
ALLIED-SIGNAL INC NORRISTOWN NJ ELECTRONIC NATERIALS
AFE ND DEVICES LAS S T LAI ET AL. AUG 86 ARO-2S240. 6-PH

UNCLSSIFIED DRR029-83-C-9915 F/O 20/6 ML

mmhhmhml
smmhhhhmmm



I iii
I1111- j.2g

U2U2-

IIJL2 .



00

*FINAL TECHNICAL REPORT

SPECTROSCOPIC AND LASER
CHARACTERIZATION OF EMERALD

Electronic Materials and Devices Laboratory
CORPORATE TECHNOLOGY

Contract DAAG29-83-CO015

E L,.

,TI 198 a.s

Submitted To:
U.S. Army Research Office

. P.O. Box 1211
Research Triangle Park, NC 27709-2211 August, 1986

0 iLIED

0 "

.4-



Spectroscopic and Laser Characterization of Emerald

Final Report

by

Shul T. Lai and Bruce H.T. Chal

August 8, 1986
I.

"I.

U.S. Army Research Office

Grant Number: DAAG 29-83-C-001S

Allied-Signal, Inc.

Morristown, New Jersey

S?

Approved for Public Release;

Distribution Unlimited

- .9.



YTNf!T.AqqTVTV MASTER COPY - FOR REPRODUCTION PURPOSES
319CURITY CLASSIFICATION OF T14IS PAGE (Whout Oent oereeQ

REPORT DOCUMENTATION PAGE. RZADczSTCTONS

LGOVT ACCESSION No . &RCIPIENT'S CATALOG mutNUER

Afko aioAo.-P# N/A N/A
14. TITLE (81111 Skbde) 5. TYPE OF REPORT A PERIOD COVERED

Spectroscopic and laser characterization of Final report, April, 1983-
emerald. April 1986

6. PERFORMING ORG. REPORT NUMBER

7. AujTmnR(s) 8. CONTRACT OR GRANT NUME-R(@)

Lai, S.T. and Chai, B.H.T. DAAG-29-83-C-001 5

0. PERFORMING ORGANIZATIONI NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT. TASK
AREA 6 WORK UNIT NUMBERS

Allied-Signal, Inc.
P.O. Box 1021R

-Morristown, NJ 07960 _____________

11. CONTROLLING OFFICE HNM AND ADDRESS IS. REPORT DATE -

U. S. Army Research Office August, 1986
Post Office Box 12211 IS. NUMBER OFPAGES

58
MOMS O90RN AG CY AMEAD RI i ft re Coamefll Owies) IS. SECURITY CLASS. (of ghd ropon)

Unclassified

Ise. OELSIICATIONDOWWGRADING

16. DISTRIBUTION STATEIMENT (eighsa Report)..

Approved f or public release; distribution unlimited.

17. DISTRIUTION STATEMENT (of the obi.rac* enteed In Stock 3,It differeut Avo Report)

NA

1S. SUPPLEMENTARY NOTIES

The view, opinions, and/or findings contained in this report are
those of the author(s) and should not be construed as an official
Department of the Army position, policy, or decision, unless so

19. KEY WaFROS (Conet n r, evee ide It necessary aind fdonltp, by block mtambec)

Emerald laser characteristics and spectroscopy, laser efficiency and laser
measurements. Excited state absorption. Single-pass gain measurements.
Emerald crystal growth.

AWIU ACr (mlo ai reverseob N nee~esi m Ideal ir by 6loek numbe)

The spectroscopic characteristics and laser properties of emerald were investi-
gated. The laser measurements showed that the emerald laser tuning range was
720-842 nm and exhibited a high gain and high efficiency in the 760-790 nm
range. Under a crystal growth development program, the laser loss has been
reduced from 11%/cm to 0.4%/cm. The limiting factor in the laser efficiency
is the excited state absorption (ESA). The ESA was measured by two methods:
A laser-pumped single-pass gain method, which is generally applicable to all

DOA 7 02 ~ lO P @ 51OLT UNCLASSIFIED

SECU11hTY CLASSIFICATION Of THIS PAGE (When Dote Entered)



A n t~ JL - rTr_ 
. _ _ . .

SSCURI t CLASU3SICATIGW OP TOIF W PAG1M- 04WO D -. ,O ,,

tunable laser materials, and a laser-pumped laser method. A 76% laser quantum
yield was obtained in high optical quality emerald. The maximum yield is
estimated to be 83%, based on the ESA measurements. ---

I/

%

.. .- "

,:.-.
• Z,..,'.

OV A

O 4 
-.-V

:,' .= 

.. . .. . .... 
.....

" ."

'-'"':".". 
'w":. 

--.. " -.. 

• . .- -. ,. . ... 
. , C1SI 

IE

. .
.

.. 

..

4",.,. 

6 

- " 6.-._.' 

"..-"_ 
:'..



Table of Contents

Pages

1. Program overview 1

2. Laser-relevant spectroscopic parameters of emerald 4

2.1 Absorption 4
2.2 Fluorescence 5
2.3 Laser action 6

3. Excited state absorption cross section measured by 8
single-pass gain method.

4. Laser measurements 15

5. Some refinements in laser-pumped laser measurements 20

6. Emerald crystal growth 23

6.1 Vacuum Ventures, Inc. emeralds 24
6.2 Allied crystal growth program 25
6.3 Overall results 25

7. Summary and conclusion 26

8. References 28

9. List of publications 29

10. List of participating scientific personnel 30

11. Bibliography 31

12. Appendixes 37

- .



List of Appendixes

Page

Appendix 1. 37

"Review of spectroscopic and laser properties of
emerald," by S.T. Lai, Proceedings SPIE, The Inter-
national Optical Engineering, vol. 622, "High power
and solid state lasers," pp 146-150, 1986.

Appendix 2. 42

"Laser-pumped single-pass gain," by M.L. Shand, and
S.T. Lai, Springer Series in Optical Sciences, vol.
47, pp. 76-79, Springer-Verlag, NY, 1985

0I
Appendix 3. 46

"A tunable emerald laser," by M.L. Shand, and J.C.
Walling, IEEE J. Quantum Electron. vol 18, pp 1829-

* 1830, 1982.

Appendix 4. 58

"CW Laser-pumped emerald laser," by M.L. Shand, and
S.T. Lai, IEEE J. Quantum Electron., vol 20, pp. 105-
108, 1984.

Appendix 5. 52

"The emerald laser," by M.L. Shand, Proceedings Inter-
national Conference in Lasers '82, STS Press. McLean,
VA, 1982.

.

o.

%

* .5..o- .



1lv) S

List of Tables

Pages

Table I. The RMS fluctuation of the calculated a2a due to 14
the estimated standard deviation of the measured
parameters.

Table II. Summary of spectroscopic parameters in Cr-doped room 19
temperature tunable lasers. -

Table III. Output slope efficiency and the a2a/Oe ratios in 23
emerald. \h

Z Vi'



(v)

List of Figures

%

Paces

Figure 1. The stimulated emission cross sections of emerald 7
at different temperatures. The cross sections are
in the units of 10-20 cm2 .

Figure 2. The single-pass gain (SPG) values of the probe beam 12
as a function of wavelength. The E-field of probe
beam was parallel to the c-axis.

Figure 3. The calculated excited state absorption cross sect- 13
ions 0 2a from SPG measurements. The ae spectrum is
included for comparison. Both spectra are n-polarized.

Figure 4. Emerald laser output as a function of absorbed pump 17
power. The slope efficiency is 64% at 768 nm. The
output coupler transmission was 1.16%.

%er

*4i



Forward

The discovery of alexandrite laser and the subsequent demonstration of

its high efficiency and high power operation opened up the field of room

temperature tunable lasers. The list of newly discovered lasers is quite exten-

sive, but only a small group of the new lasers can operate at room temperature.

Still fewer can be flashlamp-pumped and operate with stability and reasonable

efficiency. Results of the spectroscopic measurements and laser testings of

this project indicated that emerald laser has high efficiency, comparable to

that of alexandrite and high gain, about three times that of alexandrite. No

color center formation was observed under flashlamp-pumped operation. At the

start of this program, only gem quality emerald was available. The efficiency

of the early flashlamp-pumped laser result was quite low. A parallel program on

emerald crystal growth was implemented along with the laser characterization.

The optical quality of emerald has been steadily improved from gem quality to

laser quality. The laser scattering loss has been reduced from ll/cm to

0.4%/cm. Emerald had a laser tuning range of 720-842 nm, and high gain in the

750-790 nm region. It posted competition to alexandrite, and had a better per-

formance than Cr doped GSGG or GSAG. To date, emerald is the room temperature

Cr tunable laser with the highest gain, and operates with high efficiency.

.?8.
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1. Proaram Overview

The scope of this project is to characterize the spectroscopic and laser

properties of emerald. Our focus was on the physical parameters which were

electronic in nature and were intrinsic to the Cr3+ in a beryl crystal struc-

ture. These parameters were essential in the modeling of laser performance, and

in determining the limits within which the laser can operate. Laser efficiency

was the principal factor in the evaluation of emerald lasers. The overall effi-

ciency was considered in three parts: (1) the pump efficiency, (2) the fluores-

cence efficiency, and (3) the lasing efficiency. The Cr3+ absorption bands in

emerald had excellent coverage of the visible spectrum. Good pump efficiency

could be attained with either a blackbody-like continuum source, such as a flash-

lamp or narrow band laser lines. In a finely tuned laser-pumped laser, emerald

has been shown to have a 64% output slope efficiency, corresponding to a laser

quantum yield of 76%. These numbers indicated good optical quality and high

fluorescence quantum yield in emerald. The excited state absorption (ESA) was a

determining material parameter which limited the tuning range and the laser

efficiency in emerald. The Cr3 + transition between the laser level 4T2 to the

ground state 4A2 is mostly phonon-assisted, resulting in the broad fluorescence

band and its tunability. However the phonon-coupling also makes the transition

from the lowest excited state, the 2E and 4T2 to the higher electronic levels

allowed. This upward transition competes for the pump photons and the laser

photons. This photon drain causes laser loss. In the case of high power laser

operation, the ESA was a more important consideration than the lesser optical

quality of the laser medium. The ESA is intrinsic to the laser material and

cannot be improved as does the optical quality of the material or the design of

laser oscillator. The excited state absorption cross sections were measured by

a single-pass gain method. We modified a flashlamp-pumped single-pass setup to

* - -. .. * -~~ .* * . . . . . -~~1
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increase accuracy. A cw pump source and a cw probe beam from a dye laser were

used to enhance the signal to noise ratio. A new technique was also developed

to deduce the ESA from laser measurements. The ratio of the ESA cross section

to the emission cross section at the lasing wavelength was measured through the

slope of output power vs. input curve. The lowest measured ESA was at 768 nm

with a ESA to emission cross section ratio of 20% from laser measurement. It

was slightly higher than the 14% measured at 756 nm in alexandrite.

