperature-dependent change of refractive index can be

expressed as:(3)
~dn

•n(r) = [T(r) - T(O)]( - )

From equation (4.11) we obtain:

°-r) - ~
"-' qra (0r~ (dn2  r2

4rcpk

The focal length for a lens-like medium whose index of refraction varie:

quadratically with the radius is given by:

-1AV 2cpk (4 kTf 4kT \dn (4.13)

a 4kT -w

where P is the total power absorbed in the rod. This expression is an
a

"pprox'mation where it waE. assumed (:L) that the focal length is very long

in comparison to the rod lcig.h, and (2) that the plunmp power wa

absorbed uniformly along the the rod a is. Note that in this equation

4kTr is the area over which the heat had time to "spread". So the focal

length is inversely proportional to the power absorbed per unit area of the

heated regi-.

'°6f ° .°. %,- " " ..- •- . ., , L , ' * " - " - , -' ." ',, '" "'i . -". ' ,.". - -
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The theory necessary to analyze resonators that contain optical

elements other tnh!- the- end mirrors has been developed by Kogelnik. (14)

The theory will be applied to the laser rod as an active element o the

laser resonator. We wili assume that it acts as a thin lens at the center

of the cavity whose focal length is given by the equation above. For flat

mirrors the stability parareLkrs of the nev, resonator are:

g = I -L/2f (4. 14)

and

2 2 = ( 2 (4.15)
w (-)(Q g)(. 51 2 1

The geometry of the resonator is shown in Fig. 4.1. For f = the

resonator configuration is plane parallel, for f = L/2 we obtain the equiv-

alent of a confocal resonator, and for f = L!4 the resonator corresponds

to a spherical configuration.

Let us apply these results I:, th2 exanipl, -onsidered before.

dn 6 x o0~ -1 .3
For Nd:YAG, UT 7.3 x 10 K, and substituting the numerical

" '" 9

values of the other constants in equatiun (4. 13) we obtain f 2. 1x 10 cm.

Using this value in equation (4. 14) we obtain g = 0. 993. In this case the

limiting aperture is the size of the thermal lens which is focusing the

beam; its radius is a = /TFT. Using this value we obtain a Fresnel

number of N = 3.

With these values of g and N and Fig. 2.7, a power loss per

transit of 0. 17 is obtained. Tnis is equivalent to a diffraction loss of

0.01 cm - . This result is of the sa-ne order of magnitude as the

observed losses of 0.03 cm obtained experimentally (see Table VI).

Summarizing, the thermal effects are the following:

-i
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1. The maximum power input is limited by the power absorbed per

., unit length and the tensile strength of the laser material; it is

independent of the area of the bl.am.

2. The laser rod acts as a lens in the cavity due to heating by the

pomp beam. Its focal length is inversely proportional to the

prwer absot-bed per unit area and is independent of the length.

3. There is an optimal focal length to match the pump and laser

bexams. If the focal length is large the beam radius is large,

and thus the diffraction losses small. But then the power

absorbed per unit area is also small. Then high power is

required to achieve threshold. If the focal length is small, the

beam radius is small and then the diffraction losses are large.

So once more high power is required to achieve threshold. Thus

there Is an optimum focal length for which a minimum pump power

is ulta.ned.

4.2 Measurement of th. Effective Cross Section of the

Laber Transition and Losses

Using the values obtained in section 3. 3 and equation (2. 14), the

effective cross section of the laser transition and losses were calculated

for Nd:YAG and Nd:CAMGAR for the different cavities at 1.06 jpn. These

calculations were made assuming that the pump beam volume is enclosed

by the laser beam volume and a uniformly pump-ed area of radius wo

The re ults obtained arc shown in Tables V and WI.

Nd:CAMGAR was lased at 0. 94 pm with the same plane-parallel

cavity used for lasing at 1. 06 gan. The power output of the argon laser

was just enough to lase the material with high reflectivity mirrors. The

power absorbed at threshold wag Z. 8 t 0.2 watts for - In R1 R2 = 0.001.

* . - -'"- - .- .-... - • • - . - . ..
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From Table I we wee that the lower level laser population, N 1 . at the

1830.94 j&n transition fer Nd:ZAMGAR is 0.91 x 10 ions/cm3 . Assuming

the same losses sO when it was lased at 1. 0 1&n, the cross section was

calculated using eqaatlon (2. 11); ite value is shown in Table V.

The scattering losses reportcad in the literature are on the order

of hundredths of c.-1; for example, f- Nd:YAG, 6s o 0.002 cm- 1 . (

The total loss obtained for the confocal cavity was on this order of

magnitude (see Table VI); thus the dffraciion losses are very small for

this cavity.