In prototype laser testing, we used a finely tuned high efficiency laser-

pumped cavity for the evaluation of emerald laser performance. The object was

to achieve as closely as possible a 100% accountability of photon absorbed in

the gain medium. Earlier measurements showed an 85% overall laser quantum yield

in a similar cavity for alexandrite(l). In controlled measurements, emerald

laser performance was evaluated based on its output power slope efficiency and

threshold pump power and the maximum output power before it deviated from a

linear slope. The optical quality of emerald was monitored by measuring the

scattering 1nss in the material. This information was used to improve the

crystal growth processes. Emerald laser had a tuning range from 720 nm to 842

nm. The highest measured output slope was 64%. The maximum laser quantum yield

in emerald based on the emission cross sections and the ESA was estimated to be

83%.

The emerald available at the start of this project was gem quality crystals.

Large amount of impurities such as V and Fe were incorporated in the crystal to

quench the fluorescence to enhance the "emerald green" color. A parallel

program to develop laser quality emerald crystals was implemented. Poor

fluorescence efficiency, cracks, optical inhomogeneity, and index of refraction

."
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gradient were among the problems of earlier crystals. Few choices are available

for the emerald growth. Czochralski method could not be used due to the fact

that emerald did not form congruent melt. Hydrothermal growth was chosen for

high optical quality and its reasonable growth cycle. The emerald growth

program proceeded in two fronts. An in-house emerald growth facility was

constructed to develop large crystal growth. Growth chambers were designed for

sufficiently large emeralds for laser applications in either rod or slab forms.

For near-term supply, we collaborated with the Vacuum Ventures, Inc., a commer-

cial emerald gem grower. To maintain a desirable solubility level in the

nutrient, the growth chamber was kept at a pressure of 12,000 psi at 6000C. In

addition to the damage that might have been caused by explosion, the Be content

in the starting materials also posted serious health concerns. The in-house

growth chamber had gone through a series of modifications and some major rede-

sign. We have completed four growth runs successfully. The growth parameters

were still to be optimized. We proceeded with great caution and we did not have

any accidents so far. The improvements on the Vacuum Ventures emerald has been

very steady. The index of refraction gradient which caused beam breakup in the

earlier emeralds was largely eliminated. The scattering loss has also been

reduced from 11%/cm in the early crystals to 0.4%/cm from the latest runs.

However the Vacuum Ventures emeralds were limited in size and the high optical

quality portion of the growth was at about a 50% point of the entire growth

volume. From what we have developed so far, it is clear that high laser quality

emerald can be grown by hydrothermal technique. More developments are underway

to scale up the crystal size.
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2. Laser-relevent Spectroscopic Parameters of Emerald

Laser-relevent spectroscopic parameters can in general be categorized Q .

according to three aspects of laser operation: (1) absorption of the pump light, .

(2) followed by the fluorescence and stimulated emission and (3) laser action if

there is a sufficient gain in the laser medium. Each aspect is considered in

the following. .

2.1 Absorption

The energy levels of the optially active ions Cr3+ in emerald were well

studied. Two broad absorption bands, 4T2 and 
4T1 in emerald covered significant

portions of the visible spectrum (Appendix 1). The absorption cross sections

were calculated based on the Cr concentration measured by a neutron activation

method( 2 ). The peak absorption cross sections of the 4T2 band polarized along

the c-axis (pi) and polarized perpendicular to the c-axis (sigma) are 8.26 x

10-20 cm2 at 650 nm and 0.56 x 10-20 at 600 nm, respectively. They are about

half of those in ruby(3 ). Emerald has the capacity of incorporating high Cr

concentration without compromising the crystal quality. No evidence of Cr pair

structures or fluorescence quenching were observed in emerald with Cr con-

centrations up to 3 at%. The optical density was 1.4 at 650 nm in a 3 mm thick
N* 2.

emerald with a Cr concentration of 2.2 at% (Fig. 3 in Appendix 1). The high

attainable optical density in emerald has the advantage of attaining high

excited state density in a small volume, and hence a lower laser threshold.

This is especially important for cw laser operation, and for laser configura-

tions using close-coupled diode-pumping.

The relative pump efficiency in emerald was studied with excitation spectra. . .

By monitoring the fluorescence intensity, a narrow band excitation source was

lb
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scanned spectrally through the visible spectrum. The polarized excitation

spectra, both in the pi-polarization and in the sigma-polarization, had almost

perfect match for the 4T1 band and a better than 90% match for the 4T2 band,

indicating a nearly unity relative fluorescence efficiency throughout the Cr

absorption in the visible spectrum.

2.2 Fluorescence

The site symmetry at the Cr ion plays an important role on the oscillator

strength of the laser transition. In emerald, the six-fold coordinated oxygen

bonds at the Cr ion were distorted from a perfect octahedron. The largest shift

of bond angle for an O-Cr-O coordination reached 140(4). The low site symmetry

accounts for the relatively short transition time of 33 ps, between the 4T2 level

and the ground state 4A2(
5). At room temperature, the emerald fluorescence

lifetime was 60 lis. We believe that the spatial separation of the Al octahedra

in the beryl crystal structure accounted for the lack of concentration quenching

in emerald. There is only a single type of Cr site in emerald, unlike some Cr

doped laser material, such as SrAlF5 (
6 ), in which some of the inequivalent sites

are nonradiactive and severely limits its laser efficiency. The fluorescence

decay was a single exponential. No lifetime variation was measured across the

fluorescence bandwidth. Direct measurement of the radiative efficiency was not

made. But the low laser threshold in the laser pumped emerald lasers indicated

that its efficiency was comparable to that of alexandrite, the quantum effi-

ciency of which was about 95%(7). At elevated temperatures, the fluorescence

lifetime decreased according to a Boltzman distribution of the excited state

populations between the 2E and 4T2  levels. Above 2500C, the lifetime dropped

at a much faster rate, due to multiphonon-assisted relaxation from the 4T2 to

.-S . .- , , /,'.'. -,-. L,.LL , . ., ' /, .'. .'j,- '," ,-. . .. . ,, ... .
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the ground state 4A2 . We speculated from the fluorescence versus lifetime curve

(Appendix 1) that the fluorescence efficiency remained high to 200C. The stimu-

lated emission cross sections Oe were calculated using the fluorescence lifetime e%

and an average value of 1.58 for index of refraction and is shown in Fig. 1.

The peak of the emission cross section increased from 3.1 x 10-20 cm2 at 28C to

3.9 x 10-20 cm2 at 200C. It shifted from 750 nm at 28C towards slightly longer

wavelengths with increasing temperatures. For high peak power laser operation,

the saturation fluence Esat, the photon flux required to extract energy from the

laser medium by depleting the population to its e- 1 fold of its initial value in

a single pass, was estimated. At room temperature, emerald has a Esat of 8.4

Joule/cm 2 , which is very low among tunable vibronic lasers (Ti3+:A1 203 has an

order of magnitude smaller Esat, but its 3 lis fluorescence lifetime posts dif-

ficulty and limitation on the pump source). The emerald Esat is comparable to

those of the Nd:glasses presently used ultra-high peak power lasers.

2.3 Laser Actic'

The laser losses can be classified in two categories: (1) the intrinsic

losses associated with the Cr3+ electronic transitions, and (2) the extrinsic

losses due to the less than ideal optical quality of the material, impurity

absorption loss, and thermally-induced lensing and birefringence. In the gain

medium, several active processes are competing for the laser photon: the stimu-

lated emission which provides for the gain in laser action, the absorption from

the metastable levels 4T2 and 
2E to a higher excited state, and the absorption

from the ground state to the metastable state. The latter two processes were

the principal sources of the intrinsic laser losses. At room temperature, %.

ground state absorption in emerald extended well below the 2E - 4A2 energy gap

(14500 cm-1 ), and was only negligible below 13600 cm'-. The lower bound of the

w %
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laser tuning range (720 nu) was limited by the ground state absorption process.

The excited state absorption process (a2a) competes with the emission process

(Ve) at all laser wavelengths. Even in an ideal laser host with negligible

* extrinsic losses, the laser efficiency would still be limited to ae/(ae + a2a).

The extrinsic losses further lowered the laser efficiency. The extent of the

deviation from the ideal efficiency (zero extrinsic loss) gives an overall eva-

* luation of the laser performance as limited by the extrinsic losses. In

emerald, the efficiency limit was estimated to be 83%, at 768 nm, and the

measured laser quantum yield was 76% in our good quality emerald. The deviation

* was less than 10% of the efficiency limit. Considering the extrinsic losses

alone, the material can deliver over 90% efficiency in comparison to a 83% limit

due to the Cr3+ electronic excited state absorption process. These results

* indicates the high optical quality in crystal and the high overall laser perfor-

mance attainable in emerald.

3. Excited State Absorption Cross Section Measured by

Single-pass Gain Method

The 3d electrons of the Cr3 + , being in the outermost shell, interact

strongly with its host lattice. The transition between the 4T2 and 
4A2 is

mostly phonon-assisted. The no-phonon oscillator strength is negligible com-

pared to its vibronic side band. Unlike rare earth ions, there is no strictly

forbidden transition at any photon energy above the 2E - 4A2 gap in emerald.

• While this property was recognized as an advantage over the rare earth ions in

its absorption efficiency when broadband pump sources were used, it also pro-

vided a channel for energy drain. Absorption of the laser photon at the

metastable states 4T2 and 
2E competed with the stimulated laser emission pro-

" 'o % ° %'oo', " . .,. .-.- - . . . . . -°- ° .- ,o , ,- • . . - . .. -
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cess. As crystal quality continued to improve by better growth techniques, the

extrinsic material losses became negligible, the excited state absorption (ESA)

process became the important factor controlling the laser efficiency. With the

exception of the d1 and possibly d9 electronic configurations, ESA exists in all

transition metal ion lasers. Measurement techniques were developed for this

important laser parameter.

The excited state absorption can be divided into two spectral regions of

interest: (1) the laser wavelength region where the stimulated emission is non-

zero, and (2) the pump source wavelength region. For emerald, the pump photons

with energy below the 2E level do not contribute to the laser population and

only cause heat load by cycling the excited state ions between 2E and the upper

electronic levels. At the pump wavelengths where the emission cross section is

negligible, the absorption cross section can be determined relatively simply if

the excited state density is known. With an incoherent, broadband pump source,

the determination of the excited state density was not obvious. Fairbank,

et.al.( 8 ) developed a technique for Cr3 + laser materials which had sharp R-lines

absorption, typical of those in high crystal field hosts where the 2E was suf-

ficiently below the 4T2 levels. They monitored the change in the absorbance of

the sharp line as an indicator of the excited state population. This method

worked well with ruby and emerald(8 ), and it was later used in alexandrite( 9 ).

However, for Cr doped GSGG, KZnF 3 , ScBO 3 or SrAlF5 , the method was not appli-

cable due to the absence of prominent sharp feature in the absorption spectra.

A generally applicable method using a laser as the pump source was deve-

loped. There are several advantages in using laser pumping. The amount of pump

photons absorbed in the laser medium could be accurately measured. The steady

.]
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state density could be calculated from the measured pump beam waist in the

sample. The physical size of required laser sample was usually small, the mini-

mum size being the dimensions of the laser beam cross section area and the depth -'

which was typically less than 1 cm, depending on the optical density. In a

flashlamp-pumped cavity, the material was usually in the form of a rod a couple

of inches in length. The time and efforts required to produce good quality

material large enough for a laser rod could be substantial compared to that for

a smaller piece usable for the laser-pumped method. In the search for new laser

materials, an earlier determination of the laser limitations could help to

redirect resources to more fruitful paths.