From Table V we see that, except for Nd:CAMGAR at 0. 94 1&n.

the values of the cross sections are smaller than those obtained from

spectroscopic measurements. The large error in the value of the cross

section of Nd:CAMGAR at 0. 94 Jan is a consequence of the fact that it was

only possible to lase the material with plane-parallel cavities with high

mirror reflectivities. A lower value of the ,.,oss sec-Lin is not

unexpected; due to the lack of overlap of the beams, part of the power

absorbed is not actually used to prodice r population inversion in the

laser volume. Therefore the cross section will be smaller than its true

value. This lack of overlap is the major source of error in the measure-

ment. The precision could be improved if it was possible to measure

the actual power absorbed in the laser beam volume. As mentioned

bcfore, we found that the cavity for w.-iich less variation occurred in the

power absorbed at threshold in diffe Ivrt experiment. with the same

mirror reflectivities was the plane-paralle. cavity. Also, the closest

overlap of pump and laser beams was obtained with this type of cavity.

Therefore, the cross sections measured with this cavity are morepreliable than for the others.

--. " .- . " _4 "**.*""" .". . . . . .... . . . . . ..
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Table VI

Total Losses for the Plane-Parallel, Hemispherical

and Confocal Cavities

A, Total Losses in a Single Transit (cm " )

Laser Plane-Parallel Confocal Hemispherical
Material Cavity Cavity Cavity

Nd:YAG 0.033 t 0.03 0.008 + 0.02 0.041 t 0.04

( at 1.06 m -

Nd:CAMGAR 0. 015 + 0.02 0. 006 + 0.02 0.010 - 0.04

at 1. 06 &r

-. 5

.
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Another effect that will decrease the measured value of the cross

section compared to the spectroscopic one is reabscmption Af the laser

radiation. It will ccu. if there is a transitioh, from the 4 F 3 / 2 manifold

* to a higher excited level and/or from the ground level to ar. excited level.

For Nd:YAG and Nd:CAMGAR, as seen in the energy level

diagrams shown in Fig. 2. 5 and reference 5, there are no levels Mr

which a transition from the ground level to an excited level could occur

at either the 1.06 or 0. 94 gin wavelengths.

Reabsorption by a transition from the 4 F, 2 manifold to a higher

level can occur if there are levels at the required energies. Of coirse,

the magnitude of the reabsorption will depend'on the strength of the

transition. Let us see if the required energy levels exist for the

"." materials we are studying.

Re-absorption of the 0. 94 Wn radiation in Nd:CAMGAR might-occur

S"if there is either a level with an energy of 22, 191 cn " 1 or of 22, 070 cy, - 1 .

The first energy corresponds to a transition from the upper level of the

4 F3/2 manifold, and the second from the lower level. At room tempern-

ture, no absorption was obtained at the second energy (within an experi-

mental error of a "+ 0.05 cm- ); the absorption coefficient for the

second was a = 0. 14 cm 1 . The absorption at the wavelength corres-

ponding to this energy fell in the high energy side of a group of peaks.

From the shape of the absorption spectra and the chart of energy levels

of Nd in LaCl obtained by Dieke, it was concluded tia this group of

peaks was due to absorption into the 4(,1/2 manifold. Therefore, the

absorption at the wavelength corresponding to the 22,070 cm energy is

most likely due to a transition from the ground state into one of the upper

-4

..

".',r '2 ."2., _f%".% * .* - % ..... ... * . .***-:4.

G. levels.
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For Nd:YAG, reabz rption of the 1. 06 jn radiation can occur if

there is either a level with an ener,' of 20, 893 cm "1 or of 20,805 cm "1 .

The first energy corresponds to a transition from the upper level of the

4 4F3/2 manifold and the second from the lower level. The absorption

coefficients at the wavelengths corresponding to these energies were

0. 18 cm -1 and 0. 12 crn-, respectively. At these wavele-Agths, the

absorption fell between two groups of absorption peaks. From the shape

of the absorption spectra and Dieke's chart, (15) it vas concluded that the

groups corresponded to Pbsorption due to the 4 G1 1 / 2 and 2 D 3 1 2 manifolds.

Since the absorption spectra of these two manifolds partially overlapped,

- it is not possible to reach -any definite conclusion about the existence of an

energy level for reabsorption. It is possible that the absorption is due to
the 2D3/

the high energy levels of the 3/2 manifold and so an energy level for

reabsorption might exist. The issue can be solved by measuring the

absorption spectra at low tempe;:atures.