Details of the experimental setup were reported earlier and is included in

Appendix 2. The TEMoo laser mode was maintained in both the pump and the probe ..

beam. The gain profile in the emerald was therefore also a Gaussian. We took

into account a Gaussian probe beam in a Gaussian gain profile by integrating the

spatial distribution of the gain. An approximated expression which has a cutoff

above the second order term was given in Equation (3) in Appendix 2. The exact .'.

solution in close form was obtained later and is included here:

Pp/Pu exp (v) - 1 (1)

V

where Pp and Pu are the measured probe beam intensities with the pump beam on

and the pump beam off, respectively, and y is given by

2 Pabs T (Oe + a - 2a) (2)

hvpump Xf Wpump(

where T is the fluorescence lifetime, Pabs is the absorbed pump power, hLpump

is the pump photon energy, ffwpump2 gives approximately the pump beam cross sec-

tional area. aa and a2a are the ground state and the excited state absorption



'

cross sections at the probe wavelength, and is the factor which accounts for

efficiency of the pump, due to the small amount of the energy drain by the ESA

of the pump photon.

The factor C can be measured directly or calculated using an expression

which included the absorption coefficients of the ground state and the excited

state Cr at the pump wavelength. The C could also be measured from the sub-

linear behavior of the single-pass gain as a function of the pump power.

With 2.2 watts of absorbed pump power at 647.1 nm. and a pump beam waist

(radius) of 155 gm, { was 0.97. One important feature in equation (1) is

that the Cr concentration is absent in the expression. With the calculated

ae and aa , the ESA cross section a2a could be obtained from equation (1) by

measuring the single-pass gain (SPG). One difficulty in the SPG measure-

ment was the probe beam movement at the optical detector due to the thermal

lensing. Because the SPG was typically 3~5% depending on how tight the

pump beam focused, small variation in sensitivity over the detector surface

could cause significant spurious signals. The beam movement was largely

eliminated by collimating optics so that the beam position became insen-

sitive to the beam divergence.

The single-pass gain as a function of the probe beam wavelength is

shown in Figure 2. An average was taken over several data sets. The rapid

rise of of the SPG below 725 nm was due to the fluorescence interference at

a weak probe beam intensity. By extrapolation, the gain curve indicated a

net positive gain beyond 840 nm. With equation (1), the a2a was calculated

and is shown in Figure 3. The a2a remained relatively constant throughout

, - . -•. , . .
.
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the probe wavelength range. The variation in the SPG was a reflection of

the stimulated emission cross section. We also noted from Figure 3 that

the (Oe - 02a) value remained high near 720 nm. However the emerald laser

action was cutoff below 720 nm in our laser measurement. The 4T2 absorp-

tion tail extended well below the 2E level at room temperature, the lower

end of the laser tuning range was understood to be limited by the ground

state absorption process. At higher temperatures, we expect the lower

limit to be further pushed toward longer wavelengths. A root-mean-square

(RMS) error analysis was performed to give an estimate of the accuracy of

the a2a'S. The reuslts are shown in Table I. The parameter values used in

the calculation are given in the second column. The estimated standard

deviation errors are listed in column three. The RMS fluctuations of the

a2a as a result of the SD of each parameter are listed in the last column.

The total a2a fluctuation is also given in the last row of the table.

TABLE I. Fluctuation of the calculated a2a due to standard deviations (SD)
of the measured parameters.

RMS variation
of a2a

SD (10-22 cm
2)

Lifetime (psec) 60 1.2 3.8
Power absorbed (watt) 2.2 0.1 9.5
SPG 2% 0-15% 14
Pump beam waist (pm) 155 6 (23) 14 (52)
Pump beam waist (jim) 48 2 1.3

Total 22 (55)

The largest uncertainty in the a2a was from the beam waist. Since all

optical components were stationary, the beam waist varied according to the beam

divergence at the krypton laser. The beam waist measurement had an uncertainty
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of about 4% due to the slightly distorted Gaussian beam profile. The maximum

variation in the beam divergence was about 10-12% over the time of measurement

for one data set (45 min.). The overall uncertainty in the a2a ranged between

0.2 to 0.5 x 10-20 cm2 . With a peak of the emission cross section 3.1 x 10-20

cm2, the accuracy limit of our SPG measurement in the a2a/ae ratio varied from

6% to 16%.

The pump beam divergence was strictly an operating characteristics of our

krypton laser. In this particular laser, a warm-up time of approximately four

hours was required to reach reasonable optical stability. Some improvement in

laser tube design has since been implemented by Coherent Radiation. The warm-up

time in the new lasers with ceramic tube has been reduced to about 30 minutes.

Therefore it is conceivable that the instability of the beam divergence might be

significantly reduced. In alexandrite and emerald, the O2a/ e ratios were 14%

and 20% respectively, near the peak of emission cross section. An accuracy of

6t in a2a/ae would generally be sufficient to determine the usefulness of other

new tunable laser materials.

4. Laser Measurements

The first emerald laser was demonstrated in a flashlamp-pumped cavity

(Appendix 3). The laser rod was made out of basically gem quality emerald,

which had strong index of refraction gradient causing the beam breakup. The

output energy was only 6.8 mJ at over lOOJ pump energy. The exceptionally high

laser loss of 11t/cm was the primary cause for the low performance. However, no

discoloration in the material was observed after hours of laser operation.

Unlike many Cr doped Ga-garnets, emerald appeared to be color-center-free in

flashlamp-pumped laser operation.

.- -.. - -,-.- .- - .-.-'° '- -. .- -....... . . -....... ..... ,... .. . . . - . . .- . ... . .



-16-

The optical quality of emerald has been improved steadily since the gem

emerald days. However, the emerald crystals from Vacuum Ventures, Inc. are

still limited in size. The complexity and the delicate balance in the crystal

growth made the scale-up process non-trivial. Further flashlamp-pumped laser

testing was postponed until high optical quality emerald of sufficiently large

size was available.

Our focus in the laser measurements was on exploring the operating limits

of in high quality emerald. Based on our experience with laser-pumped

alexandrite lasers,(l) we continued to improve and optimize the laser cavity to

attain laser photon conversion-limited performance. The laser oscillation was

formed by two concave mirrors in a nearly concentric configuration. The emerald

was pumped longitudinally through a dichroic mirror. The minimum beam waist of

the laser standing wave was controlled by the mirror separation. This design

offered the flexibility to attain matching of the pump beam waist with the laser

cavity beam waist in the emerald sample. We tested an earlier emerald crystal

in this cavity. A 38% output slope efficiency was measured, and the laser loss

was 1.4% round trip in a 2.8 mm length sample, corresponding to a 2.4%/cm

single-pass (Appendix 4). Results from laser measurements in the latest high

quality emerald showed significant improvement. A 64% output slope efficienty

was measured with an output coupler of 1.16% transmission at 768 nm. The maxi-

mum output power reached 1.65 watts with 3.6 watts of pump power and was pump

power limited (Figure 4). These results are among the highest in efficiency

reported in laser-pumped Cr lasers operating in quasi-cw mode. The calculated

round trip laser loss 0.11% in a 3 mm length sample, corresponding to 0.36%/cm

round trip. This laser loss did not include the ESA loss embedded in the total

0m
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laser loss measured from slope efficiency. If the ESA loss was included, for a

comparison with the results obtained from the earlier emerald crystals, the

total laser loss was 0.36%, which was about 4 times lower than that reported in

Appendix 4. The laser quantum yield was 76%, which was slightly lower than a

projected 85% in alexandrite(l). With a single element birefringent filter, the

emerald laser was tuned continuously from 720 nm to 842 nm. The lower bound was

limited by the ground state absoption process as discussed earlier. Higher pump

density would increase the gain population and deplete the ground state. Some

extension in the shorter wavelength could be expected. However, operating at

higher temperature would enhance the ground state absorption, and the tuning

.limit would shift towards longer wavelength. The long wavelength end of the

tuning range was limited by the excited state absorption, and also to a small

extent, by the optical losses in the crystal. Since the optical loss was

already very low, extension of the long wavelength end of the tuning range is

expected to be limited. In general, the emerald laser operated with high gain

and high efficiency in the 750-790 nr range. In the 780-800 nm region, the

emerald laser is likely to out-pe. form alexandrite.

The overall laser performance was limited by both the electronic loss and

losses due to thermo-mechanical effects. Every contributing loss would lower

the laser efficiency. To evaluate the emerald laser performance, we compare it

to a number of room temperature Cr doped tunable lasers. Some of the laser-

relevant spectroscopic parameters are listed in Table II. With the exception ."N

of GSGG and KZnF 3, all other laser measurements were made in our laboratory.

Emerald has the second highest slope efficiency, second to alexandrite with a

projected slope of 73% (51% was actually measured, with an estimated additional

'r W
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22% leakage through the input coupler end). With the laser materials arranged

in descending order of the crystal field strength at the Cr site, the slope

values seem to indicate a trend of decreasing efficiency with decreasing crystal

field. While the excited state absorption was only measured in alexandrite and

emerald, a systematic study of the excited state absorption and correlating the

result with the Cr electronic environment would likely lead to an understanding

of the general principles of all .Cr tunable lasers.

5. Some Refinements in Laser-pumped Laser Measurements

We demonstrated that the laser-pumped laser measurements, if done properly,

can be used for a critical evaluation on laser performance. From the measure-

ments in high optical quality alexandrite and emerald, we were confident that

nearly 100% photon accountability could be attained in a finely tuned laser

cavity. A sensitivity of 0.1% in the laser loss could be routinely measured in

our setup. This is an important tool in monitoring the material progress in

developing ultra-high quality laser crystals. Since the laser loss was based on

the output slope efficiency, some caution must be taken in interpreting the

results. In our early laser measurements(l) and by many other researchers

working in this field, the loss L was deduced from an expression of the slope

efficiency of:

= hVL To (3)=v-p T7 L

where hVL, and hvp are the laser photon and the pump photon energies respec-

tively, To is output coupler transmission, T is the total transmission loss in

the cavity. The loss term L consists of the intrinsic loss due to the excited

state absorption, and an extrinsic loss due to the optical scattering, impurity

absorption, stress-induced birefringence and thermal lensing effects. Equation

U . . .N"' . D . " . . . .
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(3) also assumes no excited state absorption at the pump photon wavelength,

which is not the case for most transition metal ion lasers at most pump wave-

lengths. We have incorporated the effect of the ESA processes, at both the

ground state and the excited state and at both the laser photon energy and the

pump photon energy(1 3 )in the model. A modified version of the slope efficiency

was derived and is given below:

hvL To (4)

flIVp T+Lr+Ar

where A is the excited state absorption loss at the laser wavelength, and is

given by:

NlaaP

= NlO~ap, (5) )

NlaaP + N2a2ap

= N1
No+N2 (a2aP-aa

p )

where N1 and N2 are the Cr ion density at the ground state and excited state

respectively, No=Nl+N2 is the total Cr concentration, and the aP and a2aP are

the absoprtion cross sections of the ground state and the excited state at the

pump wavelength respectively. The t factor accounts for the fraction of 
the

absorbed pump power which contributes to the gain population N2 . In the car- of

emerald, aaP and a2a p are comparable(8). With the parameters taken from the

laser measurements in Figure 4, N2 was 1% of No and C was 0.99. With high

pumping density, N2 can be 10-20% of No in long fluorescence lifetime materials.