Energy levels of 20, 992 cm 1 and 20, 871 cm . 1 are required for

reabsorption of the 1. 06 ;n radiation in Nd:CAMGAr%. At this wave-

length the qualitative features of the spectra were analogous to the Nd:YAG

spectra. Therefore, a definite conclusion about the existence of a

reabsorption level cannot be reached.

The cross section measured experimentally is not the stimulated

• . erission cross section between the upper and lower laser levels 02 1 , but

r f ective cross section ae.ff which is relater: to the former by the

equation

"eff N = - 'ra N2 (4.16)

where 0ra is the cross section for the transition from the 4 F 3 / 2 manifold

to higher excited levels. Experimental values for ara are not availabl-..

% " -o,-,- ,% * -o.. ° *%" - - " , , ° o% . .
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- It is not possible to give a good estimate of a because the .alue
ra

of a21 is still subject to much controversy. Besides, the experimental

errors in the mepsurement of aeff were large. Nevertheless we can draw

some important conclusions from an estimate of its value. Take Nd:YAG

as an exemple, and let us calculate the best case,- that is, the minimum

v&.ue of 0 ra that we could rpssibly obtain. To do this we take ihe largest

value of oeff obtained for the plane-parallel-cavity within the experimental

error, i.e., eff = 4 x I0 cm2 . We choose the lowest value of r21

given by references 4 and 6 of 5 x 10 1 9 cm 2 . Then from equation (4.16)

we obtain Cra = 1 x 10 19 cm 2 with AN o N2 . From this example we see

that 0 ra and 021 have values on the same order of magnitude. So inexact

values of these cross sections or changes in the environment of the Nd

ions will change the effective cross section in a significant manner.

Thus, even if spectroscopic techniques have shown that a solid-state

material is a good candidate for a laser, the decisive proof is the actual

lasing of the material. The end-pumping technique offers such a

po s,,I b 11iLy.

Finally, another effect that has not been considered is the absorp-

4tion of the pump light by the 4F 3 / 2 manifold. The cross section for the

laser transition we obtained should be larger if this effect is Important.

The energy level required for this absorption process is 3. 1 x 104 cm " .

The energy levels of Nd in LaCI3 have been determined by Dieke. (15)

The energy of the 2 L7 / 2 level is _Iaoe to th's v.lue, so some absorption

- into this level could occur. Absorption of the pump radiation by the

upper laser level will decrease the fraction of the pump power absorbed

that is used to build up the population inversion. This effect can play an

Important role if the cross section for absorption is large. For example,

00P

SOle ifthe for s For
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consider Nd:YAG lased with the plane-parallel cavity. In this case

. 6 - 0. 033 cm "! and with high reflectivity mirrors, - In RIR 2 = 0.001,

we obtain from the laser threshold equation (1. 7) a popul"tion of the

*16 3
.4-i mianifold of 9 x 10 ions/cm . Assmxing that the cross section for the

* 4 4
transition from the F3 /2 manifold to the level whose energy is 3. 1 x 10

cr I is f 12 cM -1 The absorption coefficient at the pump wavelength

without population inversion is a = 0.40 cm "1 . Thus approximately 10%

4 of the pump power will be absorbed by the 4 F3 / 2 population. Since the

power absorbed at threshold is inversely proportional to the cross

section (see eq-i:tion (2. 14)), if the power that was actually used to build

-i up the population inversion is 10% lower than the power absorbed at

threshold, then the cross section of the laser transition should be

increased by the same percent.

The largest source of error in the calculation of the cross section

is +he value of the v':r,." lased. A way to decrease this error is to

calculate the ratio of the cross section of Nd:CAMGAR to Nd:YAG at

1. 06 t-n. Then, assu.ming the s:ame pumped volume, the ratio is

* independent of the value of the volume, as seen from the laser threshold

* equation. These values are given in Table VII for the different cavities.

Since the thermal properties of the two crystals are different, the pumped

volumes will not be equal. Nevertheless, we take this ratio as a better

approximation for the cross section than the absolute value. The most

reliable results were obtained with the plane-parallel resonator, so the

0. 16 ratio is more reliable than the others.
A

4.3 Stability and Sensitivity of Laser Cavities

In this section we will determine which is the best type of cavity to

be used with the laser en-pumping techritue. But first, let us see how

-' • • -.o- % . o -. o . , • o- -. . .o -. ° .o-°•o • . . . .
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Table VII
Ratio of the Cross Section of Nd:YAG to Nd:CAMGAR

at 1. 06 .n for the Planie-Parallel, Hemispherical

and Confocal Cavities

Spectroscopic Measurements ............. 0.17

Plane-Parallel Cavity .............. 0.16

Hemispherical Cavity ...................... 0.09

Confocal Cavity ............ .............. 0. 28

~. .

i4

*J.
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the power absorbed can be reduced by decreasing the laser beam waist.