Depending on the pump wavelength, o2aP/oaP can be >>1. In that case, t will

be significantly less than 1.

The excited state absorption term A in equation (4) consists of a product

of the ESA cross section a2a, and the excited state ion density N2. Therefore A

varies with the overall loss in the laser. We developed a new approach to

..- .. ... :.)....-..- 2,.-,.-.,) . .-.. ; . - .... ) • .-. - . , .. . , _.. . . . . . . . . .. . ..- '.
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measure the O2a/ae ratio from the laser results. This method provides an inde-

pendent measurement of the a2a apart from the single-pass gain measurement.

From equation (4), the slope efficiency is largely determined by the output

coupler transmission To and the A term. With output coupler of different

transmission coefficient, the output slope will change, so does the A. However,

the L and t terms remain basically the same. Since To and q can be measured

directly, the two A values can be used to deduce the ESA cross section a2a-

To relate the ae and a2a through the laser measurements we consider the

threshold condition:

To+L = (N2ae - N2a2a Niaa) • 21

= N2 (Oe - a2a) 21

SG-

where we assume the ground state absorption loss is negligible at the laser pho-

ton energy, and we define G to be the stimulated emission gain N2ae. We may

also write

G = To+L+A

and,

a2a - -o2_a U
e  G

". vSince identical extrinsic loss L is assumed, we avoid any variation of

insertion loss. One difficulty in this measurement was to have two output

couplers both free running at the same wavelength. We were fortunate to have a

*. pair of mirrors which had free running wavelengths at 776 nm and 777 nm, with

output coupling of 1.76% and 0.608% respectively. The output slope efficiencies

were 56.7% and 5I respectively. The a2a/ae ratio was calculated to be 38%, and

the loss L was 0.11% in a 3 mm length emerald. The a2a/Oa ratios at other free

4-
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running wavelengths were calculated using this L value. Laser output slopes

were measured with a series of output couplers. The coupler transmission, the

output slope, and the calculated 02a/Oe values are summarized in Table III.

Table III. Output Slope Efficiency and the o2a/ae Ratios in Emerald.

Free running Output coupler Slope Efficiency O2a/Oe
Wavelength (AL) Transmission M ) (M) _

*768 1.16 64 .20
771 0.85 56 .33
776 1.76 58.6 .38
777 0.608 51 .38
790 0.25 38.7 .54
822 0.89 38 .84

We would like to point out that the slope efficiency in emerald was in

general very high. We measured a 38% slope even at 822 no where the a2a/Oe

ratio approached 1. We have demonstrated high efficiency laser operation in

emerald over a significant portion of its emission range. From figure (3), we

expect the 02a/ae ratio to continue to increase toward shorter wavelengths. It

is likely to reach a maximum around 755 nm. The laser loss is then dominated by

the ground state absorption process and decreases at shorter wavelength.

The accuracy of a2a/ae ratio depended largely on the alignment of the laser

* oscillator and the coupling with the pump beam optics. Reproducibility in the

slope efficiency was about 5% in our measurements. The accuracy can be improved

by choosing output couplers with a larger difference in transmission coefficients.

This method is more accurate in measuring larger a2a/ae ratios.

6. Emerald Crystal Growth

Emerald did not melt congruently, hence it could not be grown from the melt

directly. There were two basic approaches to grow emerald crystals: flux growth
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* and hydrothermal growth. Both techniques were developed in the early sixties

and synthetic emerald had since entered the jewelry market.

The flux technique has the advantage of ambient pressure. The most common

flux has been Li20-MoO3 composition. Both Chatham and Gilson used the same flux

to grow emerald. The main drawback was the slow growth rate. Typical growth

period was 12 months to achieve about 1 cm growth. Other problems included

trapping of flux, formation of phenacite, cracking, and optical nonhomogenious.

While it is acceptable in the gem trade, the crystal quality is definitely not

good enough for laser application.

Hydrothermal growth requires a more complicated growth apparatus. The

crystal was grown under both high temperature (- 600"C) and high pressure (over

12,000 psi). The choice of materials for the growth vessel was limited by the

extreme nature of the growth. Techniques to grow emerald hydrothermally was

developed by the Linde Division of Union Carbide. Despite the complexity of the

growth evnironment, including the possibility of explosion due to stress corro-

sion if a leak occurs, hydrothermal growth offered superior crystal quality and

faster growth rate.

6.1 Vacuum Ventures Emeralds

Currently Vacuum Ventures, Incorporated (VVI) is the only company in the

U.S. commercially producing emerald by hydrothermal growth. VVI acquired the

Union Carbide process and the equipment and has further perfected the growth

technique. The basic growth process involves the dissolution of the proper

nutrient material in a concentrated acid-salt solution and the growth on a beryl

seed plate of a specific orientation. Typical growth time is about 1 month and

a crystal of the size 50x12x6 mm3 is harvested. We closely interacted with VVI
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in the past three years and the crystal quality has improved significantly. .

Nevertheless, the WI emerald growth has two basic limitations: First, the

crystal is limited by its vessel size. The size mentioned above is about the

limit for their equipment. Second, they use an isothermal growth environment

with the nutrient ingredient fully dissolved in the solution. This approach

lacks the control of the Cr distribution in the crystal.

6.2 Allied Emerald Crystal Growth Program

Our goal was to grow large size, high optical quality emerald for laser

applications. Specific priorities were incorporated in the design of the

hydrothermal growth apparatus. The growth proceeded in a steady state transport

process. This ensured the uniformity of the overgrowth on the seed and a con-

tinuous growth for large crystals without concern about nutrient depletion. Our

vessel volume during growth was built twenty times bigger than those of VVI.

Special attention was given in ensuring the safety of personnel, including an

emergency shutdown procedure which could be triggered by either temperature or

pressure alarm. Since an accident explosion could cause not only physical dama-

ges but also health hazard due to the beryllium compounds, specific procedures

were also developed for the confinement and cleaning of beryllium contamination.

The vessels were operated inside a high pressure cubicle for protection. Thus

far we tested 4 runs in our latest growth vessels without any incidents. Some

emerald growth was attained in our vessel. The growth parameters are still

being optimized.

6.3 Overall Results

Current cooperation with the VVI led to growth of high optical quality

emerald. We established an in-house capability of emerald crystal growth.
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Results from the initial growths are encouraging. We are continuing to modify

the growth procedures. High optical quality emerald growth has been demon-

strated in the VVI growths. With the availability of good quality seed plate of

sufficient size, large good quality emerald is attainable with further develop-

ment.

7. Summary and Conclusion

The electronic parameters of emerald lasers were characterized. Emerald

has a peak emisison cross section of 3.1x10- 2 0 cm2 which makes emerald a high

gain laser among Cr doped tunable lasers. The effect of the ground state and

the excited state absorption processes on the laser tuning range and the laser

efficiency was studied in detail. A laser-pumped single-pass gain measurement

was developed. A 76% laser quantum yield was measured in emerald, lasing at 768

nm. The maximum attainable laser quantum efficiency was estimated to be about

84%. Emerald laser was tunable from 720 nm to 842 nm. High gain, high effi-

ciency laser operation was observed from 760 nw to 790 nm. We have demonstrated

that nearly 100% accountability in pump-photon conversion to laser-photon can be

achieved in a highly efficient laser-pumped laser cavity. This cavity is also

used for critical evaluation of other new laser materials such as SrAlFs:Cr(
6 )

and ScBO 3 :Cr(1O).

We also confirmed a number of negative results in favor of emerald lasers.

We observed no anamolous absorption band such as those induced by color centers,

charge-compensated ions or impurities, no nonradiative inequivalent Cr sites,

and no nonhomogenious broading associated with the Cr level. The pump efficiency

was nearly unity throughout the Cr3+ absorption band. Laser measurments also

indicated nearly unity fluorescence efficiency.

77
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The optical quality of emerald has been improved steadily under our crystal

development program. The laser loss in the emeralds from the Vacuum Ventures,

Inc. had reduced from 11%/cm to 0.4%/cm round trip. The optical nonhomogenious

in the early day gem quality emerald was largely eliminated. However improve-

ments in growth yield and crystal size are still to be achieved. In the Allied

emerald growth program was a scale-up growth chamber was built, tested, and is

0 now operational. Due to the constraints imposed by the nature of hydrothermal

growth, progress was made slowly and cautiously. Four growth runs were

completed and some emerald growth was attained. The growth parameters are still

to be optimized. With the growth technology developed with Vacuum Ventures,

Inc., the crystal quality and size are expected to continue to improve.
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Review of spectroscopic and laser properties of Emerald

S.T. L

Allied-Signal, Inc., Morristown, NJ 07960

Abstract

A summary of the laser-relevent spectroscopic properites and recent laser measurements in

emerald are presented.

Introduction

Emerald (Be3Al2Si6Ol8:Cr) has beryl crystal structure with the Cr3+ laser active ions at
the single octahedral site. The laser transition is from the Cr 4TZ level to the ground
state 4A2. The vibronic coupling between the 4T2 level and the host lattice provides for a
toke-shift, which make emerald a four-level laser. The high oscillator strength between
T2 and 42 transition derives from a lack of inversion symmetry of the highly distorted
octahedron1 . The emission cross sections for the sigma- and pi-oolarizations are shown in -

Fig. 1. The peak of the emission cross section reaches 3.3xt02"2 cm2 at 746 nm, which is
high among Cr doped tunable laser materials (Table I).

Fluorescence lifetime as a function of temperatures is shown in Fig. 2. The 60 us V

lifetime decreases slowly with increasing temperatures to 2500C, beyond which the lifetime
drops more rapidly. The slow lifetime variation below 2500C is understood to be due to the
thermal population of the 4T2 level, which has about three orders of magnitude higher
oscillator strength to the ground state compared to that of the 2E level. Above 250 0C,
multiphonon coupling provides for a nonradiative channel for the 4T2 excited state ion
relaxation to the 4A2 ground state. Similar temperature dependence of the lifetime has also
been observed in ruby and alexandrite.

Laser efficiency

Energy conversion efficiency is one of the important factors determining the usefulness
of a Laser. While there are fair selections of pump sources and laser cavity configurations
to choose from to suit the particular spectroscopic character of laser materials, broad
absorption bands such as those of Cr 3+ have been shown to be both efficient (for broadband
pumping) and flexible (for diode or laser-pumping). The 4T and 4 T1 bands in emerald cover
significant portions of the visible spectrum (Fig. 3). The kT2 band shape definitely cannot

4
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Fig. 1. Polarized emission cross sections Fig. 2. Emerald fluorescence lifetimes as a
oe of emerald aj roog temperature,* function of temperature.
in units of 10-0 CmID
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be fitted to the Huang and Rhys model with a single electronic level. We atlribute this to
a distribution of the oscillator strength in the phonon coupling among the 4T2 multiplets.
To evaluate the relative pump efficiency as a function of wavelength, polarized excitation
spectra were measured and are shown in Fig. 4. Fluorescence at 760 ram was monitored while
the excitation wavelength was scanned. We observed a nearly perfect match in the 4T1 band
and a better than 90% match in the 4T2 band, indicating a nearly unity relative
fluorescence efficiency throughout the absorption spectrum.