The popla'ton inversion at threshold is proportional to the

power absorbed per unit area. Then, if the pump power outp'it is not

large enough to obtain lasiti, the beam area can be reda4.rd to obtain the

required population inversion. Therefore, a cavity for which a small

beam area can be obtained is desirable. For a given mirror radius of

"-. curvature, the concentric and hemispherical cavities have a smaller
".w

waist than the confocal cavity. But this Is not a disadvantage of the

latter since, by choosing cavity mirrors with small radius of curvature,

a small beam waist is obtained (see equation (2. 19)). If the radius of

the rod Is decreased, then also the length of the confocal cavity has to be

decreased. Thus the length of the rod limits the minimum radius that

can be used.

For a plane-parallel cavity the beam waist is determined by

thermal lensing. The focal length of the tbermpl lens determines the

beam radius at the mirrors through equations (4.14) and (4. 15).

Assuming that the rod is acting as a thin lens, the beam radius of the

mirrors, w1 2 , is related to the beam radius of the center of the rod, w%

-. through equation (2. 15) with z = L12. From these equations we obtain:

~ GO1 ~ (r~r)(4.17)

if -1.W2/ << I and << 1. For example, for Nd:YAG we obtain wo

3 x 10 ;kn.

From equation (4. 17) we see tha+ the beam radius could be
' #.

decreased by shortening the focal length. From equation (4.13) we see

that it is not possible to reduce the focal length of the thermal lens

since all the quantities appearing it, the equation are parameters

9-.
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characteristic of the lazpr material, except for the factor 4kT/(4kT - W).
-0

But for any wo smaller than 4,T his factor will never be less than unity.

Summarizing, -we see that the confocal cavity is better than the

plane-parallel cavity because the lasee beam radius can be made

smaller.

Now let us analyze the diffraction losses of las.:r cavities.

This analysis will be made using the stability diagram for a passive

cavity shown in Fig. 4.2. In the figure the stabi,'l"ty parameters g,

1 - andg 2 - 1 -L are drawn as the coordinate axes, where R1 , R2
IT7 2

are the radiuses of curvat,:re of the mirrorc and L is the length of the

c avity. All the cavity configurations are unstable unless they corres-

pond to points lying in the area enclosed by a branch of the hyperbola

gl, g2 = 1 and the coordinate axes. The points representing the confocal,

* '~ hemispherical, plane-parallel and concentric resonators are given in

Fig. 4.2. In this diagram the symmetrical re:,onat'-r3 (g, "- ) are

represented by a 45 angle line. From Fig. 2. 7 we see that if a stable

-- resonator approaches the unstability region the e IIrac tion lcsses

increase.

If there is thermal lensing, the stability parameter g for a

symmetrical cavity becomes:(3)

L Lg = 1 - -'R

where the approximation that the thermal lens is a thin lens of focal

length f and Rf >> L was made.

Let us analyze how the stability propeirties are changed

thermal lensing. (1) For the confocal cavity the stability parameter

becomes g T - " Thus, the cavity remains nar t.e urigin in the

'-4

• ,
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stability diagram and the diffraction loss-F will be small. As shown in

section 4.2, this is indeed the case. (2) The pla.e-parallel cavity is at

a poirt betwet-. the stable and unstable regions. Thermal lensing

L
makes the. cavity stable, with g = 1 - TT-, Nevertheiess. the diffraction

losses are still large, and therefore the total losses will Plso be large.

This was indeed the case, as seen in Table VI. (3) The coi-centric

cavity is also at a point between the stable and unstable regions. With

thermal lensing g 1 - L thus this effect will put the cavity in the

unstable region. (4) The hemispherical cavity is also between the stable

and unstable regions. For this unsymmnetr'.cal cavity -he stability

parameters are given by the equations:(3)

g -T- g2  1-

where the approximation that the thermal lens is a thin lens with

f >> L 1 L 2 was made. L is the distance fronm the thin lens to t, c

curved mirror and L 2 from the thin lens to the plane mirror. From

the equations above we see that g, will be negative and g 2 will movB to

the left of 1, the value it would have had if no lens had been placed in the

cavity. From the stability diagram we see that the cavity moves into

the unstable region. If the cavity is shortened to avoid this unstable

region, the diffraction losses will still be large. This was indeed the

case, as seen in Table VI.