Laser measurements

Optical and thermal properties of emerald play a dominant role in its laser efficiency.
Scattering loss due to crystal imperfections such as inclusions, residual strain from
crystal growth, impurity absorption, and thermal lensing all tend to lower the quantum yield
of a laser. The sum of all these effects can be deduced from the laser input versus output
measurement. The power slope efficiency n can be expressed as2

hwL To__

hwp To+L+A

where L is the sum of the scattering losses discussed above, To is the output mirror a
transmission, the energy ratio in parenthesis accounts for the power conversion of laser
photon energy (L) from the pump photon energy (P), and a is the excited state absorption
loss at the laser wavelength. The factor & accounts for the absorption of the pump photons
by ions at the excited states (4 T2 and 

2E of Cr3+ )

N1da(wP)

Nioa(wp) + N2O2a(wP)

where N1 and N2 are the ground state and excited state ion density, ca and 02a are the
ground and excited state absorption cross sections at the pump photon energy hwp. In
emerald, the low threshold pump density kept the excited state ion density N2 at a small
fraction of the total ion density No due to the low scattering loss and small To values of
the output couplers used in our measurements. With a 2 m thick emerald in a nearly
concentric cavity of about 20 cm in length, laser power outputs at the free-running laser
wavelengths of 790 nm and 776 nm with two output couplers of 0.25% and 1.75% transmission
respectively are shown in Fig. 5. The output power slope efficiencies are 39% and 51%

1.5 1.5

0

.

.5 .5

500 600 00 800 400 5oo 600 80 So

Wavelength (nm) Wavelength (nm)

Fig. 3. Polarized absorption spectra of Fig. 4. Polarized excitation spectra of e
emerald. The w- and a- polarized emerald. The w- and a-polarized
spectra are the heavy and light spectra are the heavy and light
curves respectively, curves respectively.

SPIE Vol 622 Ho Power nd SodSaStalIe La#w 09869) 1 77
M

-- ~~7 
1° 

' * 
"



J.%
-39- .

Table I. Summr], of spectroscopic parameters in Cr-doped room temp erature tunable lasers

AiexandrL te Emerald GSGG:Cr K~n 3 .C  SCBO3 :Cr SrAIF5 :Cr

Fluorescence peak 697 746 750 765 810 840 %

wavelength (nm)
Fluorescence spectrum 662-735 682-798 720-820 740-835 755-890 777-937
FWHM (nm)
Laser tuning range (nm) 701-818 720-842 742-842 785-865 787-892 852-947
Lifetime at 22°C (s) 260 60 114 80/270 115 93

(at 1OK)
Peak emission cross 0.7 3.3 0.8 -- 1.2 2.3
section (10-20 cm2) 51%(3) 51%* 28%(4) 14%(5) 29%(6) 3.6%(7)
Laser output slope
efficiency (laser-pumped)
• Present Work

respectively. Output power in excess of 600 mW was measured at 1.6 watts of absorbed power.
These results demonstrate highly efficient Laser operation in emerald. From the 39% slope
efficiency at 0.25% mirror transmission, we can estimate the laser losses from Equations (1)
and (2). At a 60 um pump beam waist (radius), and a 150 mW of threshold pump power, the
exicted state ion density N2 was calculated to be about 1% of the total Cr ion density in
the crystal. The excited state absorption cross section in emerald at the pump wavelength
(647.1 nm is comparable to the ground state absorption cross section at the pump
wavelength o . The factor & can be reduced to

= N1 ~(3) -q.

No+N2 [02a(wP)- ca (wp) ] (3

Ni
No

where No-NI+N2, the Cr density in the sample. Hence & is 0.99 in our case. With To-0.25%,
the sum L+& is 0.28% round trip loss in the 2 mm long sample. Using the result from the
single-pass gain measurement (next section), we can isolate the effect of excited state
absorption 6, and calculate, L to be 0.074%, or 0.34%/cm round trip. This loss value is
comparable to the best of well developed solid state laser materials such as alexandrite and
YAG.

Fig. 5. Emerald laser output versus absorbed
pump power. The 51% and 39% slopes
were measured with 1.75% and 0.25%

408 output couplers respectively.a.%

a. .o.

P ater Fib sorb ed ( M~) '

4.

5 110 1
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Excited state absorption

At the pump wavelength, the effect of the excited state absorption on the laser
performance has been pointed out in the last section. It is clear that even though a2a and

ca are comparable, the output efficiency is only slightly modified by the depopulation of
the ground state in the case of low threshold (Eq. 3). However, if the excited state
absorption cross sections are comparable at the laser wavelength, high threshold and low
output power slope efficiency can be expected and laser oscillation may not even be
attainable due to the additional laser loss L discussed earlier. While some of the
contributing components in the laser loss L can be reduced or eliminated by improved crystal
quality, and by optimization of the heat dissipation scheme in the laser, the excited state
absorption is intrinsic to the laser material and could place an ultimate limit on the laser
efficiency.

A laser-pumped single-pass gain method has been developed to measure the excited state
absorption cross sections Oa at the laser wavelengths. Excited state ion density was
maintained by focussing a laser beam (pump source) into a small cross sectional area. Since
the profile of the laser beam is well defined and can be fairly accurately measured, the
excited state density can be easily calculated from the absorbed pump power, while the same
task is non-trivial, if not impossible, in a lamp-pumping setup. 9  Another advantage of the
laser-pumped scheme is the small sample size required for the measurement. Significant time
and resources may be saved if samples of few millimeters thick instead of a 5 6 cm long
laser rod are used in the survey of new laser materials.

Kr Lasr gye Lasemr

eeadw pupd(Shusue

eSample

Inteneft

Fig. 6. Schematic of the single-pas

a p Boxcar ba wa tgain measurement. The proe e
AC + he po beam intensity showed a gain

in the time window when the
emerald was pumped (shutter
open) .

Probe

Intensity

Time

A schematic of the experimental setup is shown in Fig. 6. A krypton ion laser was used"
as the pump source for both the laser gain medium an a dye laser. The output of a dye
laser (probe beam) was tuned to the gain wavelengths of emerald. The pump beam and the
probe beam were aligned to be colinear and overlapping in the emerald sample. The pump arm
was modulated by a mechanical shutter. The probe beam cde d b F 7.lThenexie, showed
a corresponding gain, or loss at the time intervals in which the emerald was pumped. The
ratio of probe intensity when thescene was pumped to the probe intensity when pump was
blocked is the single-pass gain (SPG) to be measured. A detailed analysis relating the SPG
to the emission cross section ae, the ground stae abso rp tion cross section (a, and the
excited state absorption cross section 02a at the laser wavelengths can be found in theearlier reportl 0 .

Results of the SPG measurements from Ref. C0 are included in Fig. 7. The excited state
absorption cross sections as a function of wavelengths were calculated using an expression
from Ref. 10, assuming a 100% fluorescence quantum yield, and are shown in Fig. 8. Hence
the calculated 02a in Fig. 8 represents upper-bound values. The a2a/ae ratio is higher in
emerald than in alexandrite at most laser wavelengthsl 0 . However the net cross section (ce -

02a) in emerald Is higher due to its larger emission cross sections.
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Fig. 7. The single-pass gain values of the Fig. 8. The calculated excited state
probe beam as a function of absorption cross sections 0 2a
wavelength . The E-field of the from SPG measurements. The
probe is parallel to the c-axis. oe spectrum is included for
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Laser Pumped Single Pass Gain

M.L. Shand and Shul T. Lai
o

AAplied Corporation, Corporate R&D, Morristown, NJ 07960, USA a

th

Laser pumped single pass gain measurements are particularly useful for
small amples and are sufficiently accurate to determine excited state
absorption cross - sections in solid state tunable laser materials.
Preliminary results for alexandrite and emerald are presented.

1. Introduction

Flashlamp pumped single pass gain (SPG) measurements have been used to
determine the excited state absorption cross- section, 0 2a., of Cr3+
throughout the vibronic lasing region of alexandrite [1]. The wavelength
dependence of 02a together with the emission cross-section, co, and the f
ground state absorption cross -section, a., have been used to model r
alexandrite laser performance [2]. Two problems arise in applying this pr
technique to new potential laser materials. First, the sample must be
available in sufficient size to make rods of at least ome to two inches
long. Second, a method for determining the excited state ion density must
be found. For the alexandrite measurements, the decrease in the sharp R
line ground state absorption was used to determine the percentage of Cr 3+
ions in the excited state. Many of the Cr3+ laser hosts discussed in these
proceedings [31 do not have measurable R line absorption.

The laser pumped SPG measurement overcomes both these problems. First, C
the sample length needed is only a few me because of the strong and
localized absorption of the pump light. Second, the number of excited state
ions can be calculated from the measured absorbed pump light. These
features of the laser pumped SPG measurement will be demonstrated in the
experiments described below. The results are preliminary, howeverthey show
that 02a can be extracted from these experiments.

2. Experiment and Analysis
3

A 647 um Kr laser line pumps both the sample and a dye laser, which provides
a probe bean. The pump beam is chopped, typically on for 1-5 m at 10-20
Hz, to reduce heating in the optics and in the sample. The probe beam is
coincident with the pump beamwith the overlap monitored by observing the
thermal lansing experienced by the probe beam. The pump and probe beam are
focussed at the sample position. The probe beam power has a dc component
representing the power of the transmitted beam through the unpumped sample
and an ac component representing the power increase or decrease (gain or
loss) of the transmitted beam through the pumped sample. The ratio of probe
beam power with pumping to probe beam power with no pumping, Pp/Pu, is given r
by 1+Pac/Pdc. The probe beam intensity is kept sufficiently low to avoid
gain saturation. The maximum gain is less than 2% so that parasitic losses
such as amplified spontaneous emission can be ignored. n(
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The excited state ion density can be calculated from the absorbed pump

power. Excited state absorption consumes part of the pump photons. A

correction for the pump bean excited state absorption is made by wasuring

the SPG as a function of pump power. At low powers the SPG is proportional
to pump power. At high powers, the SPG is less than linear with pump power,
as part of the pump Light contributes to excited state absorption.

Extrapolation of the linear portion of SPG vs pump power gives the expected
SFG if no excited state absorption of the pump were present. This expected

value of SPG is used in the analysis of the data.

The analysis is based on the fact that both the probe and pump beams and
therefore the excited state ion density, *2(r), have Gaussian spatial
profiles [4]. The probe beam intensity after the sample for the two cases

ly useful for of the sample pumped. Ip(r), and of the sample unpumped, lu(r) are given by
excited state

!r materials. Ip(r) - Io(r)exp[N2(r)(Oe-z2+Oa)L-NOaL-LI (1)

Iu(r) - 1o(r)exp-NCaL-L] (2)

where I is the sample length, N is the total Cr
3+ 

ion density, and L
accounts for the scattering losses in the sample and on all optical

been used to surfaces.

2a., of Cr
3+

rhe wavelength The exponential factor in (1) is generally small, thus the exponential
_ oe, and the function can be expanded in a power series. Taking the series to second

ded to model order and integrating (1) and (2) over the beam area gives the power of the
applying this probe beam in the two cases. The resulting ratio is

ample must be
to two inches 2(oe-02a+Od)npumpT
n density must Pp/Pu I + PP

.n the sharp R hvp-pw2PUMP 
+  

2probe)
antage of Cr

3 +  
)

2 
(Q~p

ussed in these 2(o-O2a+a
) 2 

(_P__,_p_)
2

_()

(hvpUMpWWpump) 2
(w

2
pump+2w

2
probe)

blems. First, Note that this expression depends neither on sample length nor on
he strong and Cr

3+ 
concentration in the sample.

excited state
light. These The value of 

0
2a is obtained from (3) as all the other parameters can be

strated in the either measured or calculated. Pp/Pu is the SPG result, Ce and a. are
'ever, they show determined from fluorescence measurements and the extended McCumber theory

* 1, and the beam waists are determined from the beam divergence which is
measured with a diode array.

3. Results and Discussion
which provides
-5 ms at 10-20 The apparatus has been tested with alexandrite, for which a2a is known [11.
probe beam is The calculated 

0
2a are shown in Fig. 1. The probe beam was Dolarized

observing the parallel to the b axis of alexandrice, which is the only polarization
*probe beam are direction showing gain. The values of oa are very close to those measured
a dc component previously with flashlamp pumping.
u, pumped sample
-rease (gain or The results for emerald are shown in Fig. 2 for polarizations parallel and
ratio of probe perpendicular to the hexagonal axis (c axis). The ratio of 02a to Ce for

Pp/Pu, is given emerald in the gain region for E//c is comparable to that of alexandrite.
Ly low to avoid The 

0
2a for both polarizations are comparable, so that for Ec, 02a is a

.rasitic losses significant fraction of oe. This result implies that the Elc direction may
4W not be as useful for lasers as previously expected.
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The major source of error in determination of 02a is in determining the
bear waists. The main difficulty is that the Kr laser takes a long time
(>35 hours) to reach thermal equilibrium. During this time the pump beam
waist changes by over 25%. The probe beam waist is relatively stable and is
also smaller than the pump beam waist by a factor of three to limit thermal
lensing effects, so that the pump beam waist error dominates the error in

02a- Efforts are now underway to improve the pump beam waist stability.
Until these efforts are complete, these results must be considered
preliminary.

5. Conclusion

The laser pumped SPG measurement can be used to determine 02a. The system
has been tested with alexandrite and used to determine a2e in emerald. The
major problem at the moment is stability of the pump source.

78

. . . . . .. . .
. ,-.,.' - '- -- - ; ,, - • -,. . -. " " . . . .,, ,- . , . ,,, ," - -. . ,- .,. , - - ' ,'%-



-45-

cross-sec- 6. Acknowiledgements
ie) and ex-
orption cross- We thank R.C. Morris and H.P. Jenssen for helpful discussions. This project
a) for alexan- is supported in part by the U.S. Army Research Office, Research Triangle Park,

NC.

References

1. M.L. Shnand and J.C. Walling, IFEF J. Quantum Flectron. QF-..18, 1152, 1982;
X.L. Stand and H.P. Jenssen, IEEE J. Quantum Flectron. OF-19, 480, 1983.

2. R.C. Sam, these proceedings; D.F. Heller and J.C. Walling, Conference on
Lasers and Electro-Optics 1984, Opt. Soc. of Amer., p. 102.

3. G. Huber and K. Petermann, these proceedings.

4. S.T. Lai and M.L. Shand, J. Appl. Phys. 54, 5642 (1983).

41ross-section
irization El/c
ines); excited
cross-section
,d E±c (tri-

etermining the
as a lo..g time

the pup beam
stable and is

limit thermal
the error in

st stability.
be considered

I-a The system
esrald. The

79

7g __S-

__ ° p



-" -. WL W.W -'N 1, ";T- L" -V Q.

131 JOURNAL OF QUANTUM ELECTRONICS, VOL. QE4ts. NO. 11. NOVEMBER 1952 1529

Appendix 3. -46-

A Tunable Emerald Laser

MICHAEL L. SHAND AND JOHN C. WALLING

Akuet-Eueald is a maw broodly w adugtht.Mue vibromic lam.r W000810~ (Nn
Mat W IWMbuWiataokiotiund~rdtoafaMdduto4T 2 -A __ 00____0__TOO
tudom of Cr3*. Emusald has Va fan. 12 050 CM-1 to 14 000 01

i With bl* pis from about 12 300 m' o-13 0c 1  m
adrid how ow~cator has bans aablved, but baa MO~ IMaM ca,' EA -

0.06.
JU MERALD (B.83A12 (SiO,)':Cr'4 ), achromium-doped beryl F*

*Lwth hexagonal crystal structure, is a new tunable vibronic Elc '-
laser. The laser pin is due to transitions from the T2 level to
the vibronically excited ground state of Cr 3*. Unlike many 0.o0c
previous vibronic lasers (I1 -(51, emerald, like alexandrite (61, 12000 13000 14000 15000

operates at room temperature. The single pass gain (SPG) of "(s

emerald has been measured from 12 000 cm-1 (835 rn) to Fig. 1. Single pasn pin of emnerald for two polarization directions.
14 400 cm' (695 nm). High gain is present over the central
portion of this region. Furthermore, an emerald laser oscia. pin in the pumped (unpumped) case. The data in Fig. 1 are
tor has been operated, and tunability has been demonstrated. AG -i, - g. = [In (4/41)/li with a total flashlamp energy of

The SPG of emerald is shown in Fig. I for two polarizations. LOJ The rod has approximately 1.5 atm percent Cr3* with
The SPG apparatus has been described previously [7). A respec~t to the Al sites and has the hexagonal c axis at 450 to
probe beam traverses the sample rod which is in a tlashlamp the rod axis so that one polarization direction corresponds to
cavity with an 80 ps pulse width. The intensity of the probe El c and the other polarization to equal combinations of
beam is measured at two times: 1) the flashlamp is onand the ElcandE/lc.
rod is pumped (1p,), and 2) the flashlamrp is off and the rod is The data in Fig. I allow an estimate of the maximum emis.
unpumped (I.). Ip,- . 2 .exp (gpl) and 1. - 1.0 exp (Z.) sion cross section a, for El//c. iAG(E Ic) -0.065 cm-1 and
where 1, is the intensity before the rod, t is the transmission AG(Elc+E//c) 0.93 cm'-, so that A~G(El/c) =0.12
at the ends of the rod, I is the rod length, and S,, (Z,) is the cm-'. Furthermore,

Manuscrp reaivediJune 18, 1982. 1, acN*(o,- a2.) - c(l - N) a.
id. L. Shad b with Corporate R&D, Allie Corporation, Morristown, -. ()

NJ 07960. 9 a
J. C. Wailing Is with ElwutowOptica Products, Allied Corporation,3

Wan. NJ 07060. where c is the Cr3 concentration in ions/cm, N* is the frac.
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tion of ions in the excited state, a2. is the excited state ab. is la % lel to the others and perpendicular to the direction of
sorptidn cross section, and o, is the ground state absorption fastest crystal growth. Beam breakup is caused by reflection
cross section. The ground state absorption has been measured from these planes, and can be observed by passing a probe
in this energy region; o, is negligibly small at energies less than beam through the crystal. The losses can be minimized by
13 600 cm -1 . Measurement of the excited state absorption in directing the probe beam parallel to these planes. The laser
alexandrite (BeAlO,4 :Cr ) shows that o, is small near rod described above was cut with the rod axis approximately
13 500 cm "1. Assuming that the same is true for emerald, and parallel to these planes.
that the fraction of excited ions is 9 percent, which is based on In summary, emerald exhibits gin from 12 050 to 14 000
the fact that a similarly doped alexandrite rod of the same cmn' with fairly high gain from 12 300 to 13 700 cm - '. A
length as this emerald rod and in the same flashlamp cavity tunable laser has been made which, however, has large losses
had a 15 percent excitation level for 1.6 times more pump due to beam breakup.
energy, then e = tGIcN =0.12 cm-/(9.2 X IO cm-3 •
0.09) - 1.4 X I 0 cm 2 . The maximum o of emerald is ACKNOWLEDGMENT

therefore estimated at two times the o of alexandrite. This The authors acknowledge the technical assistance of A. G.
rough estimate is consistent with the relation of the measured Davis and thank R. C. Morris and J. Riesenfeld for comments
SPG for alexandrite and emerald. The maximum SPG for the on the manuscript.
alexandrite rod above with flashlamp energy of 280 J was REFERENCES

- AG a 0.08 cm , which again implies that the gain of an appro-
priately oriented emerald rod would be approximately twice [11 L. F. Johnson, H. J. Guggnheim, and R. A. Thomas, "Phonon-

terminated optica laler," Py Rev., voL 149, pp. 179-185,
that of the alexandrite rod for the same condition. 1966.

A laser oscillator has been made with a 19 X 4 mm diameter (21 L F. Johnson, R. E. Dietz, and H. . Gugenheim, "Optical maew
C rod, again with the c axis at approximately 45* to the rod axes. oscillation from Ni2* in MgF2 involving simultaneous emission of

phonons,"Phys, Rev. Lert.,voL II, pp. 318-320,1963.
The rod was mounted in the same water-cooled ceramic flash- 3 -- , "Spontaneous and stimulated emission from Co2 * ions in
lamp cavity used in the SPG measurements. The optical cavity MgF2 and ZnF2 ."AppL Phyt Lett., vol. 5, pp. 21-23, 1964.
was formed with a high reflector and a 95 percent reflectivity 141 L. F. Johnson and H. J. Guggenheim, "Phonon-terminated coher-

ent emission from V 2 ions in MgF2,"J. AppL Phy&, vol. 38, pp.
output coupler. Both mirrors were concave with a 4 m focal 4837-4839, 1967.

.-. length. The laser emitted 6.8 J aLTO7 Lnm. With output (S1 P. F. Moulton and A. Mooradian, "Divalent transition-metal solid
mirrors having different reflectivity spectra, the laser operated state biners," IEEE . Quantum Electron., voL QE-17, p. 140, Feb.

1981.
at wavelengths from 751.1 to 759.2 nin. [61 . C. Walling, 0. G. Peterson, H. P. Jenuen, R. C. Morris, and E.

The laser has large losses (=0.11 cm -'), presumably due to W. O'Dell, "runble alexandrite lasers," IEEE . Quantum Elc.-
the beam breakup which is caused by planes in the crystal troL, voL QE-16, pp. 1302-1315, Dec. 1980.