Smm.-riz'ng, we see that the confocal cavity is bet .er than the

others because it remains stable when thermal effects are considered

and its diffraction losses are small.

A cavity for which alignment of pump and laser beams can be easily

ohtained is desirable. Alignment is important, e.g. at an angle of 1 minute
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between the two beams, approximately 10% of the pump beam volume

does not overlap the laser beam volume. Then the p"'ver outpui of the

pump laser has to be increased (other factors r.rnaining equal) by this

.- percent to compensate for the mismatch. So a cavity for which

parallelism of the beams could be achieved is desired. For the hemi-

spherical, confocal and concentric cavities, the position and orientation

of the laser beam is determined by the orientation of the cavity mirrors.

For the plane-parallel cavity the position of the laser beam is deter-

mined by the pump beam itself, and the orientation is determined by the

plane mirrors.

The laser power output was maximized by tilting the cavity

mirrors. It might seem that this process will make the beam parallel,

but it is riot so for the confocal, concentric and hemispherical cavities.

For exam.ple, if one of the mirrors of the confocal cavity is tilted, the

laser beam is tilted, with the point at which the beam Is reflected at the

tilted mirror as the pivot for rotation. (3) Hence, the fraction of the

laser beam in which there is overlap with the pump beam remains

approximately constant, and therefore the power output of the laser will

also remain constant. A displacement of the cavity perpendicular to the

Sbeam will not be helpful either. This effect explains the variation in the

pump power at threshold which we obtained in different experiments (see

section 3.3). The power output depends on the initial alignment of the

beam, which varied from experimei'L io experiiient. To obtain parallel-

ism, a rotation of the cavity is required.

For the hemispherical and concentric cavities, if one of the

mirrors Is slightly tilted the entire laser beam is displaced parallel to

the cavity axis. (3) Thus, in this sense, they are no better than the

a..

555 .5.. - . . .
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S., confocal cavity.

Paralleizi.ra. of the beam is easier to achieve with a plane-

parallel ca-vity, since the laser beam is tilted by a tilt of the mirror.

Zell The disadvatitage cj this cavity is its sensitivity to mlrior misalignment.

On the other hand, the confocal cavity is the least sensitive to mirror

misali gnmcnt.

Summarizing the results obtained in this section, we see that the

requirements for laser operation with the end-pumping technique are

best satisfied by the confocal cavity.

Finally. we calculate the pump power input if the optimal length

and a confocal cavity has been used for lasing Nd:CAMGAR at 0. 94 Pn

instead of the plane-parallel cavity. At this wavelength the optimal

length is 0.26 cm (see section 2.2). If a confocal cavity of 5 cm length

is used to lase the material, the beam waist will be 86 grn (see equation

(2. 19)). With hi--gh miirror reflect~vi ties, 1. e., - An R R2 = 0. 01, and

losses of 0. 006 cm 1 , we obtain from equation (2. 14) a power absorbed

at threshold of 0.15 watts. The pump powcr incident Is given by P =

Path = 1.5 watts with = 0. 42 cm'1 . This value Is smaller than

the 4 watts that can be obtained with the argon laser.

4.4 Evaluation of Nd:CAMGAR as a potential high power,

Q-switched laser at 0. 94 jim

A limitation on the use of Nd:CAMGAR as a high power, Q-

switched laser at 0. 94 i is the competition between the 0. 94 and 1. 06tmn

transitions. The upper laser level is snared by both transitions.

If the 1. 06 An transition has a larger cross section, it will

deplete the population inversion. A mechanism has to be provided to

selectively increase the losses at this wavelength during the Q-switched

f' ' . . ,,.- . .- ., ....... . ,, . . . . . . . . . ..-. .. .
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pulse - for example, mirrors with higher reflertivity at 0. 94 gn than at

1.06 n.

For Q-swtched laser applications ths required stored energy per

2
unit aiLea is El A m 1 ,icm . This value is smaller than the maximum

stored energy obtained from equation (1. 12). which is E /A =i max
• .24 J/crr,2 . The population Lversion required to obta'n the first value is:

N2  = E 1 (4.16)

For a tj pical rod of length = 7cm and for X = 0.94 Jkn, we obtain N2 =

1.6 x -0
I1? ions!cm 3 , where N 2 is the total population of the 4F 3 / 2 level.

4
The whole F 3 / 2 population is depleted by the pulse since the relaxation

time between levels of the manifold Is shorter than the duration of the

Q-switch pulse.