(7] M. L. Shand and I. C. Waling, "Excited-state absorption in the
having slightly different indexes of refraction. Each of these lasing wavelength uoon of alexandrite," IEEE . Quantum Biec-
growth planes along which the index of refraction is constant -on., voL QE-18, pp. 1152-1155, July 1982. P.
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CW Laser Pumped Emerald Laser

MICHAEL L. SHAND AND S. T. LAI

AbSfftcl-A CW laser pumped emerald laser is reported. A 34 percent aid also has lasing action at the wavelength of the R line emis-
output power slope efficiency is observed with longitudinal pumping by sion [61 which is presumably a nonvibronic three-level process.
a krypton laser in a nearly concentric cavity. The lasue has been tuned ' "-at
from 728.8 to 809.0 nm. Lose in eme ager than ghose of iS larger in emerald than in a number of other known Cr
alexandrite determined in a similar cavity. Our dat also indicate that vibronic lasers such as garnets [71, [81 and is comparable to

the excited state absorption minimum is shifted from that ofalexandits. that in several low crystal field materials which have not lased, -9.such as phosphates [9].
Emerald lasers have been achieved with pumping by flash-

I. INTRODUCTION lamps [I] and by short laser generated pulses [6]. In this

MERALD [Be 3 A12 (SiO3 )6 :Cr 3+1 is a tunable vibronic letter a CW laser pumped emerald laser is described. The ex- ...

E laser [ I I due to transitions of the Cr'4 ion. The emission perimental arrangement and results are presented in the next
cross section (o) of emerald (21 is approximately four times section which is followed by a discussion of the results.
larger than that of alexandrite (8eAI 04:Crs*), a previously
discovered (31 and well-studied 141, [51 vibronic laser. Emer- II. EXPERIMENT AND RESULTS

The experimental setup [4] is shown in Fig. I. An emerald %J,

Manuscript received June 20, 1983; revised October 10. 1983. This sample [Fig. l(f)] of length 2.8 mm with cross section 3.8 X "-
work was supported in part by the U.S. Army Research Office, Research 5.1 mm with 1.8 atm percent Cr was pumped longitudinally
Triangle Park, NC.

The authors are with Corporate Research and Development. Allied by a CW laser at 647.1 nm. The 2.8 mm axis was chosen paral.
Corporation, Morristown, NJ 07960. lel to the crystal growth direction to avoid pump beam break.
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Fig. 1. Schematic diagram of the laser experiment. The pump beam _

(647.1 tun) is directed through a light chopper (a). polarization rota- 0 0 o ,
tot (b), a neutral density (liter (c), a focusing lens (d), input coupler AbW-M Omw (WI

mirror (e), the pin specimen (f), a birefringent flter (s), an output
mirror (h), a iong wave pass color filter, Schott RG-9 (i), and a diode Fig. 2. CW output power versus absorbed pump power of the emerald

(~) laser.

up [1. The pump beam passed through a chopper (Fig. l(a)]
to reduce heating effects. Most of the results reported here

were obtained with a duty factor (i.e., duration between chop-

per openinp divided by duration of chopper opening) of 125.

Without the chopper, sample heating was observed in the form

of decreasing or unstable laser output. At a 601Am pump beam Laser
waist in the sample, stable operation was reached after a few

seconds to tens of seconds depending on the absorbed pump Output

power. Emerald is a negative uniaxial crystal; in our sample

the optic axis (c-axis) was approximately 60* from the direc.

tion of propagation (the 2.8 mn length). The polarization of
the pump beam was adjusted by the polarization rotator (Fig.

l(b)J to yield maximum absorption in the sample which is

parallel to the 5.1 un edge. The polarization direction cor-

responds to the maximum projection of the electric field onto
the c-axis. The laser output is polarized in the same direction.
The pump and laser beams are therefore extraordinarily polar.

ized and the path length in the sample is greater than the
physical thickneu. However, (n. - no)/no is only -2.6 X 10-

so the additional path length can be ignored. The sample
transmission is 24.1 percent at 647.1 am. A neutral density
filter [Fig. 1(c)] allowed output power slope efficiency mea- time
surements. The pump beam waist in the sample is determined (b)

by the position and focal length of the achromat lens [Fig. Fig. 3. The time dependence of the emerald laser output: (a) output

l(d)] and was measured using a microscope. The input coupler at pump pulse duration (500 s/cm): (b) output on an expanded

(Fig. 1(e)] is a 5 cm radius high reflector (99.5 percent) at time scale (S s/cm).

765 nm with good transmission at 647.1 nm. The output
coupler [Fig. 1(h)] has a 5 cm radius with 98.8 percent trans- beam is turned on for approximately 4 ms. No spiking is seen
mission at 765 nm. The laser cavity is nearly concentric to at this pump level which is 2.9 times threshold. An expanded
allow the cavity mode to be adjusted by changing the cavity scale shows relaxation oscillation in Fig. 3(b) at 5 us/cm.
length. The pump laser beam was stopped by a long wave Tunable output has been demonstrated in a modified nearly
pass Schott filter RG-9 [Fig. l(i)]. The laser output power concentric cavity. The output mirror [Fig. l(h)] was replaced -'.

was detected by a diode [Fig. l0)) and measured with a by a 10 cm radius mirror, with reflectivity > 98.5 percent in
boxcar integrator. the tuning region, to allow space for insertion of a single ele.

The laser output power as function of absorbed pump power ment birefringent filter (Fig. l(g)1. At an absorbed power of
is shown in Fig. 2. The output laser wavelength was 765 nm 1.5 W, laser output was observed from 728.8 to 809.0 nm.
and was polarized parallel to the 5.1 mm sample edge, which The FWHM was as low as 1.3 nm near the peak of the tuning
contains a projection of the c-axis. The data were taken at a range, but widened to 2.7 nm away from the peak.
fixed cavity length which corresponds to a cavity mode of
60 urm. The divergence of the emerald laser was measured and Ill. DiscussioN
also corresponds to a 60M beam waist. The pump beam waist The fraction of pump photons converted into laser photons.
was adjusted to 60 um by changing the focusing lens position. or quantum efficiency, taking into account laser output at the
Optimized performance in this cavity has been shown to be input mirror, is 69 percent. This fraction is directly related to
achieved with pump beam waist and laser beam waist equal optical losses in the cavity. The loss can be calculated from
[4j. An output slope efficiency of 34 percent and threshold the slope efficiency 17,

absorbed power of 500 mW were observed.
The time dependence of the laser output is shown in Fig. 3. = To(I)

The upper trace (a) shows the laser output when the pump XL(T+ L)
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where X, and AtL are the pump and laser wavelength, respec. -50- TABLE I
tively, T, is the output coupler transmission, T is the total A COMPARISON OF THE E.IERALD 4,%D ALEXANDRITE LASERS

tI .u H SAME CAvITh

transmission of the cavity mirrors, and L is the round trip sam- _ _ _ _ _THE_ SAME_ _ _ _ _ _ _

ple loss. Using the data in Fig. 2, L = 1.4 percent roundtrip ,rrald Aio,,fdrt,
or 2.4 percent/cm single pass.

L can also be determined from the relaxation oscillation in L," 1,m,1m -, cs, aR9 %s
Fig. 3(b). The angular frequency of oscillation n is related to
the loss L by [101 .e 2.40/eu 0.3s1/I.

n2 , (P (2) Free ,mnag lavenoth 765 ,S 752

7 tusangy PAS"i 729-09 im 726-602-
where p is the ratio of pump power to threshold pump power,
r is the transition lifetime which is 62 us, and r T is the round
trip transit time of the cavity. The result is L = 2.6 percent the Czochralski process. The crystals used here were grown
round trip which is roughly comparable to L determined from by the hydrothermal process.
'7. The tuning range of emerald and alexandrite are similar

The excited state Cr' ion density at threshold can be esti- presumably because of similar excited state absorption spectra.
mated [41 assuming the radiative quantum efficiency is near The excited state absorption in alexandrite has been measured
100 percent and a Gaussian pump beam profile. The radiative [121 and is responsible for the long wavelength cutoff of the
quantum efficiency of alexandrite is near 100 percent [11]; laser output. The minimum in excited state absorption in
emerald is expected to be near 100 percent also. The Gaussian alexandrite near 750 nm determines the free running alexan.
pump beam profile leads to a Gaussian distribution of excited drite laser wavelength (3], [121. In the same 10 cm nearly
Cr 3* ions, n(r), where r is the radial distance from the center concentric cavity described above, alexandrite lases at 752 nm
of the Gaussian profile. The excited state ion density at r = 0 under free running conditions. The emerald laser produces %
is 765 nm output; thus, the minimum in excited state absorption

2,Pth7 is shifted to near 765 nm. This shift in the minimum of ex-
n(O) = hvp,7rw'l (3) cited state absorption is presumably due to the change in crys-

ta field from alexandrite to emerald. The location of the
where Pith is the threshold absorbed power (500 mW), hyp is minimum in other materials can be predicted by comparing
the pump beam photon energy, wp is the pump beam waist the crystal field strength to that of alexandrite and emerald.
(60 um), and 1 is the sample length (2.8 mm). n(O) = 6.4 X For example, using the energy separation of the 2E and 4 T2
10' 8 cm -3 which corresponds to 5.8 percent of the total Cr3  levels in ruby, alexandrite, and emerald to determine the rela.
ion density. At this low level of excitation, excited-state ab- tive crystal field, the location of the minimum in ruby is
sorption of the pump beam is not significant. extrapolated to be at 703 nm which is near the ruby R line

The observed tuning range of the emerald laser is 728.8- (694 nm). This is consistent with the good R laser character.
809.0 nm which does not cover the entire fluorescence range istics of ruby. Previous measurement of excited state absorp.
of emerald (700-850 nm) because of excited state absorption tion in ruby in the pump bands [ 131 also gives a similar result.
of the laser photons. The single pass gain of emerald (11, Although these data [13] do not extend to the R line, extrap.
which includes the effect of excited state absorption, shows olation indicates that a minimum in excited state absorption
gain to almost 830 nm, but with only weak gain beyond 810 is present near the R lines of ruby.
nm. The tuning results observed here are consistent with the Finally. heating effects in the laser pumped alexandrite and
single pass gain measurement. emerald lasers can also be compared. Alexandrite showed

A comparison of these emerald results to previous alexandrite little or no heating effects [41 while emerald showed several
laser results [41 is summarized in Table 1. The higher laser heating effects described earlier. This difference is due to the
quantum efficiency of alexandrite (85 versus 69 percent) is fact that emerald has a thermal conductivity which is four
due to the higher optical quality of alexandrite. The loss in times less than that of alexandrite.
alexandrite is 0.35 percent/cm, almost an order of magnitude
smaller than in emerald. The losses in emerald are due to
optical distortions rather than scattering or absorbing centers. ACKNOWLEDGMENT
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S106 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. QE-20. NO. 2. FEBRUARY 1984

141 S. T. Lid and M. L. Shand. "High etficiency CW laser-pumped temperature cw laser action in Cr* :GdScGa.garnet." Appl.tunable alexandite laser." . ,4pp. Phys., Oct. 1983. '501Y. B. vol. 30, pp. 117-120, 1983.
[51 J. C. Walling, H. P. Jenssen, R. C. Morris, E. W. O'Dell, and 0. G. [81 H. P. Christensen and H.P. Jenssen, "Broad-band emission fromPeterson, "Tunable laser performance in BeAI 2O4 :Q3*," Opt. chromium doped germanium garnets," IEEE I. Quantum Elec-

Lett., vol. 4, pp. 182-183, June 1979; see also C. F. Cline, tron., voi. QE-18, pp. 1197-1201, Aug. 1982.
to R. C. Morrs, M. Dutoit, and P. J. Harget "Physical properties of 191 P. T. Kenyon, L. Andrews, B. M~cCollum, and A. Lernpicki. "Tun- 9B e A 12O 4  sin gle cry stal s," . M aier. S ea , vo l. 14 . p p . 94 1- 9 4 4 , ab le in frared so lid -sta te lase r m a terials based o n C r " " in lo w lig -

1979; see Qo M. L Shand, J.C. Walling, and H.P. Jenssen. and fields," IEEE J. Quantum Electron.. vol. QE-18, pp. 1189-
"Ground state absorption in the lasing wavelength region of 1197, Aug. 1982.
aiexandrite: Theory and experiment." IEEE J. Quantum Elec- [101 P. F. Moulton, A. Mooradian, and T. S. Reed, "Efficient cW opti-
iron., vol. QE-18, pp. 167-169. Feb. 1982; see also S. Guch, Jr. cally pumped Ni:MgF laser," Opt. Left., vol. 3, pp. 164-166.
and C. E. Jones, "Alexandrite laser performance at high tempera- Nov. 1978.
ture," Opt. Lett., voL 7. pp. 608-610, Dec. 1982. 1111 M. L. Shand, "The quantum efficiency of alexandrite." J. Appl.

1 (61 J. Buchert. A. Katz, and R. R. Alfano, "Laser action in emerald," Phys., vol. 54, pp. 2602-2604, May 1983.
in Pro. Int. Conf. Lasers '82, R. C. Powell, Ed., McLean, VA: (121 M. L. Shand and J. C. Walling, "Excited-state absorption in the
STS Press, pp. 791-798, Dec. 1982; see also "Laser action in lasing wavelength region of alexandrite," IEEEJ. Quantum Elec.
emerald," IEEE J. Quantum Electrom. vol. QE-19, pp. 1477- Iron., vol. QE-1g, pp. 1152-1155, July 1982.
1478, Oct. 1983. [131 W. M. Fairbank, Jr., G. K. Klauminzer, and A. L. Schawlow, "Ex-

171 G. Huber and B. Struve, "Chromium doped crystals for tunable cited-state absorption in ruby, emerald and MgO:Cr 3 ," Phys.
lasers," in Proc. Int. Conf Lasers '82. McLean, VA: STS Press, Rev. B, vol. 11, pp. 60-76, Jan. 1975.
Dec. 1982: see also B. Struve and G. Huber, "Tunable room-

0

0018-9197/84/0200.0108S01.00 © 1984 IEEE

' ' - .



vrjwr Tw lod'~-P ~r.--wr WI~~w V1 VI 19r '1 IV, M7j PUT 7 - W - V- K l , . - T

r)

Appendix 5. -52-

THE EIERALD LASER
Michael L. Shand

Corporate Research and Development
Allied Corporation

P.O. Box 1021R
Morristown, NJ 07960 USA

ABSTRACT

Emerald is a new broadly wavelength-tunable vibronic laser with higher gain than

alexandrite. Gain depends on polarization direction and is largest for polarization
parallel to the hexagonal axis. The physical properties of beryl are consistent with those ,
of a good solid-state laser host.

INTRODUCTION

Emerald rBe 3Al2(SIO 3 )6 :Cr
3+] is similar to ruby and alexandrite in electronic

structure. 1,2 The lowest energy levels which contribute to the emission spectra of these
materials are shown in Fig. 1. The 2E level gives rise to sharp emission, the R lines.
The 4T2 level gives rise to broad emission which terminates in the vibronic bands of the
ground electronic state. The excited states are in thermodynamic equiblibrium 3 so that the
energy gap, &E, between the 2E level and the 4T2  level determines the relative population

I Emerald Absorption

.-

Alexandrite "- _______________"

T,

Emetlried -ldaelng E/nm/c".

.5E.

S0 ,

400 600 B0o

Crystal Field -'Wavelength (rim)

Figure 1 Energy levels of Cr3+. Figure 2 Absorption in emerald.

of the 4T2 level and thus the strength of the vibronic emission. AE in emerald is
appromimately 400 cmn1 while AE in alexandrite is approximately 800 cm" I. &E in ruby is .'

about 2300 cm 1 and no vibronic emission is observed at room temperature. Alexandrite has

already been shown to be a good laser material,
1 ,4 so that frequent comparison of emerald

to alexandrite will be made in this paper.

%
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PROPERTIESi " BERYL

Some of the physical properties of beryl [Be 3Al2(SiO3)6] are shown in Table I. Beryl is
not quite as hard as chrysoberyl (undoped alexandrite) but is hard enough to be handled
conveniently. The linear thermal expansion of beryl is one-fifth that of chrysoberyl,
which indicates a very good laser host. On the other hand, the thermal conductivity of
beryl is one quarter that of chrysoberyl. Nevertheless, the thermal conductivity is only a
little less than that of yttrium aluminum garnet (YAG). Taken together, the physical
properties of beryl are consistent with those of a good solid-state laser host.

TABLE I Physical properties of beryl. 5

Density 2.66 gm/cm 3

Hardness (Mohs Scale) 7.8
Linear Thermal Expansion

//c 1.35 x 10-6 per -C
Ic 1.00 x 10-6 per -C

Thermal Conductivity (400C) 5.50 x 10-2 W/cm _K//c 1 5$ 1 -  /m-
EMERLD SPECTROSCOPY ._ /

The absorption coefficient of typical emerald (-1.8 at. I Cr3+) is shown in Fig. 2. The
strong Cr3 + absorption bands in the visible show that emerald can be readily pumped by
flashlamps or laser excitation. The room temperature lifetime, T, of 50 us also is
reasonably convenient for flashlamp excitation. The two spectra shown in the figure
correspond to absorption for light polarized parallel or perpendicular to the unique axis

*(c-axis) in emerald which has hexagonal structure.NE
EMERALD FLUORESCENCE EQ3

633 nm excitation 0 3 T

_j 2
OO

,U

C 0

_C

U

0
600 700 800 600 700 800 900

Wavelength (nm) Wavelength (nm)

Figure 3 Emerald fluorescence. Figure 4 Emerald emission cross section.

The fluorescence spectra of emerald for the two independent polarization directions are
shown in Fig. 3. The broadband emission is evident. The R line appears weaker than in
alexandrite as expected. However, the peak intensity of the R line emission may not be
accurate because of (1) limitation of resolution in the spectrometer used in the study and
(2) reabsorption of R line fluorescence as it traverses the sample. Efforts to minimize
the latter effect were taken such as illuminating the sample near the front surface;
nevertheless, some reabsorption is unavoidable. Low Cr3+ concentration samples will be
obtained to determine an accurate fluorescence spectrum. Note that the emission from E//C
is twice that of ELc.

%,%
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The emission cross section ae(k) can be d-elirmined from the fluorescence spectra I(X)
using the formula:

Oe( (ZfXI(X)dA )T8wn 2 c.

where the summation is over three orthagonal polarization directions, the integral is over
the entire emission band, n is the index of refraction of emerald and c is the speed of J,-e
light. The resulting Oe(M) is shown in Fig. 4. For the reasons cited earlier, oe(R lines)
may be somewhat smaller than in reality. Buchert et al. 6 have observed laser emission on
the R line indicating that the R line must have larger Oe than the vibronic band. ae//c is
roughly twice ceic. The breadth of Oe(M) indicates lasing could occur out to 850 nm or
beyond. The peak ve of alexandrite is only 0.7 x 10- 2 0 cm2 (1/5 that of emerald) but shows
similar breadth; however, alexandrite only lases out to -805 nm at room temperature because
of excited-state absorption. The effect of the excited-state absorption cross section
02a() on gain can be seen by measuring the single pass gain.

Wavelength (nm)
800 750 700

E //C
AG Alexandrite E Ic
(crIT1) (E//b)

0.05-

0.00

12000 13000 14000 15000
-11

Energy (cm-.
Figure 5 Single pass gain in emerald and alexandrite.

The single pass gain (SPG) of emerald has been measured previously7 and is shown in Fig.
5. The SPG was measured in a rod with the c-axis at - 450 to the rod axis. The two
polarization directions available are therefore Eic and E with equal components of Lc and V%..
//c. A SPG result for a similar alexandrite rod is also shown in the figure. The
estimated gain for emerald, E//c is approximately twice that of alexandrite. The gain d

becomes zero at low energy at approximately 825 nm. At lower energies, a2a > ce and no
lasing is possible. If the fraction of excited Cr3 + ions (p+) during the SPG measurement
were known, 02a(k) could be determined. p+ has not been measured; however, p+ has been
measured for alexandrite in the same cavity and leads to p in emerald of 10% to 20%.
Using these estimates the peak value of 02a is (0.3 - 1.7) x 10-20 cm2 for E//c and (0.2 -
0.8) x 10-20 cm2 for MJc. Thus 02a in emerald appears to be larger than in alexandrite and
may possibly be significantly larger than in alexandrite.

%'



Emerald -§ r

The first emerald laser has been described previously. 7 The laser oscillator had a 19 x
4 mm diameter rod, again with the c axis at approximately 450 to the rod axis. The rod was

* mounted in the same water-cooled ceramic flashlamp cavity used in the SPG measurements.
The optical cavity was formed with a high reflector and a 95 percent reflectivity output
coupler. Both mirrors were concave with a 4 m focal length. The laser emitted 6.8 mJ at
757.4 n. With output mirrors having different reflectivity spectra, the laser operated at
wavelengths from 751.1 to 759.2 rm. The laser had large losses (-0.12 cm-1 ), presumably
due to beam breakup which is caused by planes in the crystal having slightly different
indexes of refraction. Each of these growth planes, along which the index of refraction is
constant, is parallel to the others and perpendicular to the direction of crystal growth.

* Beam breakup is caused by reflection from these planes, and can be observed by passing a
probe beam through the crystal. The losses can be minimized by directing the probe beam
parallel to these planes and the laser rod described above was cut with the rod axis
approximately parallel to these planes. However, the losses are only minimized and are not
eliminated.

The beam breakup can be avoided completely by propagating the beam at large angles to
these planes such as in a slab laser. 8  In a slab laser geometry the laser beam propagates
through the emerald crystal in a zig-zag fashion with a propagation direction at a large
enough angle relative to the planes of varying index such that no beam breakup is observed.
A slab laser is also particularly useful when the active medium is pumped hard which is the
case for low gain materials such as the vibronic laser crystals.

Conclusions

Emerald is a broadly wavelength-tunable vibronic laser with higher gain than
alexandrite. Gain depends on polarization direction and is largest for polarization
parallel to the hexagonal axis. The physical properties of beryl are consistent with those
of a good solid-state laser host. The slab geometry laser is particularly suitable for
emerald.
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