Lasing at 0. 94 jkn will be o.t.Ined if the gain at this wavelength is

larger than that at 1. 06 an. From eq.'ations (2.8) and (2.11) we obtain:

2A0. 9 4 AN-2L[ 8 +c70 . 4 N 11- 2 ,d +0 A (R1R 2 )1.06

2A 1. 0 6 AN - 2A 8 - 2L 6 
d + AIn (R1lR 2 )1.06

where (RIR2) 1 .06 and (RIR2 )0.94 are the reflectivities at 0. 94 and 1. 06 n

respectively. With x as the factor by which the re.r'lectivity of the mirror

at 1.06 jen has to be decreased, compared to the reflectivity at 0.94 n.

!" e. 06 - 0.94" the following result is obtained:

0.94

The diffraction and scattering losses do not appear in the equation since

they are the same at both wave' .ngths. Substituting the numerical values

of the worst case, that is, the higher value of the cross section at 1. 06 ;n

-. 4 ,' . *.-, ",. .. ' -. ' ... - .. - ,-, -,. .. ,. . ,.-,. . .. ,..,,, . . . --. . . . . . - . -. .-. . . • . .
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, ." wic wa 85 x10 2 0 m 2 (5
which was 8. 5 x 10 cm , the lowest value at 0. 94 Pn which wac

-20 2(5)3.2 x10 cm , we obtainx < 0.43.

Thus the reflectivity of the -nirrors at 1. 06 ;n has to be smaller

than 40% of the reflectivity at 0. 94 Mn to prevent lasing at 1. 06 Jkn. It

ir possible to obtain mirrors with these specifications from commercial

s upp't e rs.

.-. Now we check if it is possible to obtain this value of the stored

energy with conventional flashlamps. Assuming that 7. 5% of the elec-

trical input to the lamp is absorbed by the crystal and, as for Nd:YAG.

that 40,/ of the absorbed energy is converted to stimulated emission, (7)

3the lamp input is approximately 4.5 J/cm . It is possible to obtain

this rating from commercial flashlamps.

There is another problem if the 1. 06 Jgn transition has higher

gain. The cavity losses before the Q- switch pulse depend on the

wavelergh. Then, c7en if they are large enough to prevent pre-lasing

at 0.94 $&n, they might not be large enough to do so at 1. 06 ;rn. An

analysV of the problem will be made with a Pockels cell as the Q-switch

4element.
a..The cell is located between a polarizer and the high reflectivity

mirror, the polarizer between the cell and the laser rod. The inclusion

of the polarizer is not essential if the laser radiation is polarized. The

sequence of operation Is as follows. During the flashlamp pulse a

vola.e. V. is applied to the electro-)ptic cell such that the linearly

polarized light passed through the polarizer is circulaLly polarized.

After being reflected at the mirror, the radiation again passes through

the cell and undergoes another X14 retardation, becoming linearly polar-

ized but. at POO to its original JA!rection. This radiation is ejected from

,.'a q ' f , '.,... .. -. - .. . . .;,S.. ' . - , ' -.. ' ', ,' . , , . ... . ....... .' . -. - . . - .. .. . ., -. . . , ..



the laser cavity by the polarizer, thus preventing optical feedback.

Towards the end of the flashlarnp pulse, the volti.g on the ,-ell is

switched off, permitting the polarizer-cell t-ombination to pass a linearly

ponw.:.., polarized beam without loss. Oscillation wiiiin the ca city will build up,

and after a short delay a Q-switch pulse will be emitted from the cavity.

The phase shift 6 and the transmitted light Intensity I .-e related

by:

= 10 s 0 C4.18)

where 10 is the Input light intensity. The pnase shift is related to the

,,. cell voltage by the equation
' . •3

2w-no rV (4.19)

where n is the ordinary index of refraction and r a constant character-
0

istic of the material of the cell.

If the voltage In the cell is adjusted to ha"-e zero transmissfn at

the wavelength X1 , then the phase shift at the wavelength X2 will be

n 0

IfX 1 = 0.94 Jan, then the phase shift at 1 = .06 Yrn is 2 = (0 1.89) and

the percentage of transmission through the Pockels cell, = 35.
0

Assume 100% and 50/6 reflectivities at 0. 94 Wn for the high

reflectivity and output mirror, respectively. If that reflectivity is

, reduced by 40% at 1. 06 JAn and, taking Intu account t. only 3%7* of the

reflected light from the high reflectivity mirror is transmitted, then tne

reflectivities of the high reflectivity mirror and output mirror at 1. 06;&n

i are 1% and 20%, respectively. Substituting these values in equation (1. 7),

assuming no diffraction losses and a = 8.5 x 10"2 0 we obtain &N 5. 1 x

-.4
4.o

°.'" :" -.-" -' "". ." " " "- ""-. ""- - ''---.-"" ,-, , -- • • . - • -". . -- - . -. . .
'a' a. a. " . a..*l *.*l.*.- 1l . i,.N;t,, o. ' ' "" " ". .'"" .- " '" " """". "
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%7l j0 ions/cm3 and so the F population at ronrri temperature is N2

8.0 x 1 ions /cm 3  This value is larger than the puilillation required

to store 1 iiem 9; th.-iefore pre-lasing does not occur.

- Summarizing, we see that Nd:CANIGAR at 0. 94 &tn looks like a

good caiydidate for Q-switched operation.

'Y'

% %
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CHAPTER V

SUMMARY AND CONCLJUS.ONS

Solid-state laser materials can be evaluated Lsing spectroscopic

techniques. But even if such an evaluation indicates that the material

can be lased, the definitive proof is actual lasing of the material.

Spectroscopic techniques can be used to ineasure ih important

laser parameters of the material. (5) The stimulated emission cross

section is the parameter which is more difficult to measure with these

techniques; different values have been obtained with different techniques.

For example, the values obtained by different authors (4.6) for the

stimulated emission cross section of the 1.06 ;&n transition In Nd:YAG

differ by 50%.

The effective gain for the laser transition is determined by the

stimulated emission cross section of the laser trar.sition and by tht c4 .s.

section of reabsorption of the laser radiation. For examplc, for a four

level laser

'eff ra

. wherc a is the effective cross section of the lase::- transition, a the

stimulated emission cross section, and ara the cro:;s section for

reabsorption of the laser radiation, a and ara are on the same order of

magnitude und so rn-vl changes in these quantities can drastically change

a eff !t csn :-en become negative, that is, no laser operation is possible.

Therefore a method for actually lasing the material and for medturing

the effective cross section is required. The laser end pumping technique

was studied as a method for lasing optically pumped solid-state laser

materials in the cw mode and for measuring the effective cruss rection of
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the laser transition. This technique is applicable if the absorption

coefficient at the pump wavelength is small; if not, transverse pumping

has to be used.

Another method that can be used to lase optically pumped solid-

state laser materials is with a lamp. The major advantages of the laser

end pumping technique over this method are: (1) Shorter laser rods &re

required. (2) In both methods the pump power absorbed has to be

measured to calculate the cross section of the laser transition. This

measurement can be made with more precision for the laser end pumping

technique than for lamp pumping.

The maximum pump power output might be insufficient to obtain

the required pump power absorbed for laser threshold operation with a

given cavity. The problem could be solved by the proper choice of laser

pump, rod length and laser cavity.

A larze val;- of the following quantities is desirable in a laser

pump:

1. Pump power output.

2. Absorption coefficient of the laser material at the pump wave-

length.

3. Quantum efficiency for the transition from the pump level into

the upper laser level.

We found that for Nd:YAG and Nd:CAMGAR an argon ion laser at the

514.5 nm wavelength is a better lasor pump than a cw dye laser.

ror a given laser pump, losses and mirror re,'lectivities, the

laser rod length can be optimized to obtain laser threshold operation with

minimum absorbed pump power. For example, with the argon Ion laser

as a p.!mp. high mirror reflcctivities and zero diffraction losses, the

V7* ' "' ' '' " ;-"-"*" ' . '.. . ".." ". " "':'" . ' *""" "" " .""" ." . " . " " . . ,....
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optimal length for Nd:YAG and Nd:CAMGAR operated at the 1. 06 s&n

transition is 0. 83 cm. For Nd:CAMGAR operat,2 at the 0. 94 tWn

transition it is 0 26 cm.

To reduce the power absorbed required to obtain tbreshold opera-

tion, a cavity with small diffraction los.,es is desired. The heat

dissipated by the pump beam produces thermal lensing of the Icser rod.

* This effect determines the diffraction losses of the plane-parallel,

concentric aud hemispherical cavities, because they are in the boundary

that separates the stable from the unstable cavities. The large

diffraction losses of the plane-parallel cavity are reduced by the thermal

lens. The diffraction losses of the concentric and hemispherical

cavities are increased by thermal lensing. For the confocalcavity

thermal lensing is not as Important because this cavity is in the middle

of the stability region. It was found that the confocal cavity had

negligible diffraction losses.

An additional variable that can be changed is the laser beam

radius in the laser rod. T-ie population inversion is proportional to the

pump power absorbed per unit area. Therefore, if the cross section of
the laser beam is decreasec, a larger population inversion can be

obtained.

* The laser end pumping technique requires overlap of pump and

laser beams in the laser rod. The method used to obtain the closest

overlap of the two beams is by tilting the cavity mirrors in orde'.r to

maximize the laser power output for a given pump power input. Tilt of

the cavity mirror produces a change in orientation and position of the

laser beam. Therefore, the fraction of the laser beam volume on which

there was overlap with the pump beam in the laser rod will change. The
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laser power output will increase if the overlap is better aid decrease if

worse. On the other hand, the mirror tilt also changes the alignment of

the laser cavity itself. Mirror m'sal~gnmert causes an increase in the

diffraction losses and, therefore, a reduction of output power. We need

a cavity for which a close overlap of the two beams can be obtained and

with tolerance fr mirror misalignment.

The cavity that best satisfies these two requirements is the

confocal cavity. It is the cavity with the highest tolerance for mirror

misalignment. By tilting the cavity mirrors and rotation of the cavity it

is possible to align the beams. It was not possible to rotate the confocal

* cavity with the experimental set-up used, so that for this case the plane-

parallel cavity was better than the confocal because the position of the

laser beam is determined by the pump beam. For future work a

rotatable confocal cavity should be used.

.'.:YAG was I-,ed at 1.06 A and Nd:CAMGAR at 1. 06 J~n and

0.94 n, using as a pump an argon ion laser operated in the cw mode at

the 514. F aim wavelength. Both materials were lased in the cw mode at

room temperature. The cross section of the 1.06 $an transition was

measured from the slope of the line fit of the pump power absorbed at

threshold versus - An R IRV, where RV, R2 are the effective mirror

reflectivittes. For Nd:YAG the cross section was 2. 1 t 2 x 10-19 cm 2

'" and for Nd:CAMGAR it was 3.4 t 3 x 10- 20 cm 2 at 1.06 pn.

These cross sections are smaller than tho.=e obtained from

spectroscopie m-easurements. The following processec might have beet-

the cause for this behavior:

1. Reabsorption of the laser radiation.

Absorption of the p.'mp radiation by the F3/2 gianifold.

maniold
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3. The cross sections were obtained assuming tha+ 100% of the

-, pump power absorbed was used to build up a populatiuii

inversion in the lase- beam volume. Since the two beams

are not perfectly aligned, only a fraction of tne pomp power

".l absorbed will be actually used to build up the population

inversion in the laser beam volume. As a consequence of

with perfect alignment. Misalignment of the two beams is

the largest source of uncertainty in the measurement of the

cross section.

Nd:CAMGAR was lased at 0. 94 jAn with a plane-parallel cavity

(only plane mirrors were available). Using almost the maximum power

outptt of the argon ion laser, the material was lased with high reflectivity

mirrors. The value of the cross section obtained from this experiment

-'as t 1" 0-20 cm 2

In Nd:YAG and Nd:CAMGAR, the upper laser level of the 1. 06 In

- and 0. 94 ; transitions is a level in the 4F3/2 manifold. Therefore,

competition between the two laser transitions will occur. The cross

"p section of the 0.94 JAm transition in Nd:YAG is 1. 9 x I0"19 cm 2 (

smalLer than the cross section of the 1.06 jAn transition. Therefore, a

mechanism has to be provided to selectively increase the losses at

1. 06 rn if lasing at 0. 94 ion is desired. On the other hand, for

Nd:CAMGAR we found that the cross section at 0. 94 )Am is oigger than ai

'J'. 1. 06 1&n. Since this measurement was only made on the basis of one

experiment, the errors were quite large. Spectroscopic measurements

give a value of 3.2 x 10-20 cm 2 (5) for the 0. 94 gJn transition, which is

approximately equal to the cross section at 1. 06 A.rn. A definite

. .. -' ... ' - .... .-4.. - . . - . .. . . . : . .. .-. . . .. . . .. , , . .
4 ., , , . ,. . .. :. . , ., , - . . . .. ... ... , . , , . . .
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conclusion cannot be reached, but if the cross section at 0. 94 ;n is

indeed larger than at 1.06 Jtr, then it would not be necessary to ha., ,- a

mechanism to selectively increasz: the losses at 1. 06 Nrn.

A better estimate of the cross section of Nd:CAMGAR at 0. 94 Wt

could be obtained if 't were lased with several different mirror reflec-

tivi ies. This would be possible if a laser rod of the optimal length and

a confocal cavity with a mirror radius of curvature of 5 cm were used.

In this thesis, the population inversion on the laser beam volume

v, was calculated from the pump power absorbed. We made the hypothesis

that 100% of the pump power is used to build up this population 1.nrersion.
S,

A method to measure this population inversion more precisely would be

" desirable.

. -

S.
S

"5-
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